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Land Use and Cover Change (LUCC) is synthetically driven
by a combination of natural and human induced factors
including urbanization, grassland degradation, cultivated
land reclamation, deforestation, and geological hazards.
LUCC has been observed at different spatial and temporal
scales in the context of regional or global climate changes.
At the same time, LUCC can respond to and make an
important impact on the global or regional climate changes.
For example, LUCC directly changes the land surface con-
ditions, such as albedo, roughness, and imperviousness,
and indirectly changes the aerosol and compositions in the
atmosphere, which in turn will change the energy balance
and mass exchanges at the land and atmospheric interface.
Study of the climatic impact of LUCC is of interest to both
scientists and policy makers. Investigation of the interaction
between LUCC and climate changes is a hot research topic in
the scientific community, although it remains a challenging
task because of the strong coupling between LUCC and
climate changes. For example, to correctly interpret long
term data records of surface temperature observations from
meteorological stations, the site locations have to be distin-
guished between rural areas and urban areas. To improve our
understanding of the climatic impact of LUCC, we need to
develop more observation techniques, observation datasets,
and modeling frameworks to support the data analysis,
decision making of LUCC.

The studies included in this special issue cover diversified
areas in LUCC and climate changes. The first category of
the studies is on observation techniques and observation

datasets related to LUCC and the climatic impact. Y. Li et
al. observed the different impact of land use patterns on the
evapotranspiration for a grassland ecosystem. B. Yang et al.
studied the impact of body of water in a city on the heat
island effect using satellite based land surface temperature
observations. Their finding is, the area and spatial locations
of the body of water can be optimized to maximize the
cooling effects from the waters in urban areas. X. Che et
al. developed a method to downscale the MODIS surface
reflectance to improve the extraction of body of water. X. Yao
et al. used the LUCC data in 20 years to study the impact
on regional temperature and precipitation in the middle and
lower reaches of the Yangtze River. It was revealed that the
impact of LUCC on regional temperature is significant, but
not on regional precipitation in this region. W. Hu et al.
investigated the relationship between the land use intensity
and the surface temperature changes in the Dongting Lake
area, China, from year 2001 to year 2010 based on the datasets
derived from Landsat TM. It was reported that the surface
temperature was more sensitive to the land use intensity in
low altitude areas than in high altitude areas.

The second category of studies in this special issue is on
the modeling of LUCC and the climatic impact. M. Wang
and X. Yan used two methods named the “urban minus
rural” and the “observation minus reanalysis” to quantify
the potential impact of the urbanization in the Beijing-
Tianjing-Hebei metropolitan area on the regional tempera-
ture changes. Seasonal patterns of the regional temperature
changes were simulated and it was found out that the latter
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method performed relatively better in this case study. F. Wu
et al. did scenario analysis of potential climate changes and
LUCC inHeihe River Basin of China using the Soil andWater
Assessment Tool (SWAT) and investigated the hydrological
impact in different scenarios. Z. Wang et al. used a structural
equation model to study the impact of LUCC on the regional
climate in Southern China. F. Wu et al. used a hydrologic
model and scenario analyses to quantify the impact of forest
area changes in the head-water area of a river basin on
the water yield variation. Z. Li et al. used the binary panel
logit regression to separate the impact of LUCC, economic
development, and climate change on the land degradation
represented by the NDVI.

This special issue also includes a category of studies
on adaptation/management of LUCC and the regional cli-
mate changes. X. Mao et al. investigated the efficiency of
using constructed wetlands to remove the pollutant from
the agricultural wastewater. The seasonal variation of the
purification efficiency was reported in their study. X. Deng
et al. identified the water scarcity issue for an ecologically
fragile area in a river basin in northwestern China and
proposed solutions to adapt to the regional climate changes.
W. Song et al. assessed the different impact of two vital
ecological policies (Grain-for-Green and Grain-for-Blue) on
the ecosystem service values based on the net primary
productivity and soil erosion. D. Lin and Y. Lin used an
empirical analysis to model the game situation and analyze
the game behaviors of stakeholders of voluntary forest carbon
offset projects in China. They concluded that a win-win
solution can be achieved through the joint participation and a
compromise in the voluntary forest carbon offset projects. C.
Shi et al. developed a system to optimize the land use zoning
to maximize the ecosystem service values under scenarios of
LUCC and climate changes for the middle reaches of Heihe
River Basin in North China. G. Jin et al. employed the fuzzy
weight of evidence model to assess the land use suitability in
a mountain area to avoid the potential geological hazards in a
scenario of rapid urbanization in Yunan Province, China. D.
Yuan et al. presented a method to establish the feasibility of
Certified Emission Reduction (CER) quantitative evaluation,
in order to implement the Clean Development Mechanism
(CDM) at the United Nations Framework Convention on
Climate Change (UNFCCC).

All the papers in this special issue presented a collection
of latest research results in the field of observations and
modeling of the climatic impact of land-use changes. This
special issue is intended to advance our understanding of the
mechanisms and impacts of LUCC on climate change and
even the humanwell-being.We are quite optimistic that these
articles would be of great interest to the readers of this journal
and will be of help to address the new emerging challenges in
this field.
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With the frequent human activities operating on the earth, the impacts of land use change on the regional climate are increasingly
perceptible. Under the background of the rapid urbanization, understanding the impacts of land use change on the regional climate
change is vital and significant. In this study, we investigated the relationships between land use change and regional climate change
through a structural equationmodel. SouthernChinawas selected as the study area for its rapid urbanization and different structure
of land use among its counties. The results indicate that the path coefficients of “vegetation,” “Urban and surrounding area,” and
“other” to “climate” are −0.42, 0.20, and 0.46, respectively. Adding vegetation area is the main method to mitigate regional climate
change. Urban and surrounding area and other areas influence regional climate by increasing temperature and precipitation to a
certain extent. Adding grassland and forestry, restraining sprawl of built-up area, and making the most use of unused land are
efficient ways to mitigate the regional climate change in Southern China.The results can provide feasible recommendations to land
use policy maker.

1. Introduction

Human activities have played a dominant role in land use
change, especially in the recent decades [1].With acceleration
of urbanization and industrialization, the average income
and living standard have been improved obviously. Hence,
the increasing material demands have led to rapid build-
up area expansion and resources development, all of which
have largely influenced the land use structure [2]. Firstly, the
phenomenon that a large number of rural population transfer
to the city continuously adds the demand for living and
production room, which has a lot of land surrounding cities
replaced by asphalt, metal, buildings, vegetative cover, and
other anthropogenic lands [2, 3]. Secondly, in order to feed
more people, forestry and grassland will be cultivated and
nature land would be changed into cultivated and built-up
land. Consequently, the land surface is changed significantly
to provide more resources and room for human beings.
The land use change, caused by human activities mentioned
above, has generated a series of ecological and climatic
problems and aroused widespread concern among scholars.
So far, a great number of researches have documented

the relationship of land use change and regional climate
change. For example, Pielke Sr. pointed out that land use
change played a first-order role in climate-forcing effect [1].
Cai and Kalnay put forward the view that two-thirds of
warming over the past four decades was caused by land use
change [4]. The Intergovernmental Panel on Climate Change
reported that the addition of artificial land could raise the
greenhouse gas in the air by fossil fuel burning, which con-
tributed to the change of average temperature [5]. Deng et al.
thought that land use and cover change could influence the
ecosystems at local, regional, and global scales and affected
climate change in the direct or indirect way [6]. Conversely,
climate can influence the urban development, growth of
vegetation, and production of cultivated land, among others.
The climate change is one of the most important agents in the
change of land use.

Now, it is widely accepted that the impacts of land use
change on the regional climate change include two aspects
which are biogeophysics and biogeochemistry [7]. The bio-
geophysical effects refer to the change of physical parameters
such as surface roughness, albedo, reflective and surface
hydrology and vegetation transpiration characteristics.These
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parameters are known for having close connection to the
regional precipitation and temperature [8]. Meanwhile, the
biogeochemical effects mainly refer to altering the chemical
composition of atmosphere [9]. There are a lot of literatures
which had contributed to the research of carbon and nitrogen
storage during the process of land use change [10–13], which
have significant impacts on the composition of atmosphere.

For those complicated relations between land surface’s
physical, chemical, and biological characteristics, the contri-
butions of land use change to the regional climate system are
different and some uncertainties are still existing in the cur-
rent stage of investigation [14–16].Massivemethods are being
applied to identify the impacts. For instance, the regional
climate model which has high resolution can simulate the
current climate and climate change by describing the change
in boundary conditions of the land surface so as to analyze
the effects of land use change on regional climate change
[15, 17]. Reliable land use information is necessary in the
regional climate model. Keeping the capacity of analyzing the
radiation, energy, water, and dynamics interaction between
atmosphere and land surface, the land surface model is used
to integrate with regional climate model [6]. Furthermore,
land use change evaluation models such as econometric
model, agent-based model, scenario development, and their
integration are invited to assess and simulate the land use
change and regional climate in the future [18–21]. Referring
to previous researches, it is obvious that most of them study
the impacts between land use change and regional climate
through land surface parameters such as evapotranspiration,
roughness, and leaf area index. However, the quantitative
analysis by the data of land use and regional climate is
insufficient. Hence, we think that the relationship between
panel data of land use and regional climate can be revealed
by empirical statistical method, which is helpful to recognize
the impacts of land use change on regional climate.

Taking advantage of abundant forestry and water
resources, Southern China is experiencing the fast growth
of population and rapid development of economy. Since
Southern China is facing the crucial period of accelerating
industrialization and urbanization, the urban development
and land use structure are quite different among the
counties. It will vary the regional climate environment
further. Considering its typical climatic condition, rapid
urbanization, and significant differences of land use structure
among counties, Southern China was selected as the case
study area. Therefore, in this study, the impacts of land use
change on the regional climate in Southern China were
quantitatively analyzed from the county level. And based on
a statistical model, the effect significance and direction of
each land use classification are assessed. The results can be
used to provide certain reference for the decisions making of
land use planning and policy so as to mitigate the regional
climate change by land use change in the area.

2. Data and Methodology

2.1. Study Area. Southern China (located between 18∘10N∼

26∘24N and 104∘26E∼117∘20E) is one of the seven geo-
graphic partitions in China. The study area has a total

land area of 451900 km2 covering three provinces which
are Guangdong Province, the Guangxi Zhuang Autonomous
Region, and Hainan Province (Figure 1). It is not just an
important grain production base but also an excellent base
of tropical crops in China.

As a typical tropic and subtropics monsoon climate
region, Southern China keeps the characteristics of rain,
high temperature, and being evergreen. Its average temper-
ature and precipitation are about 16.5∘C∼25.9∘C and 1000∼
2600mm, respectively. For the rich sunshine and water
resources, its lush plants account for 63.71%of the total area in
2005, most of which involve tropical rain forestry, monsoon
forestry, and subtropical monsoon evergreen broad-leaved
forestry. In recent years, the concerns of resources’ rational
use and protection have widely spread. Therefore, afforesta-
tion has been carried out frequently in Southern China.

With the rapid development of economy, the imbalanced
development of agriculture, industry, and service industry
results in the remarkable land use change in Southern China.
Additionally, the imbalanced regional development causes
the huge differences of regional land use.The irrational devel-
opment and utilization of land resources have led to regional
climate change to a certain extent. According to the tempera-
ture and precipitation data from meteorological observation
station, it is clear that the temperature in Southern China
coastal area is rising and the annual precipitation in southern
China varies periodically. In order to optimize land use
structure andmitigate the regional climate change, a series of
plans were implemented, for example, ecological restoration
projects [22]. Therefore, the exploration of land use change’s
impact mechanism on regional climate is significant and
helpful to the policy making and sustainable development.

2.2. SEM (Structural Equation Model Analyses Variables’
Relations by Covariance Matrix). Variables can be divided
into four kinds: exogenous latent variables, endogenous latent
variables, exogenous observed variables, and endogenous
observed variables. Observed variables generally refer to
objectives. By contrast, latent variables are difficult to be
observed directly but can be indicated by several related
observed variables. This new multivariate statistical analysis
method integrated by traditional factor analysis and path
analysis mainly describes two kinds of relationships: the
relationships between latent and related observed variables
and the relationships among latent variables [23, 24]. To solve
questions mentioned above, SEM is divided into measure-
ment component and structural component. The measure-
ment component deals with the measurement errors and
relationships between latent and related observed variables
[25]. It specifies latent variables as some linear functions of
their observed variables.The structural component’s function
is to capture the impacts of exogenous latent variables on
endogenous latent variables and the impacts of endogenous
latent variables upon one another [26]. The based equations
are as follows:

SEM[

[

[

measurement component [

𝑌 = ⋀

𝑌

𝜂 + 𝜀

𝑋 = ⋀

𝑋

𝜉 + 𝛿

structural component 𝜂 = 𝐵𝜂 + Γ𝜉 + 𝜁,

(1)
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Figure 1: Location and the land use structure of Southern China.

where 𝑌 is endogenous observed variable, 𝑋 is exogenous
observed variable, 𝜂 are endogenous latent variables, 𝜉 are
exogenous latent variables, and 𝜀, 𝛿 are the measurement
errors of 𝑌 and 𝑋, respectively. ∧

𝑌
, ∧
𝑋
are the relationships

between latent and corresponding observed variables; 𝐵 is
the relationship among endogenous latent variables; Γ is the
impact of exogenous latent variable on endogenous latent
variable; 𝜁 is the residual of 𝜂, reflecting the irresoluble
parts. Figure 2 is the sketch of SEM. These ellipses represent
latent variables; the rectangles represent observed variables;
the lines (called paths) indicate that there are relationships
between variables; arrows show the effect direction; “a-b”
are path coefficients and “c–h” are factor loadings. Path
coefficients and factor loadings are main research objects
used in measuring relationships. Generally, an SEM can have
any number of latent and observed variables.

Compared with other traditional analysis methods, the
SEM has the advantages of [26, 27]: (1) estimating multiple
and interrelated dependence relationships at the same time;
(2) allowing the measurement errors in the latent and
observed variables; (3) the ability of dealing with unob-
served variables making the model more flexible in appli-
cation; (4) setting the entire relationship and goodness-of-
fit; (5) handling nonnormal data; (6) accounting for missing
data. Although SEM is mainly used in psychometrics and
questionnaire analysis, it is worth noting that the model
is being increasingly used in construction-related studies,
where latent variables and measurement errors exist in

Structural 
component

c d ge hf

a b

Measurement component

𝜁

𝜉1 𝜉2

X11 X12 Y1 Y2 X21 X22

𝜂

𝛿 11 𝛿 12 𝛿 21 𝛿 22𝜀 1 𝜀 2

Figure 2: The sketch of SEM.

regressionmodel [28]. Because there are measurement errors
and a series of interrelated unobserved variables in the
assumptions, the SEM is applied in this research.

The implementation of SEM includes three steps [29].
Due to the fact that SEM is obtained by the modification
of existing hypothesis, the first step is to put forward a
hypothesis SEM based on the advance verification of data
structure. The verification estimates the relationships of
observed variables and can be gotten by principal component



4 Advances in Meteorology

analysis. Secondly, confirmatory factor analysis (CFA) is used
to test the validity of hypothesis’ measurement component.
According to goodness-of-fit indices and theoretical mean-
ings of variables, CFAwill modify paths and fit model repeat-
edly until suitable corresponding relationships between latent
and observed variables can be obtained. Finally, structural
component is modified by the same method. Therefore, the
factor loadings and path coefficients are explored.Most of the
time, measurement and structural component are adjusting
at the same time to get a more scientific model.

2.3. Data and Processing. Thechanges of land use and climate
in SouthernChinawere quantified by the differences between
the years 1988 and 2005.The data used in the research mainly
include (1) land use data of Southern China in the years 1988
and 2005 and (2)meteorological data in the years 1987 to 1989
and 2004 to 2006.

Firstly, the land use data (with a spatial resolution of 1 km
× 1 km) were extracted from remote sensing digital images of
the US landsat TM/ETM satellite, which were obtained from
the Resources and Environment Data Center of the Chinese
Academy of Science. According to United States Geological
Survey Classification, the land use was interpreted into seven
parts of cultivated land, forestry, grassland, built-up area,
water bodies, unused land, and others (most is the extension
for coastline). The land use of each county was obtained by
above data and administrative area boundary of the counties
of Southern China.

Secondly, we used surface temperature and precipitation
to reflect the regional meteorology. The original data were
collected from meteorology stations. Kriging interpolation
algorithm estimates unknown samples by original data and
the distribution and spatial structure of samples. Compared
with other methods, it reflects samples’ spatial structure
and takes the chance to work with extreme data. So it is
good in regional estimation of temperature and precipitation.
With about 60 meteorological stations in the study area and
more than 30 around it (Figure 3), the original data were
interpolated into 1 km resolution grid data by Kriging [30].
The climates of the years 1988 and 2005 were indicated by
the average values of the years 1987 to 1989 and 2004 to
2006, respectively. Afterward, we counted the annual average
temperature and precipitation of each county by arithmetic
average method.

We can see from the above data that the land use of
Southern China had changed greatly from 1988 to 2005.
Cultivated land and built-up area had reduced 3859 km2 and
increased 4369 km2, accounting for 3.57% and 36.88%of their
total, respectively. Their changes were significant. Addition-
ally, unused land, grassland, water bodies, and forestry had
reduced 489 km2, 1490 km2, 35 km2, and 349 km2, accounting
for 60.59%, 4.78%, 0.28%, and 0.12%, respectively. In addition
to the built-up area, they were all reduced to a certain
degree.The proportion of unused land was the most obvious.
From 1988 to 2005, the annual average temperature and
precipitation of Southern China had changed 0.67∘C and
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Figure 3: The distribution of meteorological station.

46.33mm.There was obviously upward trend in annual aver-
age temperature. However, the annual average precipitation
fluctuated frequently and showed no obvious trend.

Principal component analysis is an important way to get
the basic SEM hypothesis which is put forward based on the
advance verification of data structure. Principal component
analysis’ dimensionality reduction function is to replace the
original variables by fewer variables. The new variables con-
tain most information of original variables. Comparing the
different relationship coefficient between original and new
variables, we can classify the original variables and conclude
the new variables’ meanings. Therefore, the data structure is
clearly defined and SEM hypothesis can be constructed.

The strong correlation among variables is necessary for
principal component analysis. Kaiser-Meyer-Olkin (KMO)
determines the correlation through comparing the simple
and partial correlation coefficient.The greater value indicates
the stronger correlation. Bartlett test of sphericity is testing
the independent character of variables by correlation coef-
ficients matrix. The two tests are usually used to examine
the appropriateness of data for principal component analysis
performance. It is often suggested that KMO value should be
of 0.5 as aminimal level andBartlett test should be significant.
For the land use data, the KMO valuing 0.594 and significant
Bartlett test result were proving that the data were suitable for
principal component analysis.

The principal component analysis of the land use data
was carried out by statistics software SPSS, whose result
was shown in Table 1. The “1,” “2,” and “3” represented
the three principal components. The rotated component
matrix which consisted of the numbers below the three
principal components was presenting how close correla-
tions between variables and principal components were.
The number was called the factor loading of variable on
principal component. Considering the closest correlation,
each variable was classified to a principal component. Finally,
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Table 1: Rotated component matrix of principal component analy-
sis.

Principal component
1 2 3

Cultivated land 0.746 0.025 0.422
Forestry −0.048 −0.071 0.837
Grassland −0.065 −0.026 0.817
Water bodies 0.788 0.265 −0.132
Built-up area 0.823 0.015 −0.257
Unused land 0.158 0.939 −0.050
Others 0.065 0.953 −0.046
Notes: (1) principal component analysis was used; (2) orthogonal rotation
method with Kaiser standardized was used and converged after four time
iterations.
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Figure 4: The basic hypothesis of structural equation model.

the land use classifications were divided into three parts: (1)
vegetation area, including forestry and grassland; (2) urban
and surrounding area, including cultivated land, built-up
area, and water bodies; (3) other areas, including unused
land and others. The cumulative contribution rate of the
three principal components was 77.03%, which judged the
possession of original information. Generally, cultivated land
is related to vegetation. However, from the perspective of
change, the cultivated land has closer relationship to built-
up area. This is because cultivated land keeps the capacity
of feeding. For the convenience of travelling, built-up area is
surrounded by cultivated land. The production of cultivated
land also should satisfy the need of humanity. Consequently,
cultivated land and built-up were classified into one principal
componentwhichwas called the urban and surrounding area.

The basic SEM hypothesis of the research is shown in
Figure 4. The research took each county as a sample, so the
sample size is 194. Based on above analysis, we regarded
county’s land use classifications as exogenous observed vari-
ables, regarded county’s annual average temperature and
precipitation as endogenous observed variables, regarded the
three principal components as exogenous latent variables,
and regarded climate as endogenous latent variable.The SEM
reflected the relationships among above observed and latent
variables.

2.4. Reliability Analysis. Reliability analysis is the foundation
of this study’s scientific benefit and properties. Reliability is

used to test whether several variables can be used to explain
the question together. So, it is also called the consistency of
data. Before SEM analysis, the index of Cronbach’s alpha is
frequently used to investigate the consistency and reliability
of measurements. When the Cronbach’s alpha is greater than
0.7, these data are suitable for SEM analysis [23, 29, 31].
Obtaining standard data by statistics software SPSS, the
Cronbach’s alpha value of above data was calculated. The
value of 0.734 indicated that the data could be used for SEM
analysis.

3. Result and Discussion

The software LISREL 8.80 was used to confirm and modify
the basic hypothesis in our research. As an important sta-
tistical method, the maximum likelihood estimation method
keeps the optimal characters of unbiasedness, consistency,
and efficiency.The result will not be influenced by the unit of
measurement [32]. Taking advantage of these characters, the
maximum likelihood estimation method was selected as the
fitting way. After fitting, model was estimated by goodness-
of-fit indices. Some modifications which included adding
and deleting paths took place based on the path coefficients,
𝑇-values, modification indices, and the meaning of each
variable. Finally, we got the suitable structural equation
model which revealed the impacts of land use change on the
regional climate in Southern China.

3.1. Confirmatory Factor Analysis. By the confirmatory factor
analysis, we got the path coefficients between observed vari-
ables and latent variables as well as the measurement errors
of the observed variables. Considering that a large amount of
literature had confirmed that precipitation and temperature
were the key variables to reflect the area climate [16, 33],
this confirmatory factor analysis was mainly attributed to the
path between land use classifications and the three principal
components.There were many indices involved in the assess-
ment of overall goodness-of-fit of SEM, of which we selected
the following important seven indices as evaluation criteria
[34, 35]. These indices measured the difference between the
sample’s covariance matrix and model-implied covariance
matrix. Their meanings, equations, and criteria are shown in
Table 2.

During the process of model modification, we deleted
the path whose 𝑇-value was less than 1.96 and added the
path bymodification indices. Notably, all of themodifications
were combined with proper theory analysis. As the result, the
paths of “vegetation” → “cultivated land” and “vegetation” →

“water bodies” were added to get a better fittingmeasurement
model. The expansion of built-up area is based on the
decrease of cultivated land due to the fact that the built-up
area is surrounded by cultivated land. To satisfy the need of
food, grassland, and forestry will be transformed to cultivated
land.Therefore, the cultivated land has close relationshipwith
“vegetation” and “urban and surrounding.” Consequently, the
path of “vegetation” → “cultivated land” was added.The land
use maps (Figure 1) showed that the built-up area was always
developed with water bodies, which kept the ability to reduce
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Table 2: The meanings and equations of indices of the goodness-of-fit.

Index Meaning Equation Criterion

𝜒

2/df

𝜒

2 is impacted by the difference between sample and
model-implied matrices. The small 𝜒2 represents the
good fitting of model and samples. Degree of freedom
(df) is the number of independent variables.
Considering that 𝜒2 is too sensitive to sample size, 𝜒2/df
is selected as a relative chi-square value

— <5

𝑃

The probability of error. 𝑃 value and result’s credibility
will change in the opposite direction. If 𝑃 < 0.05, the
result is meaningful

— <0.005

GFI
Goodness-of-fit presents the proportion of covariance
in sample explained by implied model. Greater GFI
means the good explanation of dependent variables by
independent variables

1 −

𝑡𝑟[(𝐸

−1

𝑆 − 𝐼)

2

]

𝑡𝑟[(𝐸

−1

𝑆)

2

]

>0.9

CFI
Comparative fit index can avoid the underestimation of
fit in small samples. It also tests the difference between
the worst (independence) model and model of interest

1 −

max(𝜒2
𝑇

− df
𝑇

, 0)

max(𝜒2
𝑁

− df
𝑁

, 𝜒

2

𝑇

− df
𝑇

, 0)

>0.9

RMSEA
Root mean square error of approximation estimates the
discrepancy between model-implied and true
population covariance matrix per degree of freedom

Sqrt{
max[(𝜒2 − df)/(𝑁 − 1), 0]

df
} <0.08

RMR Root mean square residual tests one kind of mean of
residual Sqrt[

2ΣΣ(𝑠

𝑖𝑗

− 𝑒

𝑖𝑗

)

2

𝑝(𝑝 + 1)

] <0.05

NFI
Normed fit index reflects the proportion of worst
(independence) model 𝜒2 explained by model of
interest

𝜒

2

𝑁

− 𝜒

2

𝑇

𝜒

2

𝑁

>0.9

Notes:𝑁 is sample’s size, 𝑝 is number of variables, 𝑠
𝑖𝑗
is sample’s relation coefficient, 𝑒

𝑖𝑗
is model-implied relation coefficient, 𝑆 is sample’s covariance matrix,

𝐸 is model-implied covariance matrix, 𝐼 is identity matrix, 𝜒2
𝑁

is chi-square of worst (independence) model, 𝜒2
𝑇

is chi-square of model of interest, df
𝑁
is worst

(independence) model’s degree of freedom, and df
𝑇
is model of interest’s degree of freedom.

temperature and influence precipitation in Southern China.
Hence, water bodies have close relationship with “vegetation”
and “urban and surrounding.” So the path of “vegetation” →

“water bodies” was also added.

3.2. Structural Equation Modeling. As a good measurement
model was obtained in the confirmatory factor analysis,
the relationships among four latent variables in hypothesis
were tested in structural model. There was no need for path
modification. Therefore, we got the final structural equation
model of the impacts of land use change on the regional
climate (Figure 5). The numbers ranging from 0 to 1 on the
lines of latent variables refer to observed variables presenting
the standardized factor loading, which could reflect the
related direction and significance. The numbers next to the
arrows pointed to observed variables presenting the errors of
observed variables. The numbers on the line between latent
variables, which made up the main part of structural model,
were called the standardized path coefficient.

Table 3 shows the measurement and structural compo-
nent’s estimate models, errors, 𝑇-values, and corresponding
significance. Different from standardized factor loading and
path coefficient in Figure 5, the coefficient of estimate models
reflected the quantitative relationship between data. If 𝑇-
value was larger than 1.96 and 𝑃 was below 0.001, the path
is significant. The SEM was composed of nine measurement

equations and one structural equation. Accordingly, in addi-
tion to the path “Urban and surrounding” → “Climate,” all
the path coefficients hadpassed the significant test. It iswidely
known that the development of urban leads to climate change,
so we did not delete this path.Therefore, we thought the SEM
was valid. Table 3 is helpful to deepen the understanding of
variables’ relationships and test the significance of each path.
However, because the standard coefficient is comparable, the
analysis of the result is based on Figure 5.

Table 4 presents the results of goodness-of-fit of confir-
matory factor analysis and structural equation modeling. All
pathswere based on theoretical analysis. For the confirmatory
factor analysis and structural equation modeling, it showed
that their 𝜒

2/df, 𝑃 value, GFI CFI, RMR, and NFI fell well
within their acceptable ranges but RMSEA was slightly out
of its limit. This might be caused by weaker linkage between
“urban and surrounding area” with “climate.” On the one
hand, the goodness-of-fit measure indices are sensitive to
sample size and easy to be underestimated when sample size
is relatively small [26].On the other hand, like other statistical
analyses, the statistical relationship or association cannot
prove themust-be relationship but simply provides support to
the logical and intuitive belief influence between the data [35].
So the best model should be established based on the proper
theory and the result of goodness-of-fit. According to above
analysis, we considered that this SEM whose indices were
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Figure 5: The structural equation model of the impacts of land use change on climate.

Table 3: The measurement and structural equations estimated by LISREL.

Component Estimate model Error
𝑡-value Significance

Measurement component

Forestry = 0.76 × vegetation 0.43 11.52 𝑃 < 0.001

Grassland = 0.86 × vegetation 0.27 13.49 𝑃 < 0.001

Cultivated land = 0.74 × vegetation + 0.87 × urban and
surrounding 0.23 10.26

11.90 𝑃 < 0.001

Water bodies = 0.19 × vegetation + 0.84 × urban and
surrounding 0.39 2.97

11.96 𝑃 < 0.001

Built-up area = 0.91 × urban and surrounding 0.18 15.36 𝑃 < 0.001

Unused land = 0.81 × other 0.35 6.24 𝑃 < 0.001

Others = 0.33 × other 0.88 3.92 𝑃 < 0.001

Precipitation = 0.29 × climate 0.91 — —
Temperature = 0.95 × climate 0.08 3.07 𝑃 < 0.001

Structural component Climate = −0.42 × vegetation + 0.20 × urban and
surrounding + 0.46 × other 0.38

−2.74 𝑃 < 0.001

1.46 𝑃 < 0.005

2.34 𝑃 < 0.001

Table 4: The result of goodness-of-fit.

goodness-of-fit measure 𝜒

2/df 𝑃 GFI CFI RMSEA RMR NFI
Indices of confirmatory factor analysis 2.43 0.0007 0.95 0.96 0.086 0.045 0.94
Indices of structural equation modeling 2.40 0.0006 0.95 0.96 0.085 0.044 0.93

below but close to the criteria was acceptable. Consequently,
the SEM was valid.

The standard factor loading and path coefficient revealed
the significance and direction of relationships among the
nine observed variables and four latent variables. The path
coefficient of “vegetation” to “climate” (−0.42) proved that
vegetation area had dramatically negative impact on the
regional climate change.That is to say, the addition of forestry,
grassland, cultivated land, and water bodies could reduce the
temperature and precipitation effectively.The path coefficient
of “urban and surrounding” to “climate” (0.20) proved that

the urban and surrounding area had positive impact on the
climate change. Accordingly, the addition of cultivated land,
water bodies, and built-up area could rise the temperature
and precipitation to a certain extent. The path coefficient
of “other” to “climate” (0.46) showed that other areas had
positive impact on climate change, and the significance of
effects was almost the same as “urban and surrounding.” We
thought this path coefficient was abnormal.

3.3. Analysis of SEM. The objective of this research is to
carry out the quantitative impacts of land use change on
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the regional climate by a statistical model, so as to provide
scientific understanding of the relationship between land
use change and regional climate change to policy makers.
According to the factor loadings, path coefficients of mea-
surement, and structural models, we summed the opinions
as follows.

(1)The structural model displays that all the three parts of
vegetation area, urban and surrounding area, and other areas
can impact regional climate to a certain extent. Compared
with other two parts, vegetation area has negative relationship
with regional climate change. First of all, adding vegetation
area in low latitude area can mitigate temperature rise
by affecting planetary energetic, atmospheric composition
and hydrologic cycle [36]. Additionally, in coastal province,
cities with high temperature increase their precipitation by
evaporation and atmospheric circulation; thus the change
of temperature and precipitation in Southern China has
the same direction. Above analyses and the result of pre-
vious researches clearly indicate that decrease of vegetation
resulting from deforestation and urbanization would make
the temperature and precipitation increase in low latitude
area [37, 38]. Urban and surrounding area has positive
relationshipwith climate change.Urban has a large number of
heaters, motor vehicle, and other energy consuming devices,
which transmit a lot of heat to air. Furthermore, a large
number of buildings and roads increase heat capacity and
conductivity of land. Therefore, adding urban and surround-
ing area leads to higher temperature. This result can be used
to explain the urban heat island effect. The structural model
shows that other areas whichmainly include unused land and
the extension for coastline have positive effects on regional
climate change. Because the change of unused landwas highly
different among counties, the coefficient between “other” and
“climate” calculated by SEM is relatively big. Referring to the
land use change of Southern China in 1988 and 2005, unused
land had reduced 489 km2, accounting for 60.59%, which was
the most significant change. A large proportion of unused
land was changed to built-up area. Consequently, we think
what this path indicates is that the rapid development of built-
up area leads to the great climate change.

(2) The relationships between seven exogenous observed
variables and three exogenous latent variables can be revealed
in measurement model. Firstly, “forestry,” “grassland,” and
“cultivated land” have strong and positive linkages with
“vegetation,” but the linkage between “water bodies” and
“vegetation” is weaker relatively. Forestry, grassland, and
cultivated land belong to vegetation area which keeps the
characteristic of affecting a series of parameters of earth’s
surface. However, water bodiesmitigate regional temperature
and precipitation mainly by evaporation. Compared with the
sea, the effect of evaporation of inland water bodies is less
obvious, which results in the weaker link of water bodies
in Southern China. Secondly, “built-up area,” “cultivated
land,” and “water bodies” have strong and positive linkages
with “urban and surrounding.” Generally, the urban and
surrounding area almost refers to the built-up area. In order
to satisfy human’s needs for food and water resources, the
areas of cultivated land and water bodies have the trend

to keep the same change direction with built-up area. This
can be used to explain why the three variables are all
related to “urban and surrounding,” and “cultivated land” and
“water bodies” have positive and slightly weaker relationships
with “urban and surrounding” in SEM. Both unused land
and others have positive linkages with other areas. Because
unused land’s distribution is much wider and larger than the
extension of coastline, the SEM displays that “unused land”
has closer linkage with “others.”

(3) The urbanization of Southern China had changed
the land use structure to a great extent, which had caused
the obviously regional climate change. In the procession of
slowing down the regional climate change, addition of veg-
etation is playing the most important role. For the majority
of study area has been occupied by forestry which is much
larger than grassland, the regional climate change is slightly
less sensitive to deforestation than grassland development
when they change the same area. The cultivated land and
water bodies have the functions ofmitigating regional climate
change and feeding. Due to their weaker comprehensive
impacts, the reclamation of grassland and forestry is against
the mitigation of regional temperature and precipitation
change. During the urbanization, the policy makers had put
forward a series of efficient measures to protect the total
amount of cultivated land such as land consolidation, land
requisition-compensation balance, and land increase and
decrease linked. We think the reasonable scales of cultivated
land and water bodies should be judged by requirement.
The change of unused land to vegetation can mitigate the
regional climate change obviously. However, the change of
unused land to built-up area can slightlymitigate the regional
climate. This may be because the utilization of unused land
can decrease the occupancy of vegetation. Hence, under the
background of land intensive and sustainable use, taking full
use of unused land plays an important role in mitigating the
increasing temperature and precipitation.

4. Conclusion

In this paper, we applied SEM to analyze the impacts
mechanism of land use change on the regional climate from
the county level. Southern China was selected as case study
area due to its typical climatic conditions, obvious land use
conversion, and unbalanced regional development among
counties. The contribution of this paper is to explore the
potential relationship and effects between land use change
and regional climate change by the application of SEM. This
method is worth spreading. Besides, the identification of the
relationship is helpful to generate land use policy options
for authorities in Southern China. The conclusions of this
research were summarized as follows.

Firstly, it is demonstrated that adding vegetation area
is a significant effective way to mitigate regional climate
change by reducing temperature and precipitation. Adding
urban and surrounding area which enhances temperature
and precipitation can affect regional climate to a certain
extent. It seems that rapid urbanization contributes to the
regional climate change of Southern China in recent decades.
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The influence of city expansion is relatively weaker. From the
analysis of statistical data, other areas which mainly include
unused land and extension of coastline show the significant
and positive effect on the regional climate change. This path
also reveals the positive relationship between city expansion
and climate change.

Secondly, forestry and grassland both have strong link-
ages with vegetation area, which indicates the climate change
can be mitigated by afforestation and adding grassland area.
There is a significant and positive relationship between
built-up area and urban and surrounding area. Accordingly,
restraining sprawl of built-up area and adopting the strategy
of sustainable development are important methods to mit-
igate regional climate change. Possessing the characteristics
of mitigating regional climate change and feeding, cultivated
land andwater bodies both have relationshipswith vegetation
area and urban and surrounding area. However, the suitable
scales of them depend on the demand of humanity. Other
lands mainly point to unused land in the study area, which
can be used to ease the reduction of vegetation area caused by
urbanization.This is a good way to solve the conflict between
urban development and regional climate change.

It needs to be mentioned, however, that there are still
some limitations in the research. For example, the result
of good-of-fit is defective. In particular, it is because the
relationship revealed by panel data is only a “probable and
performance” relationship. That is to say, the structural
equation model should be analyzed and applied based on
theories and practices. To solve the problem, more data and
variables are needed for the sample to improve model fit.
Furthermore, the comparison among multitemporal data is
helpful to get more credible results.
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Land-use/land cover change (LUCC) is one of the fundamental causes of global environmental change. In recent years,
understanding the regional climate impact of LUCC has become a hot-discussed topic worldwide. Some studies have explored
LUCC impact on regional climate in specific cities, provinces, or farming areas. However, the quick-urbanized areas, which are
highly influenced by human activities, have the most severe land-use changes in developing countries, and their climatic impact
cannot be ignored. This study aims to identify the impact of land-use change coupled with urbanization on regional temperature
and precipitation in the metropolitan areas of middle and lower reaches of the Yangtze River in China by means of spatial analysis
and numeric methods. Based on the exploration of land-use change and climate change during 1988–2008, the impact of land-
use transition from non-built-up area to built-up area on temperature and precipitation was analyzed. The results indicated that
the land-use conversion has affected the regional temperature with an increasing effect in the study area, while the influence on
precipitation was not so significant. The results can provide useful information for spatial planning policies in consideration of
regional climate change.

1. Introduction

It is widely recognized that land-use/cover change (LUCC) at
local, regional, and global scales is one of the crucial driving
factors of global climate change [1, 2]. According to the fourth
assessment report of Intergovernmental Panel on Climate
Change (IPCC) in 2007, human activities, such as urbaniza-
tion and agriculture, accounted for 90% of global warming
[3].This has been of great concern because innumerable con-
sequent changeswere produced on the earth. Some important
researches showed that human-induced LUCC was one of
the key factors which influence the regional climate [4–8].
LUCC exerts influences on the local and regional climate
systems via biogeochemical and biogeophysical feedback
mechanisms [9, 10]. The biogeochemical impact of land-use
change on the climate is produced by changing atmospheric
concentrations of greenhouse gases (GHGs). In this way of
feedback mechanism, LUCC mainly changes the carbon and

nutrient cycling in the terrestrial ecosystem and affects the
GHGs and aerosol exchange between surface and atmosphere
[11]. The GHGs from agricultural land-uses, for instance, are
estimated to account for 10–20% of the total global anthro-
pogenic emissions, which has raised a wide range of concern
about LUCC impact on climate change [12]. Besides, land-
use change also plays an important role in climatic system
bymeans of biogeophyisical effects.The biogeophyisical feed-
back mechanism basically manifests the changes of physical
features of the earth’s surface such as roughness, surface
albedo, soil moisture, and vegetation coverage and structure,
which influence the radiation, heat, and moisture exchange
process between the surface and the atmosphere [13]. These
effects directly result in the changes of surface temperature,
humidity, wind speed, and precipitation, accordingly bring-
ing more complex climate at large scales [14, 15]. As the direct
indicators of biogeophyisical feedback mechanism, land sur-
face temperature and precipitation are useful observational
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evidence, so that they are widely applied to measure the
climate changes [16–19]. And the land-use change data also
produces great effect in the climate change assessment.

As an important source of considerable human activities,
urbanization causes changes of the land-use/cover over the
urban areas [20]. Many experiments have been conducted to
understand that there is close relationship between urbaniza-
tion and climate change [21].The research by Kalnay and Cai,
for instance, suggested that half of the observed decrease in
diurnal temperature range is due to urban and other land-
use changes [6]. Zhang et al. [22] simulated the influence
of urbanization on climate in the Yangtze River Delta by
the application of weather research and forecasting (WRF)
model and found out that the conversion of rural land (mostly
irrigated cropland) to urban land cover results in significant
changes to the near-surface temperature, humidity, wind
speed, and precipitation. Observations by Liao et al. [23]
revealed that, by utilizing WRF/Chem model and MODIS
data, intensive building clusters in mega cities in the Yangtze
River Delta form the urban canopy layers and modify the
surface energy budgets and surface roughness, which change
thermal and dynamic characteristics of the surface layer.
Both simulative and numerical analysis suggest that urban
growth-driven land-use change significantly influences the
surface heat balance, exchange of water vapor, and momen-
tum between the atmosphere and the surface layer and
consequently results in the changes of regional weather,
especially the rainfalls [24–27]. But arguments on the effects
of urban development on large-scale warming climate still
exist [28]. At local scales, a lot of researches have been
implemented focusing on urban heat island (UHI), which is
a widely concerned issue [29]. Case studies by observations
and remote sensing images such as Miao et al. [30] and Wu
et al. [31] on Chinese cities and Singh et al. [20] on Delhi of
India showed that the UHI generally took place in various
types of cities in different regions, and the cases of extreme
rainfall weather got increased [32, 33].

Although there have been considerable reports of current
researches, there is still much unknown about the impact
of regional land-use change and urbanization on climate
change. As the surface physical, chemical, and biological
characters vary greatly across regions, the climatic influences
of urbanization and land-use change vary correspondingly
[14]. Due to the lack of data and knowledge, it has beenwidely
recognized that this issue is of great importance for further
exploration and discussion [34].

Since the overall economic reforms in the mid-1980s,
China has experienced unprecedented urbanization. Cities in
China started to face increasing climate risks [35, 36]. The
middle and lower reaches of the Yangtze River are one of the
most developed regions across the country. Tens of big and
medium sized cities are located along or near the Yangtze
River, which are interconnected to consist of a considerable
“Yangtze River Economic Belt” in the eastern and central
China. There have been studies on the impact of LUCC
on regional climate [22, 23, 37], in some specific cities like
Wuhan [31] and specific provinces like Jiangxi [38]. However,
some physical characteristics such as elevation, latitude, or
landforms may be ignored when investigating a specific city

or province. In this study, we selected the metropolitan areas
along the middle and lower reaches of the Yangtze River as
the study area. The research would be of great significance
because, on one hand, it could provide regional comparison
analysis of climate changes resulting from land-use changes;
on the other, it could be a guide to alleviating the climatic
risks in the rapid urbanization process.

2. Data and Methodology

2.1. Study Area. The metropolitan area in the middle and
lower reaches of the Yangtze River is located in 110∘15 ∼
123∘25E, 26∘03∼33∘25N with a total area of 4.82 × 105 km2.
It stretches across seven provincial regions from west to east,
covering the central and east ofHubei, the northeast ofHunan,
the north of Jiangxi, the central and south of Anhui, the south
of Jiangsu, the north of Zhejiang, and entire Shanghai. In this
region, there are tens of big cities such as Yichang, Yueyang,
Nanchang, Hefei, Nanjing, Suzhou, andHangzhou, involving
Wuhan metropolitan, Changsha metropolitan, Poyang Lake
metropolitan, Yangtze-side metropolitan Region of Anhui,
and Yangtze River Delta metropolitan (Figure 1).

Mainly located in the Yangtze Plain with part of South
Yangtze hills at this latitude, this area belongs to subtropical
monsoon climate and subtropical moist monsoon climate
region. Owing to moderate rainfall and sunlight, and with
abundant amount of water resources, it is a fertile region
which is famous for rice cultivation and fishery. It is an
important grain producing area in China that plays a key
role in the national agricultural industry. In addition, with
the obvious locational superiority and favorable industrial
and commercial basis, it is also one of the most dynamic
economic regions across the country. Demographically, the
proportion of urban population to permanent population
in the study area also increased at an unprecedented speed
since it rose from 19.8% in 1990 to 38.9% in 2000,and then to
49.3% in 2008 in the seven provinces, according to the official
statistical data launched by National Bureau of Statistics of
China and the involved provinces. At the same time, the
regional land-use has changed severely. According to the
land-use data extracted from remote sensing images, the total
area of cultivated landwas 215913 km2 in the late 1980s, which
decreased by 13292 km2 to 202621 km2 in the year of 2008.
In contrast, the amount of built-up area grew significantly
from 19135 km2 to 30008 km2 during this period, which was
almost 56.8%more than that in the year of 1988. Except for the
water bodies increasing from 36654 km2 to 38528 km2 during
1988–2008, the areas of forestry, grassland, and unused area
all slightly decreased. Consequently, it is of great significance
to explore the changes of built-up area and their influence on
regional climate.

2.2. Data and Methods. The data used in this paper was col-
lected from the data center of Chinese Academy of Sciences
(CAS). It mainly included land-use data and meteorological
data of the study area.

Land-use data was extracted from the Chinese subset of
the Global Land Cover Characteristics database. The dataset
is on the basis of land-use maps at the scale of 1 : 100 000,
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Figure 1: Location of the study area and the land cover, 2008.

using the classification system of 6 classes of first level and
25 classes of second level, which relied on interpretation
of Landsat TM imagery and ground survey of 2000 with
high level of accuracy (about 98.7% of the average degree of
interpretation accuracy and 97.6% of comparing the changing
patches of land-use between two periods) [39]. The land-use
data involved in this study was originally generated with 1 km
grid scale in the years of 1988, 1995, 2000, 2005, and 2008with
Albers projection, which is believed to be an effective kind of
data that can provide sufficient information for the regional
land-use change monitoring [40].

The meteorological data during 1988–2008 was col-
lected from meteorological stations of China Meteorologi-
cal Administration, including the annual near-surface tem-
perature and annual average precipitation. Based on the
observational data acquired from the 756 observation sta-
tions distributed across China’s mainland (Figure 2), the 3-
year average data was calculated to represent the tempera-
ture/precipitation in the specific time points including 1988,
1995, 2000, 2005, and 2008. Then the observational data
were interpolated into 1 km resolution grid data with Kriging
Interpolation algorithm and were uniformly projected with
Albers projection so that they could be spatiallymatchedwith
land-use change data. During interpolation with temperature
data, terrain conditions of the study area were taken into con-
sideration. Therefore, the temperature data was first adjusted
to the sea level. After interpolation, the digital elevation
model (DEM) was applied to correct the data by 0.6∘C per
100m in height.

In order to explore the climatic impact of land-use change
during the fast urbanization process, the land-use conversion
matrix was first applied to calculate the total amount of
conversion from non-built-up area to built-up area in each
period of time. It is a fundamental tool in analysis of land-
use change [41]. The conversion matrix was simplified here
because only the changes from non-built-up area to built-up
area were discussed in this paper (Table 1).

After the land-use conversions and the changes of tem-
perature and precipitation during the study period were eval-
uated by gird on the ArcINFO platform, numerical analysis

Table 1: Land-use conversion matrix for non-built-up area to built-
up area.

𝑇1

CU FO GR WA UN

𝑇2 BU 𝑆CU2BU 𝑆FO2BU 𝑆GR2BU 𝑆WA2BU 𝑆UN2BU

𝑃CU2BU 𝑃FO2BU 𝑃GR2BU 𝑃WA2BU 𝑃UN2BU

Note: CU, FO, GR, WA, UN, and BU refer to cultivated land, forestry,
grassland, water bodies, unused land, and built-up area, respectively. 𝑆 and 𝑃
refer to the area and proportion of conversion from each land cover to built-
up area, respectively, during𝑇1 to𝑇2.Hence, 𝑆CU2BU represents the amount
of conversion from cultivated land to built-up area during the time𝑇1 to𝑇2,
and𝑃CU2BU refers to the conversion rate from cultivated land to built-up area
during the time 𝑇1 to 𝑇2, and so on, which is calculated with the following
equation: 𝑃CU2BU = (𝑆CU2BU − 𝑆CU)/𝑆CU × 100%.

was applied to examine their relationship. The parameter
of 𝐸 could be used to describe the responses of climate
changes to the land-use conversion. For each type of land-use
conversion, consider the following:

𝐸

𝑡
=

∑

𝑚

1

Δ𝐼

𝑡

𝑀

,

𝐸

𝑝
=

∑

𝑛

1

Δ𝐼

𝑝

𝑁

,

(1)

where 𝐸 refers to the effects of land-use conversion to built-
up area on temperature and precipitation, 𝑡 and 𝑝 refer to
temperature and precipitation, respectively,Δ𝐼 represents the
changes of the temperature/precipitation where conversion
from non-built-up area to built-up area occurred, 𝑚 and 𝑛
mean the number of temperature/precipitation that changed,
and𝑀 and 𝑁 are the total amount of each land-use conver-
sion type.

The research diagram for data handling and analysis is
shown in Figure 3.
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Figure 2: Distribution of the meteorological stations used for interpolation within and around the study area.

Table 2: Land-use conversion from non-built-up to built-up area, 1988–2008 (area unit: ten thousand hectares).

Period/land-use conversion CU2BU FO2BU GR2BU WA2BU UN2BU

1988–1995 Area
Proportion

147.62
6.84%

16.12
0.84%

1.65
1.02%

12.08
3.30%

0.30
1.47%

1995–2000 Area
Proportion

134.27
6.33%

12.53
0.65%

0.85
0.52%

7.70
2.12%

0.13
0.66%

2000–2005 Area
Proportion

161.13
7.62%

18.62
0.97%

1.81
1.12%

11.40
3.04%

0.18
0.88%

2005–2008 Area
Proportion

170.91
8.28%

26.71
1.39%

2.48
1.54%

19.09
4.93%

0.37
2.11%

Note: the data was calculated according to land-use conversion matrix introduced in Table 1.

3. Results and Discussion

3.1. Spatiotemporal Changes of Built-Up Area Expansion dur-
ing 1988–2008. According to the land cover data, the amount
of built-up areas and the conversion from other land cover
types could be calculated. The overall area of built-up areas
in the metropolitans of the middle and lower reaches of
the Yangtze River grew from 19135 km2 to 30008 km2. It can
obviously be seen that the main conversion type to built-up
area in the region was the conversion from cultivated land
(Table 2).

Temporally, despite the areas of land cover conversion
fluctuating in 1995–2005, the annual conversions of each type

in the four periods were speeding significantly except for the
conversion of grassland, water bodies, and unused land in
1995–2000.The years of 2005–2008 were themost prominent
time that built-up area expanded while occupying other five
land covers. During these three years, about 8.28% of the
cultivated land and 4.93% of the water bodies were lost and
the proportion of built-up area increased from 5.64% in 2005
to 6.24% in 2008. In the year of 1988, however, the percentage
of the built-up area was just 3.97% (Figure 4).

Spatially, most of the built-up areas were distributed in a
zigzag manner along with the Yangtze River, with Shanghai
metropolitan as the center (Figure 5). Another part of the
built-up areas was located in the south of the Yangtze River,
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Figure 4: Structures of land-use in the middle and lower reaches of
the Yangtze River, 1988–2008.

with Changsha and Nanchang as the centers. By dividing
the study area into two parts including the middle reaches
metropolitan region and the lower reaches metropolitan
region, we could make out that approximately 64% of land-
use conversionswere found in the lower reachesmetropolitan
region, even though the area accounted for about 42% of the
overall region. In the middle reaches metropolitan region,
the average proportion of cultivated land conversion in the
total conversion types was 72.8%, followed by 16.8% of
forestry conversion and about 9% of water bodies conversion,
respectively, whose trends were on the rolling rise. In the
lower reaches metropolitan region, the average proportion
of cultivated land conversion in the total conversion types
dominated in 88.3% with a descending trend since 2000.The
ratios of conversion fromwater bodies and forestry were both
about 5% before 2005, but with a slight increasing trend to
over 7% during 2005–2008.

3.2. Spatiotemporal Changes of the Regional Climates during
1988–2008. Generally, there were distinct changes in annual
average temperature and precipitation in the metropolitans

Built-up area in 1988
Growth of built-up area, 1988–2008
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of middle and lower reaches of the Yangtze River from 1988
to 2008. The temperature showed an increasing trend in
fluctuations in the study area, with the average temperature
rising from 13.3∘C in 1988 to 14.1∘C in 2008 (Figure 6).Most of
the regions had an increase of the annual temperature, except
a tiny part of the hilly areas such as the north of Yichang
and the south of Zhuzhou having a slight decrease of 0–
1.5∘C. The maximal rise of temperature that almost reached
6.7∘C took place in the Hangzhou metropolitan, the west
part of Yichang in Hubei Province, and the southeast corner
of Shangrao in Jiangxi Province. Besides, the temperature
basically increased 2.4–4.9∘C in the majority of other parts
of the region, including Shanghai, Nanjing, Wuhan, and
Changsha metropolitans (Figure 7(a)).

At the same time, the annual precipitation in the study
area did not show a significant rising or descending trend
(Figure 6). The peak with 1713.7mm appeared in the year of
2002, and then the amount of rainfall fluctuated at a relatively
lower level from 2003 to 2008. In addition, the changes of
precipitation varied greatly across the area. On one side,
the rainfalls showed a rising trend in the majority part of
the region, with the maximum increase of 76.7mm in the
north-central part of Huangshan. On the other side, they
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Figure 7: Changes in spatial distribution of annual average temperature (a) and precipitation (b) in the middle and lower reaches of the
Yangtze River, 1988–2008.

showed a downward variation in the north part of Hunan,
the southeast of Hubei, the southwest of Anhui, the east
of Jiangxi, and east areas of Hangzhou, with the maximal
decrease of 34.8mm. According to the results mentioned
above, it can be concluded that the process of urbanization
in this region has affected the regional climate to a certain
extent (Figure 7(b)).

3.3. Effects of Land-Use Conversion on Temperature and
Precipitation. We overlaid the built-up area growth maps
with the climate change maps, and the variations of the
climate responses to the land-use change showed significant
differences in spatial distribution (Figure 8). Most of the
metropolitan areas including the interior of Jianghan Plain,
Wuhan, Changsha, Nanchang, Hefei, and the Yangtze River
Delta Region got warmer in 1995 than in 1988 while a mass
of cultivated land surrounding these cities and towns was
lost due to urbanization. Part of the nearby water bodies,
especially in Wuhan and so forth, was also turned to built-
up area. When the trends of built-up area expansion and
cultivated land loss kept going on for the next over 10 years,
the changes of the temperature varied across the region.
The urbanized areas with upward temperatures were not
as concentrated as they were in the late 1980s; besides,
fluctuations with downward temperatures occurred in some
of the metropolitans such as Shanghai (Figures 8(a), 8(b),
8(c), and 8(d)).

The precipitation in spatial distribution significance
across the region was not very obvious compared to the
match of temperature with land-use change. The amounts of
rainfall increased around Shanghai but decreased in Nanjing
and Hefei metropolitans in 1988–1995. Another typical fluc-
tuation was found in Nanchang metropolitan, the north of
Jiangxi.The precipitation in this region went up in 1988–1995

and 2000–2005 but sharply cut down in 1995–2000 and 2005–
2008 (Figures 8(e), 8(f), 8(g), and 8(h)).

The calculation results of𝐸 showed the relativity of urban-
izing land-use change with regional climate which matched
the spatial layout analysis above (Figure 8). During the four
time periods, the changes of regional average temperature
were basically in accordance with the impact of other four
types of conversion, especially with the grassland conversion
and forestry conversion, except that of unused land turning
to built-up areas, but the influence of the conversions got
smaller (Figure 9(a)). These observations indicated that each
type of conversion from non-built-up to built-up area had a
positive influence on temperature changes. Aswehave known
thatwhen land-use cover such as natural vegetation and crops
is replaced with the nonevaporating and nontranspiring
built-up areas, surface properties such as albedo and soil
moisture generally become lower. These changes may have
an influence on heat and moisture exchange process between
the surface and atmosphere and thus result in the rise of
temperature.

According to the numeric observations, the land-use
conversion from non-built-up to built-up areas did not
have particular significance on precipitation changes in the
study area during 1988–2008 (Figure 9(b)). There were both
increase and decrease in precipitation when the built-up area
expanded. The changing trends of rainfall almost reacted in
the opposite directions between the four periods. Among the
four types of land-use change, conversion from unused land
to built-up area had the most severe impact on precipitation
both in positive and in negative directions during the four
periods, while conversion from cultivated land to built-up
areas had the least influence on it. These differences in time
sequence and land conversion types indicated that there
is still uncertainty about the impact of LUCC on surface
climate in this region, even though there is reduction in
evapotranspiration due to urbanization [20].
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Figure 8: Continued.
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Figure 8: Variations of the temperature and precipitation response to land-use conversion from non-built-up to built-up area in periods
1988–1995 (a, e), 1995–2000 (b, f), 2000–2005 (c, g), and 2005–2008 (d, h).
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Figure 9: Changes of temperature (a) and precipitation (b) upon land-use conversions from non-built-up to built-up area.

4. Conclusions

In this paper, the impact of the land-use conversion from
non-built-up areas to built-up areas on surface temperature
and precipitation in the middle and lower reaches of the
Yangtze River during 1988–2008 was examined by using spa-
tial and numeric analysis.The results showed that conversion
from cultivated land to built-up area was the most important
type of land-use change in the region under the rapid
urbanization process, which was recognized as “urbanization
of land” and concentrated much of focuses from academia.
The loss of water bodies was another important source that
made the growth of built-ups.

The numeric results indicated that the transitions from
non-built-up areas to built-up areas had positive relationship
with the rising trend of regional temperature in the study
area, but the effects of different conversion types in different
periodswere varied obviously. All the conversion types except
the unused land transition have very similar impact on the
changes of temperature. Within the 20-year time period,

the upward and downward changing trend of regional tem-
perature was quite in accordance with that where grassland
and forestry were changed to built-up areas. These trends
were increasing first and then went down significantly. The
change of regional climate slightly went up from 0.28∘C in
1988–1995 to 0.3∘C in 1995–2000, but both the warming
effects of conversion from cultivated land and from water
bodies on temperature change decreased steadily in this
period of time, which kept on going downwards significantly
to the bottom of 0.05∘C during 2005–2008. As to the regional
precipitation, the results did not show much significant
impact of land-use conversions from non-built-up areas to
built-up areas, even though there were some researches that
indicate it could result in either increasing or decreasing effect
on precipitation [27, 42].

Generally, we have only focused on the physical climatic
impact of transition from non-built-up to built-up areas in
the urbanized area of the middle and lower reaches of the
Yangtze River in this paper.The land-use change of transition
from non-built-up to built-up areas influences the regional
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temperature mainly by altering the land surface net radiation
and latent heat flux. The results are of great value for the
state governments to guide land resource distribution and
urbanization policies that respond to the regional climate
changes.

Although the precipitation effect was also under con-
sideration in this research, either the positive or negative
influence was observed, probably due to the limited annual
statistical data or the numeric methods involved. However,
trapped by the limitations and the uncertainties of full
understanding of the procedure mechanisms, the regional
climate change is a very complicated process and there are
many other factors that may take effect. As a consequence, it
is a rather challenging goal to assess and quantize the climatic
effects of land-use change since various biogeophysical and
biogeochemical processes interact or even offset each other
on the climate change [43]. Besides, the lack of forecasting
climate changes in future under the land-use change was
another inadequacy of the research. And the explorations
would be more notable if the simulation was added by
socioeconomic indicators such as population and industries.
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This study evaluated hydrological impacts of potential climate and land use changes in Heihe River Basin of Northwest China. The
future climate data for the simulation with Soil andWater Assessment Tool (SWAT) were prepared using a dynamical downscaling
method.The future land uses were simulatedwith theDynamic LandUse System (DLS)model by establishingMultinomial Logistic
Regression (MNL) model for six land use types. In 2006–2030, land uses in the basin will experience a significant change with a
prominent increase in urban areas, a moderate increase in grassland, and a great decrease in unused land. Besides, the simulation
results showed that in comparison to those during 1981–2005 the temperature and precipitation during 2006–2030 will change
by +0.8∘C and +10.8%, respectively. The land use change and climate change will jointly make the water yield change by +8.5%,
while they will separately make the water yield change by −1.8% and +9.8%, respectively. The predicted large increase in future
precipitation and the corresponding decrease in unused land will have substantial impacts on the watershed hydrology, especially
on the surface runoff and streamflow. Therefore, to mitigate negative hydrological impacts and utilize positive impacts, both land
use and climate changes should be considered in water resource planning for the Heihe River Basin.

1. Introduction

Climate and land use/land cover (LULC) changes are amon-
gst the greatest global environmental pressures resulting from
anthropogenic activities, both of which greatly impact the
hydrological cycle [1–3]. Their impact on the hydrological
cycle at the basin scale has become an important research
issue in hydrology community owing to the increasingly seri-
ous water scarcity [4, 5]. The hydrological response of water-
sheds to climate and LULC changes is an important issue
of water resource planning and management [6, 7], and
the potential impacts of LULC change on the hydrological
cycle must be considered by water resource managers [8, 9].
For example, the LULC changes due to urbanization and
deforestation can alter the hydrological processes and lead to

change of flood frequency and annual mean discharge by
impacting the evapotranspiration, soil infiltration capacity,
and surface and subsurface flow regimes [8, 10, 11], while
climate change can alter the flow routing time and peak flows
[10, 12]. It is crucial to the long-term water resource planning
and management to better understand the potential impacts
of climate and LULC changes on the runoff and streamflow in
basins [9, 13]. In particular, effective water resource manage-
ment under changing conditions requires reliable informa-
tion about flows and modes that can be used to simulate flow
regimes under different scenarios of changing land use and
climate [6].

Separation of impacts of climate and LULC changes on
the hydrological cycle is of great importance to improving the
land use planning and water resource management [10, 14],
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especially in arid and semiarid regions where the climate
change may significantly affect the hydrological cycle [15].
The effects of LULC and climate changes on the streamflow
aremore evident in the arid and semiarid regions. One typical
example is the Heihe River Basin in Northwest China, which
is characterized by limited water resources and special hydro-
climatic and physiographic conditions [16]. Understanding
the hydrological responses to potential climate change is very
important for developing sustainable water resource man-
agement strategies in this region. However, the impacts of
urbanization and deforestation on the hydrological cycle in
arid and semiarid regions have been rarely documented [17–
19]. Overall, there is still very limited understanding of the
separate as well as combined impacts of LULC and climate
changes on regional water and energy cycles, and therefore
more in-depth research is needed, especially in the arid and
semiarid regions [17].

There are many studies about the hydrological impacts of
land use change or climate change at the basin scale, andmost
of them were conducted with a hydrological model based on
a series of land use data extracted from satellite images [9, 20,
21]. For example, the impacts of land use change scenarios
in the Wutu watershed, North Taiwan, were assessed using
the conversion of a land use model (CLUE-s) and a gener-
alized watershed loading functions model [16]. A Soil Water
Assessment Tool (SWAT) and multiple General Circulation
Models (GCMs) were used to investigate the relationship
between climatic and hydrological changes in the Upper
Mississippi River [22]. Most of these studies assume no
change in LULC [4, 23], but the impacts of climate change
on hydrology vary among regions and should be investigated
with regional climate change scenarios [4]. Besides, the
hydrological impacts of LULC change also vary with the
climatic conditions [9]. For example, water balance variables
might add or subtract the impacts of climate change under
varying land cover conditions. In particular, the regional
LULC change can offset or magnify the changes in global
average temperature and can significantly alter the impacts
associated with global warming [17, 24]. In addition, some
studies about the combined effects of climate and LULC
changes on streamflow showed that climate change was
generally more significant than LULC change in determining
the basin hydrological response [25–27]. For example, climate
dominates the changing streamflow in the Xinjiang River
Basin of Poyang Lake, China [25]. However, the hydrological
cycle in a basin is a complex process influenced by climate and
the physical properties of the catchment and human activities
together [4, 5]. The complexity of these factors complicates
the separation between effects of land use and climatic
variability on streamflow [26, 28]. Therefore, it is still a chal-
lenge to distinguish the effects of LULC change from that of
concurrent climate variability [14].

This study aims to separate the impacts of climate and
LULC changes on the hydrological cycle in the Heihe River
Basin under future scenarios to provide some useful reference
information that can be used to improve the water resource
management and guarantee the sustainable development.
The climatic data predicted by General Circulation Models
(GCMs) under RCP 4.5 scenario were used to represent

the climate change scenarios for 2006–2030, and the land use
data simulated with the Dynamic Land Use System (DLS)
model were used to represent the land use change scenarios.
The future hydrological cycle was simulated with the SWAT
based on the scenario data of climate change and land use
change, the hydrological impacts of which were analyzed by
comparing the simulation results under different scenarios.
The results of this study can provide valuable information for
guiding futurewater resourcemanagement in theHeiheRiver
Basin as well as other arid and semiarid regions in China.

2. Methods

2.1. Study Area. The Heihe River Basin is the second largest
inland river basin in China, which lies between 37∘43–
42∘41N and 97∘23–102∘72E with a total area of 127,96 thou-
sand km2. This basin expands across Qinghai Province,
Gansu Province, and Inner Mongolia Autonomous Region
in Northwest China (Figure 1). With a total length of 821 km,
the Heihe River is divided into the upper, middle, and lower
reaches, where the natural and socioeconomic characteristics
differ significantly. For example, the average annual precipita-
tion is between 200 and 500mm, less than 200mm, and less
than 50mm in these reaches, respectively, while the annual
evaporation ranges from 700mm in the upper reach to more
than 3000mm in the lower reach [29]. Besides, the annual
average temperature is 9.4∘C over the last 30 years, and this
basin enjoys a dry continental climate. The altitude ranges
from 869 to 5542m, with an average of 1778m.Themain land
cover types are desert (57.15% of total basin area), mountains
(33.16%), and oasis (8.19%) [30]. The ecosystems from the
upper reach to the lower reach are linked by the hydrological
cycle, but the hydrological cycle has significantly changed
due to the land use change and climate change in the past
decades. For example, about 65% of the irrigation water in
the middle reach was extracted from the river runoff, which
greatly influences the hydrological cycle of the whole basin.
Therefore, a detailed and integrated simulation analysis of the
water resources is critical and urgent for better water resource
management in the Heihe River Basin.

2.2. Data for Model Simulation. The spatial data (i.e., topog-
raphy, soil and land use), historical climate data, and hydro-
logical data for the watershed were first prepared for the
SWAT model and DLS model. The topography was repre-
sented with the 90m resolution digital elevation model
(DEM) of Shuttle Radar TopographyMission (SRTM) (http://
srtm.csi.cgiar.org/) [31]. The soil data, including texture,
depth, and drainage attributes, were from the Harmonized
World Soil Database (HWSD) supplied by the Environmental
and Ecological Science Data Center for West China (West-
DC) (http://westdc.westgis.ac.cn/). The historical land use
data including 25 land use types, which were derived from
Landsat TM/ETM images, were provided by Data Center
of Chinese Academy of Sciences (CAS) [32]. In particular,
the glacier data were obtained from WestDC (http://westdc
.westgis.ac.cn/), and land use properties were directly obtain-
ed from the SWAT model database (Table 1). The historical
hydrological data for SWATmodel calibration and validation
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Figure 1: The upper and middle Heihe River Basin: (a) digital elevation model, (b) soil type, (c) slope, and (d) land use in 2010.

include the river flow data from four hydrological stations.
The hydrological observation data, including annual data
in Heihe River Basin during 1980–2010, were obtained from
the hydrological yearbook provided by WestDC. The river
flow data used for the model calibration and validation were
provided by the Data Center of CAS. The historical daily
weather data during 1980–2010 were collected from China
Meteorological Administration (CMA), including daily

precipitation, maximum and minimum temperatures, solar
radiation, humidity, wind speed, and wind direction from 13
weather stations in or near the Heihe River Basin.

2.3. Simulation of Land Use Changes with the DLS Model.
The DLS model is a set of applications used to simulate the
changing process of land use system and is an effective tool for
simulation of spatial-temporal land use changes to assist land
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Table 1: Data used and sources.

Data type Data sources Scale Description

DEM Shuttle Radar Topography Mission
(SRTM) 90m Elevation

Land use Data Center of Chinese Academy of
Science 1 : 100000 The classification system contains 25

categories

Soil WestDC (http://westdc.westgis.ac.cn/) 1 : 1000000
Some parameters were calculated using a
(Soil-Plant-Atmosphere-Water) Field and
Pond Hydrology model

Weather China Meteorological Administration Daily 5 weather stations
Hydrological observation Hydrological yearbook Daily 4 stations

River flow Data Center of Chinese Academy of
Science 1 : 250000 River network diversion

Glacier WestDC (http://westdc.westgis.ac.cn/) 1 : 100000 The attributes include width, length, and
depth

management [33]. The DLS model consists of three modules:
a spatial regression module that identifies the relationships
between land uses and the influencing factors; a scenario
analysis module of land use changes that determines the land
demands at the regional level; a spatial disaggregationmodule
that allocates land use changes from a regional level to the
disaggregated grid cells [34, 35].

The DLS model simulates the spatial-temporal land use
changes with three processes: scenario analysis of land use
change, spatial regression analysis, and spatial allocation of
land use changes. The first process was carried out with the
scenario analysis module, which provides the data of total
land demands at the annual scale during a given period. By
including the scenario analyses of land use changes, a set of
spatially explicit simulation results of land use change can be
exported by the DLS model [36]. The total land use demands
can be set by several approaches, such as trend analysis
methods (e.g., linear interpolations or more sophisticated
econometricmodels) and economicmodels. In this study, the
total land demands during the simulation period were first
determined using trend analysis methods and then were used
to establish a scenario of land use change during 2006–2030.

In the spatial regression module, the relationships bet-
ween land uses and influencing factors were analyzed via
stepwise logistic regression analysis of past land use changes
and their drivers [37]. For each grid cell, the total probability
for each land use type is calculated on basis of the multino-
mial logistic regression at the pixel scale as follows:

𝑃

𝑖,𝑘
=

{

{

{

{

{

{

{

{

{

1

1 + ∑

𝑘 ̸=𝑖

𝑒

𝑥𝑘𝛽𝑘

𝑖 = 𝑘

𝑒

𝑥𝑘𝛽𝑘

1 + ∑

𝑘 ̸=𝑖

𝑒

𝑥𝑘𝛽𝑘

𝑖 ̸= 𝑘,

(1)

where 𝑃
𝑖,𝑘

is the probability of conversion from land type 𝑖
to 𝑘 in the cells under given driving factors; 𝑋

1
, 𝑋

2
, . . . , 𝑋

𝑛

represent the driving factors of climate, landform, location,
population, economic growth, policy, and other categories;
𝛽

1
, 𝛽

2
⋅ ⋅ ⋅ 𝛽

𝑛
are the regression analysis coefficients of driving

factors for further estimation.

In this study, all the data of land use and the influencing
factors were prepared at the annual scale. The land use data
in 2000 and 2005 were used in the logistic regression. The
assumed driving factors were categorized into five groups:
climate, geophysics, transportation, location, and socioeco-
nomics. The data of these factors in the corresponding years
were also prepared (Table 2).

The spatial disaggregationmodule is used to spatially and
explicitly convert the land demands into land use changes at
various locations of the study area.The spatial disaggregation
is carried out in an iterative procedure based on the proba-
bility maps, conversion rules, historical land use maps, and
land demands under the scenarios. The probability maps of
each land use type were prepared with the logistic regression
results. Besides, the rules of land use conversion were set for
each land use type, whose value ranges from 0 to 1. A smaller
value means one land use type is more likely to be converted
to another type, and vice versa. The development-restricted
areas in the study area were also specified.

2.4. Downscaling of GCM Climate Data. GCMs are arguably
the best available tools formodeling future climate. YetGCMs
provide information at a resolution that is too coarse to
be directly used in hydrological modeling [38]. Therefore
downscaling is required to transform the low resolutionGCM
outputs to the high resolution climate features needed for
hydrological simulation.The downscaling procedure is as fol-
lows. First, the average annual precipitation and temperature
of 30 years (1980–2010) were calculated, which were adopted
as a baseline for selecting the GCMs. We considered future
climate change scenarios for the basin (Figure 2) by using
the spatially distributed outputs from 10GCMs under RCP
4.5 scenario. The climate projections of Max Planck Institute
(MPI) were downscaled to the 3 km × 3 km grid in the study
area, and bias was corrected and climate change scenarios
were developed by MPI for Meteorology. The annual mean
values of 10GCM spatial data from 2006 to 2030 were cal-
culated according to the basin perimeter, and one out of ten
GCMs was also selected based on the historical trends and
annual averages of temperature and precipitation. The MPI
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Table 2: Results of logistical regression for the six land use types with 13 driving factors.

Cultivated land Forest land Grassland Water Built-up area Unused land

Slope −0.000049 0.000121 −7.42𝐸 − 05 −7.76𝐸 − 06 −1.1𝐸 − 06 0.0000105
(−27.52)

∗∗∗

(−63.65)

∗∗∗

(−18.89)

∗∗∗

(−7.24)

∗∗∗

(−2.07)

∗

(−2.64)

∗∗

Elevation −0.000136 −3.02E − 05 0.000116 −0.0000149 −5.9E − 06 0.0000711
(−53.82)∗∗∗ (−11.13)∗∗∗ (−20.8)∗∗∗ (−9.76)∗∗∗ (−7.85)∗∗∗ (−12.56)

∗∗∗

Rain −0.000045 0.0000228 0.0000419 0.0000136 1.4E − 06 −0.0000347
(−16.09)

∗∗∗

(−7.61)

∗∗∗

(−6.79)

∗∗∗

(−8.05)

∗∗∗

−1.7 (−5.54)

∗∗∗

Radiation −0.000407 0.000243 −0.000923 −8.64𝐸 − 06 1.16𝐸 − 05 0.00108
(−24.27)

∗∗∗

(−13.55)

∗∗∗

(−24.98)

∗∗∗ (−0.86) (−2.34)

∗

(−28.91)

∗∗∗

>0∘C accumulated temperature −0.0000106 0.0000127 0.000026 −3.88E − 06 −7.2E − 07 −0.0000234
(−24.03)

∗∗∗

(−26.78)

∗∗∗

(−26.59)

∗∗∗

(−14.55)

∗∗∗

(−5.52)

∗∗∗

(−23.67)

∗∗∗

Soil organic matter 0.0685 0.232 −0.186 0.0152 −0.00655 −0.123
(−9.38)

∗∗∗

(−29.64)

∗∗∗

(−11.58)

∗∗∗

(−3.46)

∗∗∗

(−3.03)

∗∗

(−7.52)

∗∗∗

pH value 0.00769 −0.0131 −0.00541 0.00171 0.000719 0.00834
(−7.15)

∗∗∗

(−11.32)

∗∗∗

(−2.28)

∗

(−2.64)

∗∗

(−2.26)

∗

(−3.47)

∗∗∗

Population density 0.000247 −7.82𝐸 − 05 −3.16𝐸 − 05 0.0000206 −3.2𝐸 − 06 −0.000154
(−32.18)

∗∗∗

(−9.52)

∗∗∗ (−1.87) (−4.46)

∗∗∗ (−1.40) (−9.00)

∗∗∗

Per capita GDP 0.000548 −3.08𝐸 − 05 −0.000185 −0.00002 0.000411 −0.000723
(−76.02)

∗∗∗

(−3.99)

∗∗∗

(−11.62)

∗∗∗

(−4.61)

∗∗∗

(−192.54)

∗∗∗

(−44.87)

∗∗∗

Distance to railway 0.000193 0.000229 0.000979 0.00000653 1.72E − 05 −0.00142
(−13.55)

∗∗∗

(−14.96)

∗∗∗

(−31.16)

∗∗∗

−0.76 (−4.07)

∗∗∗

(−44.71)

∗∗∗

Distance to road −0.000221 −0.000335 0.00111 −0.000066 −1.4𝐸 − 05 −0.000477
(−18.45)

∗∗∗

(−26.06)

∗∗∗

(−42.08)

∗∗∗

(−9.13)

∗∗∗

(−3.79)

∗∗∗

(−17.79)

∗∗∗

Distance to water source −0.000338 0.0000239 0.000926 −0.000346 −5.2𝐸 − 06 −0.000261
(−14.46)

∗∗∗

−0.95 (−17.96)

∗∗∗

(−24.55)

∗∗∗ (−0.75) (−4.99)

∗∗∗

Distance to city −0.000125 −0.000108 −0.000567 0.0000996 −2𝐸 − 05 0.00072
(−8.11)

∗∗∗

(−6.58)

∗∗∗

(−16.76)

∗∗∗

(−10.78)

∗∗∗

(−4.31)

∗∗∗

(−20.98)

∗∗∗

Note: 𝑡 statistics in parentheses; ∗significant at 10%; ∗∗significant at 5%; ∗∗∗significant at 1%.
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Figure 2: The trends in (a) observed (grey line; running average in black) and projected (10AR5 GCMs; colored dash lines) temperature, (b)
observed and projected precipitation.
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Table 3: List of calibration parameters and the optimized values.

Parameter Description Range Optimized value
TLAPS Temperature lapse rate [∘C/km] 0, −10 −3.8
PLAPS Precipitation lapse rate [mmH2O/km] 0, 100 5.8
SFTMP Snowfall temperature [∘C] −2, +2 0.9
SMTMP Snow melt base temperature [∘C] −5, +5 2.1
SNOEB Initial snow water content in elevation band [mm] 50, 230 100
TIMP Snowpack temperature lag factor 0.38–0.62 0.49
SMFMN Melt factor for snow on December 21 [mmH2O/

∘C-day] 3.05–3.51 3.25
SMFMX Melt factor for snow on June 21 [mmH2O/

∘C-day] 5.85–6.27 6.02
SURLAG Surface runoff lag time [days] 4.18–5.19 4.68

model was finally chosen through comparison. The result of
MPI model originates in MPI, and the spatial resolution is
1.865∘ (LAT) × 1.875∘ (LON). Then the parameters in MPI
GCM were transformed into the forcing data of a regional
climate model in weather research and forecasting (WRF)
simulation, and thereafter dynamical downscaling simulation
was performed at the spatial resolution of 3 km for the period
of 2006–2030.We considered the impacts of land use changes
on regional climate, and the land cover data before WRF
simulation were dynamically replaced with land use change
data based on the simulation with the DLSmodel. Finally, the
data simulated by the regional climate model were matched
with meteorological sites, and the meteorological site data
were prepared for the simulation with SWAT.

2.5. Simulation of Hydrological Cycle with the SWAT Model.
The study area was first divided into subwatersheds, which
were subdivided into hydrological response units (HRUs).
Besides, for each subwatershed, the climate data used are
taken from the GCM grid point that is the closest to its
centroid. To improve performance, the SWAT model was
calibrated and validated by adjusting several parameters and
comparing the simulated streamflow with observed values.
The most sensitive parameters were identified with the built-
in sensitivity analysis tool in SWAT [39].The daily streamflow
observation data from Yingluoxia Hydrological Station in
2004 were used for calibration, and the observation data in
2005 were used for validation. It should be noted that the
first three years were used as a warm-up period to mitigate
the effects of unknown initial conditions, which were then
excluded from the subsequent analysis. The ability of the
SWATmodel to replicate the temporal trends in the historical
hydrological observations was assessed using the coefficient
of determination (𝑅2), the Nash and Sutcliffe (1970) model
efficiency (NSE), and the root mean square error (RMSE).

3. Result and Discussion

3.1. Calibration and Validation. The SWAT model was cali-
brated for 2004 and validated for 2005 using the daily stream-
flow observation data from four gauging stations within
the study area. Finally, fifteen parameters were selected for
the calibration (Table 2), which are associated with snow

(SFTMP, SMTMP, SMFMX, SMFMN, and TIMP), runoff
(CN2), groundwater (ALPHA BF and GW DELAY), soil
(SOL AWC), channel (CH N and CH K2), and evaporation
(ESCO) processes. After the sensitivity analysis, 9 relatively
more sensitive parameters were identified for the calibration.
Most of the parameters were adjusted based on multiple
trials, and the SWATmodel was calibrated using an automatic
calibration technique with the program Sequential Uncer-
tainty Fitting Version (SUFI-2).With SUFI-2, sensitive initial
and default parameters related to hydrology varied simulta-
neously until an optimal solution was achieved. The most
sensitive parameters with their best ranges and best-fitted
values are shown in Table 3. Finally, these best-fitted values
were used to adjust the initial model inputs for the simulation
during 2006–2030. The model was validated using daily
streamflow observation data from the Yingluoxia Hydrologi-
cal Station in 2005. The validation results show that the NSE
is 0.78 and 𝑅2 of the observed and simulated data is 0.81
(Figure 3), demonstrating the high behavioral performance
of the SWAT model.

3.2. Future Climate under the RCP 4.5 Scenario. Based on the
downscaled GCM climate data, we calculated the mean tem-
perature and precipitation of the 9 lattice points around the
grid that included Qilian meteorological station. The results
were compared with the mean monthly temperatures and
precipitation of the meteorological station during 1981–2005.
The monthly mean temperatures of the 25 years ranged from
−3 to 3∘C and increased by around 0.8∘C.The mean monthly
precipitation ranges from −0.3% to 10% and increased by
around 7.8% (Figure 4). The increase range of mean monthly
precipitation is large, while the range of reduction is smaller.

3.3. Future Land Use Change Simulated with DLS. The results
suggested the change in one land use type was influenced
by multiple factors, and the 13 driving factors can reason-
ably explain the spatial patterns of all land use types. For
example, the existence of forest land was significantly influ-
enced by all the 13 driving factors, while the existence of
cultivated land and grassland was affected by the altitude,
distance, and soil factors. The future land uses for 2006–
2030 were simulated with the DLS model by combining
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Figure 3: The calibration and validation on streamflow of the SWAT.
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Figure 4: The difference of average monthly temperature and precipitation between 1981–2005 and 2006–2030 in Qilian Weather observed
station.

the probability maps prepared with logistic regression anal-
ysis, the land demands under different scenarios, and the
map of development-restricted areas. The simulation results
indicated that the most dramatic land use changes during
2006–2030 will mainly occur in the upper reach and some

parts of the middle reach of Heihe River Basin. Compared
to 2005, the areas of forest land and unused land in 2030 will
decrease by 6.2% and 1.6%, respectively, while the areas of
built-up land, cultivated land, and grassland will increase by
1.7%, 1.3%, and 4.8%, respectively (Figure 5). The significant
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Figure 5: Comparison of the land uses interpreted in 2000, 2005 and simulated in 2010, 2030.

increase of grassland area may mainly result from the steady
pasture construction, and this uptrend may continue in the
future owing to the increasing demand for pasture products.

3.4. Impacts of Climate and Land Use Changes on Watershed
Hydrology. Four simulation experiments were designed
based on the land use data and climate data. In the baseline
experiment for the period during 1981–2005, the water
yield was simulated with the land use data in 2000, 2005
and the weather station observations during 1981–2005
(Figure 6(b)). Then three scenarios for the period during
2006–2030 were designed based on the land use and climate
change (Figure 6(a)), the results from which were compared
with that in the baseline experiment. In the first scenario
during 2006–2030, the water yield was simulation with the
land use data in 2010 and 2030, temperature data during
2006–2030, and the precipitation data during 1981–2005.The
simulation result shows that the impacts of future land use

change on the water yield vary with seasons, and the land
use change will have negative overall influence on the water
yield, with an influence degree of −1.8% according to the
annual mean water yield.

The second scenario during 2006–2030 was based on
scenarios of temperature and land use changes. The second
experiment used the land use data in 2010 and 2030, scenario
data of temperature during 2006–2030, and precipitation data
during 1981–2005. The analysis of climate change scenarios
shows that the average temperature will rise by 0.8∘C between
1981–2005 and 2006–2030. The simulation result in the
second experiment shows that the land use and temperature
changes will make the water yield change by 0.6%–1.1%, the
change range of which is relatively smaller compared to the
simulation results under the scenario with only land use
change. The reasons may be that the temperature rise and
melting of a small amount of snow slightly offset the adverse
effects of land use change. At the same time, the higher
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Figure 6: Comparison of water yields under three scenarios.

temperatures will result in more winter precipitation in the
form of rain rather than snow, leading to the hydrologic
consequences including increased winter discharge, a shift
in the spring snowmelt peak to earlier in the season, and
decreased summer discharge.

The third scenario during 2006–2030 involves scenarios
of changes in all of land use, temperature, and precipitation.
The land use data in 2010 and 2030 and temperature and
precipitation data during 2006–2030 were used under the
third scenario. The simulation result shows that these three
factors jointly have positive impacts on the water yield,
making the basin water yield increase by about 9.8%. The
increase of the basin water yield is mainly caused by the
change in precipitation, which will increase by around 10.8%
during 2006–2030 in comparison to that during 1981–2005.
Overall, the simulation results suggest that the basin water
yield will increase in the future under different scenarios of
climate and land use changes.

4. Discussion and Conclusions

In the Heihe River Basin, the upper reaches are featured
with the generation and use of blue water, while the lower
reach and surrounding areas are characterized by natural
ecosystems and a low population density. LULC is defined as
syndromes of human activities such as agriculture, forestry,
and building construction, and most of previous studies only
focused on the hydrological influence of LULC change in the
upper reach.The separation between hydrological impacts of
land use and climate changes has never been studied in the
upper andmiddle reaches of the Heihe River Basin. However,
we argue that studying the hydrological processes in the
upper and middle reaches is essential since water supply to
the lower reach is impacted by both the climate change and
human activities in the upper and middle reaches.

In this study, we analyzed the impacts of potential climate
and land use changes on the water yield in the upper and
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middle reaches of Heihe River Basin based on the simulation
with the SWAT model. The results show that the water yield
was more affected by climate change than by land use change.
This indicates that the predicted increase in precipitation will
exert more significant impacts on the watershed hydrology
than the predicted land use changes will. However, the anal-
ysis of the projected streamflow changes shows that there are
higher uncertainties in the dry season compared with the
wet season in the simulation with the hydrological model
and GCMs climate data. It is difficult to accurately project
the hydrological changes since there are various uncertainties
associated with the future Green House Gas (GHG) emission
scenarios, GCM structure, downscaling method, LULC, and
hydrological models. In particular, water resource managers
are generally confronted with complex problems in sustain-
able management and conservation of water resources due
to the uncertainties in the future hydrological projection
under climate and land use changes. It is therefore crucial to
consider both land use and climate changes in water resource
planning for the Heihe River Basin so as to mitigate their
negative hydrological impacts, and more valuable informa-
tion may be provided to the water resource managers if these
uncertainties in the future hydrological projection can be
effectively reduced through advancedmodeling and research.
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Ecosystem services are the benefit human populations derive directly and indirectly from the natural environment.They suffer from
both the human intervention, like land use zoning change, and natural intervention, like the climate change. Under the background
of climate change, regulation services of ecosystem could be strengthened under proper land use zoning policy to mitigate the
climate change. In this paper, a case study was conducted in the middle reaches of the Heihe River Basin to assess the ecosystem
services conservation zoning under the change of land use associated with climate variations. The research results show the spatial
impact of land use zoning on ecosystem services in the study area which are significant reference for the spatial optimization of
land use zoning in preserving the key ecosystem services to mitigate the climate change. The research contributes to the growing
literature in finely characterizing the ecosystem services zones altered by land use change to alleviate the impact of climate change,
as there is no such systematic ecosystem zoning method before.

1. Introduction

Ecosystem services are the natural environment provision
and utility the ecosystemprovides uponwhich human-beings
survival lie [1]. It is the material basis to maintain the human
survival and support earth life system [2]. According to the
Millennium Ecosystem Assessment (MA) [3], the ecosystem
services can be mainly divided into four categories, namely,
provisioning, supporting, regulating, and cultural services.
The degree of human demand influences the sustaining of
the ecosystem services [4]. Meanwhile, the services provided
by the ecosystem directly affect the human well-being [5,
6]. Both natural and human interventions will exert great
influence on the ecosystem services, which will hinder the
social and economic development and have an impact on the
human well-being.

Among those natural interventions of ecosystem services,
climate change is likely to affect the abundance, produc-
tion, distribution, and quality of ecosystems [7]. Therefore,

ecosystem services, such as climate stabilization through
carbon sequestration, the provision of nonirrigated forage
for livestock and wildlife species, the delivery of water which
supports fish for commercial and recreational sport fishing,
the provision of critical habitat for biodiversity, and many
other types of ecosystem services, are likely to be impacted by
a changing climate [8]. And in return the ecosystem service
conservation and restoration under proper land use zoning
policy play a key role in climate mitigation [9].

As for human interferences that influence the ecosystem
services, numerous studies have showed that land use change
associated with climate variations could affect the structure
and function of ecosystem and then affect the supply of
ecosystem services functions [2, 10, 11]. The spatial land
use allocation may affect the provision of a wide range of
ecosystem services and is instrumental to their conservation
and enhancement [12].

Previous studies have shown that, in order to charac-
terize the ecological changes, monitoring landscape pattern
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changes provides an indirect approach, as such changes
would influence a variety of ecological processes and func-
tions [13–15]. However, ecosystem services zoning, which
aims at identifying major regional ecological environment
problems and therefore establishes ecosystem services zones,
seems to be a more direct way of showing the ecosystem
services change associated with land use change.

Ecological function zoning is one of the hot issues
among academia in the field of ecology [16]. There are
various researches of ecosystem service function zoning from
different research aspects [17–19]. However, these researches
either focus on only one type of ecosystem [19] or are confined
to land use zoning [20]. The spatial changes of the regional
ecosystem service have not been reflected. And case studies
of grid scale space dynamic zoning are absent.

A scientifically sound guidance is always needed for
planners to reveal the mechanism of the ecological and cli-
matic effect of land use change and additionally to promote
sustainable development. In order to achieve that, it is
necessary to conduct zoning characterization of the ecosys-
tem service under the comprehensive consideration of land
use and land cover change and the site condition. While
there is lack of a successful model and systematic method to
accomplish this goal in the academia, this paper addressed
the issue by presenting a case study research aimed at
empirically exploring how land use zoning will affect the
ecosystem services. Different land use zoning through the
time period from 1988 to 2008 was analyzed and the ecosys-
tem services were identified and zoned by using SIZES.
The SIZES can automatically generate the boundaries of the
ecosystem service function zone in the case study area after
the input of the raster data and therefore visually reveals the
temporal and spatial variation characteristics of the regional
ecosystem services. Finally, through the spatial and temporal
variation of the key ecosystem services generated by SIZES,
effects of the land use zoning on selected ecosystem services
are then qualitatively analyzed.

The study area is located in the Heihe River Basin
(HRB), China. As one of the largest inland river basins in
Northeast China, it is characterized by the multiple natural
landscapes and is composed by various natural geographic
units. As a typical arid area, it comprises almost all the major
natural characters. And the living of the residents or farmers
there depends largely upon the provision of the ecosystem
services. While in the middle reaches, there are 95% of the
cultivated land, 91% of the population and over 80% of the
production value of the whole watershed. It is the main
agricultural production area of the whole region. However,
in recent decades, with the strengthening of human economic
activities, a series of ecological environment problems appear,
such as grassland degradation, natural forest decrease, species
number and glacier area reduction, land desertification and
secondary salinization, and water scarcity. These problems
are all associated with the land use and land cover change and
the quality changes of ecological environment. The degraded
ecosystem will weaken the ecosystem services function, thus
influencing the social-economic development of the whole
region.Therefore we selected the three cities and five counties
along themiddle reaches as the study area to assess the impact

of LUC on ecosystem services. And the method we used will
lend some credence to the related research in similar areas.

The following content of this paper is divided into
four parts, namely, methodology, case study, results, and
discussion and conclusions. In the methodology part, we will
explicitly introduce SIZES.Thereafter, a case study of themid-
dle reaches of the HRB is presented to elaborate the land use
zoning for conserving ecosystem services under the impact of
climate change in this ecological fragile region. Major results
of this study are stated in the “Results” section. Finally several
discussions are made to conclude this research.

2. Methodology

We built a system for identifying and zoning ecosystem
services (SIZES) to identify the key ecosystem services and
their spatial and temporal variation.The system is composed
of the following four principal components: indicator system
for ecosystem services evaluation based on analytic hierarchy
process (ISESE-AHP), ranking matrix of ecosystem services
based on factor analysis (RMES-FA), identification of the core
ecosystem services based on principal component evaluation
(ICES-PCE), and identification and zoning of ecosystem ser-
vices based on unsupervised fuzzy clustering (IDES-UFC).

2.1. Principle of SIZES. SIZES delimitates the functional
zones for regional ecosystem services based on core ecosys-
tem services in the minimum consistent units. The indicator
system of ecosystem services in SIZES is developed with
the conceptual framework provided by MEA (2003) and
the influencing factors at different spatiotemporal scales are
accordingly selected. The core ecosystem services, the indi-
cators which comprehensively represent the most important
ecosystem services in a functional zone, are identified with
factor analysis according to their contribution to the variance
of indicators of ecosystem services. The core ecosystem
services are interpreted according to the factor loadingmatrix
obtained with the principal component method and further
calculated on the 1 km× 1 km grid cells. Finally, the functional
zones for ecosystem services are delimitated with fuzzy
clustering analysis and critical areas for ecosystem services
are identified. The procedures of SIZES are illustrated more
specifically as the following.

(1) AHP-Based Indicator System for Ecosystem Services Assess-
ment (ISESA-AHP). An assessment hierarchy is constructed
to break down ecosystem services into a series of interrelated
factors. Since the regional ecosystem services are influenced
by various factors [8], measurable primary indicators for
ecosystem services have been selected based on the analytic
hierarchy process so as to integrate these various influencing
factors into one model to determine their interdependencies
and the perceived consequences interactively.With a concep-
tual framework provided byMEA [21], important influencing
factors of ecosystem services are elicited according to the
driving mechanism of regional ecosystem services. There are
four levels in this assessment hierarchy, that is, the overall
goal at the top, criteria and subcriteria in the middle, and
the measurable primary indicators at the bottom. During the
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process of selecting primary indicators of regional ecosystem
services, three principles are followed: (1) the indicators
characterizing ecosystem services are easy to access; (2) the
selected indicators should cover all the aspects of regional
ecosystem services; and (3) the selected indicators should be
coherent with the upper-layer indicators.

(2) FA-Based Extraction of the Core Ecosystem Services (ECES-
FA). Factor analysis is used to summarize and aggregate
the aforementioned primary indicators of ecosystem services
into a few principal components (PCs) that represent certain
core ecosystem services. It describes the variance of primary
indicators of ecosystem services in terms of potentially fewer
comprehensive indicators, that is, PCs. The PCs for a data set
are defined as linear combinations of variables that account
for the maximum variance within the entire data set and
are orthogonal to each other. With the correlation matrix
of standardized data of primary indicators of ecosystem
services, the eigenvalues, that is, the contribution of core
ecosystem services to the variance of primary indicators of
ecosystem services, are calculated and their corresponding
eigenvectors are obtained. The contribution rate of each PC
and its cumulative contribution rates are also calculated.
It is assumed that the PCs with higher contribution rate
represent better core ecosystem services. Only the PCs with
the cumulative contribution rate reaching a certain threshold
are retained. The threshold is generally set to be above 60%.
Therefore, only the PCs with the cumulative contribution
reaching above 60% are retained and used to represent the
core ecosystem services in SIZES.

(3) PCM-Based RankingMatrix of Ecosystem Services (RMES-
PCM). The relative importance of primary indicators to the
core ecosystem services is analyzed with RMES-PCM, a
ranking matrix based on the factor loading matrix obtained
with principal componentmethod (PCM).The factor loading
reflects the correlation between one primary indicator and
one certain PC. The core ecosystem services are identified
and interpreted with the primary indicators with the heavy
factor loading; a correlation matrix involving these primary
indicators was used as an input for the analysis instead of a
covariance matrix, resulting in normalized PCM. Since there
may be no representative indicators of the PCs, it is necessary
to conduct factor rotation so as to obtain satisfactory PCs.
The eigenvalues are used as a criterion for selecting PCs for
the factor rotation. Only PCs with eigenvalues above 1 are
retained and subjected to varimax rotation for maximizing
the correlation between primary indicators and PCs [22].The
RMES-PCM is obtained by sorting the primary indicators
of ecosystem services according to their factor loadings
in descending order. The relative importance of primary
indicators of ecosystem services to PCs is ranked to represent
certain core ecosystem services.

With RMES-PCM, the core ecosystem services can be
identified and interpreted according to the most important
primary indicators of ecosystem services. The factor scores
of the retained PCs are calculated at each 1 km × 1 km grid
cell to spatially represent the core ecosystem services. The
factor score can be calculated with many methods, such

as the regression estimation method, Bartlett estimation
method, and Thomson estimation method. SIZES adopts
Bartlett estimation method and spatially represents the core
ecosystem services on 1 km × 1 km grid cells in the study area
with the factor score.

(4) UFC-Based Zonation of Ecosystem Services (ZES-UFC).
With the core ecosystem services represented at 1 km ×

1 km grid cells, the functional zones for ecosystem services
are delimitated with unsupervised fuzzy clustering (UFC)
algorithm, which is based on the modified fuzzy c-means
algorithm and maximum likelihood estimation (MLE). The
minimum consistent units (samples) are coherent in the type
of core ecosystem services and they are classified into clusters
with unsupervised optimal fuzzy clustering algorithm. The
core ecosystem services of samples within one cluster are
more similar to each other than that belonging to different
clusters, where the similarity is defined by a distancemeasure.
This partition approach defines the cluster to which each
sample belongs, using the elements of the membership
matrix. Each sample is attached with different degrees of
membership to each cluster. The initial centers of each
partition are foundwith the fuzzy c-meanswith the Euclidean
distance and the fuzzy c-means with the exponential (or
MLE) distance are used for precise modeling of the Gaussian
mixture in the samples.The number of clusters is determined
by finding the partition with minimum number of Gaussian
clusters. Specifically, the number of clusters is determined by
beginning with one group at the center of data and adding
another group with each iteration process at a location in
which membership in the previous groups is small, while
examining the partition validity criteria until reaching the
maximal number of groups. Finally the number of clusters
providing maximal validity criteria measurements is chosen
for optimal partition.

2.2. Function Modules Embedded in SIZES. The procedures
mentioned above are realized with four function modules
in SIZES, that is, MIES (module for identifying ecosystem
services), MRES (module for ranking ecosystem services),
MECES (module for identifying the core ecosystem services),
and MZES (module for zoning ecosystem services).

2.2.1. Module for Identifying Ecosystem Services (MIES).
MIES mainly consists of an indicator system for ecosys-
tem services, representing interaction processes between
ecosystem services and influencing factors, and enabling
interactive access to SIZES. There are four indicators that
fit broadly at the top level in this indicator system, namely,
supporting, provisioning, regulating, and cultural services.
Since the indicators at lower levels may vary among different
researches, users of SIZES may recode the program and
set these indicators by specifying input parameters and the
systemwill dynamically track the input indicators. Users may
also access the online help system, clarifying the underlying
assumptions and formal definitions of parameters used in
this software. Within MIES of SIZES, each cell (1 km × 1 km)
is assigned with multilayer values to represent attributes of
each factor (e.g., NPP and land quality). With the 1-kilometer
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(km) grid pixel data model, MIES can combine, analyze,
and interpret the multiple and hierarchical spatial factors
efficiently in consideration of maintenance and improvement
of ecosystem services.

2.2.2. Module for Extracting the Core Ecosystem Services
(MECES). MECES aims to extract the PCs that represent the
core ecosystem services according to established criteria with
factor analysis.The core ecosystem services are extractedwith
the following steps.

(1) Assessment matrix for ecosystem services is calcu-
lated with

𝑋 = [𝑥
𝑖𝑗
]
𝑛×𝑝

=

[
[
[
[

[

𝑥
11

𝑥
12

⋅ ⋅ ⋅ 𝑥
1𝑝

𝑥
21

𝑥
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⋅ ⋅ ⋅ 𝑥
2𝑝

.

.

.

.

.

. ⋅ ⋅ ⋅

.

.

.

𝑥
𝑛1

𝑥
𝑛2

⋅ ⋅ ⋅ 𝑥
𝑛𝑝

]
]
]
]

]

, (1)

where 𝑥
𝑖𝑗
is the value of the 𝑗th (𝑗 = 1, 2, . . . , 𝑝) vari-

able of ecosystem services on the 𝑖th (𝑖 = 1, 2, . . . , 𝑝)

grid cell. The vector on the 𝑖th (𝑖 = 1, 2, . . . , 𝑛) grid
cell can be presented by𝑋

𝑖
= (𝑥
𝑖1
, 𝑥
𝑖2
, . . . , 𝑥

𝑖𝑝
)
.

(2) Sample deviation matrix is constructed with

𝐸 =

𝑛

∑

𝑖=1

(𝑋
𝑖
− 𝑋) (𝑋

𝑖
− 𝑋)



≜ (𝑒
𝑘𝑙
) , (2)

where𝑋 = (1/𝑛)∑
𝑛

𝑖=1
𝑋
𝑖
= (𝑥
1
, 𝑥
1
, . . . , 𝑥

1
)
.

(3) Sample correlation matrix is calculated as

𝑅 = (

𝑒
𝑘𝑙

𝑒
𝑘𝑘
𝑒
𝑙𝑙

) , 𝑘, 𝑙 = 1, 2, . . . , 𝑝. (3)

(4) The eigenvalues and corresponding eigenvectors
are obtained with following steps.

The eigenvalue 𝜆
𝑖
(𝑖 = 1, 2, . . . , 𝑝) of the equation

(|𝜆𝐼 − 𝑅| = 0) is obtained with the Jacobi method
and the values are ranked as 𝜆

1
≥ 𝜆
2

≥ ⋅ ⋅ ⋅ ≥

𝜆
𝑝

≥ 0. Then 𝑙
𝑖
(𝑖 = 1, 2, . . . , 𝑝), the eigenvector

of the corresponding eigenvalue 𝜆
𝑖
, is calculated.

Concurrently, the condition should agree with ‖𝑙
𝑖
‖ =

1; that is, ∑𝑝
𝑗=1

𝑙
𝑖𝑗

2
= 1, where 𝑙

𝑖𝑗
is the 𝑗th of vector

(𝑙
𝑖𝑗
). Then the 𝑖th PC is 𝑍

𝑖
= 𝑙
𝑖
𝑋.

(5) The eigenvalues represent the contributions of
these PCs to the variance of primary indicators of
ecosystem services. The contribution rate of PCs is
calculated with 𝑚

𝑖
= 𝜆
𝑖
/∑
𝑝

𝑗=1
𝜆
𝑗
. The PCs are sorted

according to their contribution rate in descending
order and then their cumulative contribution rate
is calculated with ∑

𝑖

𝑘=1
𝑚
𝑖
. When the cumulative

contribution rate of the PCs satisfies ∑
𝑖

𝑘=1
𝑚
𝑖
≥ 𝛿,

where 𝛿 is set to be 60%, the first 𝑚 PCs are selected
to represent the core ecosystem services.

2.2.3. Module for Ranking Ecosystem Services (MRES). MRES
determines the relative importance of primary indicators to
the core ecosystem services with RMES-PCM. The interface
ofMRES embedded in SIZES is shown in Figure 2.The factor
loading matrix is obtained with the PCM.The factor loading
vector is calculated with

𝑎
𝑖
= √𝜆

𝑖
𝑙
𝑖

(𝑖 = 1, 2, . . . , 𝑝) , (4)

where 𝜆
𝑖
is the eigenvalue corresponding to the 𝑖th retained

PC and 𝑙
𝑖
is its corresponding orthonormal eigenvector. The

factor loading matrix is 𝐴 = (𝑎
1
, . . . , 𝑎

𝑝
). The varimax

rotation is conducted formaximizing the correlation between
primary indicators and PCs for making the representative
variables of PCs more prominent. The RMES-PCM is then
obtained by sorting the primary indicators of ecosystem
services in the factor loading matrix according to their
factor loadings in descending order. With RMES-PCM, the
core ecosystem services can be identified and interpreted
according to the primary indicators of ecosystem services
with the factor loading. Finally, SIZES calculates the factor
scores of core ecosystem services with Bartlett method and
spatially represents the core ecosystem services on 1 km ×

1 km grid cells with their factor scores.

2.2.4. Module for Zoning Ecosystem Services (MZES). MZES
utilizes unsupervised fuzzy clustering (UFC) analysis to
delimitate and generate functional zones for ecosystem ser-
vices. The steps of delimitating functional zones for ecosys-
tem services with unsupervised fuzzy clustering analysis are
as follows.

(1) Calculate the average value of all data records:

𝑃 =

1

𝑚

𝑚

∑

𝑖=1

𝑋
𝑖 (5)

and set the number of clusters (𝑐) to be one; that is,
𝑐 = 1.
(2) Let 𝑈

𝑘𝑖−old = 0 (𝑈
𝑘𝑖−old = previous 𝑈

𝑘𝑖
).

The basic fuzzy c-means algorithm (FCM).

(3) Calculate the Euclidean distance (for all 𝑖, 𝑘):

𝑑
2
(𝑃
𝑘
, 𝑋
𝑖
) = [(𝑃

𝑘
− 𝑋
𝑖
)
𝑇
⋅ (𝑃
𝑘
− 𝑋
𝑖
)] . (6)

(4) Calculate the degree of membership (𝑈
𝑘𝑖
) of all

data records in all clusters (for all 𝑖, 𝑘):

𝑈
𝑘𝑖

=

1/𝑑
2
(𝑃
𝑘
, 𝑋
𝑖
)

∑
𝑐

𝑗=1
(1/𝑑
2
(𝑃
𝑗
, 𝑋
𝑖
))

. (7)

(5) Compute the new set of cluster centers, 𝑃
1→𝑘

(for
all 𝑘):

𝑃
𝑘
=

∑
𝑚

𝑖=1
𝑈
𝑘𝑖

2
𝑋
𝑖

∑
𝑚

𝑖=1
𝑈
𝑘𝑖

2
. (8)
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(6) If max
𝑘,𝑖
[|𝑈
𝑘𝑖
− (𝑈
𝑘𝑖−old)|] > 𝜀, then 𝑈

𝑘𝑖−old = 𝑈
𝑘𝑖
:

go to Step 3, or else a loop is started and continues
Step 6.

The modified fuzzy c-means algorithm based on MLE
(FMLE).

(7) Compute the MLE distance.

The sum of memberships within the 𝑘th cluster (the a priori
probability of the 𝑘th cluster) is

𝐴
𝑘
=

1

𝑚

𝑚

∑

𝑖=1

𝑈
𝑘𝑖
. (9)

The fuzzy covariance matrix of the 𝑘th cluster is

𝐹
𝑘
=

∑
𝑚

𝑖=1
𝑈
𝑘𝑖
(𝑃
𝑘
− 𝑋
𝑖
) (𝑃
𝑘
− 𝑋
𝑖
)
𝑇

∑
𝑚

𝑖=1
𝑈
𝑘𝑖

. (10)

The fuzzy hypervolume of the 𝑘th cluster is

𝐻
𝑘
= [det (𝐹

𝑘
)]
1/2

. (11)

Then the MLE distance (for all 𝑖, 𝑘) is

𝑑
2
(𝑃
𝑘
, 𝑋
𝑖
) =

𝐻
𝑘

𝐴
𝑘

exp[(𝑃
𝑘
− 𝑋
𝑖
)
𝑇
⋅ 𝐹
−1

𝑘
⋅

(𝑃
𝑘
− 𝑋
𝑖
)

2

] . (12)

(8) Repeat Steps 4 and 5 using the MLE distance.

(9) If max
𝑘,𝑖
[|𝑈
𝑘𝑖
− (𝑈
𝑘𝑖−old)|] > 𝜀, 𝑈

𝑘𝑖−old = 𝑈
𝑘𝑖
, go to

Step 7; if not, continue.

(10) Compute the partition and average density valid-
ity criteria for choosing the optional number of
clusters. For instance, the partition density criterion
definition is

PD (𝑐) =

∑
𝑐

𝑗=1
𝐴
𝑗

∑
𝑐

𝑗=1
𝐻
𝑗

. (13)

(11) Create an imaginary center that has the same
distance (very far) from all data records, for instance,
by choosing the initial distance to the new cluster as

𝑑
2
(𝑃
𝑘+1

, 𝑋
𝑖
) = 10 ⋅ variance (𝑋) (𝑖 = 1, . . . , 𝑚) . (14)

(12) Let 𝑐 = 𝑐 + 1. If 𝑐 ≤ 𝑐max (𝑐max is the maximum
feasible number of clusters in the data), 𝑈

𝑘𝑖−old =

0 and go to Step 4; or else, the UFC algorithm is
completed.

The matrices 𝑈 and 𝑃 created in Step 9 are the required
output of the UFC algorithm.
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Figure 1: Location and geographic boundaries of themiddle reaches
of the HRB.

3. Case Study in the Heihe River Basin

3.1. Study Area. The Heihe River Basin, with an altitude
between 2000m and 5500m, is one of the largest inland river
basins in Western China, which stretches over 821 km and
covers an area of 142.9 thousand km2. It is characterized by
the multiple natural landscapes of ice, river, lake, oasis, and
desert and is composed by the natural geographic units of
high mountain snow-ice zone, plain oasis zone, and Gobi
desert zone. As a typical arid area, it comprises almost all
the major natural characters and therefore possesses various
ecosystem services. And the living of the residents or farmers
depends largely upon the provision of the ecosystem services.
In the middle reaches, the runoff has been fully used, while
95% of the cultivated land, 91% of the population, and over
80% of the production value of the whole watershed gathered
here. It is the main agricultural production area of the whole
region. Both human and natural interventions will exert
great influence on the ecosystem services, which will hinder
the social and economic development and thus impact the
human well-being.

In this situation, climate change plays a key role in altering
the provision service of the middle reaches and the region
depends largely on the regulating services of ecosystem to
mitigate this change. Therefore investigating how the land
use zoning could conserve the ecosystem service and thus
counter the impact of climate change is of great significance
in this area. So we selected the three cities and five counties
along the middle reaches as the study area (Figure 1).

Identifying the general characteristics of the regional
ecological environment is of great significance to the rational
regional ecosystem service function identification. In the
middle reaches, the key ecological environment problems
are land desertification and salinization and water pollution.
Besides, due to the lack of monitoring and control measures,
the condition is getting worse. The reduction of grassland
area caused by the massive land reclamation as well as over-
grazing leads to the grassland degradation.The unreasonable
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Figure 2: (a) Land use patterns of middle reaches of the HRB in 1988 and (b) land use patterns of middle reaches of the HRB in 2008.

industrial structure not only limited the regional economy
development, but also worsened the supply and demand
contradictions of the water resources, leading to further
problems such as land desertification and salinization.

3.2. Data Selection. The selection of the ecosystem services
is based on the characteristics of the study area mentioned
above and is under the guidance of MA, which has been
systematically elaborated in Section 2.1, “(1) AHP-based
indicator system for ecosystem services evaluation” part.
In this study, we divided the ecosystem services in the
middle reaches of HRB into three major categories, namely,
provisioning services, regulating services, and supporting
services. And in each category, there are subcategories and
further items, each being relevant to the land use change
process that characterizes this study; thus an index system of
the key ecosystem services of the HRB was built (Tables 1 and
2). Given the fact that the cultural services function is difficult
to quantify, this research did not take the cultural function
into consideration.

In this study, the information about land use change
was derived from the remote sensing images of the HRB
in the years of 1988, 1955, 2000, and 2008 through the
human-computer interactive interpretation (Figure 2). And
the information can be used as the basic data for analyzing
the different land use zoning.

3.3. Data Processing. Our study uses a land cover classifica-
tion data set developed by the Chinese Academy of Sciences
(CAS) [23, 24] as the backgrounddata for spatially identifying
the ecosystem services. The data set is derived from Landsat
TM/ETM images of bands 3, 4, and 5 with a spatial resolution
of 30m × 30m. And the classification contains 6 types of land
uses/covers, including cultivated land, forestry, grassland,
water area, built-up area, and unused land [25].

3.3.1. Raster Data Processing. The identification of the key
ecosystem services function is based on the raster data
model. The indicators of the ecosystem services function are
characterized by multi-source andmulti-scale.Therefore, the
1 km area percentage data [26, 27] (Figure 3) is an expressive
way of data integration and fusion inmonitoring, forecasting,
and analyzing the regional ecosystem services changes. The
procedure to generate the 1 km area percentage data set
includes four steps. The first step is to generate a vector
map of land cover and land use changes during the study
period at a scale of 1 : 100,000 based on the remote sensing
Landsat TM/ETM data. The second step is to generate a 1
km FISHNET vector map georeferenced to a boundary map
of the study area at a scale of 1 : 100,000. Each cell of the
generated 1 km FISHNET vector map owns a unique ID.
The third step is to overlay the vector map of land cover
and land use changes with the 1 km FISHNET vector map.
This is done by aggregating converted areas in each 1 km
grid identified by cell IDs of the 1 km FISHNET vector
map in the TABLE module of ArcGIS software. Finally, the
area percentage vector data are transformed into grid raster
data to identify the conversion direction and intensity. The
design of working flow insists on no loss of area information.
Without special notification, the statistical area of cultivated
land according to the GRID data is survey area by satellite
remote sensing data, which can be called “gross area.”

3.3.2. Indicator Data Processing. Among the indicators that
are needed in the identification of the key ecosystem services
(Figure 4), the raster data of the net primary production
are provided by the CAS. The data sources and processing
methods of other indicators are listed below.

(1) Food, water, and fuelwood supply: in order to
precisely characterize the supply of grain, water, and
fuelwood in each cell, in this research, we use the
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Table 1: Key ecosystem services indicators in the HRB.

Categories Subcategories Indicators and description

Provisioning services
Food Cultivated land percentage %
Fresh water Water area percentage %
Fuelwood Forestry area percentage %

Regulating services
Climate regulating

Air temperature: mean annual temperature (0.1∘C)
Temperature departure
Precipitation departure
Cumulated temperature (>10∘C) Annually cumulated temperature of daily mean
Air temperature above 10∘C (0.1∘C)
Sunshine hours: sunshine hours rectifying the spatial variability of solar radiation
Sunshine hours departure

Species diversity Landscape diversity index (Shannon diversity index)

Supporting services

Soil formation Loam proportion %
Slope: terrain slope derived from DEM (0.01 degrees)

Nutrient cycling Soil phosphorus content %
Primary production Net primary production gC m−2yr−1

Grassland area Grassland percentage %

Table 2: Descriptive statistics of key ecosystem services indicators in the Heihe River Basin.

Variable Unit Mean Std. Dev. Min Max
Cultivated land % 5.52 1873.59 0 100
Water area % 4.49 1616.67 0 100
Grassland % 16.79 3091.04 0 100
Forestry area % 1.12 660.01 0 100
Air temperature ∘C 0.51 2.54 0 0.96
Temperature departure ∘C 0 2.52 −5.59 4.27
Precipitation departure mm 0 75.04 −137.93 213.55
Cumulated temperature ∘C 2479.10 733.29 461.29 3942.56
Sunshine hours h 8.33 0.35 7.31 9.30
Sunshine hours departure h −2.85𝑒 − 15 0.31 −1.00 0.76
Landscape diversity index — −37.81 116.46 −460.52 460.52
Loam proportion % 22.50 6.37 4 34
Slope 0.01∘ 4.72 5.53 0 60.57
Soil phosphorus content % 0.07 0.01 0.02 0.08
Net primary production gC m−2yr−1 97.54 112.16 0 897
Note: total observation: 161584.

percentage of the cultivated land, water area, and
forestry to indicate these provisions. The 1 km area
percentage data processingmethod is shown above in
Figure 3.

(2) Climate variables: all the climatic variables are
generated from the site-based observations from
the China Meteorological Administration. The spline
interpolation algorithm is employed to make the sur-
face data of climatic variables acquired at observation
stations [28, 29]. The values for the climatic variables
during simulation period are estimated using the
space-time stochastic model [30].

(3) Landscape diversity index: we selected the Shan-
nondiversity index tomeasure the landscape diversity
index [31].
The Shannon diversity index (𝐻) is expressed as [32]

𝐻 = ∑

𝑖

𝑝
𝑖
ln (𝑝
𝑖
) , (15)

where 𝑝
𝑖
is the share of land use type 𝑖 in total area of

the landscape.
(4) Soil data [33]: soil data were from multiple
sources. Firstly, the specific soil survey points were
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Figure 3: Flowchart of generating 1 km area percentage data set of land use changes.

calibrated on local administrative division base map,
based on carefully comparing the information on
National Secondary Soil Survey data and 1 : 250000
topographic maps. Secondly, an Albert projection
value for specific soil survey point was assigned onto
the map and generated a soil survey base map. After
that, soil attribute data were linked onto soil survey
base map by using the Kring interpolation algorithm
and generated spatial soil data encompassing soil type
and physicochemical characters. Finally, these soil
data were saved as ArcGIS Grid format, with soil
type, soil depth, soil organic content, and soil texture
information.
(5) Elevation data: the elevation data were derived
fromChina 1 : 250000 digital elevationmodels, with a
spatial resolution of 50m. Average slope information
was extracted on each 1 km × 1 km plot by GIS
spatial analyzing function; then it was used as basic
information for land suitability evaluation.

4. Results

4.1. Land Use Change. Land use changes, which are mainly
caused by human activities, are the major driving force of
the ecosystem services changes. The land use changes in the
study area from 1988 to 2008 (Table 3) were characterized
by a general increase of cultivated land, with a decrease in
forestry, grassland, and water area. Built-up area recorded
the most significant expansion, being the result of rapid
urbanization.Among all six types of land use, the unused land
accounts for the largest proportion in all of the four study
time periods, which is composed mainly by alp and desert
and concentrated mainly in the north part of the region,
where the major ecosystem service there is climate regulating
services.

As for the transformation of land use types (Table 4)
characterizing the ecosystem structure changes, we can
see that the increased cultivated land mainly comes from
grassland and used land. During this process, though the
ecosystem service of the cultivated land is strengthened,

the grassland’s ecosystem services, which are also crucial in
providing provision and supporting services, are impaired.
Therefore, in land use zoning, it is important to consider
not only the amount of the land use conversion but also the
direction of the conversion among various land use types.

The spatial land use change (Figure 5) mainly occurred in
the midnorth, midcentral, and midsouth area, which could
explain the boundary shifting of the ecosystem services zone
in these areas. Through studying the historical land use
zoning policy and its impact on ecosystem services, we aim
at optimizing the spatial planning of land use to conserve
ecosystem services under the impact of climate change.

4.2. Ecosystem Service Zoning Change. In identifying and
zoning of ecosystem services, firstly, we applied the analytic
hierarchy process to build an indicator system (Table 1) with
the conceptual framework provided by MEA for ecosystem
services assessment with 15 indicators that proved to be the
major driving forces of ecosystem services in the middle
reaches of the HRB. The data of these indices were then
spatially represented with the 1-kilometer (km) grid pixel
data model. Then using a correlation matrix, factors with
eigenvalues >1 were retained, and factors were subjected to
varimax rotation tomaximize the correlation between factors
and measured attributes. The magnitude of the eigenvalues
was used as a criterion for interpreting the relationship
between ecosystem services and factors. Afterwards, to
summarize and aggregate the selected ecosystem services
attributes, a principal component evaluation was performed
on the aforementioned variables. We assumed that principal
components receiving a high contribution best represented
the core ecosystem services. Therefore, we retained only the
principal components with a cumulative contribution greater
than 60%. An unsupervised fuzzy clustering algorithm was
then performed using values for the retained principal
components to develop the functional zones for ecosystem
services, with subsequent valuing of each 1 km grid cell after
the iterations reaching their threshold. Finally, we grouped
data in clusters, where within each cluster the data exhibit
similarity. Besides, in this paper, the center of gravity of



Advances in Meteorology 9

1000
(%)

98
∘E 99

∘E

40
∘N

39
∘N

38
∘N

100
∘E 101

∘E

(a)

1000
(%)

98
∘E 99

∘E

40
∘N

39
∘N

38
∘N

100
∘E 101

∘E 102
∘E

(b)

1

1

2

2

3

3

3

4
5

6

7

8

9

0

0

Isotherm

98
∘E 99

∘E

40
∘N

39
∘N

38
∘N

100
∘E 101

∘E

(unit: ∘C)

(c)

(unit: mm)
Isohyet

98
∘E 99

∘E

40
∘N

39
∘N

38
∘N

100
∘E 101

∘E 102
∘E

90
90

120

150
180

270
270

270
240 210

210

300
360

330

360

(d)

(unit: %)
>0.08<0.02

98
∘E 99

∘E

40
∘N

39
∘N

38
∘N

100
∘E 101

∘E

(e)

>5500

(unit: gc/yr/m2)

98
∘E 99

∘E

40
∘N

39
∘N

38
∘N

100
∘E 101

∘E 102
∘E

(f)

Figure 4: Spatial dispersion and characterization of the ecosystem services indicators, (a) cultivated land percentage, (b) grassland area
percentage, (c) air temperature, (d) precipitation, (e) soil phosphorus content, and (f) net primary production.
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Table 3: Land use changes during 1988–2008 (unit: km2).

Land use type 1988 1995 2000 2008 Change rate during
1988–2008 (%)

Cultivated land 4650 4290 4814 5194 11.70
Forestry 3509 3575 3538 3505 −0.11
Grassland 13382 13642 13186 13269 −0.84
Water area 739 1075 750 701 −5.14
Built-up area 390 365 419 466 19.49
Unused land 17718 17446 17686 17239 −2.70
Note: change rate during (𝑅) 1988–2008 is calculated based on the following formula: 𝑅 = (𝐵−𝐴)/𝐴∗100%;𝐴 represents the area of each type of land in 1988
and 𝐵 represents the area of each type of land in 2008.
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Figure 5: Spatial land use changes during 1988–2008.

each service zone in each time is generated in the ArcGIS to
analyze the shifts of center of gravity (Figure 7).

In 1988 and 1995, there are five major clusters, namely,
climate regulating function, food provision function, nutrient
cycling supporting function, soil supporting function, and
supporting function. The name of each cluster is determined
according to the above mentioned principal component
analysis within each cluster. Similarly, four clusters have been
identified in 2000 and 2008, which are climate regulating
function, food provision function, soil supporting function,
and supporting function.

Each functional zone involves one kind of ecosystem
services, which is displayed with different zoning boundaries.
The functional zones for ecosystem service obtained with
SIZES comprehensively reflect the spatial clusters of ecosys-
tem services in the middle reaches of the HRB. There were
some uncertainties, but the result obtained with the SIZES
still reflected the conditions of local ecosystem services in the
HRB; the result indicated the boundaries of functional zones
for ecosystem services were conspicuously different from the
administrative boundaries (Figure 6). The functional zones
generally expand across several counties; there is generally

Table 4: Land use transformation matrix during 1988–2008 (unit:
km2).

1 2 3 4 5 6
1 1.84 42.61 2.16 23.41 4.06
2 24.99 14.63 0.06 0.34 2.95
3 345.92 6.46 3.71 7.15 10.28
4 45.23 0 5.44 0.98 5.35
5
6 201.16 2.77 41.41 12.99 31.83
Note: 1: cultivated land, 2: forestry, 3: grassland, 4: water area, 5: built-up area,
and 6: unused land.

one major kind of ecosystem services as well as several kinds
of secondary ecosystem services in each county.

The ecosystem service zoning results (Figure 6) showed
that, during 1988–2008, the middle reaches maintained the
climate regulating function, which is the major function of
the area mainly distributed in the north region. It plays a
key role in mitigating the climate change. The boundaries
of the climate regulation service zone changed slightly and
the center of gravity (Figure 7) changed the most among all
the other services in this region, which is a result of the
changing in land use structure and climate and its own fragile
ecological condition in the northern part.

The food provision function zone is mainly concentrated
in the cultivated land area. From 1988 to 1995, the food provi-
sion function is decreasing in response to the cultivated land
degradation during the same time period. And by 2008, this
provision increased with the expansion of the cultivated land
area. The center of gravity also shifted between each two of
the study time period, though being the slightest shift among
others. In 2000, a large area of fuelwood supply function zone
occurred in the southern part, which is considered as the
result of forestry land increase.

The supporting function showed an overall declining
trend characterized by boundary shrinking, which is the
result of the net primary production loss and the decreased
soil function due to the forestry and grassland reduction.
In the southern part, the shift from supporting function to
fuelwood provision function after 2000 is the result of the
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Figure 6: Ecosystem service zoning of middle reaches of the HRB in the years of (a) 1988, (b) 1995, (c) 2000, and (d) 2008.

forestry increase in this region; fuelwood provision took place
as the major ecosystem service.

5. Discussion and Conclusions

This paper used a model to identify and zone the ecosystem
services to explore the land use zoning on ecosystem services
in climatemitigation.The research contributes to the growing
literature in finely characterizing the ecosystem services
zones via land use zoning to mitigate the impact of climate
change, as there is no such systematic ecosystem zoning
method before.

The application of SIZES proves capable of automatically
identifying the boundary of ecosystem service function zone.
The method of ecosystem services spatial clustering at water-
shed scale can be applied in other regions. Though in our
study in themiddle reaches ofHRBwe focused on the climate
regulation ecosystem services, our method can be further

applied in other regions to explore their specific typical
ecosystem services. And the results will provide scientific
basis for the formulation of regional ecosystem services
development planning and ecosystem adaptive management
decision. However, the spatial mapping capability of the
software needs to be further strengthened.

As one of the largest inland river basins, the provision of
the ecosystem services in the HRB is of great significance to
the production and life of the local residents. And the reg-
ulating services are of crucial importance for this ecological
fragile region to counter the impact of climate change. In this
research, the impact of land use change on ecosystem services
was explored in the middle reaches of the HRB. Through the
identification of the ecosystem service, we recognize that, in
the middle reaches of the HRB, it is important to protect
the provision and regulating services, especially given the
fragile ecology in this region. We identify that it is a direct
and effective way of land use zoning to protect the key
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Figure 7: Spatial shifts of the center of gravity of ecosystem service
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ecosystem service and raise the provision and regulating
function.

Identifying major regional ecological environment prob-
lems and thereafter establishing the prioritized ecosystem
conservation zone are of practical significance. In the middle
reaches of the HRB, the major provision function of ecosys-
tem is food provision function, which is mainly concentrated
in the cultivated land area and is strengthened with the
expansion of cultivated land during the studied time period.
In 2000, a large area of fuelwood provision function zone
occurred in the southern part, which is considered as the
result of forestry land increase. The supporting services
mainly occurred in the grassland and water area and show a
general trend of degradation, as a result of the net primary
production loss and the decreased soil function due to
the forestry and grassland reduction. The major regulation
service in this study area is climate regulation services,mainly
concentrated in the northern desert, Gobi, and grassland
area.The conservation of major ecosystem services should be
prioritized. And land use zoning serves as an effective way to
protect the key ecosystem services.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This research was financially supported by themajor research
plan of the National Natural Science Funds of China for

Distinguished Young Scholar (Grant no. 71225005), the
National Natural Science Foundation of China (Grant no.
91325302), and the National Key Programme for Developing
Basic Science in China (Grant no. 2010CB950900).

References

[1] G. C. Daily, S. Alexander, P. R. Ehrlich et al., Ecosystem Services:
Benefits Supplied to Human Societies by Natural Ecosystems,
Ecological Society of America, Washington, DC, USA, 1997.

[2] R. Costanza, R. D’Arge, R. de Groot et al., “The value of the
world’s ecosystem services and natural capital,”Nature, vol. 387,
no. 6630, pp. 253–260, 1997.

[3] M. E. Assessment, Ecosystems and Human Well-Being, Island
Press, Washington, DC, USA, 2005.

[4] B. Burkhard, F. Kroll, S. Nedkov, and F. Müller, “Mapping
ecosystem service supply, demand and budgets,” Ecological
Indicators, vol. 21, pp. 17–29, 2012.

[5] S. J. Jordan, S. E. Hayes, D. Yoskowitz et al., “Accounting
for natural resources and environmental sustainability: linking
ecosystem services to human well-being,” Environmental Sci-
ence and Technology, vol. 44, no. 5, pp. 1530–1536, 2010.

[6] Millennium Ecosystem Assessment (Ma), Ecosystems and
Human Well-Being, Island Press, Washington DC, USA, 2005.

[7] O. J. Schmitz, E. Post, C. E. Burns, and K. M. Johnston,
“Ecosystem responses to global climate change: moving beyond
color mapping,” BioScience, vol. 53, no. 12, pp. 1199–1205, 2003.

[8] M. R. Shaw, L. Pendleton, D. R. Cameron et al., “The impact
of climate change on California’s ecosystem services,” Climatic
Change, vol. 109, no. 1, pp. 465–484, 2011.

[9] L. Huang, X. Xu, Q. Shao, and J. Liu, “Improving carbon miti-
gation potential through grassland ecosystem restoration under
climatic change in Northeastern Tibetan Plateau,” Advances in
Meteorology, vol. 2014, Article ID 379306, 11 pages, 2014.

[10] M.D. B.Watanabe andE.Ortega, “Dynamic emergy accounting
of water and carbon ecosystem services: a model to simulate the
impacts of land-use change,” Ecological Modelling, vol. 271, pp.
113–131, 2014.

[11] M. J. Metzger, M. D. A. Rounsevell, L. Acosta-Michlik, R. Lee-
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China launched a series of ecological restoration policies to mitigate its severe environmental challenges in the late 1990s. From
the beginning, the effects and influences of the ecological restoration policies have been hotly debated. In the present study, we
assessed the effects of two vital ecological restoration policies (Grain-for-Green and Grain-for-Blue) on valued ecosystem services
in Shandong province. A newmethod based on the net primary productivity and soil erosion was developed to assess the ecosystem
service value. In the areas implementing the Grain-for-Green and Grain-for-Blue policies, the ecosystem service value increased by
24.01% and 43.10%during 2000–2008, respectively.However, comparing to the average increase of ecosystem service value (46.00%)
in the whole of Shandong province in the same period, Grain-for-Green and Grain-for-Blue did not significantly improve overall
ecosystem services. The ecological restoration policy led to significant tradeoffs in ecosystem services. Grain-for-Green improved
the ecosystem service function of nutrient cycling, organic material provision, and regulation of gases but decreased that of water
conservation. Grain-for-Blue increased the water conservation function but led to a reduction in the function of soil conservation
and nutrient cycling.

1. Introduction

Over the past 50 years, 60% of worldwide ecosystem services
have degraded due to social and economic development
[1]. In China, ecological degradation is also extensive; for
example, 23% of the area in China has suffered ecological
degradation [2]. The economic loss from ecological degrada-
tion accounted for over 13% of the national gross domestic
product [3]. Awakening to the severe effects of ecological
degradation, the Chinese government implemented two eco-
logical restoration policies at the end of the 1990s, that is, the
Grain-for-Green policy and Grain-for-Blue policy.

The Grain-for-Green policy, the largest land retire-
ment/afforestation program in China, was launched in 1999
to mitigate land degradation (soil erosion) by returning
steeply sloping cultivated land to forest area or grassland [2,
4–7].TheGrain-for-Blue policy was launched in 1998, aiming

to return cultivated land to water areas, that is, relinquishing
the cultivated land at the periphery of water areas [8–11].

Policy can affect decision making and change the ways
people utilize and manage ecosystems [12]. Evaluating the
consequences of a policy is a critical lesson from the Mil-
lennium Ecosystem Assessment [13]. In recent years, the
policy research interest in ecosystems has focused on the
policy tools [14, 15], policy impacts [16–18], policy incentives
[19], policy option [20], policy assessment approach [21],
and policy making [22, 23]. For example, Brady et al. [24]
modeled the impacts of agricultural policy on ecosystem
services using an agent-based approach; Bronner et al. [25]
assessed the impacts of US stream compensatory mitigation
policy on ecosystem functions and services; Geneletti [26]
assessed the impacts of alternative land use zoning policies on
future ecosystem services; Simpson [27] estimated the effects
of conservation policy on ecosystems.
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As an effective approach to recognize themultiple benefits
provided by ecosystems, the work of economic valuation
of ecosystem services has been widely conducted since
1990 [28, 29]. These works cover the method developed in
valuating ecosystem services and the estimation of ecosystem
service value in different regions and ecosystems. One of the
most notable assessments of ecosystem service value (ESV)
was conducted by Costanza et al. [30, 31], who estimated
17 ESV provided by 16 dominant global biomes using a
market valuation method. Other researchers also estimated
ESV of tropical forests [32–36] and protected areas [37–
39], endangered species management [40, 41], and different
biological resources [28, 42–44].

Although Grain-for-Green and Grain-for-Blue have been
implemented over 10 years in China, few works have been
conducted to assess the ecological impacts of the two eco-
logical restoration policies particularly from the perspective
of changes in ESV. In this paper, we evaluated the effects
of Grain-for-Green and Grain-for-Blue on ESV by a newly
developed approach. Specifically, the aims of this paper are
to (a) examine land use change in Shandong province during
2000–2008, (b) assess the changes in ESV, and (c) estimate
the effects of Grain-for-Green and Grain-for-Blue on ESV.

2. Study Area and Data Sources

2.1. Study Area. Shandong province, located on the eastern
edge of the North China Plain (114∘19–122∘43E, 34∘22–
38∘15N) and the lower reaches of the YellowRiver, is a coastal
province in China (Figure 1). It covers a total area of over
151,100 km2 with plains terrain accounting for 55%, moun-
tainous area for 15.5%, and hilly area for 13.2% (Figure 1).The
northwest, west, and southwest of the Shandong are all part
of the North China Plain. The central region of the province
is mountainous, with Mount Tai being the most prominent.
Shandong province lies in the warm-temperate zone with a
continental monsoon climate.

2.2. Data Sources. The land use maps of Shandong province
in 2000 and 2008 were obtained from the Institute of
Geographic Sciences and Natural Resources Research of
the Chinese Academy of Sciences [45]. The maps were
interpreted from Landsat TM (Thematic Mapper) satellite
images by the human-machine interactive approach. The
average accuracy of the maps is over 95% [46]. The land use
was divided into six primary types and 25 subclasses [47, 48].

The net primary productivity (NPP) data in Shandong
are the products of EOS/MODIS of NASA. The Normalized
Difference Vegetation Index (NDVI) data are sourced from
SPOT-vegetation with a temporal step of 10 days. The data
formats of NPP and NDVI are all 1 km grid. Precipita-
tion and temperature in Shandong province were gained
from the China Meteorological Data Sharing Service System
(http://cdc.cma.gov.cn/home.do) and interpolated in spatial.
The soil nutrients data such as the contents of N, P, K, and
organic matter were taken from the soil map generated from
the second soil survey of China. The actual evapotranspi-
ration data, which were calculated by IBIS model with a

temporal step of 8 days, were sourced from the China Data
Sharing Infrastructure of Earth Systems Science.

3. Method

3.1. Value Quantification of Ecosystem Services. The method
for assessing ESV can be summarized into two categories, that
is, the primary data based method and proxy based method
[49]. The primary data based method directly assesses the
ESV according to the primary data from the study area.
For the complicated calculation process, many models have
been developed to assess ESV, for example, InVEST, ARIES,
SoLVES, and MIMES.The proxy based method assesses ESV
by assigning each biome a value. One of the most represen-
tative proxy based methods was developed by Costanza et
al. [31]. The merit of the primary data based method is high
accuracy while the demerit is the complexity. Since running
ESVmodels usually needs numerous parameters, the primary
data basedmethod is usually not convenient.Themerit of the
proxy based method is the convenience while the accuracy of
this method is usually challenged.

In this paper, we developed a novel method to assess
ESV. The method is one of the primary data based methods.
However, since the calculation of ESV in this method is
based on remote sensing data such as NPP, the calculation
process is very convenient. Considering data accessibility and
technique feasibility, we estimated five kinds of ESV, that is,
values for provision of organic material, nutrient cycling, soil
conservation, water conservation, and regulation of gases.

3.2. Assessment of the Value of Provision of Organic Material.
Thevalue of organicmaterial of an ecosystemwas assessed by
NPP. The equation is as follows:

𝑉om = ∑NPP (𝑥) × 𝑃om,

𝑃om = NPP (𝑥) × 2.2 × 0.67 × 𝑃sc,
(1)

where 𝑉om is the value of provision of organic material;
NPP(𝑥) is the organic material produced in 𝑥 pixel; 𝑃sc is the
price of standard coal in 2000.

3.3. Assessment of the Value of Nutrient Cycling. We utilized
the saved inputs due to nutrient cycling in agricultural pro-
duction to assess the value of nutrient cycling.The formula is
as follows:

𝑉nc = ∑𝑉nc𝑖 (𝑥) = ∑NPP (𝑥) × 𝑅
𝑖1
× 𝑅
𝑖2
× 𝑃
𝑖
, (2)

where 𝑉nc is the value of nutrient cycling in an ecosystem;
𝑖 is the nutrient elements of N (nitrogen), P (phosphorus),
or K (potassium); NPP(𝑥) is the organic material produced
in 𝑥 pixel; 𝑉nc𝑖(𝑥) is the accumulated value of N, P, and
K; 𝑅
𝑖1

is the distribution rate of nutrient elements of N,
P, and K in organic material in different ecosystems; 𝑅

𝑖2
is

the converted coefficients of N, P, and K to corresponding
chemical fertilizer; 𝑃

𝑖
is the chemical fertilizer price of N, P,

and K in 2000.
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Figure 1: Slope and precipitation of Shandong province, China.

3.4. Assessment of the Value of Water Conservation. The
function of water conservation of an ecosystem is similar
to that of a reservoir. Therefore, we utilized the average
construction cost of a reservoir to assess the value of water
conservation. The formula is as follows:

𝑉wc = ∑𝑉 (𝑥) × 𝑃𝑤, (3)

where𝑉wc is the value of water conservation;𝑉(𝑥) is thewater
conservation amount in 𝑥 pixel; 𝑃

𝑤
is the average cost of

reservoir construction in 2000.
According to the difference in underlying surface, we

utilized two different approaches to assess the water conser-
vation amount of an ecosystem.When the underlying surface
is soil, the equation is as follows:

𝑉
𝑠
(𝑥) = ∑𝑃mean (𝑥) × 𝐾𝑤 × 𝑅𝑤, (4)

where 𝑉
𝑠
(𝑥) is the annual water conservation amount in 𝑥

pixel; 𝑃mean(𝑥) is the monthly precipitation in 𝑥 pixel; 𝐾
𝑤
is

the ratio of runoff generated from precipitation. 𝑅
𝑤
is the

coefficient of reducing runoff by comparison with bare land
without vegetation. 𝑅

𝑤
of cultivated land, woodland, and

grassland are valued as 0.4, 0.29, and 0.24, respectively, while
𝑅
𝑤
of other land use types are valued as 0 [50].
When the underlying surface of an ecosystem is an area

of water, the equation is as follows:

𝑉wc (𝑥) = ∑(𝑃mean (𝑥) − 𝐸𝑇𝑎 (𝑥)) , (5)

where 𝑉wc(𝑥) is the annual water conservation amount in 𝑥
pixel; 𝑃mean(𝑥) is the monthly precipitation in 𝑥 pixel; 𝐸𝑇

𝑎
(𝑥)

is the monthly actual evaporation in 𝑥 pixel.

3.5. Assessment of the Value of Soil Conservation. Soil erosion
usually leads to three different kinds of value loss in an
ecosystem, that is, a reduction in soil fertility, river channel

sedimentation, and loss of top soil. Therefore, the assessment
of the value of soil conservation is composed of three sections:

𝑉
𝑎𝑐
= 𝑉
𝑒𝑓
+ 𝑉
𝑒𝑛
+ 𝑉
𝑒𝑠
, (6)

where 𝑉
𝑎𝑐

is the value of soil conservation; 𝑉
𝑒𝑓

is the value
of soil fertility conservation; 𝑉

𝑒𝑛
is the value of reducing soil

sedimentation in a river channel;𝑉
𝑒𝑠
is the value of the loss of

top soil.

3.5.1. Assessment of the Soil Conservation Amount. The soil
erosion amount without any vegetation is viewed as the
potential soil erosion amount. The soil erosion amount that
actually occurred is looked on as the actual soil erosion
amount. The difference between the amount of potential soil
erosion and actual erosion is the soil conservation amount.
The soil erosionwas assessed byUniversal Soil Loss Equation:

𝐴
𝑝
= 𝑅 × 𝐾 × 𝐿 × 𝑆,

𝐴V = 𝑅 × 𝐾 × 𝐿 × 𝑆 × 𝐶 × 𝑃,

𝐴
𝑐
= 𝐴
𝑝
− 𝐴V,

(7)

where 𝐴
𝑝
is the amount of potential soil erosion; 𝐴V is the

amount of actual soil erosion; 𝐴
𝑐
is the soil conservation

amount;𝐾 is the soil erodible factor; 𝐿 is the slope length; 𝑆 is
the slope factor; 𝐶 is the vegetation and crop management
factor; 𝑃 is the soil conservation measure factor. Detailed
parameters of 𝑅, 𝐾, 𝐿, 𝑆, 𝐶, and 𝑃 were referenced from
Wischmeier [51], Renard et al. [52], Flanagan et al. [53], Kuok
et al. [54], and Renard and Foster [55].

3.5.2. Assessment of the Value of Soil Fertility Conservation.
N, P, and K are the three most important nutrients in soil.
Soil erosion could lead to the nutrients’ losses and a decrease
in soil fertility. Thus, we estimated the value of soil fertility
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conservation by assessing the nutrient element value of the
soil conservation amount. The equation is as follows:

𝑉
𝑒𝑓
= ∑𝐴

𝑐
(𝑥) × 𝐶

𝑖
× 𝑃
𝑖
, (8)

where 𝑉
𝑒𝑓

is the value of soil fertility conservation; 𝐴
𝑐
(𝑥) is

the soil conservation amount in 𝑥 pixel; 𝐶
𝑖
is the price of N,

P, and K fertilizer in 2000.

3.5.3. Assessment of the Value of the Loss of Top Soil. Thevalue
of the loss of top soil was assessed by calculating the value of
conserved land where soil erosion has been avoided due to
the protection of vegetation coverage in an ecosystem. The
formula is as follows:

𝑉
𝑒𝑠
=

∑𝐴
𝑐
(𝑥) × 𝑃

𝑓

𝐷soil × 𝑇soil
, (9)

where 𝑉
𝑒𝑠
is the value of the loss of top soil; 𝐴

𝑐
(𝑥) is the soil

conservation amount in 𝑥 pixel; 𝐷soil is the soil density; 𝑃𝑓
is the economic benefits of forest planting which is valued as
26,400CNY/km2⋅Year; 𝑇soil is the average soil thickness.

3.5.4. Assessment of the Value of Reducing Soil Sedimentation
in a River Channel. In China, about 24% of sediments from
soil erosion are deposited in reservoirs, lakes, and rivers
according to the research ofOuyang et al. [56].Thus, the value
of reducing soil sedimentation in a river channel was assessed
as follows:

𝑉
𝑒𝑛
=
∑𝐴
𝑐
(𝑥) × 0.24 × 𝑃

𝑤

𝐷soil
, (10)

where 𝑉
𝑒𝑛
is the value of reducing the soil sedimentation in

a river channel; 𝑃
𝑤
is the construction cost of a reservoir per

unit; 𝐴
𝑐
(𝑥) is the quantity of soil conserved; 𝐷soil is the soil

density.

3.6. Assessment of the Value of Regulation of Gases. The
value of regulation of gases was assessed on the basis of the
functions ofCO

2
absorption andO

2
generation.The equation

is as follows:

𝑉
𝑔𝑟
= ∑1.62 ×NPP (𝑥) × 𝑃CO2 +∑1.2 ×NPP (𝑥) × 𝑃O2 ,

(11)

where 𝑉
𝑔𝑟

is the value of regulation of gases NPP(𝑥) is the
organic material in 𝑥 pixel; according to the photosynthesis
and breathing reaction equation, it can be deduced that
producing 1 g dry matter absorbs 1.62 g CO

2
and releases 1.2 g

O
2
; 𝑃CO2 is the price of carbon tax, valued as 7.39 × 10−4

CNY/g C; 𝑃O2 is the price of producing O
2
, valued as 8.8 ×

10−4 CNY/g C.

4. Results

4.1. Changes in Land Use. In 2000, cultivated land in Shan-
dong province comprised 67.62% of the total area, followed

by built-up areas (12.62%), grassland (8.72%), forestry area
(6.44%), water area (3.44%), and unused land (1.17%).

Shandong province experienced drastic land use changes
during 2000–2008. The features of land use change in
Shandong were the expansion of built-up areas, reclamation
of unused land, and drastic conversions in water areas. Due
to rapid urbanization, urban built-up areas expanded by
56.13%, with the built-up area increasing from 301,939 ha to
471,418 ha. However, unused land shrank by 16.54% due to
reclamation (Figure 2). Both drastic increase and decrease
occurred in the water areas. For example, reservoirs/ponds
and streams/rivers significantly increased by 42.30% and
5.67%, respectively, while beach and shore, lakes, and bottom-
land decreased by 53.46%, 23.66%, and 21.99%, respectively.

During 2000–2008, the conversion from cultivated land
to built-up area reached 235,256 ha, contributing to 45.00%
of the total conversions, followed by the conversion from
cultivated land to water areas (42,236 ha) and from grassland
to cultivated land areas (33,112 ha).

4.2. Changes in Value of Ecosystem Services. The ESV of
Shandong was as high as 267.53 billion CNY in 2000. The
value of regulation of gases contributed to 38.69% of the total
ESV, followed by the values of soil conservation (34.83%),
water conservation (16.69%), nutrient cycling (5.05%), and
organic material provision (4.73%). The ESV per unit in
Shandong ranged from 0 to 71.07 CNY/m2, with an aver-
age value of 1.76 CNY/m2 (Figure 3). The value of organic
material provision per unit ranged from 0 to 0.37 CNY/m2
while the values of regulating gases, nutrient cycling, and
soil conservation ranged from 0 to 2.90CNY/m2, from 0
to 0.52 CNY/m2, and from 0 to 69.36CNY/m2, respectively.
The average values of regulating gases, organic material
provision, water conservation, nutrient cycling, and soil
conservation are 0.68 CNY/m2, 0.08 CNY/m2, 0.29 CNY/m2,
0.09 CNY/m2, and 0.61 CNY/m2, respectively in 2000.

In spatial, total ESV is high in central and eastern
Shandong while low in northern and western Shandong
(Figure 3). The spatial feature of soil conservation value is
similar to that of total ESV.The spatial distribution of organic
material provision value, gases regulating value, and nutrient
cycling value all gradually decreased from the northeast to
the southwest. However, the value of water conservation
gradually decreased from the southwest to the northeast.

In 2008, the ESV of Shandong province reached 390.59
billion CNY, with an increase of 46.00% compared to 2000.
The soil conservation value increased by 71.64 billion CNY
contributing to 58.21% of the total increase. Values of regu-
lating gases, water conservation, nutrient cycling, and organic
material provision increased by 37.40 billionCNY, 4.23 billion
CNY, 5.00 billion CNY, and 4.80 billion CNY, respectively,
contributing 30.39%, 3.44%, 4.06%, and 3.90% of the total
increase, respectively. In 2008, the average ESV per unit of
regulating of gases, water conservation, soil conservation,
nutrient cycling, and organic material provision reached
0.93 CNY/m2, 0.32 CNY/m2, 1.09 CNY/m2, 0.12 CNY/m2,
and 0.12 CNY/m2, respectively.The total average ESVper unit
is 2.58 CNY/m2.
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Figure 2: Land use changes in Shandong province during 2000–2008.

In spatial, total ESV and value of soil conservation signifi-
cantly increased in central and eastern Shandong province. In
these areas, mountains (Figure 4) are the dominant topogra-
phy. The changes in value of organic material provision, reg-
ulating gases, and nutrient cycling all significantly increased
in eastern Shandong while decreased in the coastal zone of
Shandong. Water conservation value significantly increased
in water areas.

4.3. Changes in Value of Ecosystem Services in Response
to Land Use. One of the most important consequences of
land use change is land use conversion. During 2000–2008,
40.57 × 104 ha of land in total in Shandong experienced
conversions. The ESV of these converted lands in 2000 was
3.78 billion CNY while that in 2008 was 3.81 billion CNY,
showing an increase of 0.74% (Figure 5).

However, conversions from other land use types to built-
up areas significantly decreased the ESV in Shandong. The
conversion from cultivated land to built-up areas reduced
the ESV by 54.75 million CNY, contributing 89.49% of the
ESV loss from land use conversion. Conversion from water
areas, forestry areas, grassland, and unused to built-up areas
increased by 2418.54 × 104 CNY, 1322.89 × 104 CNY, 1283.96
× 104 CNY, and 932.15 × 104 CNY, respectively (Figure 5).
The conversion from water areas to unused land also led

to a decrease of 469.42 × 104 CNY. Other kinds of land use
conversion do not lead to a decrease in ESV.

4.4. Impacts of Ecological Restoration on Ecosystem Services.
The vital consequences of the two ecological restoration
policies on land use are the conversions from cultivated land
to forestry area/grassland and to water areas. Theoretically,
if the sites implementing the two ecological restoration
policies in spatial are known, changes in ESV in these areas
during 2000–2008 could be viewed as the effects of the
two ecological restoration policies. However, information is
lacking on the location and the degree of implementation for
the two ecological restoration policies in Shandong. It should
be noted that the starting time of our research was 2000
when the two ecological restoration policies had just been
launched. Furthermore, during 2000–2008, no other policies
were implemented to drive the conversion from cultivated
land to grassland, forestry area, or water areas. Most of the
conservations from cultivated land to grassland/forestry area
or water area during 2000–2008 could be similarly looked
upon as the consequence of the Grain-for-Green and Grain-
for-Blue policies.

Accordingly, we assessed the impacts of Grain-for-Green
and Grain-for-Blue on changes in ESV. Grain-for-Green in
total added an ESV of 5.19 × 106 CNY, while Grain-for-Blue



6 Advances in Meteorology

0 12562.5
(km)

N

Total value of ecosystem service Value of nutrient cycling

Value of soil conservation Value of water conservation

Value of organic material provision Value of gas regulating

High: 71.07

Low: 0 Low: 0

Low: 0

Low: 0

Low: 0

Low: 0

High: 0.52

High: 69.36 High: 2.78

High: 0.37 High: 2.90

(CNY/m2) (CNY/m2)

Figure 3: Value of ecosystem services in Shandong in 2000.

led to an increase of ESV of 206.77 × 106 CNY (Table 1).
The two ecological restoration policies in total led to an
increase of 42.30% in ESV. The ESV per unit increased
from 1.23 CNY/m2 in 2000 to 1.53 CNY/m2 in 2008 due to
the implementation of Grain-for-Green. The ESV per unit
increased from 1.14 CNY/m2 in 2000 to 1.63 CNY/m2 in 2008
due to the implementation of Grain-for-Blue. The effects of
Grain-for-Blue on ecosystem services seem better than those
of Grain-for-Green.

The two ecological restoration policies produced different
results for the ecosystem service value. For the Grain-for-
Green policy, the value of nutrient cycling, regulating gases,
organic material provision, and soil conservation increased
by 64.12%, 38.98%, 40.00%, and 18.25%, respectively, while
the value of water conservation decreased by 21.48%
(Table 2). For the Grain-for-Blue policy, the value of water
conservation significantly increased by 103.12%, followed

by the increase in regulating gases (23.60%) and organic
material provision (25.72%). However, the values of soil
conservation and nutrient cycling decreased by 100.00% and
56.20%.

5. Discussions and Conclusion

The main objective of Grain-for-Green was to restore forests
and grasslands in an effort to control soil erosion in China
from 1998. In this paper, we found that the values of soil
conservation increased by 18.25% due to Grain-for-Green
during 2000–2008. However, the value of soil conservation
in the whole of Shandong province increased by 76.87%
during the same period. Grain-for-Green in Shandong does
not significantly reduce soil erosion.The reason could be that
Grain-for-Green in Shandong was mainly implemented in
low sloping areas where soil erosion is not significant. The
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Figure 4: Changes in value of ecosystem services in Shandong during 2000–2008.

Table 1: Changes in ESV in response to ecological restoration policies.

Policy Total value (×106 CNY) Value per unit (CNY/m2) Change percentage (%)
2000 2008 Change 2000 2008 Change

Grain-for-Green 21.36 26.55 5.19 1.23 1.53 0.30 24.30
Grain-for-Blue 479.68 686.45 206.77 1.14 1.63 0.49 43.11
Total 501.04 713.00 211.96 1.141 1.62 0.48 42.30

implementation of Grain-for-Green in these areas has limited
positive effects on controlling soil erosion.

In comparison to the soil conservation value, Grain-
for-Green did improve the ecosystem service function of
nutrient cycling, organic material provision, and regulating
gases. During 2000–2008, the values of nutrient cycling,
organic material provision, and regulating gases increased
by 64.12%, 40.00%, and 38.98%, respectively, in the areas
implementing Grain-for-Green, but increased by 37.02%,
37.90%, and 36.13%, respectively, in the whole of Shandong.
The ESV of the areas implementing the Grain-for-Blue policy

increased by 43.10% during 2000–2008. The increase in
water conservation value accounted for most of the added
ESV. In the same period, the value of water conservation
in the whole of Shandong increased by 16.69%, while it
increased by 103.12% in Grain-for-Blue areas. Grain-for-Blue
significantly improved the ecosystem service function of
water conservation due to the improvement of the water
regulating function in water areas.

We assessed five kinds of ecosystem service values in
Shandong province. The ecological restoration policies led
to significant tradeoffs in ESV. Although Grain-for-Green
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Table 2: Changes in different ecosystem service values in response to ecological restoration policies.

Policy Ecosystem service value 2000 (104 CNY) 2008 (104 CNY) Change percentage (%)

Grain-for-Green

Regulating gases 1169.29 1625.10 38.98
Water conservation 554.92 435.71 −21.48
Soil conservation 101.31 119.80 18.25
Nutrient cycling 166.66 273.53 64.12

Organic material provision 143.36 200.71 40.00
Total 2135.54 2654.85 24.32

Grain-for-Blue

Regulating gases 20550.32 25399.44 23.60
Water conservation 19239.73 39079.81 103.12
Soil conservation 3300.42 0.00 −100.00
Nutrient cycling 2400.89 1051.63 −56.20

Organic material provision 2476.81 3113.85 25.72
Total 47968.17 68644.73 43.10
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Figure 5: Changes in ESV due to land use conversions. Notes: C,
F, G, W, B, and U are cultivated land, forestry area, grassland, water
area, built-up area, and unused land, respectively; C to F means the
conversion from cultivated land to forestry, and similarly for the
others.

improved the ecosystem service function of nutrient cycling,
organic material provision, and regulating gases, it also
decreased the ecosystem service function of water con-
servation. Grain-for-Blue increased the ecological service
function of water conservation but led to a decrease in
soil conservation (100%) and the nutrient cycling function
(56.20%).

Ecosystems comprise several different ecosystem service
functions. A single ecological restoration policy cannot
improve all the ecosystem service functions. Thus, we argue
that integral ecological restoration policy should be adopted
in ecological restoration. For example, when implement-
ing Grain-for-Green in sloping areas, a water conserva-
tion project, such as rainfall collection, should be adopted
simultaneously. Rainfall collection can not only improve the
irrigation condition of farmland but also improve the water
conservation function. When implementing the Grain-for-
Blue policy, a soil conservation project (such as afforestation)
should also be considered. Furthermore, close attentionmust
be given to the suitability of the policy. For example, Grain-
for-Green in plain areas is of no benefit to the overall
improvement of the ecosystem service function and should
be strictly limited to sloping areas.

Most of the maps (e.g., NPP, NDVI) utilized to assess
the changes in ESV in this paper are 1 km grid maps. The
resolution of these maps could be too low at the provincial
scale. In addition, owing to a lack of suitable method and
data, we did not assess the ESV of regulating waste which is
one of the most important ecosystem services of water areas.
Thus, the ESV of water areas assessed in this paper could be
underestimated. For the same reason, we also did not assess
the ESV of the culture function which could also generate
some uncertainty in the results for ESV.
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Nowadays, the conflict between land development and land conservation has become increasingly serious in China.The plan called
“town of mountain” is carried out in many nonplain areas to alleviate the conflict. To avoid geological disasters and ecological
risks in those areas, land use suitability assessment is of great importance. In this paper, the fuzzy weight of evidence model is
applied into land use suitability assessment in low-slope hilly regions in Yunnan, China. Fuzzy weight of evidences is calculated to
determine 9 map layers. Finally, posterior probabilities are modified after synthesizing each map layer, which are used to generate
a land use suitability map. The results show that 9.33%, 26.18%, 45.98%, and 18.51% of low-slope hilly regions are separately highly
suitable, moderately suitable, marginally suitable, and unsuitable for development. Besides, highly and moderately suitable areas
are mainly located in towns with excellent natural and socioeconomic conditions. The largest areas which are marginally suitable
for development are most widely distributed. Unsuitable areas are mainly distributed far away from towns and water sources. The
findings of the research will promote the rational use and scientific management of the land.

1. Introduction

Due to the rapid urbanization in China [1], the demand
for built-up land both in urban and rural areas has been
dramatically increased with the shrinking of arable land
[2–4]. The conflict between land development and land
conservation has become increasingly serious [5–8]. Under
the most stringent farmland protection system in China,
the strategy of developing low-slope hilly regions is carried
out to alleviate the conflict [9]. The concept of low-slope
hilly regions is put forward under the demand for land
resources in mountain area with the social and economic
development and urbanization construction. It refers to
contiguously distributed land with slopes less than 25 degrees
in the majority of hilly areas as well as unused lowmountains
and hills which can be used by town construction in the

mountain area. It mainly includes a variety of reserved land
types such as unused land, abandoned garden, and inefficient
forest, which are mostly distributed in the regions with little
plain and inadequate protection of cultivated land. Currently,
there is a shortage of land available for the development
of cities and towns in China [10, 11]. However, low-slope
hilly regions account for a relatively large proportion of
the available land. Current land use in China, such as a
small amount of land per person, intense exploitation of
land development, and shortage of reserved land, has limited
the development of regional economy and society [12, 13].
Therefore, it is a good way to alleviate the conflict between
land and people in the developed regions with high pressure
of protecting arable land by optimally using low-slope hilly
land [14]. Compared to the plain areas, low-slope hilly
land has the lower ecological carrying capacity and higher
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ecological sensitivity. Lack of good understanding of low-
slope hilly land and objective evaluation of development
activities will bring enormous environmental disturbance
and destruction, resulting in serious or even irreversible
consequences on the structure and function of ecosystems,
biodiversity, and landscape in this area [15, 16]. Therefore,
it is of great significance to do the suitability assessment
in low-slope hilly land and classify development levels in
order to ensure the orderly development of it [17–19]. Since
a framework for land evaluation reported by the Food and
Agriculture Organization (FAO), the research of land use
suitability assessment receives more and more attention. The
theory, method, and specific scheme on land use suitability
evaluation are also improved constantly. Currently, scholars
usually carry out land suitability assessment in different
regions [16, 20–22]. However, the screening of evaluation
factor and the determination method of factor weight are
both significant on the influence of the cultivated land
suitability assessment. On the one hand, the evaluation factor
is different in different areas such as the plateau region, hilly
area, and flood plain area, and the emphasis of the research
is different. Accordingly, on the other hand, the calculation
method of factor weight can be divided into two categories
[12, 23, 24]: one is the mathematical logical reasoning based
on knowledge and rules, containing the comprehensive index
method and Fuzzy-AHP methods; this kind of methodology
has higher dependency on knowledge and then makes the
result more subjective. The other one is the data driven
mechanism based on adaptive system such as neural network
method. But its reasoning process is cumbersome and its
algorithm is complex, which cannot effectively use existing
knowledge and often leads to the fact that it is hard to
explain the acquired rules. In view of the special natural
and social economic conditions in Yunnan region, this paper
determines the factor weights by the fuzzy weight of evidence
model to avoid subjective influence, multiple collinear inter-
ference, and complex model algorithm. The paper provides
a scientific basis for urbanization and optimal allocation of
land through evaluating the development suitability levels
of low-slope hilly resources (not including the ecological
preservation areas) such as unused land, woodland, and
grassland.

2. Study Area

Yunnan province (97∘31∼106∘11W, 21∘8∼29∘15N) is a low-
latitude inland, spreading about 394,000 square kilometers
which accounts for 4.11 percent of total area in China
(Figure 1) . It comprises mainly mountains, plateaus, hills,
and small basins. Mountains and plateaus occupy around
94% of the province. Much of the province lies within
the subtropical highland. There is little variance in annual
temperature but a large diurnal temperature range. It has
distinct wet and dry seasons.The temperature changes greatly
with the terrain. Due to the interaction of climate, biology,
geology, topography, and so on, various types of soil are
formed. It is characterized by the vertical distribution of
soil. The area of red soil accounts for 50% of the province.

Rainfall is unevenly distributed in terms of seasons and
regions [25]. Yunnan province, with strong intensity in urban
land use, is one of the provinces where mountain towns are
widespread in China. Therefore, it is an inevitable choice for
urbanization development to moderately develop the low-
slope hilly regions in Yunnan province.

3. Materials and Methods

3.1. Data Acquisition. The main data in this study includes
meteorological datamainly referring to daily average temper-
ature in 2010 and rainfall inYunnan province.These datawere
derived from the daily observation data of meteorological
stations maintained by the China Meteorological Admin-
istration. Current land use data with the scale 1 : 100,000
in 2010 of Yunnan province (http://www.resdc.cn) is also
used, which contains data regarding all land use types
such as built-up land, woodland, grassland, and unused
land. Terrain data with the scale 1 : 25,000 in Yunnan
province is fromData Sharing Infrastructure of Earth System
Science in China (http://www.geodata.cn/Portal/metadata/
viewMetadata.jsp?id=100101-11221). The outcome of overall
land use plan (2006–2020) inYunnan provincewhich derived
from the Office of Land and Resources in Yunnan province is
used by the research.

ArcGIS10.0 is used to process Kriging interpolation on
the rainfall distribution and average temperature distribu-
tions with meteorological data, which results in creating an
annual rainfall distribution map and an annual temperature
distributionmap. Topographic data are used to generate digi-
tal elevationmodel (DEM) (whose spatial resolution is 1 km×
1 km) and a slopemap. Buffer zones of water sources and state
roads are obtained later. Therefore, based on the optimum
distance, a map of distance to water and a map of distance to
state roads are obtained, respectively. Interpolation analysis
is done through socio-economic data, which generates a map
of GDP per capita and a population distribution map in
Yunnan in the grid with cells of 1 × 1 square kilometers
[26–28]. The proportion of plain areas is obtained through
land use data in Yunnan province [29]. With the help
of geoscience data analysis system, the existing built-up
land parcels in Yunnan are extracted as training samples
suitable for construction and are used to make a distribution
map of the sample. It should be noted that GeoDAS4.2
was developed by the Geomatics Research Group at York
University, and it is a GIS software that synthesizes the fuzzy
weight of evidence model, fractal model, spatial statistics,
artificial intelligence, and othermodern data processing tech-
niques (http://www.yorku.ca/yul/gazette/past/archive/2002/
030602/current.htm). A sampling interval of 1 km × 1 km
pixels is determined as the unit of area according to the
minimum shape and size of the parcel of evaluation objects.
Each map layer is saved in the form of GRID.

3.2. Research Methods. Fuzzy weight of evidence is evolved
from weight of evidence which is firstly used in medical
diagnosis without considering the space. Since 1980s, Agter-
berg et al. [30, 31] had modified this method and applied it
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Figure 1: Location and DEM of Yunnan province.

on mineral forecast. Since this method can be applicable to
integrate multiple information and spatial decision support
systems, it has been applied in the evaluation on various
mineral resources, geological disaster risk assessment, and
environmental evaluation in recent years.

3.2.1.ThePrinciple of theMethod. Weight of evidencemethod
is a log-linear model under a Bayesian probability criterion.
A priori probabilities are firstly calculated. Then conditional
probabilities are calculated under a certain geological evi-
dence model. Weight of evidence method includes posterior
logit model, the general weight of evidence model, fuzzy
weight of evidence model, and weighted weight of evidence
model. The principle of the method is as follows [32–34].

(1) Calculate A Priori Probabilities. Suppose total area of the
study area 𝑇 is 𝐴(𝑇) which is divided into cells of a fixed
area 𝑢. 𝐷 is the event to be predicted. It follows that there
are 𝑁(𝑇) = 𝐴(𝑇)/𝑢 cells totally in the study area where 𝐴( )
represents the area and𝑁( ) is the number of cells.Therefore,
the frequency of events 𝐷 in the study area 𝑇 is 𝑁(𝐷). The
probability of the event is

𝑃 (𝐷) =

𝑁 (𝐷)

𝑇 (𝐷)

, (1)

where𝑃(𝐷) is the a priori probability, and the occurrence can
be expressed as 𝑂(𝐷) = 𝑃(𝐷)/(1 − 𝑃(𝐷)).

(2) Calculate Weight of Evidence. Any weight of evidence (the
map layer) 𝑥 is binary. Its weight is defined as

𝑊

+

= ln[ 𝑃 (𝐵/𝐷)
𝑃 (𝐵/𝐷)

] ,

𝑊

−

= ln[
𝑃 (𝐵/𝐷)

𝑃 (𝐵/𝐷)

] ,

(2)

where 𝑊+ and 𝑊− represent the weight for presence of
𝐵 and weight for absence of 𝐵, respectively. 𝑃(𝐵/𝐷) =
𝑁(𝐵 ∩ 𝐷)/𝑁(𝐷) denotes the probability of selected weight
of evidence 𝐷 in any unit cell of 𝐵, where 𝑁(𝐵 ∩ 𝐷) stands
for the occurrence of weight in 𝐵 and 𝑁(𝐷) is the total
number of occurrence in the study area. Other equations can
be explained in the same way.

(3) Calculate Posterior Probability. If there is 𝑛 number
of weights which are independent of each other on the
occurrence, the probability of the occurrence of any cell in
the study area can be expressed by the posterior probability
logarithm which is expressed as follows:

ln𝑂(𝐷 | 𝐵𝑘
1
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+ ln𝑂 (𝐷) , (3)

where 𝑚 = (1, 2, 3, . . . 𝑛), and 𝑘 indicates the presence and
absence of the weight, namely,
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(4)

where𝑊+
𝑚

is the weight for presence of weight 𝑚.𝑊−
𝑚

is the
weight for absence of weight 𝑚. 0 is the weight for missing
of weight 𝑚. Accordingly, the posterior probability can be
expressed as

𝑃 =

𝑂

(1 + 𝑂)

. (5)
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Figure 2: Flowchart of fuzzy weight of evidence.

(4) Membership Function. Weight of evidence approach will
result in loss of data while doing binary process for map
layers which will affect the accuracy of assessment. Cheng
andAgterberg [35] have developed a fuzzy weight of evidence
approach which automatically copes with the missing data
on discrete layers. Fuzzy weight of evidence uses ambiguity
membership of layers which is determined by membership
function to deal with multiclassification layers. Multivalued
fuzzy membership function 0 ≤ 𝑢(𝑥) ≤ 1 is used to fit
training samples. The weight of evidence is calculated in the
end.

3.2.2. Procedures. Theprocedures of fuzzy weight of evidence
(Figure 2) are as follows. (1) Identify research objectives,
such as suitability of the development of the low-slope hilly
regions; select the samples and calculate the a priori proba-
bilities. (2) Determine the spatial layer related to the target;
screen indicators; and establish an index system. (3) Extract
map layers related to the target; use fuzzy membership
functions to represent the credibility of the map layer. (4)
Calculate the weight of fuzzy map layer; determine the value
of the map layer; and screen indicators. (5) Integrate multiple
fuzzy map layers and calculate a priori probabilities in order
to obtain a suitability map in low-slope hilly regions. (6)
Modify posterior probabilities; test the model; and make an
interpretation for suitability distribution.

4. Results and Analysis

4.1. Training Samples and A Priori Probabilities. That selected
training samples should follow two principles. (1) The train-
ing samples should be the given information approved by the
public and the relevant departments. (2)The training samples
should distribute widely in the research area. According to
current land use data in Yunnan province, the existing built-
up land parcels in Yunnan province are taken as samples
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Figure 3: Distribution of training samples.

suitable for urban development.The priori probability can be
known by integrating (1) that the total number of unit cells
of training samples is 2332 (Figure 3).There are 220,084 unit
cells in the whole areas. The priori probability is 0.010596.

4.2. Fuzzy Map Layers and Weight of Evidence. The selection
of evaluation factors is under the principle of dissimilarity,
stability, and reality. On the basis of previous research on
land use suitability assessment in low-slope hilly regions
and built-up land, the evaluation index system of land use
suitability assessment in low-slope hilly regions mainly refers
to climate, topography, geography, and socioeconomic condi-
tions. Impact factors include temperature, rainfall, elevation,
slope, proportion of plain area, distance to water, distance
to state roads, population distribution, and GDP per capita
(Figure 4).

Each fuzzy weight of evidence is calculated by Geo-
DAS4.2. The influence of individual factors on the incident
can be known which leads to the objective decision on
choosing evaluation factors. Final map layers and parameters
of fuzzy weights of evidence can be seen in Table 1 through
(2) and multivalued fuzzy membership function.

4.3.The Posterior Probability and ItsModification. Thesemap
layers are synthesized and the posterior probability map in
Yunnan is calculated by (5). Then the posterior probability
map of land use suitability in low-slope hilly regions in Yun-
nan is made by taking reserved land parcels in low-slope hilly
regions as the crop box (Figure 5). Posterior probabilities are
affected by the setting of the unit cell. However, they do not
affect the distribution of posterior probabilities. Therefore,
posterior probabilities do not represent the probability of
occurrences but the distribution after occurrences.
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Table 1: Parameters of fuzzy weights of evidence for each map layer.

Classification value 𝑊

+

𝑊

−

𝐶 STDEV 𝑇 MSF FW 𝑆(FW) 𝑇(FW)

Slope/(∘)

0∼2 1.38 −0.69 2.07 0.04 49.10 1.00 1.38 0.03 49.62
2∼5 0.68 −1.21 1.89 0.05 34.35 0.60 1.03 0.08 13.50
5∼8 0.36 −1.44 1.79 0.07 24.30 0.38 0.68 0.12 5.91
8∼15 0.09 −2.03 2.12 0.19 11.32 0.15 −0.06 0.16 −0.37
>15 0.00 −2.03 0.19 −10.92

Elevation (m)

<1500 0.28 −0.82 1.10 0.06 19.37 1.00 0.28 0.02 12.18
1500∼1750 0.24 −1.15 1.38 0.07 18.99 0.80 0.22 0.03 6.28
1750∼2000 0.20 −1.69 1.89 0.11 17.52 0.68 0.17 0.05 3.40
2000∼2250 0.17 −2.16 2.32 0.15 15.59 0.40 −0.03 0.09 −0.29
>2250 0.00 −2.16 0.15 −14.62

Distance to water/km

<15 0.83 −1.17 2.00 0.05 38.85 1.0 0.83 0.02 35.72
15∼20 0.71 −1.26 1.97 0.06 35.39 0.8 0.61 0.02 26.25
20∼30 0.41 −1.49 1.90 0.07 26.06 0.4 −0.01 0.04 −0.19
>30 0.0 −1.49 0.07 −21.43

Distance to state roads/km

<15 0.72 −0.79 1.51 0.05 33.35 1.00 0.72 0.02 29.02
15∼30 0.42 −1.20 1.62 0.06 26.05 0.68 0.63 0.06 11.12
30∼50 0.18 −1.31 1.49 0.09 16.66 0.40 0.46 0.10 4.51
50∼75 0.07 −1.64 1.71 0.17 10.02 0.20 0.16 0.14 1.15
>75 0.00 −1.64 0.17 −9.71

GDP per capita/Yuan

<5000 0.00 −2.24 0.08 −28.60
5000∼10000 1.00 −2.24 3.24 0.08 39.85 0.40 −0.19 0.05 −3.92
10000∼20000 1.31 −1.97 3.28 0.07 48.71 0.85 1.10 0.02 48.67
>20000 1.60 −1.74 3.34 0.06 56.64 1.00 1.60 0.02 70.40

Population/person

<5000 0.01 −0.77 0.78 0.22 3.55 0.0 −0.38 0.03 −12.26
5000∼10000 0.52 −0.39 0.91 0.04 21.71 0.6 0.11 0.02 5.18
10000∼15000 0.58 −0.36 0.94 0.04 22.62 0.8 0.35 0.03 13.78
>15000 0.65 −0.34 0.99 0.04 23.84 1.0 0.65 0.03 21.21

Proportion of plain areas/%

<5 0.00 −1.38 1.38 0.58 2.38 0.0 −0.04 0.02 −1.74
5∼10 0.59 −0.04 0.64 0.07 8.60 0.4 −0.02 0.05 −0.39
10∼15 1.77 −0.03 1.80 0.12 14.74 1.0 1.77 0.12 14.75
>15 0.80 0.00 0.81 0.34 2.40 1.0 1.77 0.12 14.75

Annual average temperature/∘C

<2 0.00 −2.16 0.30 −7.18
2∼3 0.04 −2.17 2.20 0.30 7.28 0.65 0.05 0.11 0.46
3∼4 0.07 −1.85 1.92 0.19 10.29 1.00 0.07 0.02 3.36
4∼5 0.12 −0.86 0.98 0.08 12.55 1.00 0.07 0.02 3.36
>5 −0.33 0.44 −0.77 0.04 −18.62 1.00 0.07 0.02 3.36

Annual rainfall/mm

<300 0.0 −1.40 0.27 −5.25
300∼350 0.0 −1.40 0.27 −5.25
350∼400 0.02 −1.40 1.42 0.27 5.31 0.3 −0.09 0.19 −0.50
400∼450 0.02 −0.47 0.49 0.11 4.39 0.8 −0.05 0.06 −0.91
>500 −0.05 0.23 −0.27 0.05 −5.16 1.0 −0.05 0.02 −2.00

𝑊

+: positive weight;𝑊−: negative weight;C: contrast of𝑊+−𝑊−; STDEV: standard deviation ofC; T: significance level; MSF: membership; FW: fuzzy weight;
𝑆(FW): standard deviation of fuzzy weight; 𝑇(FW): significance of fuzzy weight. Among them, GDP is the present value of 2010.

The map layer of fuzzy weight of evidence model is
required to meet the needs of conditional independence.
However, in reality, it is very difficult to achieve this which
inevitably results in the deviation of posterior probabilities.
The modified posterior probability can overcome the deficit
of less accurate estimation on appropriate points.

Data tests of the linear function correction, logarithmic
function correction, and exponential function correction are
carried out with the help of GeoDAS4.2’s posterior prob-
ability correction module. Ultimately, exponential function
model 𝑌 = 0.12𝑥0.96 with optimal fitting degree is deter-
mined. After themodification of the posterior probability, the
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Figure 6: Modification on posterior probabilities.

coefficient of determination 𝑅 is equal to 0.98. Procedures
and results of the modification are shown in Figures 6 and
7.

4.4. Classification of Land Use Suitability in Low-Slope Hilly
Regions. The posterior probability map is modified accord-
ing to an exponential function model, which is used to
create the modified posterior probability map. On the basis
of this, the distribution frequency of modified posterior
probabilities is analyzed. Distribution frequency curve is
used. Finally, land use suitability in low-slope hilly regions in
Yunnan province is divided into four levels (Table 2, Figure 8)
according to obvious inflection point of the frequency curve
and parameters of the weight of evidence of those evaluation
factors.

There are four levels in terms of land use suitability in
low-slope hilly regions in the study area: highly suitable,
moderately suitable, marginally suitable, and unsuitable.
(1) 9.33% of the land is highly suitable for development,
mostly distributed inKunming, Lijiang,Dali Bai autonomous
prefecture, Qujing, and so on. Spatially, highly suitable areas
are mainly located around cities where its terrain is relatively
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Figure 7:Modified posterior probabilities of land use suitability and
numbers of corresponding points.
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Figure 8: Classificationmap of land use suitability in low-slope hilly
regions in Yunnan.

flat with slopes below 5 degrees and altitude mostly below
1500m.The plain area accounts formore than 15% of the total
area. Usually, the distance to water and state roads is no more
than 15 km. GDP per capita is higher than 20,000 yuan. It is
densely populated with 1,500 people/km2. Its average annual
temperatures are relatively high with abundant rainfall. (2)
26.18% of land is moderately suitable where it still has good
natural resource and socioeconomic conditions with slopes
ranging from 5 degrees to 8 degrees. It is close to towns. GDP
per capita ranging from about 10,000 to 20,000 yuan is high.
The population is relatively concentrated in these areas with
a population density of 10,000 to 15,000 people/km2. It has
adequate rainfall and pleasant weather suitable for living. (3)
45.98% of land is marginally suitable for development. It is
widely spread. Compared with highly suitable and moder-
ately suitable areas, basic conditions in this area are relatively
poor. However, it has strong potential for transformation,
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Table 2: Classification of land use suitability in low-slope hilly regions in Yunnan.

Modified posterior probability Suitability level Numbers of cells Description Percentage of area/%
>0.01047∼0.10860 Level 1 20315 Highly suitable 9.33
>0.00050∼0.10467 Level 2 56997 Moderately suitable 26.18
>0.00002∼0.00050 Level 3 100131 Marginally suitable 45.98
<0.00002 Level 4 40309 Unsuitable 18.51

which can be themain source of future development for some
time. Therefore, its development potential, the overall size,
and spatial layout should be the focus of policy makers. (4)
18.51% of land is unsuitable for development. These areas
are more dispersed with slopes above 15 degrees in general
and altitude mostly above 2200m. The proportion of plain
area is less than 5% of the total area. It is far away from
water resources and state roads. GDP per capita is low and
population density is relatively small. It is far away from
cities and towns. It is not suitable for living due to the
relatively unpleasant weather. At the same time, it is prone
to geological disasters and ecological risks, inappropriate
for development and construction. In summary, the four
levels of the suitability assessment in low-slope hilly regions
in Yunnan province can provide a basis for the priority of
development in these regions. Under the consideration of
social-economic development, urbanization, and ecological
safety, the paper offers strategies to develop low-slope hilly
regions, which focus on the exploration of unused land
and give preferential protection to woodland and grassland.
In addition, comparing the results of this paper with the
achievement of the outcome of overall land use plan, it can
be known that, as far as quantity structure is concerned, it is
quite scientific and reasonable that the area of highly suitable
resources of low-slope hilly regions is much larger than the
built-up land index of the planning phase (2006–2020); as for
the spatial distribution, the layout of the built-up land in the
planning phase is basically consistent with the highly suitable
low-slope hilly regions or is distributed in its perimeter zone.

5. Conclusion and Discussion

Due to global climate change and urbanization in China, the
conflict between landdevelopment and land conservation has
become increasingly serious [36]. The development of low-
slope hilly regions is an important measure to alleviate the
conflict. This paper takes Yunnan province as a typical case
study, integrating natural geographical features and elements
of human geography in Yunnan province to analyze land use
suitability of low-slope hilly regions in Yunnan province and
avoid potential geological disasters and ecological risks in
those regions. Land use suitability of low-slope hilly regions
in Yunnan province is evaluated by analyzing some factors
referring to climate, topography, geography, society, and
economy. Nine map layers regarding temperature, rainfall,
elevation, slope, proportion of plain areas, distance to water,
distance to state roads, population distribution, and GDP per
capita are selected. The results show that (1) 9.33% of low-
slope hilly regions in Yunnan are highly suitable for develop-
ment. 26.18% of land is moderately suitable. 45.98% of land is

generally suitable. The remaining 18.51% of land is unsuitable
for development.This outcome of spatial distribution of low-
slope hilly land in Yunnan province can finally optimize
the size and layout of low-slope hilly land and promote the
rational use of it. However, it is worth mentioning that not
only the suitability of natural quality should be considered,
but also some factors such as social and economic suitability,
ecological suitability, and land policy should be taken into
consideration. The related research will provide references
for the plan of “town of mountain” in Yunnan and for the
development of low-slope hilly land in Yunnan province. As
for the model used in this study, it should be pointed out
that training samples chosen in the study must be highly
recognized appropriate points to ensure scientific results.
Therefore, future research should pay more attention to how
to ensure diversification of the given sources and improve the
accuracy of given information.
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Understanding the effects of forestation on the hydrological process is crucial to protecting water resources. In this study, the
upstream Heihe River Basin is selected as the study area, which is the water source area of the whole basin. The grassland and
forest are the main land use types, the proportion of which in the total land area is 21% and 50%, respectively. Firstly, a scenario
of forestation was designed with the actual land cover data in 1980. Then a scenario with simulated land cover data in 1980 was
established, in which the forest area increases by 12%. Thereafter a hydrological simulation was carried out with the actual and
simulated land cover maps and the climate observation data during 1980–2010. The results suggested that the total water yield
increased by 12.57mmunder the scenariowith land use change during 1980–2010 comparedwith the simulationwith the actual land
cover in 1980. However, the results also indicated that the surface runoff reduced by 22.17mm during the same period, indicating
the forest land has “sponge” effects on the water resource in the mountainous watershed. These results may provide important
information that supports operational practices, such as forest regeneration programs and watershed restoration.

1. Introduction

Forestation has been encouragedworldwide for providing the
ecosystem services. Understanding the effects of forestation is
crucial to balance many ecosystem services provided by the
forests (i.e., regulating seasonal flows, enhancing the avail-
ability of water resources, and ensuring water environment)
[1, 2]. The relationship between forests and water resources is
a critical issue which must be accorded with high priority. A
key challenge faced by the land, forest, and water managers is
how to maximize the wide range of forest benefits without
detriment to water resources and ecosystem functions. To
address this challenge, there is an urgent need for a better
understanding of the interactions between forests/trees and
water, also for awareness raising and capacity building in
forest hydrology, and for embedding this knowledge and
the research findings in policies. The successful forestation
programs which are implemented in China have improved
the ecological as well as environmental conditions and have

gained wide attention of many researchers and highlighted
the relationship between forestation and water yields [3].
Forestation in upstream watershed is deemed as the most
effective measure to enhance water availability for agri-
culture, industrial, and domestic uses [4]. However, some
studies suggested that the hydrological benefits from forests
in respect of increasing water yield and regulating dry
season flow have been exaggerated [5–7]. Researchers even
questioned the wisdom of having the forest as land cover to
increase water yield in downstream regions [8]. Meanwhile,
researchers also argued that the effects of forestation on
runoff are not stationary [9]. A quantitative assessment of
the hydrological effects of forestation, especially on the water
yield, is therefore crucial for improving the forestation and
water resource management to guarantee the sustainable
forestry developmentwithin the arid or semiarid regions [10].

The hydrological effects of forestation of degraded land
in the dry region have important implications for local
and regional hydrological services, but such issues have
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been relatively less studied when compared to the issue of
impacts of forest conversion [11]. Scientists from forestry
and environmental sciences disciplines emphasized the sig-
nificance of forests in regulating runoff and controlling soil
erosion [1, 3, 12]. While scientists from other fields, for
example, geography, climatology, and agriculture, argued
that forests only have limited effects on water budgets and
controlling flood [11, 13]. Overall, the relationship between
forestation/reforestation andwater yield is still a controversial
issue. A central concept in the “traditional” view of the role of
forests is the “sponge” effect of the tree roots, forest litter, and
soil. It has been ever claimed that the tree roots soak up water
during wet periods and release it slowly and evenly during
the dry season to maintain water supplies [14]. The debate
was endless because there were no convincing field data from
research on forest hydrology, especially in China. Most liter-
ature suggested that the effects of forestation on annual flow
are largely on the base flow, which is an important component
of annual water yield for most forested watersheds. Some
may conclude that forests increased base flow because the
trees help to increase infiltration [9], while others may argue
that forests used more water and thus reduced the base flow
[2].However, the hydrological consequences of forestation on
degraded lands are not well studied in the forest hydrology
research [2, 3].

Catchment parameters have great influence on responses
of the water budget and runoff to forestation. The magnitude
of effects of forestation on annual water yield varies as
a function of vegetation, climate, soil, and management
practices [8]. Hydrological models, for example, the soil
and water assessment tool (SWAT), allow for simulating the
hydrological effects of these catchment parameters, which
can help to understand the effects of forestation on water
yields in entire basin. The SWAT has been widely used in
the water quantity and quality assessments at a wide range
of scales and environmental conditions [15, 16]. For example,
applications of SWAT have been reported in rural [17, 18],
more urbanized [19], and also coastal watersheds [20]. In
addition, the SWAT has been successfully used to simulate
the hydrological processes in the small upstreamwatershed of
theHeihe River Basin [21, 22]. In this study, the SWATmodel,
which includes the components such as soil and vegetation,
is used to analyze the effects of forestation on the water yield.

2. Study Area

The Heihe River Basin is located in a typical arid region of
Northwest China that suffers from serious water scarcity.The
annual precipitation is over 200mm in regions above 2000m
in elevation and increases by 10.9∼15.9mm for every 100m
increase in elevation. The geography varied greatly in Heihe
River Basin with the average altitude over 1200m [21]. The
main soil types in the watershed are alpine meadow soil,
alpine steppe soil, frigid desert soil, gray cinnamonic soil,
and gray-brown desert soil. The Heihe River Basin is divided
into the upper, middle, and lower reaches, which differ sig-
nificantly in the natural and socioeconomic characteristics.
For example, the average annual precipitation in the upper,
middle, and lower reaches is 200mm to 600mm, less than

200mm, and less than 50mm, respectively, while the annual
evaporation ranges from 500mm in the upper reach to over
3000mm in the lower reach [23]. Besides, the ecosystem
patterns range from alpine ecosystems on the south Qilian
Mountain in the upstream to the oases at theHexi Corridor in
midstream basin and to the deserts in the north downstream
basin [24, 25].

TheQilianMountains with remarkably vertical landscape
is thewater source area, where the ecosystempatterns ranging
from low to high altitude include dry shrubbery grassland,
forest grassland, subalpine shrubbery meadow, alpine cold-
and-desert meadow, and alpine permafrost-snow-ice. Being
an important regional headwater area, the upstream Heihe
River Basin is selected as the study area, where the elevation
ranges from 2000m to about 5500m (Figure 1). The area of
the upstream is about 11145 km2.The dominant land use types
are forestland and grassland, occupying nearly 21% and 50%
of the total area, respectively. Picea crassifolia is the major
species covering about 76.8% of the forest in upstream of
Heihe River Basin.

3. Data and Methodology

SWAT is a semidistributed hydrological model based on
geography and natural hydrological processes at the water-
shed scale. SWAT subdivides an entire watershed into sub-
watersheds connected with a river network and into smaller
units that is called hydrological response units (HRUs).
Each HRU represents a combination of land use, soil, and
slope. HRUs are assumed to be nonspatially distributed with
no interaction or dependency [26]. Major model compo-
nents of SWAT include weather, hydrology, temperature and
properties of soil, plant nutrients and growth, pesticides,
bacteria, and land management [26]. The meteorological
variables in SWAT include precipitation, temperature, wind
speed, solar radiation, and relative humidity in daily or
subdaily time steps. The model uses readily available inputs
efficiently for computing the large watersheds and is capable
of simulating long-term yields for determining impacts of
land management practices [27]. SWAT allows a number of
different physical processes to be simulated in a basin. The
hydrological routine of SWAT actually and also potentially
consists of discharge, snow melting, and evapotranspiration.
SWAThas been successfully applied worldwide to solvemany
environmental issues in water quality and quantity studies
[28, 29].

This study addressed the processes related to vegetation
interception, infiltration, transpiration, and evaporation in
the dry watersheds. Data used in this study are presented
in Table 1. The 30m resolution Landsat TM images in 1980
were downloaded from the United States Geological Survey
(USGS) website (http://earthexplorer.usgs.gov/) for mapping
the land cover types in the upstream of the HRB in 1980.
The collected images have already been georeferenced, and
these images were then radiometrically corrected using the
calibration utility for Landsat in ENVI 4.7 software package.
The preprocessed images were subsequently clipped with
the boundary of the study area. Supervised classification
method was used to classify the land cover types in 1980.
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Table 1: Data used and sources information.

Data type Data source Scale Description

DEM Shuttle radar topography mission
(SRTM) 90m Elevation

Soil Regional database
(http://westdc.westgis.ac.cn/) 1 : 1000000

(Soil-Plant-Atmosphere-Water)
Field and Pond Hydrology model

was used to calculate some
parameters

Weather China Meteorological
Administration (daily) 13 weather stations

Hydrological observation Hydrologic yearbook (daily) 4 stations

River flow Data Center of Chinese Academy
of Science 1 : 250000 River network-diversion
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Figure 1: Location of administration region and hydrological station in the Heihe River Basin.

The Chinese Land Resource Classification System, fromData
Center of Chinese Academy of Science, was used as the
classification scheme to categorize the pixels of the image
[30, 31]. The classification system includes cultivated land,
forestland, grassland, water, urban, and/or built-up area, and
unused land. In this study, a baseline scenario of forestation
was designed on the basis of the land cover in 1980, in
which the forestry proportion is 21%. Then a scenario was
established with the simulated land cover data in 1980, in
which the forest area increases by 12% compared to the actual
land cover data in 1980.The regions with land use conversion
are mainly located in the middle and west part of the study
area (Figure 2). The precipitation data of Qilian weather
station was also used to analyze the trend of precipitation.
From 1980 to 2010, the precipitation showed a significantly
upward trend, increasing at an average rate of 1.79mm⋅year−1,

and the annual average temperature significantly increased by
0.06∘C⋅year−1 (Figure 3).

The hydrological routines within SWAT account for
vegetation physical processes (e.g., infiltration, evaporation,
plant uptake, lateral flows, and percolation) and groundwater
flows. As precipitation descends, it may be intercepted and
held in the vegetation canopy or fall to the soil surface. Water
on the soil surface will infiltrate into the soil profile or flow
overland as runoff. The hydrological cycle that is simulated
by SWAT is based on the water balance equation:

SW
𝑡
= SW

0
+

𝑡

∑

𝑡=1

(𝑅day (𝑖) − 𝑄surf (𝑖) − 𝐸sub (𝑖)

−𝑤seep (𝑖) − 𝑄gw (𝑖)) ,

(1)
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Figure 2: The land use map in the upstream of Heihe River Basin: (a) 1980; (b) scenario based simulated map.
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Figure 3: The change trend of precipitation and temperature at Qilan weather station during 1980–2010.

where SW
𝑡
is the final soil water content (mmH

2
O), SW

0

is the initial soil water content on day 𝑖 (mmH
2
O), 𝑡 is the

time (days), 𝑅day is the amount of precipitation on day 𝑖

(mmH
2
O), 𝑄surf is the amount of surface runoff on day 𝑖

(mmH
2
O), 𝐸sub is the amount of evapotranspiration on day 𝑖

(mmH
2
O), 𝑤seep is the amount of water entering the vadose

zone from the soil profile on day 𝑖 (mmH
2
O), and 𝑄gw is the

amount of return flow on day 𝑖 (mmH
2
O).

The role of forest vegetation in influencing hydrological
processes can be well analyzed with the SWAT model. The
canopy storage value and the leaf area index are used in
the SWAT model to compute the maximum storage at any
time in the growth cycle of the land cover. SWAT utilizes
a single plant growth model to simulate all types of land
cover. This model is able to differentiate between annual and

perennial plants. When the evaporation is computed, water
is firstly removed from canopy storage. Plant transpiration is
simulated as a linear function of potential evapotranspiration
and leaf area index. SWAT allows the maximum amount of
water held in canopy storage to vary from day to day as a
function of leaf area index:

canday = canmx ×
LAI
LAImx

, (2)

where canday is the amount of water that can be trapped in
canopy on a given day (mmH

2
O), canmx is the maximum

amount of water that can be trapped in canopy on a given
day (mmH

2
O), and LAI is the leaf area index of the
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canopy. For the other potential evapotranspiration methods,
transpiration is calculated as follows:

𝐸

𝑡
=

𝐸



0
× LAI
3.0

0 ≤ LAI ≤ 3.0,

𝐸

𝑡
= 𝐸



0
LAI > 3.0,

(3)

where 𝐸

𝑡
is the maximum transpiration on a given day

(mmH
2
O), 𝐸

0
is the potential evapotranspiration adjusted

for evaporation of free water in the canopy (mmH
2
O), and

LAI is the leaf area index.
The Penman-Monteith equation combines components

that account for energy needed to sustain evaporation and
the strength required to remove the water vapor and aero-
dynamic and surface resistance terms. Consider

𝜆𝐸 =

Δ × (𝐻net − 𝐺) + 𝜌air × 𝐶

𝑃
× [𝑒

0

𝑧
− 𝑒

𝑧
] /𝑟

𝑎

Δ + 𝛾 × (1 + 𝛾

𝑐
/𝛾

𝑎
)

,
(4)

where 𝜆𝐸 is the latent heat flux density (MJ⋅m−2⋅d−1), 𝐸 is
the depth rate evaporation (mm⋅d−1), Δ refers to the slop
of the saturation vapor pressure-temperature curve, 𝑑𝑒/𝑑𝑇
(kpa⋅∘C−1), 𝐻net is the net radiation (MJ⋅m−2 d−1), 𝐺 is the
heat flux density to the ground, 𝜌air is the air density, 𝐶𝑃 is
the specific heat at constant pressure (MJ⋅kg−1 ⋅ ∘C−1), 𝑒0

𝑧
is the

saturation vapor pressure of air at height 𝑧, 𝑒
𝑧
is water vapor

pressure at height 𝑧 (kpa), 𝛾 is the psychometric constant
(kpa⋅∘C−1), 𝛾

𝑐
is the plant canopy resistance (s⋅m−1), and 𝛾

𝑎

is the diffusion resistance of the air layer (s⋅m−1). Studies of
the canopy resistance have shown that the canopy resistance
for awell-watered reference crop can be estimated by dividing
the minimum surface resistance for a single leaf by one-half
of the canopy leaf area index:

𝛾

𝑐
=

𝛾

𝑒

0.5 × LAI
, (5)

where 𝛾
𝑐
is the canopy resistance (s/m) and 𝛾

𝑒
is the mini-

mum effective stomatal resistance of a single leaf (s/m).
A standard hydrologicalmodel performance criterion has

been proposed. In this study, Nash-Sutcliffe coefficient (𝐸ns)
and coefficient of determination (𝑅2) were used as model
performance indices. Model performance was high when
𝐸ns > 0.5 and 𝑅

2
> 0.8. Here, 𝐸ns is the relationship strength

between observed value𝑄
𝑜,𝑖
and simulated value𝑄

𝑚,𝑖
at time

𝑡. 𝐸ns lies between −∞ and +1, and in this study 𝐸ns should
be closer to +1. The square of Pearson’s product moment
correlation, 𝑅2, represents the proportions of total variance
of measured data that can be explained by simulated data,
and the model performance is higher when 𝑅

2 is closer to 1.
Consider

𝐸ns = 1 −

∑

𝑛

𝑖=1
(𝑄

𝑜,𝑖
− 𝑄

𝑚,𝑖
)

2

∑

𝑛

𝑖=1
(𝑄

𝑜,𝑖
− 𝑄

𝑜
)

2
,

𝑅

2
=

[∑

𝑛

𝑖=1
(𝑄

𝑜,𝑖
− 𝑄

𝑜
) (𝑄

𝑚,𝑖
− 𝑄

𝑚
)]

2

∑

𝑛

𝑖=1
(𝑄

𝑜,𝑖
− 𝑄

𝑜
)

2

∑

𝑛

𝑖=1
(𝑄

𝑚,𝑖
− 𝑄

𝑚
)

2
,

(6)

where𝐸ns is theNash-Sutcliffe coefficient,𝑄
𝑜,𝑖
is the observed

runoff in 𝑖 years, 𝑄
𝑚,𝑖

the simulated runoff in 𝑖 years, and 𝑛 is
the length of the time series. The closer the 𝐸ns and 𝑅

2 is to 1,
the more accurate the model prediction is.

4. Results

We simulated the effect of forestation on water yield using
the SWAT model which couples the vegetation and physical
processes. The SWAT model was calibrated according to
the daily observation data records during 1980–1990 from
Yingluoxia Hydrological Station, which is an outlet of the
upstream area and the simulation results were validated
with the daily observation records during 1990–2000. Some
parameters were updated after the calibration. Both calibra-
tion of the model and validation of the simulation results
show that the SWAT model performed well in simulating
the hydrological process in the upstream area of the Heihe
River Basin. The coefficients in (6) were determined with
eligible evaluation of calibration and validation. The results
showed that 𝑅2 reached 0.72 and 0.70 for the calibration as
well as the validation periods, respectively. With regard to
themodel performance, the 𝐸ns values for the calibration and
validation periods (0.80 and 0.79, resp.) correspond to “good”
and “good,” respectively (Figure 4). The two coefficients of
validation were lower than the calibration period, the reason
for which is the use of the land use map in 1980. Moreover,
by comparing the simulation results with the observation
records from Yingluoxia Hydrological Station, we cannot
reject the significance of the parameters of the SWAT model,
indicating the model is suited for simulating the water
balance in the upstream area of the Heihe River Basin.

The intervals of the most sensitive parameters were
identified and the most appropriate values are eventually
shown in Table 2. The temperature lapse rate (TLAPS) is the
most sensitive parameter, and it is directly related to the
melting process of snow and glacier. Snow melting occurs
mostly from March to June in a subwatershed. The snow
melting factor on June 21 was parameterized to be SMFMX,
which is the maximummelting rate; any increase of SMFMX
drives rapid snow melting. The snow temperature lag factor
TIMP is also linked with SMFMX because it is based on the
previous situation. Along with TIMP surface water lag time,
SURLAG plays an important role in influencing the model
performance as a melted snow routing process is related to
the geology of the watershed, where the melted water mainly
flows to the surface runoff covering the impervious rock
formations. SMTMP is sensitive since it indicates the starting
and ending of melting of snow and glacier, the availability
of snow melting on a specific day, and the model-simulated
streamflow, especially their peak values, are significantly
influenced by the variation of SMTMP. Some parameters
were updated after the calibration, and both calibration of
the model and validation of the simulation results show that
the model performed well in simulating the runoff variation
due to glacier melting and climate change in upstream Heihe
River Basin.

Streamflow production may be related to the differ-
ences in climatic pattern, meteorological conditions, species



6 Advances in Meteorology

0

50

100

150

200

Observed value
Simulated value

1
9
8
0

/1
2

/1

1
9
8
1

/1
2

/1

1
9
8
2

/1
2

/1

1
9
8
3

/1
2

/1

1
9
8
4

/1
2

/1

1
9
8
5

/1
2

/1

1
9
8
6

/1
2

/1

1
9
8
7

/1
2

/1

1
9
8
8

/1
2

/1

1
9
8
9

/1
2

/1

1
9
9
0

/1
2

/1

D
isc

ha
rg

e (
m

3 /s
)

R2 = 0.80 Ens = 0.72

(a)

0

20

40

60

80

100

120

140

160

180

200

Observed value
Simulated value

1
9
9
1

/1
2

/1

1
9
9
2

/1
2

/1

1
9
9
3

/1
2

/1

1
9
9
4

/1
2

/1

1
9
9
5

/1
2

/1

1
9
9
6

/1
2

/1

1
9
9
7

/1
2

/1

1
9
9
8

/1
2

/1

1
9
9
9

/1
2

/1

2
0
0
0

/1
2

/1

D
isc

ha
rg

e (
m

3 /s
)

R2 = 0.79 Ens = 0.70

(b)

Figure 4: The calibration and validation of monthly discharge at the Yingluoxia hydrological station, observed versus simulated using the
SWAT.

Table 2: Ranges and values of the most sensitive parameters in SWAT model.

Parameters Descriptions Ranges Values
CN2 SCS curve number −20%∼20% +6.32%
Sol k Saturated hydrological conductivity −20%–20% +11.56%
Escno Evaporation compensation factor 0∼1.0 0.83
SFTMP Snowfall temperature −2.0∼2.0∘C 0.9∘C
Sol z Depth from soil surface to bottom of layer −20%–20% +3.65%
Sol Awc Available soil water content −20%–20% −0.35%
GWQMN Threshold depth of water in the shallow aquifer required for return flow to occur 0–500mm 306.5
ALPHA BF Base flow alpha factor 0.00∼1.00 0.07

composition, canopy structure, and morphological charac-
teristics of tree leaves, branches, and bark. Canopy rainfall
interception varied from 14.7 to 31.8% of total rainfall,
depending upon stand characteristics of different land cover
type. Forest canopy interception was also affected by rainfall
characteristics, which generally decreases with the rainfall
amount and intensity. Evapotranspiration (ET), including
physical evaporation and biological transpiration, is a sig-
nificant component of forest water budgets, ranging in 80–
90% of the total rainfall in the region. As expected, the actual
amount of ET raised due to the increase of temperature
and rainfall, whereas the amount of ET is relatively low in
the mountainous watershed. ET from a forest is generally
higher than that from pasture or bare land. However, ET is
about 600mm in the forest cover in the upstream area of
the Heihe River Basin, which is far lower than that in those
regions covered by grassland or unused land. The ET/PET
ratio of native grasslands declined as the fastest, followed
by pine woodlands, shrub lands, alfalfa, and croplands. Pine
woodland’s low ET/PET ratios were mainly caused by its
higher runoff due to soil compaction resulting from soil
desiccation.

Previous studies have shown that the effect of forestation
on water yield may differ among regions due to the difference
in the topography, soil properties, and climate conditions
[32]. The simulation results in this study suggest that the
monthly average water yield has generally increased, with
an increment of 15.7mm during 1980–2010 (Figure 5). The
increase of water yield mainly happened in summer, while
the decrease of water yield mainly occurred in winter. This
may be due to the water conservation function of the forests.
The study area is located in the mountain area with an
altitude of approximately 3000m, where the annual rainfall
is about 600mm and the slope is generally very high, and
the forests intercept a large proportion of rainfall. The forest
has a more powerful conservation function compared to
the grassland, and it is more difficult to generate runoff
in the forest than in the grassland. The results of the two
simulation experiments show that themonthly average runoff
decreased by 22.12mmwhen the forest area increased during
1980–2010. In addition, the simulation results show that the
interflow declined dramatically, the monthly average value
of which decreased by approximately 500mm during 1980–
2010. This may be due to the difference in the moisture
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Figure 5:The difference of water yield between forestation scenario
and baseline during 1980–2010.

infiltration between forests and grasslands. The surface roots
of forests can absorb more surface moisture and keep the
shallow soil moist. By comparison, the surface roots of
grasslands are generally very shallow, which can promote the
infiltration of rainfall into the soil.

The results of this study may not coincide with that of
some research about the relationship between forestation and
water yield. A recent review also shows that reforestation
can cause decreased water yield [9]. However, the belief is
based on the assumption of a constant relationship between
precipitation and ET; that is, a reduced ET can logically
lead to a gain of water yield. However, if this assumption
is not true or if the relationship between precipitation and
ET varies over time and space, the simple logic may be not
tenable. Besides, forestation practices may cause the decrease
of annual water yield due to the increase of ET. For any
statistical tests, streamflow data must be first naturalized to
account for other water uses. Moreover, the majority of the
statistical studies are experiments at the plot scale, whereas
there are few watershed-scale studies. Therefore, using ET
information to infer water yield may not always be correct.

It is difficult to accurately simulate the hydrological pro-
cesses because they are influenced by a myriad of biophysical
factors. The results of this study suggest that the effect of
forestation on water yield differs in different areas, and
the forestation has positive effects on the water yield in
the mountainous area. Several influential studies have also
demonstrated the uncertainty and variability of forestation on
potential hydrological responses across China due to the large
differences in climate and soil conditions [33]. At the same
time, most studies have focused on understanding whether
forests are important in influencing water protection and soil
erosion, and almost none of them have aimed at determining
what percentage of forested land in awatershed or a landscape
must be protected in order to minimize negative impacts
on water resources. This question is important and must
be answered in order to provide reference information for
designing and implementing sustainable forest management
practices.

5. Conclusion

The study concludes that there was a significant positive
relationship between forestation and water yield in the

upstream area of the Heihe River Basin during 1980–2010.
The annual water yield increased by 1.2mm when the forest
cover increased by 1%. The result also suggested that the
surface runoff have reduced 1.8mm with every 1% increase
in the forest cover. Besides, although forestation generally
reduces runoff, the effects of forestation on the water yield
may vary greatly in different regions due to the differences
in topography, soil, and climatic conditions. The results
of this study are different from that of some previous
studies, but all studies have demonstrated that forests play
an important, positive role in reducing surface runoff and
peak streamflow. In spite of inconsistent results from those
studies about forestation and the hydrological processes, the
simulation experiment continues to allow us to build a solid
foundation in understanding the interactions between forests
and hydrological processes. It can be beneficial to improving
the sustainable forest management to apply the hydrological
models in regions where there are sufficient data since this
approach allows us to evaluate the impacts of different forest
management scenarios on hydrology within a short time.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This research was financially supported by the National
Natural Science Funds of China for Distinguished Young
Scholar (Grant no. 71225005), the major research plan of the
National Natural Science Foundation of China (Grant no.
91325302), and the Key Project in the National Science &
Technology Pillar Program of China (no. 2013BAC03B00).

References

[1] L. Chen, J.Wang,W.Wei, B. Fu, andD.Wu, “Effects of landscape
restoration on soil water storage and water use in the Loess
Plateau Region, China,” Forest Ecology and Management, vol.
259, no. 7, pp. 1291–1298, 2010.

[2] Z.-J. Wang, J.-Y. Jiao, Y. Su, and Y. Chen, “The efficiency of
large-scale afforestation with fish-scale pits for revegetation and
soil erosion control in the steppe zone on the hill-gully Loess
Plateau,” CATENA, vol. 115, pp. 159–167, 2014.

[3] H. Bi, B. Liu, J. Wu, L. Yun, Z. Chen, and Z. Cui, “Effects of
precipitation and landuse on runoff during the past 50 years in a
typical watershed in Loess Plateau, China,” International Journal
of Sediment Research, vol. 24, no. 3, pp. 352–364, 2009.

[4] S. Singh andA.Mishra, “Spatiotemporal analysis of the effects of
forest covers on water yield in the Western Ghats of peninsular
India,” Journal of Hydrology, vol. 446-447, pp. 24–34, 2012.

[5] S.W. Trimble, F. H.Weirich, and B. L. Hoag, “Reforestation and
the reduction of water yield on the southern Piedmont since
circa 1940,”Water Resources Research, vol. 23, no. 3, pp. 425–437,
1987.

[6] A. K. Sikka, J. S. Samra, V. N. Sharda, P. Samraj, and V.
Lakshmanan, “Low flow and high flow responses to converting
natural grassland into bluegum (Eucalyptus globulus) in Nilgiris



8 Advances in Meteorology

watersheds of South India,” Journal of Hydrology, vol. 270, no. 1-
2, pp. 12–26, 2003.

[7] M. Robinson, “30 years of forest hydrology changes at Coal-
burn: water balance and extreme flows,” Hydrology and Earth
System Sciences, vol. 2, no. 2-3, pp. 233–238, 1998.

[8] I. R. Calder, “Assessing the water use of short vegetation
and forests: development of the hydrological land use change
(HYLUC) model,” Water Resources Research, vol. 39, no. 11, p.
1318, 2003.

[9] D. F. Scott, L. A. Bruijnzeel, R. A. Vertessy, and I. R. Calder,
“Hydrology: impacts of forest plantations on streamflow,” in
Encyclopedia of Forest Sciences, J. Burley, Ed., pp. 367–377,
Elsevier, Oxford, UK, 2004.

[10] Y.Wang, P. Yu, K.-H. Feger et al., “Annual runoff and evapotran-
spiration of forestlands and non-forestlands in selected basins
of the Loess Plateau of China,” Ecohydrology, vol. 4, no. 2, pp.
277–287, 2011.

[11] P. Yu, Y.Wang, A. Du et al., “The effect of site conditions on flow
after forestation in a dryland region of China,” Agricultural and
Forest Meteorology, vol. 178-179, pp. 66–74, 2013.

[12] L. Deng, Z.-P. Shangguan, and R. Li, “Effects of the grain-for-
green program on soil erosion in China,” International Journal
of Sediment Research, vol. 27, no. 1, pp. 120–127, 2012.

[13] J. Krishnaswamy,M.Bonell, B.Venkatesh et al., “Thegroundwa-
ter recharge response and hydrologic services of tropical humid
forest ecosystems to use and reforestation: support for the
‘infiltration-evapotranspiration trade-off hypothesis’,” Journal of
Hydrology, vol. 498, pp. 191–209, 2013.

[14] N. Myers, “Tropical moist forests: over-exploited and under-
utilized?” Forest Ecology and Management, vol. 6, no. 1, pp. 59–
79, 1983.
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Land degradation is a complex process which involves both the natural ecosystem and the socioeconomic system, among which
climate and land use changes are the two predominant driving factors. To comprehensively and quantitatively analyze the land
degradation process, this paper employed theNormalizedDifferenceVegetation Index (NDVI) as a proxy to assess land degradation
and further applied the binary panel logit regression model to analyze the impacts of the driving factors on land degradation in the
North China Plain. The results revealed that an increase in rainfall and temperature would significantly and positively contribute
to the land improvement, and conversion from cultivated land to grassland and forest land showed positive relationship with
land improvement, while conversion to built-up area will lead to land degradation. Besides, human agricultural intensification
represented by fertilizer utilization will help to improve the land quality.The economic development may exert positive impacts on
land quality to alleviate land degradation, although the rural economic development and agricultural production will exert negative
impacts on the land and lead to land degradation. Infrastructure construction would modify the land surface and further resulted
in land degradation. The findings of the research will provide scientific information for sustainable land management.

1. Introduction

Land degradation has become a critical issue worldwide,
especially in the developing countries, which leads to great
concerns about food security. To improve livelihoods of
human beings and to keep sustainable development of human
society, healthy land ecosystems are basically essential ele-
ments. However, the key services of good quality land and
their true values have been usually taken for granted and
underestimated, leading to serious land degradation, which
not only deteriorates the ecosystem services but also hinders
regional sustainable development. Land degradationmeans a
significant reduction of the productive capacity of land. It is
an interactive process involving various casual factors, among
which climate changes, land use/cover changes, and human
dominated land management play a significant role [1–4].

Land degradation involves two interlocking complex systems,
the natural ecosystem and the human social system, and both
changes in biophysical natural ecosystem and socioeconomic
conditions will affect the land degradation process [5]. Nat-
ural forces affect land degradation through periodic stresses
of extreme and persistent climatic events. Human activities
also contribute to land degradation through deforestation,
removal of natural vegetation, and urban sprawl that lead to
land use/cover changes; unsustainable agricultural land use
management practices, such as use and abuse of fertilizer,
pesticide, and heavy machinery; and overgrazing, improper
crop rotation, poor irrigation practices, and so forth [6].

In comparison to other regions, land degradation afflicts
China more seriously in terms of the extent, intensity, eco-
nomic impacts, and affected population [7]. China accounts
for 22% of the world’s population but only 6.4% of the global
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land area and 7.2% of the global cultivated land area.
Agricultural production is an important issue that always
plagues the national economy and livelihood of citizens [8].
However, the rapid population growth and urbanization,
unreasonable human utilization, and influence of natural
factors have caused degradation of 5.392 million km2 of land,
which accounts for about 56.2% of the total national area [9].
Only 1.3 million km2 of land is suitable for cultivation in
China, which accounts for about 14%of the total national land
area. The land degradation has involved more than half of
the total cultivated land area and further exertsmore pressure
on the economic benefits of agricultural production and food
security. Besides, as the cultivated land degradation will
directly affect the potential land productivity, more inputs
such as fertilizer and irrigation water will be needed in order
to get the same production as well as yield level, which will
increase the production cost [10]. In addition, the structural
change and pattern succession of the land system resulting
from land conversions will undoubtedly lead to changes in
the suitability and quality of land and directly influence land
productivity [11]. Hence sustainable productive land man-
agement is crucial for the country’s long-term agricultural
economy.

China is a large country with significant spatial variation
of natural/climatic conditions and diverse socioeconomic
characteristics. For example, the eastern, central, and western
part of China have different population density, industrial
structure, per capita income, and so forth. The difference
among regions will affect the land use, leading to difference
in the way and extent of economic use of land resources [12].
The North China Plain has been one of the most productive
agricultural bases inChina for thousands of years. It is of great
significance to quantitatively measure the intensity and spa-
tial pattern of land degradation and analyze the driving
mechanisms, which can provide information for sustainable
land management to ensure the food safety in the North
China Plain.

In order to provide information for sustainable landman-
agement, it is necessary to quantitatively clarify the impacts
of major natural and socioeconomic driving forces on land
degradation. The recent development of remote sensing
techniques (RS) and geographic information system (GIS)
techniques has enhanced the capabilities to obtain and handle
spatial information on the heterogeneities of land surface
characteristics. The integration of RS and GIS technologies
has been proven to be an efficient approach and has been suc-
cessfully used in various investigations for land degradation
assessment. Land degradation is a long-term process indicat-
ing the loss of ecosystem function and productivity. For quan-
titative analysis of land degradation, satellite measurements
of the Normalized Difference Vegetation Index (NDVI),
which is the most widely used proxy for vegetation cover
and production, have been widely applied in studies of land
degradation from the field scale to national and global scales
[7, 13–15]. Therefore, the objective of this study is to explore
the spatial pattern and temporal variation of land degradation
based on NDVI in the North China Plain and then to analyze
the impactmechanisms of a set of natural and socioeconomic

driving forces on land degradation, with the application of the
binary panel logit regression model.

2. Data Processing and Analyses

2.1. An Overview of the North China Plain. The North China
Plain (32∘08–40∘16N, 112∘10–122∘40E) is one of the most
significant grain production regions of China. It covers two
metropolises (Beijing and Tianjin) and five provinces includ-
ing Anhui, Hebei, Henan, Jiangsu, and Shandong. As it is an
alluvial plain developed by the intermittent flooding of the
Huanghe, Huaihe, and Haihe rivers, it is also known as
Huang-Huai-Hai Plain in China (Figure 1).

As estimated with the remote sensing data derived from
the Landsat TM and ETM+ images in the year 2008, the
cultivated land accounts for about 68% of the total land area
of the North China Plain (Figure 2). There is a semiarid
to semihumid warm temperate climate in the North China
Plain, with the average annual temperature of 10∘C–15∘C and
annual rainfall of 500–800mm. It is evident that the North
China Plain is suitable for developing rain-fed agriculture and
planting a variety of crops and fruit trees. Meanwhile, it is
conducive to mechanization and irrigation with its natural
conditions of a flat terrain, deep soil, and contiguous land
concentration. All of these unique conditions have made
the North China Plain a major agricultural region and a
significant commodity base for grain, cotton, meat, and oil
in China [16].

However, the rapid population growth and urban land
expansion have led to serious cultivated land loss and
environmental degradation in the North China Plain. Many
researches showed that the conversion from cultivated land to
other types of land led to the decrease of cultivated land in the
North China Plain [11, 16, 17]. Among the researches, Shi et al.
(2013) pointed out that the area of cropland abandonment
was much greater than the area of cropland reclamation in
the North China Plain [17]. Besides, the quality of cultivated
land converted to other land use types is generally higher
than that of the cultivated land converted from other land use
types [11]. As a result, the shrinkage of cultivated land in the
North China Plain will exert great impact on the land quality.
How to improve land productivity is becoming vital for the
improvement of agricultural production. In addition, though
the statistic data showed that the grain yields were increasing,
it is due to the additional investment into the agricultural
production. In this regard, it is an urgent issue to study how
to make scientific policy and sustainable land management
measures to rationally regulate the land conversion and
control land degradation to improve the productivity of the
remaining resources in the agricultural sector.

2.2. Data Preparation. According to previous studies, driving
factors of land degradation are complex, among which
biophysical causes (including topography that determines
soil erosion hazard and climatic conditions, such as rainfall
and temperature) and land use change (such as defor-
estation, desertification resulting from unsustainable land
management practices) are major direct contributors to land
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degradation, while the underlying causes of land degradation
include population density, economic development, land
tenure, and access to agricultural extension, and infrastruc-
ture. Thus, in order to analyze the situation of agricultural
production and impact mechanisms of climate and land use
changes integrated with socioeconomic factors on cultivated
land degradation in the North China Plain, we collected the

NDVI data, land use datasets, climatic data, socioeconomic
statistical data, and other geophysical data of the years 2000–
2008.

NDVI. NDVI is one of the most commonly used indicators
for vegetation monitoring [18, 19]. Many previous studies
have used the NDVI and other measures based on the NDVI
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as indicators of changes in ecosystem productivity and land
degradation, which showed that NDVI is strongly correlated
with the green vegetation coverage [20]. Though there are
some limitations and criticisms related to the use of this mea-
sure, NDVI remains the only dataset available at the global
level and the only dataset that reliably provides information
about the condition of the aboveground biomass [21, 22]. In
this study, we used the remote sensing data of NDVI to mea-
sure the land degradation. Before 2006, the NDVI data was
obtained from the GIMMS NDVI dataset produced by the
GLCF (Global Land Cover Facility) research group at the
University of Maryland from July 1981 to December 2006,
with a spatial resolution of 8 km by 8 km and a temporal
resolution of 15 days. The NDVI data after the year 2006 was
derived from SPOTVEGETATIONdata (ten-day ensembles)
which were derived from a dataset developed over the period
fromApril 1998 toDecember 2010, with a spatial resolution of
l km by l km. Based on the periodwhen the two datasets over-
lapped (1998 to 2006), we conducted data processing accord-
ing to the previous experience of Yin et al. (2014) [23]. Firstly,
correlation analysis between the maximum monthly NDVI
and other factors was performed, following which a linear
regression equation was established to extend the GIMMS
(Global Inventory Modeling and Mapping Studies) dataset
from2007 to 2008.This helps to eliminate any sensor errors in
the other two datasets [24]. To ensure the data quality, reliable
and internationally recognized data pretreatment processes
were used [25]. In order to eliminate cloud contamination
effects and the noise caused by other atmospheric phenom-
ena, we included a smoothing method proposed by Chen
et al. [26] based on the Savitzky-Golay filter. Finally, we
clipped the NDVI data of the North China Plain during the
period from the year 2000 to 2008.

Land Use. The land use data came from the land use database
of the Resources and Environment Scientific Data Center,
Chinese Academy of Sciences [11, 27, 28]. The database was
constructed from remotely sensed digital images by the US
Landsat TM/ETM satellite with a spatial resolution of 30 by
30 meters. Further the land use data are upscaled to 1 by
1 kilometer. The data that was analyzed in this study covered
the years 2000 and 2008.

Climatic Data. The climatic data, mainly including temper-
ature and rainfall from the year 2000 to 2008, were derived
from the daily records of 117 observation stations covering the
entire area of the North China Plain, which were maintained
by the China Meteorological Administration. A spline inter-
polation using the coupling-fitted thin plate interpolation
method was chosen to interpolate the meteorological data
[29]. Based on the climatic dependence on topography,
climatic variables were interpolated with spatial resolution of
1 by l kilometer [30]. At a broader scale, temperature declined
roughly with the increasing elevation at a typical standard
lapse rate of 6.5∘C per 1 kilometer [31], so the interpolated air
temperature data were adjusted to the sea level according
to the altitudinal correction factors based on the digital
elevation model (DEM) dataset.

Soil Organic Matter. The soil fertility map of the study area
was clipped from the soil map of China provided by the
Institute of Soil Science, Chinese Academy of Sciences. It
was based on the maps on the scale of 1 : 4,000,000 from the
SecondNational Soil Survey of China for Soil OrganicMatter
(SOM).

Socioeconomic Statistical Data. In this study, we collected and
processed the socioeconomic data of 385 major counties in
the North China Plain at a county level for the period of the
years 2000–2008, including the gross domestic production
(GDP), population, rural farmers’ per capita income, fertil-
izer utilization, pesticide utilization, farm machinery, total
grain production, and total grain sown area, which were all
acquired from socioeconomic statistical yearbooks published
by National Statistical Bureau of China.

Geophysical Data. The geophysical data is also closely related
with the land productivity. In this specific study, the geo-
graphic factors mainly include elevation and average slope,
the data of which were derived fromChina’s Digital Elevation
Model dataset supplied by the National Geomatics Center of
China. Another part of the geophysical data was the prox-
imity variables, including the distance from each grid to the
nearest expressway or highway and other ways, which were
incorporated to measure the impacts of the infrastructure
construction on the land degradation.

2.3. Primary Analysis

Changes of Grain Production. We analyzed the changes of
grain production and the relationship between total grain
production and grain yield (kg/ha) of the North China Plain
during the years 2000–2008.The spatial distribution of grain
yield at municipality or county level in the years 2000, 2005,
and 2008 is shown in Figure 3. The grains mainly included
wheat and maize, but some rice, soybean, and tuber crops
were also included.

During the period of the years 2000–2008, annual total
grain production of the selected counties of the North China
Plain increased by more than 40%, and the average grain
yield increased from 4994 to 5986 kg/ha (with an increasing
rate of 20%). The time-series changing trend of the total
grain production is similar to that of the average grain yield,
and therefore the increase of agricultural production can be
mainly ascribed to the increase in the average grain yield
(Figure 4). The time-series change of grain yield from year
2000 to 2008 can be divided into two periods. Firstly, the
average grain yield decreased after the year 2000 because
of a decrease in grain price. Secondly, the price of grain
increased again through governmental support after the year
2003, which made the average yields recover again.

Also, we showed that the application rates of fertilizer and
pesticide increased with fluctuations from 525 to 622 kg/ha
and from 12.6 to 16.2 kg/ha during the period of the years
2000–2008, respectively. The application rate of the farm
machinery also showed an increasing trend (Figure 5). The
increases of the application of farm machinery, fertilizer, and
pesticide can be the key determinants of the increase in crop
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Figure 3: County-level grain yield of the North China Plain, (a) 2000, (b) 2005, and (c) 2008.
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Figure 4: Relationship between grain production and grain yield of
the North China Plain, 2000–2008.

yield; however, further increases in fertilizer and pesticide
application are unlikely to be as effective as they previously
were in increasing the grain yields because of the gradually
diminishing return rate.

Trends in NDVI. The annual average greenness (represented
withNDVI) is chosen as the standard proxy of annual average
biomass productivity, which generally fluctuates with the
rainfall. The NDVI calculated using remote sensing image
data currently is one of the most commonly used indicators
to monitor regional or global vegetation and the ecosystem
and is the best instruction factor to reflect vegetation growth
conditions and coverage [32]. In this study, the cultivated land
degradation areas were identified with a sequence of analyses
of the NDVI data. The result shows that the annual average
NDVI of the North China Plain showed an overall increasing
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Figure 5: Changes of grain yield, fertilizer use, pesticide use, and
farm machinery application of the North China Plain, 2000–2008.

trend during the years 2001–2004. About 90% of the study
area’s annual average NDVI experienced an increasing trend.
While only 5% of the study area’s annual average NDVI
showed a decreasing trend, which was distributed in the
Shandong Province (Figure 6(a)). In comparison, during the
years 2004–2008, about 80%of the study area’s annual average
NDVI experienced a decreasing trend, with only 19% of
the study area’s annual average NDVI showed an increasing
trend (Figure 6(b)). Besides, the annual average NDVI in
some areas showed first increasing and then decreasing trend
during the years 2000–2008. Overall, the annual average
NDVI showed an increasing trend in most parts of the whole
study area during the years 2000–2008 (Figure 6(c)).

Land Use Changes. During the years 2000–2008, the land
use change is mainly dominated by the conversion from
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Figure 6: Changes of NDVI of the North China Plain during (a) 2000–2004; (b) 2004–2008; and (c) 2000–2008.

cultivated land to other land use types, especially the conver-
sion from cultivated land to built-up land. As cultivated land
is the major land use types in the study area, thus we focus
on the cultivated land conversion. In the North China Plain,
cultivated land is mainly converted to built-up land (67%),
forest land (9.1%), and grassland (12.4%) (Figure 7).

2.4. Associations between Climate Factors and Land Degrada-
tion. We investigated the relationship between NDVI (from
year 2000 to 2008) and climate factors. The relationship
between NDVI and climate indicators is widely analyzed in
many previous studies, which have confirmed that vegetation
changes are closely related to changes in the climate factors
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at the global or regional scale. In particular, it is widely
acknowledged that the temperature and rainfall are the most
significant factors influencing the ecosystem characteristics
and distribution.We sampled the value of the NDVI, rainfall,
and temperature and calculated their annual average values in
the whole North China Plain. The mean NDVI, temperature,
and rainfall for the study area were plotted along a nine-
year time series (Figure 8). Figure 8 visually showed that
the average NDVI experienced a fluctuated increasing trend,
and the average rainfall and temperature slightly showed an
increasing trend with some fluctuations.

Specifically, to study the responses of NDVI to the climate
change, we analyzed the spatial correlation of NDVI with
rainfall and temperature using the correlation analysis at the
pixel scale. Figure 9 showed the spatial distribution of the cor-
relation of NDVI with rainfall and temperature, respectively.
It shows that the rainfall has a strong effect on NDVI, and
there was a positive correlation between rainfall and NDVI
in most parts of the study area, especially in the northern
part of the study area where it showed a high correlation. As
to the relationship betweenNDVI and temperature, therewas
generally a positive relationship betweenNDVI and tempera-
ture, which only in the northern part of the study area showed
negative relationships.

3. Assessments of the Driving Forces of
Land Degradation

The causes of land degradation are numerous, interrelated,
and complex.The relationship between direct and underlying
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causes of land degradation is complex also, and the impact
of underlying factors is context specific [33]. Quite often, the
same cause may lead to diverging consequences in different
contexts because of its varying interactions with other proxi-
mate and underlying causes of land degradation.This implies
that targeting only one underlying factor is not sufficient
in itself to address land degradation. It is necessary to
take into account a number of underlying and proximate fac-
tors when designing policies to prevent or mitigate land
degradation. For our model specification, it is essential to
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at the pixel level in the North China Plain.

identify the effects of various combinations and interactions
of underlying and proximate causes of land degradation in a
robust manner rather than only analyze the individual cause
of land degradation. In this regard, we try to identify the key
underlying and proximate causes of land degradation. In this
part, we conducted econometric analysis of the causes of land
degradation in the North China Plain with the binary logistic
regression model.

We constructed the model for estimating causes of land
degradation or land improvement at the county level, using
annualized data, and the model specification is as follows:
Logit𝑌

𝑡
= 𝛽
0
+ 𝛽
1
Δ𝑥
1𝑡
+ 𝛽
2
Δ𝑥
2𝑡
+ 𝛽
3
𝑥
3
+ 𝛽
4
𝑥
4
+ 𝜀
𝑖𝑡
, (1)

where 𝑌
𝑡
= 1, if NDVI

𝑡
− NDVI

𝑡−1
≥ 0 and 𝑌

𝑡
= 0 if

NDVI
𝑡
− NDVI

𝑡−1
< 0; 𝑥

1𝑡
= a vector of biophysical causes

of land degradation (e.g., climate conditions, topography, and
soil fertility constraints); 𝑥

2𝑡
= a vector of demographic and

socioeconomic causes of land degradation (e.g., population
density, per capita GDP, rural farmers’ per capita income,
agricultural intensification); 𝑥

3
= a vector of variables rep-

resenting access to infrastructure services (e.g., distance to
expressway, distance to high way, and distance to other ways);
and 𝑥

4
= a vector of variables representing land use changes

(e.g., county-level percentage of land conversion from culti-
vated land to built-up land, forest land, and grassland during
the years 2000–2008).
𝑌
𝑡
is a binary variable that is being used to identify

whether land degradation happens; if 𝑌
𝑡
equals or is larger

than zero, then we assume that there happens land improve-
ment; otherwise there happens land degradation. Further-
more, we applied a binary panel logit regression model to

simultaneously study the relationship between land degra-
dation conditions and all other variables. Table 1 illustrates
the results of the regression. The results are to be interpreted
with extreme caution due to the complex and multidirec-
tional relationship between NDVI changes and the selected
variables. Note that the results might not indicate a causal
relationship but only an association between NDVI and the
selected biophysical and socioeconomic variables [21].

The climate changes are significantly related with the
land degradation conditions which are represented by the
changes in NDVI. As expected, increments in temperature
and rainfall are positively related with the increases in NDVI,
and increases in temperature and rainfall will significantly
contribute to land improvement. Land use change is also the
major driving force of land degradation. The results showed
that the conversion from cultivated land to grassland and
forest land will contribute to land improvement, which cor-
responded to increase in NDVI, while the conversion from
cultivated land to built-up land would lead to land degra-
dation. Among the land conversions, only the conversion
from cultivated land to grassland significantly affects the land
degradation. In comparison, climate change plays a much
more important role than land use change in land degra-
dation. Besides, agricultural intensification represented by
fertilizer utilization is significantly and positively related with
land improvement, as fertilizer application increases soil
carbon [34], which could correspond to an increase in NDVI.
Increases in the population density would lead to land
degradation but not significantly. According to the previous
studies, the impact of population density on land degradation
is ambiguous, while our results suggested that there would
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Table 1: Results for binary panel logistic regression analyses for the
biophysical and socioeconomic driving forces of land degradation.

Land degradation conditions 𝑌 (1 represents land
improvement and 0 represents land degradation) Coef.

ΔRainfall (mm) 3.221∗∗∗

ΔTemperature (∘C) 1.025∗∗∗

Percentage of land conversion from cultivated land
to built-up land (%) −0.326

Percentage of land conversion from cultivated land
to forest land (%) 1.788

Percentage of land conversion from cultivated land
to grassland (%) 8.507∗

ΔFertilizer utilization per unit area (kg/ha) 0.506∗∗

ΔPopulation density (ten thousand people/km2) −11.282
ΔRural farmers’ per capita income (ten thousand
yuan) −0.076

ΔPer capita gross domestic production (ten
thousand yuan) 0.0004

ΔShare of production value of agriculture animal
husbandry and fishery in GDP (%) −1.672∗

DEM (km) 3.214
Slope (degree) −0.018
Soil organic matter (%) 0.446∗∗∗

Distance to highway (km) 0.002∗

cons 0.032
Note: ∗significant at the 10% level; ∗∗significant at the 5% level; and
∗∗∗significant at the 1% level.

be more serious land degradation in areas with higher
population density [35]. The population growth will lead to
increasing demand for housing and other facilities, which in
turn can lead to increase of impervious surface as a result
of urban development and infrastructure construction and
deforestation. Rapid economic development, which can be
represented by changes in the per capita GDP, shows that an
increase in bothGDP andNDVI had positive impacts on land
quality, suggesting the role the ecosystem service could play
in economic growth and prosperity. Economic development
would stimulate the land improvement, but such impacts
were not significant, while the rural economic development,
represented by rural farmers’ per capita income, showed neg-
ative relationship with land improvement, suggesting that the
NDVI will decrease as the rural farmer’s income increase. It
may be due to the fact that rural economic growth develops
at the cost of intensive land use practice, which contributes to
environmental degradation further leading to the land degra-
dation. In addition, the increases in the share of the primary
industry (agriculture, animal husbandry, and fishery) inGDP
significantly corresponded to the decrease in NDVI. As
production value of the agriculture increases mostly resulted
from the investment into agricultural production, such as
fertilizer, pesticide, and farm machinery, not from natural
land quality improvement. In addition, the geographic and
topographic factors also affect the land degradation. As to
the topographical factors, the results showed that the higher
the elevation and the slower the slope, the less serious the

land degradation.The impact of elevation was not significant,
while it may suggest that, in the areas with higher elevation,
there would be less impacts of anthropogenic factors on the
land degradation. The slope had clear significant impacts on
land degradation, suggesting that steep slopes would lead to
land degradation more easily, as steep slope regions were
more vulnerable to severe water-induced soil erosion. As to
the soil fertility represented by soil organic matter, the results
showed that the higher the soil fertility was, the less the
possibility of land degradation is. Besides, the distance
to highway was significantly positively related with land
improvement, which suggested that the larger distances to
road network meant that there was less human disturbance,
less infrastructure development, and land use changes, which
would exert less impacts on the land degradation.

4. Conclusions and Discussions

Land degradation or improvement is an outcome of many
highly interlinked direct and underlying causes, including
natural, socioeconomic, and related agricultural practices. In
China, many types of land degradation are occurring, such
as grassland degradation, deforestation, and cultivated land
degradation. In this paper, we conducted an empirical study
in the North China Plain and analyzed the basic grain
production changes, the changing trend of NDVI, the spatial
pattern of relationship between climatic factors and NDVI.
Further taking NDVI as a proxy for land degradation and
improvement, we applied an econometric model to analyze
the causes of land degradation.

According to the analyses, both the grain production and
grain yield of the North China Plain showed an increasing
trend during the years 2000–2008; however, estimation based
on the remotely sensed NDVI data showed that the North
China Plain still experienced land degradation. Degraded
areas have been expending in the northern part of the study
area, though many parts of the study area showed land
improvement. Based on the correlation analysis, the increases
in temperature and rainfall corresponded to the increase in
NDVI in most parts of the North China Plain, though some
parts of the study area showed negative correlation between
NDVI and temperature and rainfall. Further, according to the
binary panel logistic regression analysis, the results showed
there were strong impacts of some key biophysical and
socioeconomic variables on land degradation. Some of these
relationships were consistent with conclusions in previous
case studies, while others showed complex differences. The
results for climate factors were not surprising, and increase in
temperature and rainfall would contribute to land improve-
ment. Different land use changes exert different impacts on
land degradation. Unsurprisingly, increasing of forest land
and grassland would benefit land quality, while urban expan-
sion would lead to land degradation. Our estimation results
about the positive effects of agricultural intensification rep-
resented by fertilizer utilization on land degradation were
also as expected, and the soil organic matter was also a
crucial positive factor for land quality conservation. Rural
economic and agricultural development may lead to land
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degradation.The rural economic and agricultural production
growth exerted negative impacts on land quality, which
means the development of rural economy and agricultural
production led to land degradation. The increases in rural
farmers’ per capita income and primary production value
ratio did not result in the improvement of land quality, which
may be due to the overexploitation of land with insuffi-
cient investment into the land conservation. In this regard,
an effective response to land degradation needs increasing
incentives of farmers to conserve their cultivated land and
improve their access to the knowledge and inputs that are
required for proper conservation. Promotion of such land
improvements should be a development policy priority. Dur-
ing the process to promote rural economic development, the
governments should also focus on themonitoring and assess-
ment of land quality and make measures to improve land
quality, and such improvement measures should be designed
together with farmers to meet their prior needs and use
appropriate techniques according to the local economic and
social conditions. In addition, increasing accessibility to
infrastructures may also have negative effects on land quality.
Infrastructure development is the basis for regional prosper-
ity, and a booming economy will result in more construction
of infrastructure. The expansion of basic infrastructure of
transportation such as roads, railways, and airports can
further take up land resources and further result in land over-
exploitation and degradation.The covering of the soil surface
with impervious materials as a result of urban development
and infrastructure construction is known as soil sealing. Seal-
ing of the soil and land consumption are closely interrelated;
when natural, seminatural, and cultivated land is covered
by impervious surfaces and structures, this will degrade
soil functions or cause their loss. To reduce the impacts of
infrastructure construction on land quality, the local govern-
ment should take the assessment of land degradation into
consideration during the construction of infrastructures.

Based on the above analysis results, to achieve sustainable
landmanagement, climate changes should bemonitored so as
to make adaptation measures to mitigate the impacts of cli-
mate changes on land quality; along with the socioeconomic
development, investments and better land management for
improving land quality should be definitely encouraged
through appropriate policy measures; human activities that
change the land surface, such as infrastructure constructions,
should be regulated on the basis of the assessment of impacts
on land quality, and corresponding land conservation mea-
sures should be taken during the construction process.
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To better understand variation in response of components of ecosystem evapotranspiration (ET) to grassland use differences, we
selected three typical land use patterns in a temperate steppe area: grazed steppe (G), steppe with grazers excluded (GE), and steppe
cultivated to cropland (C). ET was divided into its components evaporation (E) and canopy transpiration (T) using herbicide and a
chamber attached to a portable infrared gas analyzer (Li-6400). The results indicated that daily water consumption by ET in G was
3.30 kgm−2 d−1; compared with G, ET increased significantly in GE at 13.4% and showed a trend of 6.73% increase in C. Daily water
consumption by E increased 24.3% in GE relative to G, and C showed 20.2% more than GE. At 0.46, E/ET in C was significantly
higher than G at 0.35. Air temperature and the vapor pressure deficit were closely correlated with variation in diurnal ET, E, and
T. The leaf area index (LAI) was also positively correlated with daily ET and E varied among grassland use patterns and explained
variation in E/ET (81%). Thus, variation in LAI strongly influences the overall magnitude of ecosystem ET and the composition of
its components under different grassland use patterns.

1. Introduction

Large-scale changes in land use are strongly connected to
global climate change [1–3]. In recent years, changes in land
use patterns in large areas of grassland in Northern China
[4] have altered surface vegetation cover [5] and, as a result,
significantly influenced the ecosystem and regional environ-
ment [6]. Grazed steppe covers the majority of grassland
area in the European-Asian continent [7]. InNorthernChina,
grazing by livestock has long been the major anthropogenic
influence on the temperate grassland ecosystem. In recent
years, however, grassland destruction by sandstorms has
increased environmental protection awareness and govern-
ment input for grassland restoration in China, resulting in a
rapid increase in steppe area where grazing is excluded [1].
In contrast, in response to crop-planting limits and the need

for economic benefit, a large grassland area in the pastoral-
farming ecotone of the steppe in China has been converted
to cropland [8]. By altering vegetation, original soil structure,
andmicroclimate, changes in grassland usemay affect overall
ecosystem evapotranspiration (ET), as well as its components
soil surface evaporation by vapor loss (E) and canopy vapor
consumption by transpiration (T).These processes contribute
to carbon uptake [9].

Water is a critical limiting factor in arid and semiarid
grassland area inNorthernChina and influences productivity
and regional climate [10, 11]. ET is related to a number of
ecosystemprocesses, including photosynthesis, soilmoisture,
and latent heat transfer [12] and plays an important role
in global energy and water cycles [8]. The magnitude and
dynamics of ET differ with changes in vegetation traits, mete-
orological conditions, and soil characteristics [13]. Therefore,
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it is important to investigate how change in grassland use
patterns in the Northern China steppe has altered local
vapor budget and water balances, thereby influencing natural
ecological functions in these grasslands [14, 15] and impacting
regional climate.

Previous work on ET has been conducted primarily using
the eddy covariance system [15–17] and the lysimeter [18].
The eddy covariance system can record ET automatically
over long durations, but, because of its whole-ecosystem scale
[19], it is difficult to distinguish differences in water flux
among local sites. This problem can be resolved by using
a chamber attached to a portable infrared analyzer [20–
22], which is more suitable for measuring flux of adjacent
plots. Thus it can be used to determine the influence of the
land use type on water exchange within an ecosystem. In
addition, few previous studies have correctly divided ET into
soil evaporation (E) and transpiration (T) [8], resulting in
difficulty uncovering underlying mechanisms of variation in
ET [23, 24]. However, with a fine treatment such as clipping,
portable infrared gas analyzers measured the contribution
of E to total ET [25]. Measuring the components of ET (E
and T) is key not only to understand mechanisms underlying
variation in ecosystem ET with grassland use patterns [23]
but also to help resolve uncertainties in modeling simulation
of ET or latent heat and thereby to increase simulation
precision [25, 26].

We used herbicide rather than clipping and removing
the vegetation to more accurately divide ecosystem ET into
canopy T and surface E, as killing the vegetation with
herbicide leaves the structure intact, largely maintaining
the original level of shading. Specifically, we aimed to (i)
understand the effect of the varied grassland use patterns on
the components of ET and the daily vapor transfer between
the ecosystem and the atmosphere and (ii) investigate the
mechanisms underlying changes in ET and its composition
among different grassland use patterns in the steppe.

2. Materials and Methods

2.1. Study Area. This study was conducted on Stipa grandis,
a dominant grass of the temperate steppe, at Xilinhot, Inner
Mongolia, Northern China (43∘3224.06N, 116∘3341.76E,
elevation 1250m). The study site is located at 500 km north
to Beijing and is considered as an important sand source
of Beijing (Figure 1). Between 1982 and 2004, mean annual
temperature was 0.6∘C, and mean monthly temperature
ranged from −21.4∘C (January) to 18.5∘C (July) [20]. Mean
annual precipitation was 350mm,mainly falling from June to
August during themain growth period.Theweather ismainly
dry and windy, and the soils are chestnut or chernozem
soil. Data of the main meteorological parameters during the
experimental period (August 2012) are shown in Figure 2.

2.2. Observation Design. Three types of land use in adjacent
areas were selected for study: grazed steppe (G), steppe with
grazers excluded (GE), and steppe cultivated to cropland (C).
G is a typical steppe that has been grazed by sheep and
horses for more than 20 years. GE is steppe where herbivores
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Figure 1: The location of the study area and the pastoral-farming
ecotone in Northern China.
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during the experimental period from 1 August to 31 August 2012 in
a typical temperate steppe at Xilinhot, Inner Mongolia.

have been excluded since 1979 and a large amount of plant
litter remains on the ground. The original land use and
community structure of C were similar to G until 5 years
prior to the study, when the land was cultivated for wheat
cropping. No irrigation is applied to cropped areas. Organic
manure was applied prior to crop planting, and 240 kg hm−2
effective fertilizer (N 110 kg/ha, P

2

O
5

70 kg/ha, and K
2

O
60 kg/ha)was applied in two applications during crop growth.
At the center of the grazed steppe (G) (43∘3224.06N,
116∘3341.76E), an eddy covariance system was set up to
measure the water, carbon, and heat exchange between the
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Table 1: Microclimate characteristics of land use types (LT) and vegetation cover treatments (TR).

LT/Tr ST (∘C) SM (%) AT (∘C) VPD
G

DS 20.68 ± 0.81a 21.98 ± 0.81a 21.84 ± 1.00a 1.72 ± 0.14a

CL 20.94 ± 0.37a 21.34 ± 0.78a 21.89 ± 1.02a 1.78 ± 0.16a

CK 19.82 ± 0.71ab 21.91 ± 0.79a 21.79 ± 1.02a 1.68 ± 0.13a

GE
DS 17.69 ± 0.55bc 26.10 ± 0.56bc 21.71 ± 1.05a 1.76 ± 0.16a

CL 18.47 ± 0.32b 22.83 ± 0.67ab 22.01 ± 1.08a 1.81 ± 0.16a

CK 17.25 ± 0.46c 24.41 ± 0.30b 21.63 ± 0.97a 1.68 ± 0.14a

C
DS 18.76 ± 0.26abc 27.09 ± 0.51c 23.15 ± 0.89a 1.29 ± 0.14a

CL 20.55 ± 0.37a 24.23 ± 0.44b 23.39 ± 0.90a 1.28 ± 0.14a

CK 18.17 ± 0.42bc 26.33 ± 0.14c 23.09 ± 0.86a 1.22 ± 0.13a

Different letters in the same column indicate statistical differences at 𝑃 < 0.05. ST, soil temperature; SM, soil moisture; AT, air temperature; VPD, vapor deficit;
CK, control; DS, dry standing; Cl, clipped.

ecosystem and atmosphere. The flux tower was positioned
more than 800m from the boundaries of GE and C.

The study area was set up using a randomized block
design.Within each type of land use, there were four replicate
blocks (3.5m × 3.5m with 5m space between blocks). Four
1m × 1m plots were randomly arranged within each block,
with 1.5m between plots. Two weeks before observation
began, one plot in each block (DS)was randomly selected and
sprayed with herbicide (41% glyphosate, diluted with water
150 times). All vegetation in these plots withered in 2 days,
but the canopy remained standing and dry throughout the
observation period. Another plot in each block (CL) was
chosen in which the aboveground tissue was removed by
clipping, following the procedure used in previous studies
[20, 23]. The third randomly selected plot in each block
served as the control plot (CK) to which no further treatment
was administered. The fourth plot was used for destructive
sampling to determine the community characteristics of each
block, including above/belowground biomass, leaf area index
(LAI), and soil properties.

For determination of ET, we found that the herbicide
method (DS) resulted in shading and surface roughness
more similar to the control plots (CK) than the commonly
used clipping method [20, 23] (CL), providing more realistic
evaporation and microclimate conditions. Thus, the DS
methodprovides amore accurate determination of ecosystem
E, consequently improving the accuracy of separating T from
ET. This method assumes that transpiration in herbicide-
sprayed plots (DS) was completely suppressed by withering
of all living plant tissues. Thus, vapor exchange in DS plots
would mainly come from earth surface evaporation (E).
Plant transpiration (T) was calculated by subtracting E in
the DS treatment from ET in the control. Of the different
observational methods to partition the components of soil
evaporation (E) and canopy transpiration (T) from ecosystem
ET, our approach appears to be the most accurate, as it
disturbs the original environmental conditions the least
(Table 1) and avoids the influence of air advection or large
eddies [15, 18, 23].

2.3. Vapor Flux Measurements. Two weeks before observa-
tions began, a square metal base rim (50 cm × 50 cm in
area, 10 cm in height with 3 cm aboveground) was installed
in each of the three types of observed plot (CK, CL, and
DS) for the measurement of the vapor exchange rate. The
vapor exchange rate was determined by a cubic chamber
(50 cm × 50 cm × 50 cm) attached to an infrared gas analyzer
(IRGA, LI-6400, LiCor, Lincoln, NE, USA). When measure-
ments commenced, thirty consecutive recordings of vapor
concentrations were taken for each placed chamber at 1 s
intervals during 30 s periods. H

2

O flux rates were calculated
from the time courses of changing concentrations.The fluxes
of E were directly determined in the treatments of DS, and
the fluxes of ET were determined in CK plots. This static-
chamber method has been used and validated in previous
studies [23]. One temperature probe at the center measured
air temperature (AT) and another pushed into the soil aside
the chamber measured soil temperature (ST) at 5 cm depth.
The soil moisture (SM) was measured with a portable soil
moisture device (TDR100, Spectrum, Plainfield, IL, USA).

The water exchange ET and E rates were calculated based
on the formula [20, 23]

𝐹
ℎ

=
1000𝑉𝑃av
𝑅𝑆 (𝑇av + 273)

×
𝑑𝑐

𝑑𝑡
, (1)

where 𝐹
ℎ

is H
2

O flux (mmolm−2 s−1, positive 𝐹
ℎ

values
represent ecosystem vapor release and negative represent
vapor condensation); 𝑉 is the chamber volume (m3), 𝑃av
is the average pressure (kPa), 𝑅 is the ideal gas constant
(8.314 Jmol−1 K−1), S is the surface area covered by chamber
(m2),𝑇av is the average temperature (∘C) during themeasure-
ment, and 𝑑𝑐/𝑑𝑡 is the slope of linear least squares regression
of H
2

O concentration by time.
The transpiration rate (T) was calculated by the difference

between ET and E:
T = ET − E. (2)

Observations were conducted on clear sunny days during
the peak in live grassland biomass (August). Observations
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Table 2: Community characteristics of the three land uses.

Use pattern Grazing (G) Grazing exclusion (GE) Cultivation to cropland (C)
Constructive species Stipa grandis Stipa grandis Triticum aestivum
Average cover (%) 56.3 ± 2.4a 95.0 ± 2.0b 93.8 ± 1.25b

Average height (cm) 14.75 ± 0.95a 56.25 ± 5.54b 89.0 ± 1.29c

Soil organic carbon (g/kg) 11.98 ± 1.73a 15.10 ± 1.89b 19.77 ± 1.05c

Soil bulk density (g/cm3) 1.63 ± 0.02a 1.37 ± 0.06b 1.29 ± 0.02b

Leaf area index (LAI) 0.42 ± 0.03a 0.68 ± 0.05a 1.33 ± 0.13b

Total biomass (kg ∗ s−1) 2.04 ± 0.14a 3.01 ± 1.38b 1.02 ± 0.06c

Above/underground biomass (%) 3.73 ± 0.20a 5.95 ± 0.29b 64.50 ± 2.24c

C4 total biomass (%) 32.98 ± 1.70a 6.10 ± 2.26b 0c

Litter fall (g/m2) 1.60 ± 0.55a 84.81 ± 4.47b 10.98 ± 1.00c

Species abundance (S) 7.25 ± 0.63a 4.00 ± 0.41b 2.25 ± 0.25c

Mean ± standard; the different letters in the same row signify significant changes between them (𝑃 < 0.05).

were conducted continuously through the day at 1-hour
intervals over 12 days. During each day, measurements were
taken within one land use type to ensure similar weather
conditions within an ecosystem to maintain comparability of
data. Thus each land use or ecosystem type (C, G, and GE)
had 4 replicate days of observation.

Daily vapor exchange (E, T, and ET) in each of the three
ecosystems was calculated from the H

2

O flux rates obtained
with the portable infrared gas analyzers using the following
equation:

Daily water exchange = ∫
24:00

0:00

𝐹
ℎ

∗ 18 ∗ 10
−6

(kg H
2

O) ,

(3)

where 𝐹
ℎ

is the H
2

O flux (mmolm−2 s−1, positive 𝐹
ℎ

values
represent ecosystem vapor release and negative values repre-
sent vapor uptake).

2.4. Measurement of Community Characteristics. Species
composition, average height, and plant cover were measured
in the 12 observational plots in each of the three different
land uses of steppe (G, GE, and C). Aboveground biomass
was measured with the clipping method, and underground
biomass was measured with the root drill method [4]. LAI
was measured using the method proposed by Miao et al. [8].

2.5. Data Analysis. Origin 8.0 was used for figure drawing
and SPSS 12.0 was used for data analysis. Three one-way
ANOVAs followed by Duncan tests were used to analyze the
differences of ecosystem microclimates and community and
soil characteristics among the three land uses. Paired 𝑡-tests
compared the diurnal dynamics of ecosystem vapor exchange
within each of the three types of land use. One-way ANOVAs
and Duncan tests analyzed the mean daily accumulated E,
T, and ET among the three land uses. Linear regression
analysis compared the consistency of ET measurements
between the eddy covariance systemand the portable infrared
chamber method. Linear regression analysis was used to
evaluate the relationships of ET and its composition E/ET on
environmental factors.

3. Results

3.1. Microclimate and Community Characteristics of Land Use
Types. Soil temperature of G was significantly higher than
that of GE. At 2.5% less than GE and 4.42% less than C, G had
the lowest soil moisture (Table 1). Land use also significantly
affected soil condition but had little effect on aerial micro-
climate factors including temperature and VPD. Clipping
did not cause marked microclimate change in G blocks, but,
in GE and C blocks, CL plots had increased temperatures
and reduced soil moisture relative to CK plots (Table 1).
There were no significant differences of microclimate factors
between paired DS and CK plots.

Land use pattern substantially influenced the grassland
community characteristics. Total biomass in C and G was
significantly lower than inGE (Table 2).Theproportion of the
aboveground biomass and biomass of C4 plants also varied
significantly among the three types of land use (Table 2).
Litter fall was significantly higher in GE than in G or C. The
LAI was the lowest in G, with 300% higher LAI in C and
62% higher in GE (Table 2). The influence of land use on
soil properties was visible in the soil organic carbon (Table 2,
𝑃 < 0.05) and bulk density.

3.2. Components of ET in Response to Different Land Uses.
The daily dynamics of E, T, and ET among the different
land uses of grassland steppe were generally represented by
a unimodal curve that peaked around midday (Figures 3(a)–
3(c)), although a minor midday depression in T (Figure 3(b))
may have driven a similar trend in ET (Figure 3(c)).

GE and C both tend to increase the average daily ET
of the grazed steppe, which was 3.30 kgm−2 d−1 (Figure 4).
Cultivation significantly increased ecosystem ET 13.4% over
that of grazed steppe (3.74 kgm−2 d−1; 𝑃 < 0.05), whereas the
change in grazing exclusion (3.52 kgm−2 d−1; 𝑃 < 0.05) was
not significant.

Land use type did not significantly affect T (𝑃 > 0.05)
but increased rates of E relative to C in G and GE (24.3%
and 40.2%, resp.) (𝑃 < 0.05). Consequently, variation in E
was the driving cause of differences in ET among the three
grassland uses (Figures 3(a) and 4(a)). The proportion of
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Figure 3: Daily dynamics of vapor exchange composition of
different land uses during the peak growing period. (a) Evaporation
(E); (b) transpiration (T); (c) evapotranspiration (ET). Error bar was
1 SE. G; grazing; GE, grazing excluded; C, crop.

evaporation to total vapor consumption (E/ET, Figure 4) of C
was significantly increased in comparison with G (𝑃 < 0.05).

3.3. Relationships between Components of ET and Microcli-
mate Factors. The components (E, T) of total ecosystem
vapor consumption (ET) were significantly correlated with
AT and VPD among different grassland uses (Figures 5(a)–
5(f), 𝑃 < 0.001). AT explained a large proportion of
the variance in ET among the types of steppe land uses
(Figure 5(a), 81–83%).

Variation among the grassland uses in sensitivity of the
components of ET to microclimate factors was reflected by
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Figure 4: Compositions of mean daily ecosystem vapor consump-
tion (E, T, ET, and E/ET) for different steppe grassland uses. The
values represent the daily mean values (means ± 1 SE) in the
peak growing period. Different letters in each bar group indicate
significant difference (𝑃 < 0.05). G, grazing; GE, grazing excluded;
C, crop.

differences in their regression slopes. The sensitivity of T
to VPD (Figure 5(f), 0.14–0.16) and AT (Figure 5(c), 1.20–
1.31) did not differ substantially among the three land uses.
However, crop cultivation increased the sensitivity of E to AT
by 160% relative to grazed steppe (Figure 5(b)). Moreover, in
GE andCplots, the slope of the regression of E toVPDwas 1.4
and 3.3 times that of grazed plots, respectively (Figure 5(e)).
The differential sensitivity of E led to a variable overall
response of ET to VPD and AT among the three grassland
uses. ET responded more strongly to AT (Figure 5(a)) and
VPD (Figure 5(d)) in cultivated plots than grazed or grazer
exclusion plots.

3.4. Relationships between Components of ET and Community
Traits. Variation in each of the community traits (above-
ground biomass, LAI, soil bulk density, and mean soil mois-
ture) was significantly linearly correlated with mean daily
vapor consumption by E and ET among different patterns
of grassland use (Figure 6, all 𝑃 < 0.01). In particular, a
large proportion of the variance in both ET and E were
explained by LAI (78–87%) and soil moisture (89–90%).
Trends of linear correlation between ET and biomass, LAI,
soil bulk density, and soil moisture were consistent with those
of E. There were no significant relationships between T and
aboveground biomass, LAI, soil bulk density, or soil moisture
(Figure 6, 𝑃 > 0.05).

3.5. Mechanisms Underlying Variance in E/ET among Steppe
Grassland Uses. Linear correlations between mean daily
vapor consumption and mean daily E/ET were significant
for both E (Figure 7(a), 𝑃 < 0.001) and T (Figure 7(b),
𝑃 < 0.05), though the relationship was stronger for E.
Additionally, mean daily water consumption by E explained



6 Advances in Meteorology

10 20 30 40
Air temperature (∘C)

0

3

6

9

12
ET

 (m
m

ol
 m

−
2

s−
1
)

G slope = 0.22, R2 = 0.81∗∗∗

GE slope = 0.20, R2 = 0.83∗∗∗

C slope = 0.31, R2 = 0.82∗∗∗

G
GE

C

(a)

0

2

4

6

10 20 30 40
Air temperature (∘C)

E
(m

m
ol

 m
−
2

s−
1
) G slope = 0.05, R2 = 0.64∗∗∗

C slope = 0.13, R2 = 0.77∗∗∗
= 0.07, R2 = 0.69∗∗∗GE slope

G
GE

C

(b)

0

3

6

10 20 30 40
Air temperature (∘C)

T
(m

m
ol

 m
−
2

s−
1
)

G slope = 0.16, R2 = 0.78∗∗∗

GE slope = 0.14, R2 = 0.75∗∗∗

C slope = 0.16, R2 = 0.64∗∗∗

G
GE

C

(c)

0 2 4
VPD (kPa)

0

3

6

9

12

ET
 (m

m
ol

 m
−
2

s−
1
)

G slope = 2.08, R2 = 0.74∗∗∗

GE slope = 1.77, R2 = 0.79∗∗∗

C slope = 2.61, R2 = 0.81∗∗∗

G
GE

C

(d)

0 2 4
VPD (kPa)

0

2

4

6
E

(m
m

ol
 m

−
2

s−
1
)

G slope = 0.39, R2 = 0.62∗∗∗

GE slope = 0.53, R2 = 0.63∗∗∗

C slope = 1.28, R2 = 0.75∗∗∗

G
GE

C

(e)

0 2 4
VPD (kPa)

0

3

6

T
(m

m
ol

 m
−
2

s−
1
)

G slope = 1.20, R2 = 0.82

GE slope = 1.25, R2 = 0.79

C slope = 1.31, R2 = 0.60

G
GE

C

(f)

10 20 30
Soil temperature (∘C)

0

3

6

9

12

ET
 (m

m
ol

 m
−
2

s−
1
)

G slope = 0.24, R2 = 0.26∗∗∗

GE slope = 0.31, R2 = 0.23∗∗∗

C slope = 0.29, R2 = 0.07∗∗∗

G
GE

C

(g)

10 20 30

0

2

4

6

E
(m

m
ol

 m
−
2

s−
1
)

G slope = 0.06, R2 = 0.42∗∗∗

GE slope = 0.15, R2 = 0.67∗∗∗

C slope = 0.19, R2 = 0.21∗∗∗

G
GE

C
Soil temperature (∘C)

(h)

10 20 30

0

3

6

T
(m

m
ol

 m
−
2

s−
1
)

G slope = 0.18, R2 = 0.28∗∗∗

GE slope = 0.24, R2 = 0.29∗∗∗

C slope = 0.14, R2 = 0.05∗∗

G
GE

C
Soil temperature (∘C)

(i)

20 30

0

3

6

9

12

ET
 (m

m
ol

 m
−
2

s−
1
)

G∧

GE∧

C∧

Soil moisture (v/v%)
G
GE

C

(j)

20 30

0

2

4

6

E
(m

m
ol

 m
−
2

s−
1
)

G slope = 0.03, R2 = 0.03∗

GE slope = 0.04, R2 = 0.03∗

C∧

Soil moisture (v/v%)

G
GE

C

(k)

20 30

0

3

6

T
(m

m
ol

 m
−
2

s−
1
) G∧

GE∧

C∧

Soil moisture (v/v%)
G
GE

C

(l)

Figure 5: Relationships between microclimate factors (AT, VPD, ST, and SM) on vapor exchange rates (ET, E, and T) across the three land
uses of steppe. R2 and probabilities of regressions are shown; ∧𝑃 > 0.05; ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001. G, grazing; GE, grazing
excluded; C, crop.
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Figure 6: Continued.
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Figure 6: Relationships between mean daily water consumption components (E, T, and ET) on aboveground biomass, leaf area index (LAI),
soil bulk density, and soil moisture across the three different steppe land uses. Error bar in WUE was 1 SE. R2 and probabilities of regressions
are shown; ∧𝑃 > 0.05; ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001. G, grazing; GE, grazing excluded; C, crop.

three times more variance in E/ET than T (90% versus
30%). LAI (Figure 7(c)) and soil moisture (Figure 7(d)) were
also positively correlated with E/ET, while the relationship
between LAI and soil moisture depended on the level of
LAI. When LAI was less than 1, soil moisture was positively
linearly correlated with LAI, but values of LAI larger than 1
did not stimulate corresponding increases in soil moisture
(Figure 7(e)).

4. Discussion

4.1. Effect of Grassland Use Types on the Components of
ET. Because ecosystem ET takes away heat from the earth
surface through latent heat transport, variation in ET with
different grassland uses may alter the energy budget and
consequently affect the regional climate [8]. ET rates deter-
mined by converted latent heat measurements taken by
the eddy covariance system were highly correlated with ET
rates measured using the chamber method (Figure 8, 𝑃 <
0.01), confirming the reliability of chamber-measured vapor
exchange rates. In addition, our measurements of ET rates in
the three different patterns of grassland use were comparable
to relevant previous work and modeled data for adjacent
areas [1, 8, 26]. Though the chamber-measured ET rates were
highly correlated with eddy covariancemethods, yet there are
uncertainties, which are caused by the measurement devices,
in ET compositions (E and T). The certain deviation in this
method is due to the chamber. Since the chamber blocked the
natural wind, this should cause underestimate of surface E
and lead to a certain overestimate of T rates.

Previous research has shown that different land uses
can significantly change community structure [27, 28], soil
properties [29, 30], and microclimate conditions [31–33],
which may be correlated with ecosystem vapor exchange

[34–37]. Consistent with this previous work [8, 24], our
study demonstrated that cultivation and exclusion of grazing
increased ET, the total vapor consumption of an ecosys-
tem. Our examination of the individual components of ET
revealed that it was evaporation (Figure 4, 𝑃 < 0.05), not
transpiration (Figure 4, 𝑃 > 0.05), that caused the variance
in ET among the different land uses of the steppe (Figure 4,
Figure 6). Although few previous experimental studies in
grassland ecosystems have separated ET into E and T [25],
a study doing so in an agricultural ecosystem also found that
changes in E were more important than those in T in driving
patterns of ET, among different crop species [24].

Despite the suggestion of previous large-scale studies
including cross regional simulations [26, 37] and long-term
observations [8] that vegetation with higher LAI should
have lower E/ET, our findings corroborated those of another
regional study [24], showing that E/ET was higher in land
use types with higher LAI in adjacent areas (Figure 4). These
contrasting results demonstrate that the components of ET
may respond variably to increases in LAI depending on
the spatial and temporal scale of the study. The positive
relationship between E/ET and LAI in our study (Figure 7(c))
may be owing to the shading effect of redundant LAI. During
the peak growing season, when LAI reaches its maximum,
an individual plant in any grassland use type has redundant
leaves which are shaded by those newer and higher leaves
of its own. Thus, in those land uses with higher LAI, the
increase of LAI just enhanced the shading; ineffective leaves
would not contribute substantially to an increase in canopy
T. In contrast, increased shading in communities with a
larger LAI would result in higher soil moisture. In arid and
semiarid areas, where water supply is a limiting factor of E
[26], increased soil moisture would stimulate higher rates of
surface E.
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Figure 7: Relationships between mean daily E/ET and mean daily (a) E, (b) T, (c) LAI, and (d) soil moisture and (e) the relationship between
LAI and mean daily soil moisture. ∧𝑃 > 0.05; ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001.
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Relative to grazed areas, grazer exclusion and cultivation
both tended to increase ecosystem ET (Figure 4), which facil-
itates water transfer from the grassland to the atmosphere.
Despite similar effects on ET, these two patterns of grassland
use (GE, C) may have differing effects on regional climate.
Elevated rates of ET would increase regional precipitation
in both types of systems, but the larger mass of accumu-
lated litter in grasslands with grazers excluded (Table 2)
would increase rainfall absorption and infiltration, reducing
water loss by overflow and evaporation. In contrast, without
accumulated litter (Table 2), lower rainfall infiltration in
cultivated steppe [8] would reduce ground water supplemen-
tation, and ground water may eventually be exhausted by
elevated vapor loss (Figure 4). Thus, long-term cultivation of
steppe may intensify drought and cause damage to regional
ground water stores, whereas grazer exclusion may increase
soil moisture content sustainably, with corresponding effects
on regional climate through increased precipitation and
humidity.

4.2. Factors Driving the Variation of Components of ET among
Patterns of Grassland Use. In arid and semiarid areas, soil
water content is a key factor controlling vapor loss [8,
23], and previous studies have shown that soil moisture is
closely related to ET and E [20, 23, 31]. Similarly, in this
study, variation in soil moisture among different land uses
explained 90% and 89% of the mean daily ET (Figure 6(j))
and E (Figure 6(k)), respectively. Additionally, we found
that soil moisture variation among patterns of grassland use
may be caused by changes in LAI with land use (Table 2).
This was demonstrated by strong positive relationships of
LAI and soil moisture (Figure 7(e)), where LAI explained
95% of soil moisture variation, and may also underlie
the close correlations of LAI with ET (Figure 6(d)) and E
(Figure 6(e)). Furthermore, significant relationships of ET
andEwith abovegroundbiomass and soil bulk densitymay be

because these community traits are inherently related to LAI
(Figure 6). In contrast to previous work conducted on large
spatial and temporal scales [26, 31], we found no significant
relationships between LAI and T (Figure 6(f)). Comparison
of these studies with our work and similar findings in an
agricultural system [24] suggest that the influence of LAI on
vapor consumption may vary with scale.

Few studies have been conducted on the daily dynamics
and controlling factors of ecosystem ET and its components.
At the large spatial and temporal scale, evidence suggests that
change in ET may be closely related to some microclimate
factors and soil traits, such as VPD, air temperature, soil
temperature, and soil moisture [23, 26, 31]. Consistent with
previous conclusions, we found thatVPDand air temperature
were significantly related to ET, E, and T (Figure 5). In
particular, AT explained 80% of the variation in ET rates
among varied land uses (Figure 5(a)). However, unlike previ-
ous studies [23, 31], changes in soil temperature andmoisture
were not correlated with E and T (Figure 5). Instead, we
suggest that soil moisture may contribute to vapor exchange
regulation indirectly. Since soil water supply ability varies
with soil moisture, we assumed that soil moisture may be the
primary factor controlling the regression slope of E and ET
with AT and VPD under different grassland use patterns.

E/ET, the contribution of E (rather than T) to total
ecosystem vapor consumption (ET) [24, 38], is an important
trait of water vapor exchange and the ecosystem in general
[39]. Measurements of E/ET in this study (approximately 0.4,
Figure 4) were comparable with those obtained by modeling
[37] and experimental observation [31] in similar ecosystems.
Variation in mean daily E (Figure 7(a)) and T (Figure 7(b))
both significantly affected E/ET, although E explained three
times more variation in E/ET than T. Thus, variation in
surface vapor consumption (E) was more important in
controlling patterns of E/ET among grassland use types.
Moreover, because soil moisture directly regulates E [10],
soil moisture was also significantly positively related to E/ET
(Figure 7(d)). Finally, change in LAI with varying patterns
of land use was a significant predictor of soil moisture
(Figure 7(e)), which is similar to Xu et al.’s result [32].
Consequently, LAI explained 81% of the variation in E/ET
(Figure 7(c)). These results corroborate the conclusions of a
previous modeling study [26] that LAI is a primary commu-
nity characteristic involved in regulation of the components
of ecosystem ET.

5. Conclusions

Land use changes in grasslands of temperate steppe ecosys-
tems, such as cultivation and grazing exclusion, may signifi-
cantly influence vegetation and soil properties as well as some
microclimate factors. Thus, variation in grassland use may
have large effects on the vapor budget. Our results indicated
that grassland cultivation and grazing exclusion both tend
to increase ecosystem ET, with a significant increase in cul-
tivated steppe. Differential litter accumulation and resultant
infiltration of rainfall to ground water among grassland uses
suggest that large-scale cultivationmay intensify aridity of the
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steppe area in Northern China, while the grazing exclusion
may gradually alleviate local arid conditions. Division of ET
into its components indicated that changes in ET in cultivated
and grazer excluded grassland were primarily caused by
elevated E, while T did not increase significantly. Through
shading, variation in LAI with land use type substantially
influenced the soil moisture, thus acting as a key regulator
of E and even ET and E/ET in the ecosystem. Consequently,
LAI is the primary regulating factor of the magnitude and
composition of grassland-atmosphere vapor exchange under
different grassland uses. These observed results would help
reduce the uncertainty of relevant models in simulating
ET and the surface energy budget and provide significant
reference for the land usemanagement to alleviate the climate
change.
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Inland surface water is essential to terrestrial ecosystems and human civilization. Accurate mapping of surface water dynamic is
vital for both scientific research and policy-driven applications. MODIS provides twice observation per day, making it perfect for
monitoring temporal water dynamic. Although MODIS provides two bands at 250m resolution, accurately deriving water area
always depends on observations from the spectral bands with 500m resolution, which limits its discrimination ability over small
lakes and rivers. The paper presents an automated method for downscaling the 500mMODIS surface reflectance (SR) to 250m to
improve the spatial discrimination of water body extraction.Themethod has been tested at Co Ngoin and Co Bangkog in Qinghai-
Tibet plateau. The downscaled SR and the derived water bodies were compared to SR and water body mapped from Landsat-7
ETM+ images were acquired on the same date. Consistency metrics were calculated to measure their agreement and disagreement.
The comparisons indicated that the downscaled MODIS SR showed significant improvement over the original 500m observations
when compared with Landsat-7 ETM+ SR, and both commission and omission errors were reduced in the derived 250m water
bodies.

1. Introduction

Inland surface water bodies include fresh and saline lakes,
rivers, and reservoirs in the land. Although inland surface
water only covers a small portion of global land, it is essential
to terrestrial ecosystems and human civilization. For exam-
ple, the distribution of surface water in space and its dynamic
over time would greatly alter the Earth’s surface conditions
and influence the general circulation of the atmosphere [1, 2].
On the other hand, by influencing the hydrological cycle
and water phase variability, variations in temperature and
precipitation strongly affect lakes and glaciers. They would
also impose some feedback on the climate system and affect
the environment of human beings [3, 4].Thus, the expansion
and shrinkage of lakes are related to many environmental
and ecological issues and are important factors that must
be considered in human socioeconomic development [5].

Particularly, in themountain regions, as the alpine hydrologic
environment has been minimally disturbed by human activ-
ities, such as agricultural settlements and irrigation, the high
altitude lakes are sensitive to the changes in air temperature,
precipitation, snow-glacier melt, and soil frost degradation
[6]. Because of the remoteness and inaccessibility of the lakes
in mountain regions, remote sensing provides quick views of
land from distance and has been proven to be the most effec-
tive way for mapping surface water in terms of spatial dis-
tribution and dynamic [7]. Data acquired frommany remote
sensing sensors, such as Landsat-5 TM (Thematic Mapper),
Landsat-7 ETM+ (Enhanced Thematic Mapper Plus) and
MODIS (Moderate Resolution Imaging Spectroradiometer),
have been used for water mapping [8]. Although remote
sensing data with higher spatial resolution (e.g., Landsat-
5 TM and Landsat-7 ETM+) are able to delineate smaller
water bodies, its long repeating time (16 days) limits it from
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catching rapid water dynamic due to seasonal or extreme
weather events, such as heavy rainfall [9]. The long repeating
time alsomakes it difficult to observe the water body progress
especially in cloudy areas due to its vulnerability to cloud
contaminations [10].Quick repeating remote sensing sensors,
such as MODIS on board of Terra and Aqua, are able to
catch water body changes precisely with their high temporal
resolutions,making it particularly suitable for detectingwater
body dynamic for large areas [11]. The downside of MODIS
is the low spatial resolution. MODIS has only two 250m
bands, but water bodies are usually detected at 500m since
they requireGreen or SWIRbands at 500m resolution, unless
combining other high resolution reference data. Ji et al. found
that the Normalized Difference Water Index (NDWI) calcu-
lated from Green and SWIR with shorter wavelength region
(1.2 to 1.8 um) had the most stable threshold to delineate
surface water features [12]. Soti et al. suggested that among
several water indices, two middle infrared-based indices
(MNDWI—Modified Normalized Difference Water Index
and NDWI) were most efficient for locating and monitoring
temporary ponds in arid lands [13]. Another example is the
production of the MODIS water mask data set (MOD44W)
by combining MODIS 250m bands and 90m SRTM water
body dataset [14]. However, previous studies have suggested
that there are possible relationships between the 250m bands
and other 500mMODIS bands, and such relationships can be
used for improving the spatial resolution with MODIS data
downscaled to 250m. For example, Discrete Wavelet Trans-
form (DWT) fusionmethod by decomposing high resolution
images and inverse DWT was used to generate other related
high resolution images. However, DWT fusion method had
lower visual interpretation [15]. Trishchenko et al. proposed
an adaptive regression model for every generic scene type
(vegetation, desert/barren land, snow, water and cloud),
relatingMODIS band3–7 with band1, band2 and Normalized
Difference Vegetation Index (NDVI) to obtain band3-7 SR
at 250m. The adaptive regression model was mainly built
on MODIS MOD 02-Level-1B calibrated and geo-located at-
aperture radiances product (MOD02HKM/MOD02QKM)
without atmospheric conditions correction [16].Therefore, to
build an adaptive regression model, atmospheric correction
aimed to adjust for atmospheric scattering and absorption
effects and a generic land cover classification were needed,
which required complicated processing steps and much time
[17].

This paper presents a downscaling method based on the
modified adaptive regressionmodel towards extracting water
bodies from MODIS SR at 250m resolution. The method
was applied to the MODIS image acquired in Co Ngoin and
Co Bangkog in the Tibetan Plateau. Finally, we make com-
parison between the extracted water area at original 500m,
downscaled 250m and water mask visually interpreted from
Landsat-7 ETM+ data acquired on the same date.

2. Study Area and Data Sources

2.1. Study Area. The Qinghai-Tibet plateau (QTP) is located
in central Asia, with an average elevation over 4,000m and is

called “the Third Pole” of the Earth and “Asian water tower”
because of the thousands of lakes formed by water melted
from the large glaciers in QTP [18]. Among all the lakes
in QTP, Co Ngoin and Co Bangkog located in the center
of the plateau is selected as the study area to represent the
lakes in QTP, primarily because their complex shapes and
shorelines are perfect for investigating the improvement
after incasing the spatial discrimination (Figure 1). Both Co
Ngoin (31∘24–31∘32N and 91∘28–91∘33E) and Co Bangkog
(31∘40–31∘47N and 89∘26–89∘39E) are located in the basin
of Selin. The area of Co Ngoin is 61.3 km2 and supplied by
rivers in its southwest. Average annual temperature in the
lake catchment is −2.0∼0.0∘C, and the annual evaporation is
around 1,000mm. Annual precipitation fluctuates between
300 and 600mm,. and more than 80% annual precipitation
concentrates between May to September and falls mainly
as hailstorms [19]. Co Bangkog is about 90 km2 in area and
the average annual temperature in the lake catchment is
−2.0∼ −1.0∘C.The annual precipitation is 308.33mm and the
annual evaporation is around 2238.6mm. More thunder-
storms and hail concentrate in July and August [20]. In rainy
seasons, regional continuous precipitation could result in the
expansion and shrinkage of lake area over several days in
QTP. For example, there was twice continuous precipitation
in the period of both from August 31 to September 5th
and from September 16 to 17 for Zhuonai lake, which led
to the dramatic extension of lake area. After flooding, the
area of Zhuonai lake declined steeply [21]. MODIS provides
twice observation per day, making it particularly suitable for
detecting water body rapid dynamic.

2.2. Data Sources. TheMODIS sensor on the Terra and Aqua
satellites has viewing swath width of 2,330 km and a revisit
period of one day with 36 spectral bands ranging in wave-
length from 0.4 𝜇m to 14.4 𝜇m.The sensor takes observations
at R and NIR bands at a nominal resolution of 250m at
nadir, five bands at 500m, and the remaining 29 bands at
1 km (Table 1) [22]. MOD09GA provides MODIS 𝐵1–7 daily
SR at 500m resolution and 1 kmobservation and geo-location
statistics. MOD09GQ providesMODIS 𝐵1-2 daily SR at 250m
resolution in conjunction with theMOD09GAwhere impor-
tant quality and viewing geometry information is stored [23].
The two products are distributed in the Sinusoidal (SIN)
projection and HDF-EOS format. The global coverage of the
datasets is divided into 648 tiles. The data were downloaded
from http://modis.gsfc.nasa.gov/.

TheLandsat-7 ETM+ image acquired on the samedates as
MODIS data was collected for validating the results because:
(1) The Terra MODIS and Landsat-7 are in the same orbit,
with MODIS Terra nadir observations occurring approxi-
mately 15min after Landsat-7 observations while the orbit of
Landsat-5 is greatly different from MODIS Terra which may
lead to disagreements on SR due to Bidirectional Reflectance
Distribution Function (BRDF) effect [24]; (2) The MODIS
bands have been proven to be comparable and strongly
agree with the 6 Landsat-7 ETM+ multispectral bands [25]
(Table 1). We only use the Landsat-7 ETM+ SR acquired
before 2003 to avoid the scan-line corrector (SLC) off issue.
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Figure 1: Locations of Co Ngoin and Co Bangkog (RGB543 TM image).

Table 1: Bands information comparison of MODISa and Landsat-7 ETM+b.

Acquisition date 7 October 2000

Band MODIS band MODIS
resolution (m)

MODIS
bandwidth (nm)

Landsat-7
ETM+ Band

ETM+
resolution (m)

ETM+
bandwidth (nm)

R 1(𝐵
1

) 250 620–670 3 30 630–690
NIR 2(𝐵

2

) 250 841–876 4 30 780–900
B 3(𝐵

3

) 500 459–479 1 30 450–520
G 4(𝐵

4

) 500 545–565 2 30 530–610
SWIR1 6(𝐵

6

) 500 1628–1652 5 30 1550–1750
SWIR2 7(𝐵

7

) 500 2105–2155 7 30 2090–2350
a http://www.gscloud.cn/userfiles/file/MOD09 UserGuide.pdf.
b http://landsathandbook.gsfc.nasa.gov/pdfs/Landsat7 Handbook.pdf.

The coincident Landsat-7 ETM+ SR (http://www.landcover
.org/data/gls SR/), had been preprocessed by Landsat ecosys-
tem disturbance adaptive processing system (LEDAPS, ver-
sion 1.2.0) algorithm to compensate for atmospheric scatter-
ing and absorption effects [26].

3. Methodology

3.1. DownscalingMethod. Based on the nonlinear correlation
betweenMODIS𝐵

3
to𝐵
7
and𝐵

1
,𝐵
2
andNDVI [27], a regres-

sion model is designed to calculate regression parameters for
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Figure 2: The flow chart for the downscaled method.

500m resolution, which is then applied to MODIS 250m 𝐵

1

and 𝐵
2
to predict corresponding 𝐵3–7 SR (Equation (1)). The

logic and sequence of operations for this processing scheme
(Figure 2) as follows:

𝐵

𝑖(3–7) = 𝑎0,𝑖 + (𝑎1,𝑖𝐵1 + 𝑎2,𝑖𝐵2) (1 + 𝑎3,𝑖NDVI) , (1)

where NDVI = (𝐵

2
− 𝐵

1
)/(𝐵

2
+ 𝐵

1
) and 𝐵

𝑖
is the observed

reflectance for band 𝑖.

Step 1 (data blocking). A fewnegative SR values resulted from
atmospheric correction algorithm [23] were firstly filled with
1. To minimize the impact of vegetation diversity across dif-
ferent climatic and ecological zones, latitudinal variation of
surface properties, and sun-view geometry effects on the SR
prediction, each MOD09GA tile was equally divided into
blocks (4 × 4) where pixels within the NDVI range of 0.1
as homogeneous land cover type were in the same regres-
sion units. Similar processes were applied to corresponding
MOD09GQ tile as well.

Step 2 (training samples collection). To build the model pre-
cisely, three sampling rules were applied: (1) pixels with cloud
contaminations and detector problem, identified by the 1 km
QA layer inMOD09GA [23], were filtered; (2) heterogeneous
pixels were excluded. Specifically, a window of 3 × 3 MODIS
pixels was used to calculate the value range of each centered
pixel as the difference between the maximum and the min-
imum values of the 9 MODIS pixels. A MODIS pixel was

homogeneous if the value range was less than a predefined
threshold value tested by Feng et al. [28]; (3) for the regression
unit without adequate homogeneous samples, these samples
were then pooled with other homogeneous samples within
corresponding block to form an ensemble training sample.

Step 3 (regression coefficients calculation). In each regres-
sion unit, taking 𝐵

1
, 𝐵
2
, and NDVI as independent variables

and 𝐵
3
to 𝐵
7
as dependent variables separately at 500m res-

olution, regression coefficients were derived using the non-
linear least-squares method of Press et al. [29]. Subsequently,
according to the NDVI, each pixel at 250m resolution was
matched to specific regression coefficients within the parallel
blocks. Pixels with NDVI values out of the range of NDVI
at 500m resolution were assigned to coefficients related to
nearestmaximumorminimumNDVI at 500m.Thematched
regression coefficients finally were applied to MODIS 250m
𝐵

1
and 𝐵

2
SR to generate the surrogate intermediate 𝐵

3
to 𝐵
7

SR at 250m.

Step 4 (spectral normalization). A simple 2× 2 activewindow
for preserving the radiometric consistency was utilized to
average SR values of four pixels at 250m to the corresponding
pixel SR at the original 500m resolution.

3.2.Water Extraction Based onMultipleWater Indexes. Water
body extraction is mainly based on the visible, near-infrared
and shortwave-infrared band reflectance difference in water
fromother land cover types (e.g., vegetation, soil, and resident
region) [30]. For example, NDWI proposed by Mcfeeters
took advantage of the obvious difference of reflectance in the
visible green and near-infrared wavelengths (Equation (2))
[31]. However, Xu discovered that the reflectance of water
in the shortwave-infrared band is generally a little lower to
augment the difference with the visible green in comparison
with near-infrared band, hence MNDWI was proposed to
detect water body (Equation (3)) [32]. Consider

NDWI = CH4 − CH2
CH4 + CH2

(2)

MNDWI = CH4 − CH6
CH4 + CH6

,
(3)

where CH2, CH4, and CH6 are near-infrared, visible green,
shortwave-infrared band reflectance in MODIS, respectively.

To our knowledge, single NDWI or MNDWI is difficult
to distinguish water from other features. For example,
shallow or low quality water bodies showing weak water
character in the multispectral bands, are difficult to be
identified. Hill shade and shadow may also show similar
spectral profile and cause errors in water extraction.
Therefore, water body extraction model built in this paper
integrates NDWI and MNDWI with spectral relation
between near-infrared, shortwave-infrared band [33]. More
specifically, typical water bodies were identified using a
stable threshold value of NDWI (0.1). Since MNDWI is
more sensitive to water bodies and ice and snow, it was used
to extract ice and snow of the QTP region [34]. Finally,
unlike other features (such as vegetation and soil), water
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Figure 3: Flow chart of lake detection with multiple water indexes.

in the short-wave infrared reflectivity is lower than the
near infrared wave band, thus spectral relation between
short-wave infrared and near infrared band can distinguish
the difference between water and land mixed pixels [35].
Figure 3 presents the steps of the water detection process.

3.3. Implementation and Sharing of theMethods. Themethod
was implemented using C and Python programming lang-
uages. Open-source libraries, that is, GDAL/OGR (http://
www.gdal.org/), PROJ4 (http://trac.osgeo.org/proj/), NumPy
(http://www.numpy.org/),Matplotlib (http://matplotlib.org/),
were integrated into the implementation to avoid using com-
mercial software and also to enable application on multi-
ple platforms, for example, Linux, Windows. The method
implementation has also been standardized and deployed
on a model sharing platform to promote applications of the
method in the scientific research communities. The shared
model can be called and interacted through predefined
protocols, such as the Open Geospatial Consortium (OGC)
Web Processing Service (WPS) standard. Detail of the model
sharing can be found in [36].

4. Validation

To evaluate the performance ofMODIS downscalingmethod,
it was applied to MODIS SR acquired in Co Ngoin and Co
Bangkog, and the results were compared to simultaneously
acquired Landsat-7 ETM+ SR. The Landsat-7 ETM+ SR
was aggregated to match the MODIS spatial resolution
for comparisons. Water bodies extracted from the original
and downscaled MODIS SR data were compared to water
body visually interpreted from Landsat-7 ETM+ images.
Confusionmatrix was calculated tomeasure their agreement.

4.1. MODIS-Landsat-7 ETM+ SR Comparison. The original
and downscaled images were compared to coincident Land-
sat-7 ETM+ SR, respectively. When comparing the results

derived from MODIS to Landsat, the Landsat pixels were
aggregated toMODIS projection and pixel footprint for com-
parison to minimize the error caused by reprojection. The
Landsat data is distributed at 30-m resolution in Universal
Transverse Mercator (UTM) projection. The area of a 250-m
MODIS pixel is roughly 64 times of a Landsat pixel. In order
to match the coverage of each MODIS pixel more accurately,
the four corners of each MODIS pixel are used to draw a
polygon, which represents the footprint of the MODIS pixel.
The polygon was re-projected to Landsat UTM projection,
and only Landsat pixels located within the polygon were
used for calculate an average reflectance value for the cor-
responding MODIS pixel, which was then compared to the
SR value of the MODIS. Additionally, MODIS has a wider
view than Landsat-7. To avoid disagreement caused by view
zenith angles differences, cloud and shadow, only the cloud-
free pixels with view zenith angles within the view zenith
angle range of the Landsat-7 (i.e., ±7.5∘ from nadir) were used
in the comparison.

Consistency metrics were calculated to measure the
agreement and disagreement between the original and down-
scaledMODIS SR and aggregated Landsat-7 ETM+ SR.These
evaluation metrics were quantified by Mean Absolute Error
(MAE), Root-Mean-Squared Difference (RMSD) recomme-
nded by Willmott [37]. Consider

MAE =
𝑛

∑

𝑖=1









𝑀

𝑖
− 𝐿

𝑖









𝑛

, (4)

where 𝑀
𝑖
and 𝐿

𝑖
are the measured SR values for MODIS

and aggregated Landsat-7 ETM+, 𝑛 is the count of joint
observations in the sample. In order to reduce uncertainties of
MODIS and Landsat-7 ETM+ SR values, the linear relation-
ship (𝑀 = 𝛼+𝛽𝐿) between𝑀 and𝐿wasmodeled byReduced
Major Axis (RMA) regression to calculate the parameters
𝛼 (intercept), 𝛽 (slope), and 𝑅

2 (correlation coefficient).
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where 𝑀, 𝑆
𝑀
, 𝐿, and 𝑆

𝐿
are mean and sample variance of

𝑀 and 𝐿, respectively, and 𝑆
𝑀𝐿

is covariance of 𝑀 and 𝐿.
Consider

MSE
𝑠
=

𝑛

∑

𝑖=1

(

̂

𝑀

𝑖
− 𝐿

𝑖
)

2

𝑛

MSE
𝑢
=

𝑛

∑

𝑖=1

(𝑀

𝑖
−

̂

𝑀

𝑖
)

2

𝑛

,

(6)

where ̂

𝑀

𝑖
is predicted MODIS SR value from a Landsat-7

ETM+-derived SR value based on the modeled correlation
(𝑀 = 𝛼 + 𝛽𝐿). Systematic error (MSE

𝑠
) represents the dif-

ference between the trend of MODIS-derived and Landsat-7
ETM+ SR while unsystematic error (MSE

𝑢
) accounts for the

variation surrounding the trend. Therefore, MSE
𝑠
and MSE

𝑢

are aggregated to RMSD. Consider

RMSD =
√MSE

𝑠
+MSE

𝑢
.

(7)

To maintain consistent units, the square roots of MSE
𝑠

and MSE
𝑢
are reported, that is, RMSD

𝑠
and RMSD

𝑢
, in units

of percent reflectance.

4.2. Accuracy Assessment of Extracted Water Bodies. The
water bodies extracted from both the original and down-
scaled MODIS SR were compared to the water body inter-
preted from Landsat-7 ETM+ image to assess the improve-
ment of the downscaled method in terms of water classifi-
cation. To achieve better pixel accuracy, water map acquired
from coincident Landsat-7 ETM+ images was first aggre-
gated to MODIS spatial resolution based on the principle
of dominant type by calculating the number of Landsat-7
water pixels within the extent of each sampled MODIS pixel.
Detected water bodies were separately overlaid with aggre-
gated Landsat-7 water extent to verify the content of the
pixels on the MODIS image. Accuracy measures were based
on confusion matrix [7], overall classification accuracy (𝐴),
percentage of omission, and commission error (𝐸

𝑜
and 𝐸

𝑐
).

Consider

A =

𝑁

𝑡

𝑁

𝑟

× 100%

𝐸

𝑐
=

𝑁

𝑐

𝑁

𝑟

× 100%

𝐸

𝑜
=

𝑁

𝑜

𝑁

𝑟

× 100%,

(8)

where 𝐴 is the accuracy of water pixels identified correctly
and 𝐸

𝑐
and 𝐸

𝑜
are commission and omission error, respec-

tively.𝑁
𝑟
is the number of water pixels in the reference ETM+

water map, 𝑁
𝑡
is the number of water pixels detected in

MODIS images,𝑁
𝑐
is the number of land pixels misclassified

as water in MODIS images, and 𝑁
𝑜
is the number of water

pixels misclassified as land in MODIS images.

5. Result and Discussion

5.1. Improvement of Downscaled MODIS SR. Figure 4 pre-
sents false-color compositions (Band SWIR1, NIR and R)
of downscaled 250m MODIS SR data (Figure 4(a)), the
original 500m MODIS SR data (Figure 4(b)), and simulta-
neously acquired aggregated 250m Landsat-7 ETM+ SR data
(Figure 4(c)) in Co Nagoin. Figure 5 presents false-color
compositions (Band SWIR1,NIR andR) of downscaled 250m
MODIS SR data (Figure 5(a)), the original 500m MODIS
SR data (Figure 5(b)), and simultaneously acquired aggre-
gated 250m Landsat-7 ETM+ SR data (Figure 5(c)) in Co
Bangkog. Significant improvement of spatial delineation can
be observed in the downscaled data than the original data. For
example, in the two study areas, the lakes and islands (Figures
4(a) and 5(a)) were showing closer areas and shapes to the
higher resolution Landsat-7 ETM+ reference data (Figures
4(c) and 5(c)).The white noise pixels in band 6 of the original
MODIS data Figure 4(b) were fixed in the downscaled result
(Figure 4(a)).

Although the downscaled data showed more detail, few
uneven SR values can be observed, especially at the tran-
sition boundary of different land cover type, such as the
red pixels sat at the edge of the lake and islands in the
Figures 4(a) and 5(a). Further investigation revealed that the
disagreements were caused by spectral normalization of the
downscaled method. In this study, spectral normalization
using equally weighted average method possibly led to the
excessive enhancement on mixed pixels with high SR values.
Theoretically, the pixel SR at 500m can be derived from
aggregating the 250m pixels within the particular extent cen-
tered at the corresponding pixel at 500m [38]. For mixed
pixels of 500 × 500m cell size at the edge of the lakes,
SR values of the corresponding four pixels at 250m change
greatly, especially in the twoMODIS SWIR bands. As a result,
the equally weighted average method based on a 2 × 2 active
window generally causes excessive enhancement in the pixels
of higher SR and widens the distinction among neighboring
pixels. This variable condition can also be confirmed in
Figure 6(a) where part of pixels, especially for the two
MODIS SWIR bands, tend to have higher SR values than
Landsat-7 ETM+. Nevertheless, excessive enhancement has
inherent advantage of identifying mixed water pixels at the
edge of lakes on the ground that excessive enhancement can
increase the difference between water and other land types to
better detect water pixels.

The performance of the downscaling method was further
assessed by comparing the MODIS and Landsat-7 ETM+ SR
in density plots shown in Figure 6. Following the conclusion
of the comparability of Landsat and MODIS bands proposed
by Masek et al. [39], each MODIS band was compared to
its Landsat-7 ETM+ solar-reflective spectral band with closer
spectral range (Table 1). Figure 6(a) presents the SR com-
parison between the MODIS downscaled SR and aggregated
Landsat-7 ETM+ SR, and Figure 6(b) displays the result of
MODIS 500m observations comparison.

Deviations between Landsat-7 ETM+ and 250mMODIS
SR, as measured by RMSD, range from 1.6 to 4.3 percentage
points of reflectance. Bias (MAE) fluctuates within 1.0–2.5
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(a) (b)

(c)

Figure 4: False color composite images (621) over Co Ngoin; October 7, 2000. (a) Shows downscaled data at 250m spatial resolution; (b)
shows original data at 500m; (c) shows Landsat-7 ETM+ image aggregated to 250m from 30m spatial resolution.

percentage points. Correlations at the local scale are strongly
linear, with 𝑅2 higher than 0.9 for all bands except blue band.
Intercepts vary between −1.5 and 0.9, and slopes are close to
1, although outliers-boundary pixels SR of excessive enha-
ncement for two MODIS SWIR bands (Table 2). Correspo-
ndences between 500m MODIS SR and the coincident
Landsat-7 ETM+ SR are similar to those between 250m
MODIS SR and Landsat-7 ETM+ SR, but the spread of the
data are wider (Figures 6(b)), and deviations (RMSD) range
from 1.9 to 4.6 percentage points (Table 2).

When comparing results at 500m spatial resolution, 𝑅2
is typically higher and other evaluation indicators are lower
(i.e., MAE, RMSD, RMSD

𝑠
, RMSD

𝑢
), indicating that SR

results at 250m are superior to corresponding SR at 500m.
On the other hand, there are still some discrepancies in com-
parison to Landsat-7 ETM+ SR, particularly for two MODIS
SWIR bands. Table 2 shows that two SWIR bands have
higher RMSD than the other 5 bands.Wavelength differences

between Landsat-7 and MODIS bands (Table 1) are likely
source of the SR differences. The much narrower bandwidth
of the two MODIS SWIR bands make it possible to avoid the
spectral rangeswith lower atmospheric transmittance that are
covered by the Landsat-7 ETM+ SWIR bands [26].

5.2. Improvement of Water Body Map. Figure 7 presents the
comparison of MODIS water masks and spatial error distri-
butions in comparison to Landsat-7 ETM+ data in Co Nogin
and Figure 8 is for Co Bangkog. Although the same water
classification method was applied, the water map produced
from the downscaled data (Figures 7(c) and 8(c)) showsmore
details than the map from the original MODIS data (Figures
7(d) and 8(d)). For instance, the edges of the identified lakes
are smoother. Shapes of the small islands in CoNgoin and Co
Bangkog are also improved.This richer information generally
matches the features that are depicted in the water body
reference map well (Figures 7(b) and 8(b)).
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(a) (b)

(c)

Figure 5: False color composite images (621) over Co Bangkog; October 7, 2000. (a) Shows downscaled data at 250m spatial resolution; (b)
shows original data at 500m; (c) shows Landsat-7 ETM+ image aggregated to 250m from 30m spatial resolution.

Table 2: Summary of comparison betweenMODIS original and downscaled SR estimates and coincident Landsat-7 ETM+derived SR. Values
are represented as percent reflectance (%) for intercept, RMSD, RMSD

𝑠

, RMSD
𝑢

and MAE.

Resolution Indicators Red Green Blue NIR SWIR1 SWIR2

250m

Slope 0.998 0.999 1.019 1.006 1.010 0.977
Intercept −0.526 −0.684 −1.533 −0.402 0.985 0.690

𝑅

2 0.974 0.935 0.856 0.978 0.927 0.914
RMSD 1.661 1.783 2.026 1.862 4.240 3.763
RMSD

𝑠

0.557 0.704 1.319 0.278 1.253 0.326
RMSD

𝑢

1.565 1.638 1.538 1.841 4.051 3.748
MAE 1.034 1.200 1.525 1.020 2.475 2.137

500m

Slope 0.981 0.973 0.982 0.986 0.990 0.955
Intercept −0.211 −0.284 −1.108 0.036 1.536 1.240

𝑅

2 0.931 0.916 0.830 0.933 0.909 0.898
RMSD 2.573 1.958 2.080 3.165 4.613 4.047
RMSD

𝑠

0.595 0.721 1.314 0.331 1.259 0.603
RMSD

𝑢

2.503 1.820 1.613 3.148 4.438 4.001
MAE 1.530 1.300 1.560 1.681 2.728 2.391

Table 3: Errors of water bodies derived from the original and
downscaled MODIS SR images for Co Ngoin and Co Bangkog.

Lakes Co Ngoin Co Bangkog
Resolution (m) 250 500 250 500
Omission errors 4.32% 8.30% 3.45% 12.02%
Commission errors 3.14% 5.78% 8.68% 9.13%
Accurate 95.68% 91.70% 91.31% 90.87%

Apart from visual interpretation, the spatial errors were
calculated and presented in Table 3. For Co Nagoin, MODIS

results (5166 water pixels at 250m and 5096 at 500m resp.)
underestimate the extent of water body compared to that
of Landsat-7 ETM+ image with 5228 water pixels. Although
omission (𝐸

𝑜
) and commission error (𝐸

𝑐
) exist in both water

bodies from the original and downscaled MODIS data, both
𝐸

𝑜
and 𝐸

𝑐
at 250m (4.32% and 3.14%) are almost cut in half

in comparison to the original 500m resolution data (8.30%
and 5.78%), and overall accuracy (𝐴) increases from 91.70%
to 95.68%. For Co Bangkog, 𝐸

𝑜
is reduced slightly from 9.13%

to 8.68%. 𝐸
𝑐
significantly reduces from 12.02% at 500m to

3.45% at 250m. Overall accuracy (𝐴) increases from 90.87%
to 91.31%.
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Figure 6: Density plots of comparison between Landsat-7 ETM+ aggregated to 250m and MODIS 250m (a) and 500m (b).
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Figure 7: Visual performance in extracted water bodies and spatial errors for Co Ngoin; October 7, 2000. (a) Landsat-7 ETM+ 543 band
false-color image; (b) aggregated reference water map from ETM+ image; (c) extracted result from downscaled image at 250m; (d) extracted
result from original image at 500m; (e) result of spatial error for (c) map; (f) result of spatial error for (d) map.

6. Conclusion

In order to improve the spatial delineation of water mask
detected fromMODIS data, this paper presents an automated
method for downscaling the original 500m bands to 250m
for water detection.Themethodwas applied to CoNgoin and
Co Bangkog, to extract water bodies at a higher spatial res-
olution. Comparisons to SR and water body extracted from
simultaneously acquired Landsat-7 ETM+ image suggest the
improvement over the original data in terms of downscaled
SR and water classification. The edges of the lakes become
smoother than the results from original MODIS image and
smaller islands are delineated with clearer shape in the down-
scaled 250m water body maps, as well as a higher overall

accuracy and lower omission and commission error of water
bodies mapping for Co Ngoin and Co Bangkog at 250m.

The paper presented downscaled 250m resolution SR and
detected water bodies for two lakes inQTP.With twoMODIS
images, the results only demonstrated static representing of
water extent of the two lakes on the image acquisition dates,
but the success of themethod enables detecting possibly daily
water dynamics using MODIS Terra observations. The auto-
mated method is also expected to be applied to other lakes
in QTP to meet the need for measuring water distribution
and dynamic in the plateau and its surrounding areas. Further
effort is needed to assess the robustness of the method for
nonwater applications andwater bodies in other areas beyond
QTP.
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Figure 8: Visual performance in extracted water bodies and spatial errors for Co Bangkog; October 7, 2000. (a) Landsat-7 ETM+ 543 band
false-color image; (b) aggregated reference water map from ETM+ image; (c) extracted result from downscaled image at 250m; (d) extracted
result from original image at 500m; (e) result of spatial error for (c) map; (f) result of spatial error for (d) map.
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“Assessing optical earth observation systems for mapping and
monitoring temporary ponds in arid areas,” International Jour-
nal of Applied EarthObservation andGeoinformation, vol. 11, no.
5, pp. 344–351, 2009.

[14] M. Carroll, C. DiMiceli, J. Townshend, P. Noojipady, and R.
Sohlberg,UMDGlobal 250Meter LandWaterMask User Guide,
2009.

[15] S.-H. Kim, S.-J. Kang, and K.-S. Lee, “Comparison of fusion
methods for generating 250m MODIS image,” Korean Journal
of Remote Sensing, vol. 26, no. 3, pp. 305–316, 2010.

[16] A. P. Trishchenko, Y. Luo, K. V. Khlopenkov, and S. Wang, “A
method to derive the multispectral surface albedo consistent
with MODIS from historical AVHRR and VGT satellite data,”
Journal of Applied Meteorology and Climatology, vol. 47, no. 4,
pp. 1199–1221, 2008.

[17] Y. Luo, A. P. Trishchenko, and K. V. Khlopenkov, “Developing
clear-sky, cloud and cloud shadowmask for producing clear-sky
composites at 250-meter spatial resolution for the sevenMODIS
land bands over Canada andNorth America,”Remote Sensing of
Environment, vol. 112, no. 12, pp. 4167–4185, 2008.

[18] G. Zhang, H. Xie, S. Kang, D. Yi, and S. F. Ackley, “Monitoring
lake level changes on the Tibetan Plateau using ICESat altimetry
data (2003–2009),” Remote Sensing of Environment, vol. 115, no.
7, pp. 1733–1742, 2011.

[19] Y. Wu, S. Wang, and X. Hou, “Chronology of Holocene
lacustrine sediments in Co Ngoin, central Tibetan Plateau,”
Science in China Series D: Earth Sciences, vol. 49, no. 9, pp. 991–
1001, 2006.

[20] S. M.Wang, H. S. Dou, K. Z. Chen et al., Chinese Lakes, Science
Press, 1998.

[21] X. J. Yao, S. Y. Liu, M. P. Sun et al., “Changes of Kusai Lake in
Hoh Xil Region and causes of its water overflowing,” Journal of
Geographical Science, vol. 67, no. 5, pp. 689–698, 2012.

[22] V. V. Salomonson, W. L. Barnes, P. W. Maymon, H. E. Mont-
gomery, and H. Ostrow, “MODIS: advanced facility instrument
for studies of the earth as a system,” IEEE Transactions on
Geoscience and Remote Sensing, vol. 27, no. 2, pp. 145–153, 1992.

[23] E. Vermote, S. Kotchenova, and J. Ray, MODIS Surface Reflec-
tance User’s Guide, MODIS Land Surface Reflectance Science
Computing Facility, 2008.

[24] D. P. Roy, J. Ju, P. Lewis et al., “Multi-temporal MODIS-Landsat
data fusion for relative radiometric normalization, gap filling,
and prediction of Landsat data,”Remote Sensing of Environment,
vol. 112, no. 6, pp. 3112–3130, 2008.

[25] R. Irish, Landsat-7 ETM+7 Science Data Users Handbook, Na-
tional Aeronautics and Space Administration, 2000.

[26] M. Feng, J. O. Sexton, C. Huang et al., “Global surface reflec-
tance products from Landsat: assessment using coincident
MODIS observations,” Remote Sensing of Environment, vol. 134,
pp. 276–293, 2013.

[27] A. P. Trishchenko, Y. Luo, and K. V. Khlopenkov, “A method for
downscaling MODIS land channels to 250-m spatial resolution
using adaptive regression and normalization,” in 6th Remote
Sensing for Environmental Monitoring, GIS Applications, and
Geology, vol. 6366 of Proceedings of SPIE, Stockholm, Sweden,
October 2006.

[28] M. Feng, C. Huang, S. Channan, E. F. Vermote, J. G. Masek, and
J. R. Townshend, “Quality assessment of Landsat surface reflec-
tance products usingMODIS data,”Computers and Geosciences,
vol. 38, no. 1, pp. 9–22, 2012.

[29] W. H. Press, W. Vetterling, S. A. Teukolsky et al., “Numerical
recipes in FORTRAN—the art of scientific computing,” SIAM
Review, vol. 36, no. 1, pp. 149–150, 1994.

[30] S. Huang, J. Li, andM.Xu, “Water surface variationsmonitoring
and flood hazard analysis in Dongting Lake area using long-
term Terra/MODIS data time series,” Natural Hazards, vol. 62,
no. 1, pp. 93–100, 2012.

[31] S. K. Mcfeeters, “The use of the Normalized Difference Water
Index (NDWI) in the delineation of open water features,”
International Journal of Remote Sensing, vol. 17, no. 7, pp. 1425–
1432, 1996.



Advances in Meteorology 13

[32] H. Xu, “Modification of normalised difference water index
(NDWI) to enhance open water features in remotely sensed
imagery,” International Journal of Remote Sensing, vol. 27, no.
14, pp. 3025–3033, 2006.

[33] X. H. Che, M. Feng, H. Jiang et al., “Detection and analysis of
Qinghai-tibet plateau lake areas from 2000 to 2013,” Journal of
Geo-Information Science, vol. 17, no. 1, pp. 99–107, 2015.

[34] B. H. Tang, B. Shrestha, Z. L. Li et al., “Determination of
snow cover from MODIS data for the Tibetan Plateau region,”
International Journal of Applied Earth Observation and Geoin-
formation, vol. 21, pp. 356–365, 2012.

[35] W. B. Ming, “A method to identify water body from MODIS
image data in upper reach of Changjiang river,” Plateau Meteo-
rology, vol. 23, pp. 141–145, 2004.

[36] M. Feng, S. Liu, J. N. H. Euliss, C. Young, and D. M. Mushet,
“Prototyping an online wetland ecosystem servicesmodel using
open model sharing standards,” Environmental Modelling &
Software, vol. 26, no. 4, pp. 458–468, 2011.

[37] C. J. Willmott, “Some comments on the evaluation of model
performance,” Bulletin of the American Meteorological Society,
vol. 63, no. 11, pp. 1309–1313, 1982.

[38] M. Nishihama, R. Wolfe, D. Solomon et al., “MODIS level 1A
Earth location: algorithm theoretical basis document version
3.0,” SDST-092, MODIS Science Data Support Team, 1997.

[39] J. G. Masek, E. F. Vermote, N. E. Saleous et al., “A landsat
surface reflectance dataset for North America, 1990–2000,”
IEEE Geoscience and Remote Sensing Letters, vol. 3, no. 1, pp.
68–72, 2006.



Research Article
Identification of Water Scarcity and Providing Solutions for
Adapting to Climate Changes in the Heihe River Basin of China

Xiangzheng Deng1,2 and Chunhong Zhao1,2,3

1 Institute of Geographic and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China
2Center for Chinese Agricultural Policy, Chinese Academy of Sciences, Beijing 100101, China
3University of Chinese Academy of Sciences, Beijing 100049, China

Correspondence should be addressed to Xiangzheng Deng; dengxz.ccap@gmail.com

Received 30 June 2014; Accepted 18 October 2014

Academic Editor: R. B. Singh

Copyright © 2015 X. Deng and C. Zhao.This is an open access article distributed under theCreativeCommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In ecologically fragile areas with arid climate, such as theHeihe River Basin in northwestern China, sustainable social and economic
development depends largely on the availability and sustainable uses of water resource. However, there is more and more serious
water resource shortage and decrease of water productivity in Heihe River Basin under the influence of climate change and
human activities. This paper attempts to identify the severe water scarcity under climate change and presents possible solutions
for sustainable development in Heihe River Basin. Three problems that intervened land use changes, water resource, the relevant
policies and institutions in Heihe River basin were identified, including (1) water scarcity along with serious contradiction between
water supply and demand, (2) irrational water consumption structure along with low efficiency, and (3) deficient systems and
institutions of water resourcemanagement alongwith unreasonable water allocation scheme. In this sense, we focused on reviewing
the state of knowledge, institutions, and successful practices to cope with water scarcity at a regional extent. Possible solutions for
dealing with water scarcity are explored and presented from three perspectives: (1) scientific researches needed by scientists, (2)
management and institution formulation needed by governments, and (3) water resource optimal allocation by the manager at all
administrative levels.

1. Introduction

Inmost arid and semiarid areas, water resource is the core and
the linkage between the ecosystem and the economic system
[1]. It not only plays a vital role in the formation, development,
and stability of desert oasis, but also is a key component of the
ecosystem environment and services [2]. Most of the inland
rivers in China are faced with severe water resource shortage
and serious ecological deterioration. The north and north-
west of China account for half of the total area of China but
have less than 20% of total national available water resource
[2, 3]. Meanwhile, as one of the major constraints on sustain-
able development, water is the determining factor tomaintain
social production and livelihoods of the arid and semiarid
region [4]. The water issue in arid and semiarid inland areas
is thus receiving considerable attention worldwide [5].

Climate change emerges as one of the major forces that
affect water availability in the future [6, 7]. The Intergovern-
mental Panel on Climate Change [8] points to the high sensi-
tivity of semiarid and arid regions to climate, considering the
already existing water stress driven by growth in agricultural,
industrial, and urban demands. The need for more research
on the impact of climate change on surface and ground
water has been addressed by the current research [9, 10].
Meanwhile, human activities have exerted great impacts on
water resource. Global urban water utilization increased over
20 times within the past century, from 200 × 108m3 in the
year 1900, to 600 × 108m3 in the year 1950, to 1500 × 108m3 in
the year 1975, and to 4400 × 108m3 in the year 2000 [11].With
continuous population growth and urbanization progresses,
the availability of water with sufficient quantity and quality is
one of the anticipated future problems.
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Figure 1: Location of the Heihe River Basin.

The Heihe River Basin (HRB), well-known for dry cli-
mate with intense evaporation and scarce but concentrated
precipitation, is the second largest inland river basin in
China (Figure 1). Some issues such as watershed manage-
ment, water-saving policies, environmental degradation, and
ecosystem restoration have drawn great attention, making
the HRB become the ideal case study area for sustainable
development of arid regions [12–15]. The main feature of the
water resource of the HRB is that the runoff is produced in
mountains in the upper reaches but is mostly utilized and
consumed in middle reaches and lower reaches. However,
water and ecological environment has experiencing rapid
deterioration since the 1950s [12]. In fact, the HRB could be
vulnerable to water stress under climate change because of
the limited water availability and the increasing demand for
water from agriculture irrigation and industry sectors.

Human activities have been the dominant factor for
environmental problems of the HRB. The grassland has
degraded severely due to long-time overgrazing and overcul-
tivation in the upper reaches, while water holding capacity
has decreased greatly. Meanwhile, water consumption has
increased steadily, especially in the middle reaches where
it is featured with remarkable economic growth. Conse-
quently, the hydrological processes of these areas have been
deeply modified by human activities, such as the expansion
of irrigation, rapid population growth, and socioeconomic
development [16]. On one hand, due to the high intensity
of water usage in the upper and middle reaches in the HRB,

the lower reaches have dried up and groundwater levels have
decreased severely [12, 17]. On the other hand, with the
implementation of national Policy on Integrated Develop-
ment of Western China, plenty of water previously used by
natural ecosystems and irrigation agriculture will be saved
and used into industrial and urban systems to maintain the
economic development. Generally, it has caused the imbal-
ance in the whole interrelated system of human beings and
natural resource, as well as environment, thus leading to sever
ecological and socioeconomic problems in the whole region.

The sustainable development of an arid area largely
depends on the availability of water from the inland rivers
like the HRB of China. A number of studies analyzed the
hydrological process and the water problems of the HRB
[12, 13, 17, 18]. These researches have put forward some
approaches and schemes for water management. However,
some knowledge gaps on the spatial variability of water and
water efficiency in the HRB ought to be stressed. Meanwhile,
the institutions and successful practices ofwatermanagement
for improving water efficiency need to be integrated in the
arid basin research.

The objectives of this paper are to review and identify the
key issues on the HRB and present possible water manage-
ment approaches for sustainable development of the HRB.
The remaining parts of this paper are organized as follows.
Firstly, the geographical and hydrological background of the
HRB is introduced in the second section. This is followed
by a brief elective review of the main water problems in the
HRB in the third section, and three knowledge gaps that
exist within the HRB are identified. In the fourth section,
possible adaptive solutions to water problems in the HRB are
discussed.We conclude by discussing the pressingmatters for
reforming thewatermanagement systems in theHRB and the
possibility of the inspiration for other inland rivers.

2. Geographical and Hydrological Background
of the Heihe River Basin

The Heihe River Basin (90∘E–102∘E, 37∘50N–42∘40N) is
located in the north of Qilian Mountains and the middle
part of the Hexi Corridor. It covers Qinghai Province, Gansu
Province, and Inner Mongolia, with a river length of 821
kilometers and a catchment area of 14 × 104 km2 (Figure 1).
Heihe River breeds the prosperity and civilization of the HRB
basin. The average evaporation is up to 84mm/a. The total
water resource is 2800mm3/a, which includes surface water
2470mm3/a and ground water 330mm3/a. From south to
north, the special variation of the HRB is evident and can be
divided into three subunits. The upper reaches of the HRB,
located in Qilian Mountain, belong to the northern margin
of the Tibet Plateau. It is the birthplace of Heihe River as well
as the runoff area, with abundant rainfall, less evaporation,
and cold and damp climate. Being the oasis of the Hexi
Corridor and the desert plain, the middle reaches of the
HRB are the key area for agriculture and they are the grain
base for Gansu province. The lower reaches of HRB, north
of the Langxinshan Gorge, form the oasis in Inner Mongolia,
making it an essential ecosystem barrier of Northern China.
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The upper reaches are the runoff producing area of the
HRB. The southern Qilian Mountains, with remarkable ver-
tical zonality, are composed of a series of parallel moun-
tains and basins in northwest-southeast direction. The high
mountain range serves as the water source for inland rivers,
which flow to basins and form internal stream systems. The
alpine desert accounts for 22% of the area of upper reaches.
In addition, it has a length of 303 kilometers, with 68% runoff
contribution rate and 85% runoff coefficient. The elevation
of this area ranges from 2000 to 5500 meters and the mean
annual precipitation ranges from about 250mm in the low
mountain zone to 500mm in the high mountain zone. With
an altitude of over 4000 meters, most middle and high
mountains are covered with snow all year round coupled
with modern glaciers, and it is the natural reservoir of Hexi
Corridor.Meantime, in the areawith an altitude of lower than
3000 meters, the vegetation is relatively fair and the land is
coveredmainly by natural ecosystems, including cold deserts,
mountain forests and shrubs, alpine meadows and steppe,
and ice and snow.The vegetation onQilianMountain is called
water conservation forest because of its good regulatory role
on water resource.

The middle reaches of the HRB are the runoff and water
using area, which is characterized by irrigation agriculture.
The irrigation area is up to 205, 230 hectares, accounting for
91% of the area of cultivated land in the whole basin. 95%
of the population lives in this region and they produce over
80% of GDP for the whole region. Annual rainfall ranges
from 300mm to 100mm, and annual potential evaporation
is about 1900mm/a. The middle Hexi Corridor, with an
area of 17,000 km2, is sandwiched between the southern Qil-
ian Mountains and the northern Mazong Mountains. The
topography is fairly smooth, and the elevation ranges from
2000 to 1000 meters, correspondent with a decrease of the
mean annual precipitation from 250mm to less than 100mm.
Irrigation agriculture is dominated by farmland vegetation.
It develops very well but is based on high consumption of
water. In the area where the rivers flow through, there are a
series of oases with loamy soil and abundance of sunshine,
making the HRB one of the five bases of national commodity
grain. In addition, here various artificial oases exist, including
the counties of Mingle, Shandan, Linze, Gaotai and Jinta,
Zhangye, Jiuquan, and Jia Yuguan. Meanwhile, Gobi and
desert are largely scattered in other areas of the HRB.

The lower reaches of the HRB are the runoff disappearing
area. With a mean elevation of around 1,000m and mean
annual precipitation of 50mm, it is mainly occupied by Gobi,
desert, and bare land. The precipitation in the lower basin is
only 55mm/a, while the annual potential evaporation reaches
2300mm/a. Ejina, covering an area of 114,000 km2, is located
at the end of the HRB and in the west of Inner Mongolia
of China. The Gobi and desert occupy over 90% of the
total land area of Ejina. According to the runoff data of the
Langxinshan hydrological station, the discharge of the Heihe
River has decreased since the year 1950, and the shortage of
water caused the Ejina Oasis to shrink considerably. From
the year 1960, with the decrease of discharge from the Heihe
River, the oasis of Ejina began to shrink and caused a series
of environmental problems. For instance, the areas of West

Juyan Lake and East Juyan Lake were 267 km2 and 35 km2,
respectively, and dried up in the year 1961 and the year 1992,
respectively [19]. In addition, both overgrazing and overcul-
tivation have resulted in severe ecological deterioration in
Ejina, where rivers and lakes are drying out, groundwater
table is decreasing, water quality is deteriorating, and biodi-
versity is degrading.

3. Water Scarcity of the Heihe River Basin

Water plays an important role in economic development and
ecological balance of the middle reaches and lower reaches of
theHRB. Lacking of effective coordinatedwatermanagement
system, the amount of water flowing into the lower reaches
has continually been decreasing. As a result, the rivers
and lakes dried up intensively in the lower reaches, along
with declining groundwater table and a high level of water
mineralization. Meanwhile, the area of vegetation coverage is
reducing sharply, leading the HRB to becoming a source of
dust for sandstorms in Northwestern China.

3.1. Water Scarcity along with Serious Contradiction between
Supply and Demand of Water. Water scarcity is a long-
standing and widespread problem in the HRB, and there is
unevenly temporal and spatial water distribution. There are
a series of reservoirs (one large reservoir, 9 medium size
reservoirs, and 89 small reservoirs) in the basin and the
total capacity is 416.9 billion m3. Influenced by topography,
altitude, and atmospheric circulation at different scale, the
spatial distribution of precipitation is extremely uneven in
the middle reaches and lower reaches. Generally, the annual
average precipitation decreases from southeast to northwest
(Figure 2). The maximum precipitation zone mainly concen-
trated in the upper reaches with an altitude of 2200–3000m
and an annual precipitation of 400–750mm. In contrast,
the minimum precipitation zone is the desert area of Ejina
which administratively belongs to the Inner Mongolia, with
an annual precipitation of 15–50mm [20].

Aside from precipitation, water resource is mainly sup-
plied by springs, subsurface flow, and solid glacier in Qilian
Mountain [21]. There are 298 million m3 water resource
formed by ice and snow melting from the Qilian Mountain,
accounting for 8% of the total amount of runoff.The previous
studies have concluded that the yearly based rate of glacial
retreating was around 0.60% in the HRB from 1960s to the
year 2010, and this speed was significantly faster than Tian-
shan Mountain (0.49%/a), Geladandong (0.05%), and Nai-
mona Nyi region (0.26%) [21]. In this sense, water scarcity is
induced not only by the natural process, but also by irrational
damage. The landscape structure and composition in the
upper reaches of theHRBhave been seriously changed, which
inevitably reduced water availability in the lower reaches [21].

Meanwhile, water demand in HRB has increased con-
siderably over the past half century. Since the year 1949,
the China government has paid much attention to the
development of irrigation infrastructure. By the year 1985, the
number of reservoirs (the small plain reservoirs and embank-
ments with a volume less than 100 thousand m3 are not
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Figure 2: Spatial distribution of the average precipitation (mm) in
the Heihe River Basin for the year 1960–2006 [20].

accounted) in themiddle reaches has come to 95, and the total
storage capacity is up to 360 million m3, 20 times more than
that in the year 1949. As a result, the hydrology changed rad-
ically in the middle reaches, which is highlighted by the fact
that the utilization rate of surface water increased by 19 times,
the area of irrigated oasis expanded by 89.5%, and the area
of desertification land increased by 4% to 11% since the year
1949. Along with utilization of the surface water, the ground-
water was also been explored, and the number of motor-
pumped well had doubled from the year 1985 to the year 1994
[22].The groundwater table had been steadily decreasing due
to the overpumping and the decreasing of recharges. In fact,
there is a very close interconnection between the surface
runoff and groundwater in the HRB because of the water
distribution characteristics of HRB, which partly determined
the hydrological process [16]. Last but not least, as the inter-
mediate linkage between the surface water and the ground-
water, the volume of springs also shows a decreasing tend. In
addition, the average reducing rate had increased by 6.8% in
the year 1981–1991 compared to the year 1960–1980 [22].

Consequently, the exploitation on surface runoff water
and groundwater dramatically changed the hydrological sit-
uation of the HRB in the long historical period. All the 33
tributaries in the middle reaches no longer joined into the
mean stream after 1980s, and they gradually disappeared and
formed some independent irrigation oasis.The water volume
of the runoff through the Zhengyixia decreased sharply in
recent decades, from 1.19 billion m3 in 1950s to merely 691
millionm3 in 1990s, and themainstream became the seasonal
river below the Zhengyixia (Figure 3). In arid region, large-
scale development of irrigation agriculture induces dramatic
increase of water demand. The excessive water consumption
by humans has resulted in continued environmental dete-
rioration, which has become a serious threat to sustainable
development.
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Figure 3: Change of the surface runoff through the Yingluoxia in
the upper reaches and the Zhengyixia in the middle reaches.

3.2. Irrational Water Consumption Structure along with Low
Water Efficiency. Currently, the overall water consumption of
all sectors in the HRB is about 3.36 billion m3. Among them,
industrial and domestic water consumption is fairly less, and
agricultural water use accounts for about 95%, posing a great
threat to the ecological water consumption. Indeed, ground-
water has become the dominant source of water supply for
irrigation in Northern China. Taking the year 2000 as an
example, the annual water consumption in the HRB is 2.65
billion m3. Specifically, the farmland irrigation consumption
is 2.03 billion m3, and the water consumption in the forestry,
stock raising, and fishing sector is 489 million m3 totally,
industrial water consumption is 86 million m3, livestock
water consumption is 15 million m3, people living consump-
tion is 32 million m3 (including urban public consumption),
and the urban environmentwater consumption is twomillion
m3.

In terms of the spatial distribution of water consumption,
it is mainly concentrated in the middle reaches, accounting
for 84.1%. The water consumption in the lower reaches
accounts for 13.6%, and the water consumption in the upper
reaches merely accounts for 2.3% of the total water con-
sumption. When water moves from mountains in the upper
reaches to oases in the middle reaches and then disappears
in the desert in the lower reaches, it courses significant dif-
ferences in economic development, natural environmental
bearing capacity, and ecological stability among the three
reaches. The fact that population and economy mainly con-
centrate in the middle reaches results in the high water
consumption in Shandan, Minle, Linze, Gaotai, and other
regions (Table 1). Meanwhile, utilization of water resource in
the year 2006 reached 95% (statistical data from the water
resource department of Gansu Province), which far exceeds
the rational exploitation warning line of 40% set by interna-
tional consensus.

Globally, agricultural water use including irrigation
accounts for about 70% of the global water and irrigated
agricultural land comprises less than one fifth of the total
cultivated area of the world but produces about two fifths of
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Table 1: Statistics of water consumption (1000m3) of the Heihe River Basin by counties in the year 2000.

Region Domestic living
in cities

Domestic living
in countryside Industry Farmland

irrigation
Forest and
fishing Stock raising City

environment Total

Qilian 417.8 353.3 1246.0 7815.6 5154.6 3305.9 38.8 18331.9
Shandan 1435.5 2702.9 15573.0 214360.0 20214.3 1300.0 138.5 255724.2
Minle 1968.3 3099.6 8771.0 404498.1 27034.0 1162.3 183.5 446716.7
Ganzhou 6371.4 6086.4 28222.1 640706.5 49352.0 4312.6 723.0 735774.0
Linze 1300.6 1993.0 13102.8 380011.4 57492.0 1109.6 119.1 455128.4
Gaotai 1591.5 2103.8 8609.9 278336.0 45154.0 1367.5 148.0 337310.7
Sunan 335.2 279.4 2434.4 24108.0 13844.4 1134.2 32.9 42168.6
Jinta 461.7 684.2 4669.2 68783.4 21100.0 418.4 41.0 96157.7
Ejina 390.9 62.9 2981.1 10136.5 249421.0 810.7 78.2 263881.2
Total 14272.8 17365.5 85609.4 2028755.5 488766.3 14921.0 1503.0 2651193.5

the world’s food (Postel, 1999). Similarly, the irrigation farm-
ing in the middle reaches of the HRB has greatly contributed
to the increase of food production historically and supported
the large number of population of the northwestern China.
In the HRB, large-scale development of irrigation farming
induces dramatic increase of water demand. However, from
the global perspective, food production relying on “irrigation
miracle” gives significant impacts on water [23]. China’s agri-
cultural water consumption was much higher than other
countries all over the world. For the ratio of daily life water
usage, industrial water usage, and agricultural water, Russian
is 17 : 60 : 23, Canada is 18 : 70 : 12, America is 13 : 45 : 42, and
Brazil is 22 : 19 : 59, while China is 6 : 7 : 87. Therefore, there is
a lot of works to do on agricultural water saving strategies in
terms of water resource management.

In the HRB, agricultural water use accounted for about
94% of the total social and economic water consumption in
the year 2006, but the water efficiency and the water produc-
tivity were very low. Due to people’s unawareness of imple-
mentation of water-saving projects, as well as the restriction
on the crop types, planting technologies, crop rotation, land
management patterns, and unguaranteed maintenance costs,
the water-saving renovation project cannot be effectively
promoted, and leading the water demand for farmland
irrigation is hard to decrease. This phenomenon is extremely
predominating in the middle reaches of the HRB, where
there are too many irrigation gates and plain reservoirs and
where high technical irrigation engineering and exploitation
of groundwater cannot be supported. All of these lead to low
water efficiency and lower GDP output of per unit of water.

Water resource of the HRB can not only generate eco-
nomic benefits, but also provide the ecological service fun-
ction. Some scholars put forward the generalized water effi-
ciency and point out that it not only represents the social and
economic water consumption, but also represents natural
ecological water consumption; it not only focuses on a
single department or units water utilization process, but
also pays attention to the water utilization of the whole
region. A river basin is not only characterized by natural and
physical processes but also related to man-made projects and
management policies. In this sense, the lower reaches are rich

in natural resources, but the ecological sustainability is extre-
mely vulnerable because of limited water. The oasis is the
most concentrated area of human activities in arid regions
and the disturbances are happening on a large scale in this
area. Therefore, the desertification process of the lower
reaches of HRB exacerbated the deterioration of the ecologi-
cal environment, causing the area to become a source of dust
storms and threat environmental safety in northern China.

3.3. Deficient Systems and Institutions on Water Management
along with Unreasonable Water Allocation Scheme. In the
inland river basin, rising thewater security and efficiency is of
great significance, which can guarantee the water supply for
livelihood and production.The situation about the low water
efficiency in the HRB is far from being satisfactory. The defi-
ciency of systems and institutions on water management as
well as the unreasonablewater allocation schemebecomes the
primary cause of the severewater consumption in agriculture.

There are two main kinds of management strategies for
community irrigation in theHRB: the collectivemanagement
strategy and Water User Associations (WUAs) management
strategy. For the collective management strategy mode, vil-
lage leaders are in charge of the village water allocation, chan-
nel maintenance, water charges, and other relevant issues
to fulfill their water management duties. In contrast, WUAs
is independent water management organizations which take
over the village leaders to be responsible for water allocation,
channel maintenance, water charges, and other relevant
issues in a specific village. In terms of the policies and meas-
ures on water demand management, there are three modes:
water price, water tickets, and water rights. For the water
pricemode, the governmentwould charge some fees forwater
services. For the water tickets mode, the farmers need to
purchase water tickets from village leaders or WUAs before
the farmland irrigation activities. The water rights mode
refers to the water right card issued to farmers to guarantee
their water consumption rights.

From the year 1992 onward, a series of water resource
allocation and management policies have been implemented
in China to alleviate the conflicts between natural water
shortage and the high water consumption [24]. In the year
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1997, the Heihe River Basin Bureau was established for
special management of water resource in the HRB. With the
support of scientific research from Chinese scholars, it has
allocated the water resource for five times among the HRB.
Unfortunately, different counties have its own management
focuses and time schedules and that leads to another form of
water waste.

The difficulty for a rational water allocation scheme is also
constricted by the fact that the supply volume and the annual
distribution of water in the lower reaches are completely
subjected to the human activities in themiddle reaches. In the
long history, people living in the middle reaches performed
irrigation agriculture (settled culture) and the people living in
lower reaches performed nomadic husbandry. Even though
conflict on water use between the middle reaches and lower
reaches has a history of 200 years, it reached to an unprece-
dented situation. Since 1950s, intensive agricultural practices
in the middle reaches have resulted in drastic environmental
degradation in the lower reaches.

In addition, Heihe River dries up in May, June, and July
and is flooded in August to October, and the water volume
would reduce and even stops flowing sharply in December
till the next March or April. At that time the river will be
recharged. Consequently, there is a prominent contradiction
between the water supply and demand in the lower reaches
timely and spatially, which deteriorated by that fact that
the high water demanding just happens in the dry periods
[22]. Meanwhile, the water quality and water pollution
caused by severe human activities cannot be ignored. In the
past decades, the water scarce conditions and water quality
situation have been aggravated dramatically in the lower
reaches because of the large increase in agricultural fertilizer
and pesticide use in the middle reaches.

4. Water Solutions of the Heihe River Basin

Considering the water scarcity character of the HRB, it is
important to clarify the coupling relationship between water,
ecology, and social economy, reveal the drivingmechanismof
the socioeconomic system on the evolution of water resource,
improve the systems and institution designs for water man-
agement, and explore innovative approaches on optimal
water allocation.

4.1. Research Findings on Decision Making for Water Manage-
ment. There are significant differences in ecosystem struc-
ture among upper, middle, and lower reaches. Industrial and
agricultural water demand in the middle reaches and ecolog-
ical water consumption in the lower reaches form the mech-
anism of interaction of water supply and demand with the
water producing in the upper reaches. Therefore, researches
on the HRB should firstly focus on simulation of hydrologic
process of the basin with the help of complex systematic
modeling technology [25]. Granted by the “Major Research
Plan on the HRB” initiated by the National Natural Science
Foundation of China, Chinese scholars have conducted a
series of researches, which are focused on the hydrologic
process as well as the impacts of human activities on water

resource. These researches basically conceptualized the basic
laws of ecohydrological process in the HRB and revealed
mechanisms on water cycling and ecological system evolu-
tion as well as the coupling mechanism between them.

The modeling work on the HRB is highlighted by model
integration and meanly based on subregional modeling.
There has been a lot of researches on hydrological process,
groundwater, water resource, land use, land surface process,
ecology, and social economy of the HRB based on a series
of related models [12]. The model integration on the upper
reaches of the HRB takes the distributed hydrological model
as the core and realized the model coupling in a series of
issues including the characteristics of runoff frommountain-
ous subwatershed and the unity of atmosphere-vegetation-
soil-permafrost-snow cover. As for the model integration in
the middle reaches in the HRB, these researches are focused
on coupling troubles among the surface water, groundwa-
ter, and the ecological models. For example, there was a
study coupling SiB2 (land surface model) with aquifer flow,
which significantly enhanced the capability of simulating
evapotranspiration and surface-groundwater interaction and
achieved systematic simulation for hydrological cycle in the
middle reaches of theHRB.More comprehensively, a genuine
farmland ecohydrological model was established by inte-
grating MODFLOW (groundwater model), Hydrus-1D (soil
water model), and WOFOST (crops growth model) models,
coupling the land surface process module and stomatal-
photosynthesis module. In addition, the model has certain
capability of prediction and decision support. For instance, if
the model is used to optimize irrigation system, it can save
27.27% irrigation water than the existing irrigation system.
These studies have proved that the coupling model can be
used to analyze ecological system and the interactions of the
hydrological cycle and guide the water-saving practices on
agriculture.

Another important consideration in model integration
is modeling environment. It is the visual computer software
platform that supports the efficient development of integra-
tion model, convenient connection among existing models
or modules, module management, data pretreatment, and
parameter calibration. The application of modeling environ-
ment in the integrated research of the HRB has mainly two
directions. One is to use the existing international mature
model to realize the coupling modeling environment to solve
the key problems in integration issue. Considering the defects
of existing modeling environment in the flexibility, another
direction is to develop a new modeling environment. In this
aspect, some Chinese scholars established the new modeling
environment to explore the hydrology and land surface pro-
cess. By using highly efficient and flexible module and data
transfer mechanism, this environment has realized the flexi-
ble extensibility and reusability of the module. Based on this
platform, some case studies of themodeling integration of the
HRB have been implemented. For instance, the hydrological
model TOPMODEL and the evaporation module fromNoah
(land surface processmodel) can be coupled together tomake
TOPMODELbemore reasonable when considering the effect
of vegetation on water balance. In addition, with the help of
this modeling environment, the question that “who supplies,
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how much, how to fill” about water on ecological compensa-
tion of the upper reaches of the HRB has been answered.

Generally, studies in HRB meanly focused on the eco-
hydrological processes, water use mechanism of the typical
plants, and their characteristics when responding to stress.
A series of ecohydrology process model had been intro-
duced, interpreted, or set up [26], including the Noah for
ecological and hydrological processes, MODFLOW models
for groundwater process, SWATmodel for distributed hydro-
logical processes, HYDRUS model, and the systematic con-
ceptual model Gouburn-Broken Catchment for atmosphere-
hydrology-vegetation interaction. At the upper reaches of the
HRB, the integration research on ecohydrology process
revealed the interaction mechanism between ecological sys-
tem and hydrologic system, enhanced the cognition of mech-
anism on water resource formation and transformation, and
laid the foundation for water resource evolution research
under climate change. At the middle and lower reaches, the
ecohydrological integration research clarified the relationship
between the transformations of different kinds of water
resource, illustrated the interaction and coupling mechanism
between the water cycle and vegetation structure, rebuilt the
spatial-temporal distribution of water resource in the historic
periods, and forecasted it in the future.

However, the basin is a complete system for cooperative
development and evolution of the human society as well as
ecology. The HRB is an ideal case for integration study of
“Water-Soil-Gas-Biology-Human” [12, 27]. Human activities
have becoming the main driving force for hydrological circu-
lation, and the social-economic water dimension rather than
the natural hydrological dimension has become the driving
water circulation, but researches on the former are very weak
[28]. Model on either single process cannot comprehensively
simulate the characterization of the process, behavior, and
interaction mechanism of the whole system.

Based on themodeling and integration analysis, theDeci-
sion Support System (DSS) is vital to achieving the adaptive
water management in the HRB. At present, there have been
two types of DSS: research-oriented DSS and application-
oriented DSS. Research-oriented DSS for the HRB is a scien-
tific model integrating “Water-Soil-Gas-Biology-Human.” It
tries to integrate the expert knowledge and experience of the
HRB to build a spatially explicit model with scenario analysis
method. For the development of the research-oriented DSS,
it has integrated multiple hydrologic models and coupled
many GIS functions to support coupled work of multidis-
ciplinary model. Also, it has made technical breakthroughs
on the mismatch of the models at different spatial-temporal
scales. Through providing scenario-driven decision making
strategies graphically and multiobjectively and providing
various auxiliary decision tools, it is expected to be a new
generation ofDSS for river basin integratedmanagement. For
the application-oriented DSS, some water management DSS
can analyze the climate and human activities at the middle
reaches of the HRB. It is also able to study the planting
structure of different crops and spatial-temporal distribution
of water requirement with different hydraulic engineering
conditions. Finally, it can realize the simulation of water
resource allocation process at multilevel (the whole basin,

administrational district, and irrigation region) and evaluate
the influence of variedwater resourcemanagement strategies.

Taking the arid climate and the unique relationship
among the three reaches of the HRB into consideration, there
should be an innovative framework and research compo-
nents for DSS for the HRB based on the existing studies
(Figure 4). Spatially, water consumption of the HRB mainly
concentrated in the middle reaches, where industrialization
and urbanization are evident. Institutionally, there is a history
of water right and water price system and institutions in
the HRB, especially in the middle reaches where irrigation
agriculture is preformed widely. Naturally, the desertification
process exacerbated the deterioration of the ecology and
change of oasis area. Also, the future climate change will
greatly influence the hydrological process and water supple,
that is, the precipitation as well as the solid glacier in the
upper reaches. Therefore, as a unit of the whole scientific
framework of the DDS, we should firstly comprehensively
consider andmakemultiple scenarios analysis on the impacts
of water right system reform, industrialization and urban-
ization, land use change, change of oasis area, and climate
change on the HRB. This work can be conducted on the
basis of exciting knowledge, data, and regional models. The
scenarios analysis results would help to deepen andwiden the
recognition of the mechanism and linage of a series of factors
within the ecology and economy of the arid area.

Secondly, the water resource utilization in the HRB is
often confronted with the contradiction between ecological
service and social and economic development. Therefore, it
is necessary to realize the modeling integration between the
social-economic model and ecohydrological model for the
optimization of watershed management. Also, Millennium
Ecosystem Assessment puts forward the idea that “regulating
water supply service on ecosystem by means of economy
and market is the preferred method of management.” The
balance between the water supply and demand is the core
to integrate the social-economic model and ecohydrological
model as separate module (Figure 4). The work on model
integration needs to analyze the water supply capacity, water
consumption structure, water efficiency, and water demand
trend at multilevel (whole basin, administrational district,
and irrigation region). Specifically, it needs to clarify the
interaction mechanism among the water supply in the upper
reaches, the industrial water consumption in middle reaches,
and ecological water consumption in the lower reaches.

Further, the water management system is indispensable
for the whole framework of the DDS. In practice, due
to the absence of proper water management system, the
conflicts among counties often arise because of competition
on water use and jurisdictional mandates of the related
stakeholders. An integrated watershed water management
system should comprehensively consider the ecology, hydrol-
ogy, and socioeconomy in the basin, in order to provide
scientific support for the water security, ecological security,
and sustainable development of the inland river basin. Last
but not least, water optimal allocation strategies should be
involved to explore the regulation measures under different
natural and social scenarios. In recent years, a series of studies
have been carried out on understanding the impact of human
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Figure 4: Framework and components for a DSS for the integrated water management in the Heihe River Basin.

activities (irrigation, livestock activities, and institutional
change) onwater [29].However, compared to the study on the
ecohydrological process and modeling research on the HBR,
themechanism studieswater resource allocation are relatively
weak. In this sense, both the system and institution design for
water management and the optimal water resource allocation
would be extended as follows.

4.2. Improving the System and Institution Design for Water
Management. In recent years, the integrated management of
the HRB has drawn great attention from Chinese govern-
ment. Yellow River Conservancy Commission (YRCC) of
the Ministry of Water Resources has organized a series of
tasks such as “water problems and solutions of the HRB”
and “ecological environment problems and solutions of the
HRB,” as well as “safeguard measures of water management
of HRB” to improve the systems and institution design of
water management. Further, Chinese government sets up
Heihe River Bureau, an institution belonging to the YRCC,
in the year 1999. A major task of this Bureau is to lead the
project on uniformwatermanagement andwater distribution
throughout the HRB. Before that, water was used mainly
for forest and grassland irrigation, groundwater recharge,
and replenishment of the rivers in East Juyan Lake in
lower reaches. Unfortunately, there has been no fundamental
improvement for the water solutions.

Globally, there is a longstanding and widespread recog-
nition that the river basin is the natural unit for water
management [30, 31] (Table 2). For instance, the USA began
to set up institutions to comprehensively manage river basins
from 1930s. Created in the year 1933, the Tennessee Valley

Authority (TVA) in 1933 is a river basin authority for the
unified planning and full development of water resource on a
river basin scale in order to achieve comprehensive regional
socioeconomic development [30, 31]. Specifically, a far-
reaching work was the Universal Soil Loss Equation (USLE),
an empirical predictor for soil loss by water erosion [32]. It
was built based on systematically analysis of observation data
from more than 10 thousand runoff regions in 30 states in
Eastern America in 30 years.

The last decades witnessed growth in research examining
partnerships for integrated water resources management
(IWRM) in different global regions. It is now employed glob-
ally in various physical, socioeconomic, cultural, and institu-
tional settings. Compared to traditional approaches to water
problems, IWRM takes a broader holistic view and examines
a more complete range of solutions. It has promoted the
water management to move into the substantial scientific
research period, with good public participation mechanism
and considering water, ecology, and social economy in the
basin scale [33, 34].Watermanagement of basins in Colorado
and Sacramento are based on the IWRM model. IWRM was
also applied to watermanagement practices inMurry-darling
basin in Australia, River Rhine Basin, andThe River Thames
basin in Europe and received satisfactory results [35–37]. In
addition, Arabia region paid great attention to the groundwa-
ter management and wastewater reuse and considered that
IWRM must be considered when building the institutional
framework; Countries belonging to the southern Africa
development community (SADC) also tried to improve the
water efficiency in arid area with the help of IWRM method
to confront the food crisis and poverty [38].



Advances in Meteorology 9

Table 2: International water management strategies at typical watersheds and its inspirations for the Heihe River basin.

Management modes and strategies Inspiration

Mississippi valley in
the USA

It has a comprehensive management system
operated by multisectors and organizations at
multilevel, including the military institutions
composed of representatives from federal
government and state government and
nongovernmental organizations.
The division of labor is clear-cut, avoiding
confliction caused by duplication of work. A
number of organizations at different levels to
coordinate the interests of all parties concerned.

(i) Strengthening the legal system and establishing a
series of watershed management regulations to
constraint the behaviors from various stakeholders.
(ii) Managing the whole basin that relies on subbasin as
the unit by sharing information and cooperating by
various institutions.
(iii) Relying on the nonengineering measures, instead
of engineering technology.

Murray-Darling River
basin in Australia

Developed organization systems, which included
three levels: the first level is the Ministerial
Council in the national level, which is the highest
decision-making body. The second level is the
executing agency from the Ministerial Council,
including the river basin committee and its office.
The third level is the community advisory
committee, which is responsible for
communication between the council and the
community and emphasizes public participation
in watershed management.

(i) Authority for watershed management should be
established on consultation mechanism. The full
participation in proposal making is the key. An effective
organization system can guarantee the implementation
of the protocol.
(ii) Introducing a new theory and method in the water
distribution, separating the water right from the land
right, and providing water for trading to formulate
water market.
(iii) Making the watershed management process more
scientific, democratic, transparent, and fair.

Rhine River basin in
the EU

This river applied international coordination and
management mechanism early. Countries along
the coastal signed agreements and regulations, as
well as built different kinds of organization in the
last centuries. The International Commission for
the Protection of the Rhine (ICPR) was
established in 1950 as the first intergovernmental
body for protection against pollution in the Rhine
and has made great success. ICPR set up
supervision organizations and various
professional groups and achieved remarkable
success.

(i) Giving preference to prevention and source
controlling and formulating detailed, standardized
strict to regulate basin development.
(ii) Paying emphasis on real-time monitoring and
evaluation of the watershed management measures.
(iii) Increasing storage capacity both in cities
agriculture area to reduce water loss and soil erosion.
Prohibiting development in riverbed.
(iv) Presenting new concept of river ecosystem
management and paying attention to the river health
function and social economic factors as well as the
support from modern science and technology.

One representative work on integrated river basin man-
agement is reflected in Water Framework Directive (WFD)
implemented by EU in the year 2000. Taking over 10 years to
develop, the objective of WFD is to build a comprehensive
monitor and management system for all water bodies and
develop programs and measures to formulate an up-to-date
watershed management plan for dynamic water manage-
ment. The basic requirement is that the watershed manage-
ment plan must be comprehensively presented, making it
clear that how to achieve the targets (ecological conditions,
water conditions, chemical conditions, and protected scope)
within the required time. In addition, it must carry on the
economic analysis to effectively consider the cost and benefit
of all the stakeholders as for all the measurement, making
itself truly participating in watershed management planning
work [39]. Although this command has been implemented
for nearly 10 years, the management condition of these
cross-border rivers is still in the stage of national indepen-
dent development and management, and the mechanism
of cooperation and negotiation within countries still needs
to improve. With the rapid globalization and economic
development, the development of the basin dynamics will

continue to increase, so how to realize the basin management
across administrative boundaries is an urgent problem.

In particular, there are some similar problems on water
management among Murray-Darling River basin in Aus-
tralia, the Nile River basin in Egypt, and the HRB. For
instance, the responsibilities for water management in respo-
nse to drought are unclear, water management authorities
based on subriver basin have not paid enough attention
compared to government management authority based on
administrative regions, and economic and legalmeasurement
still needs to be improved. To some extent, the comprehensive
water management in Murray-Darling River basin and the
Nile River basin can provide useful experiment and lessons
for the water management in the HRB. The successful river
management model and experience inMurray-Darling River
basin include water management based on subwatershed
rather than administrative regions, three-layer coordination
(decision level, execution level, and coordination level), and
market management strategy such as trade in water rights,
as well as regular legal system based on interstate water
compact. In addition, as forwatermanagement in arid region,
Egypt is setting up the Nile River Forecast Center (NFC) for
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controlling Nile water resource, in order to achieve the goal
“maximum exploiting of existing water resource, restricting
the projects that can pose a threat to water quality and water
resource” by the year 2017. The prediction of river flow using
the remote sensing, geography information systems, and
global positioning systems (3S) technology can provide the
basis for management and decision. Moreover, it emphasizes
on the drainage reuse in the agricultural field and strengthens
the utilization of rainfall resources through the implementa-
tion of farmland rainwater harvesting project. It reduces the
rice planting area through the adjustment of planting struc-
ture and promotes drought resistant crops, thus effectively
reducing the water consumption on agricultural production.

4.3. Reforming Management to Actualize the Optimal Water
Allocation. Aside from scientific framework and institutions,
the reform of water resource management needs investiga-
tions and studies at multiple levels to provide key parameters
for DSS based on water demand of production, life, and
ecology. First and foremost, it needs to carry out investigation
at the irrigation district level to clarify the water management
system in each irrigation district. By this method, we can
evaluate the performance of the water management systems,
such as “water price” and “water right.” By doing so, we
understand the current situation aswell as the transformation
character of existing water policies, and then clarify the
impact mechanism on agricultural department and ecologi-
cal systems. Secondly, it needs to further our research at the
administrational level, calrifying the WUAs, water consum-
ing situations, water association system, and other social
economic features. The performance evaluation for WUAs
can clarify the situation of WUAs (organization, incentive
mechanism, and institutional arrangement) and the evolu-
tion character of the WUAs as well as its impacts on the
agricultural production and the water efficiency.

Furthermore, the third level of investigations should
focus on the household level to clarify water use of differ-
ent crops, agricultural activities, and their socioeconomic
characteristics. By doing so, we can analyze the impacts of
various policy scenarios on water demand. For example, the
land use patterns, labor force allocation, crop production and
food security, and agricultural input-output benefits can be
affected by the different land use and economic behavior of
farmers in different water resource allocation scenarios. In
addition, the income compensation policies, the adjustment
on irrigation water price, and the progress on irrigation tech-
nologies are also related to various policy scenarios on water
demand. Based on the above three levels of investigations, the
useful and key parameters for the DSS can be obtained and
thus can provide suggestions and recommendation for the
management, institution, and policies to build a water-saving
society.

As for the water efficiency in the HRB, the existing water
management strategy should be improved firstly. Establishing
water management system based on the theory of “water
rights, water market” is an important method to improve the
allocation efficiency ofwater. Althoughwatermanagers in the
middle reaches of the HRB introduce the “water right” for

water resources management, the leverage function failed to
play a role because of the deficient water rights trading mar-
ket. Research shows that market-oriented water management
framework is beneficial to allocating water and improving
water efficiency [40]. How to allocate the water resource
among multiple regions and industries efficiently is the vital
joint of augmenting the water use efficiency to sustain the
balance between ecology and economy and also within the
related economies.

Research on the optimal allocation of water resource in
China is to build the input-outputmodel and theComputable
General Equilibrium (CGE) model, both including the water
resource account [41–43]. The extended input-output model
and CGE model can be used at basin and county level
to analyze the impacts of water right transformation and
industrialization [44]. Other partial equilibrium models can
be used to allocate the water resource among the irrigated
areas according to the crop pattern, irrigation rate, and other
agricultural attributes, and these are the core of the system
to calculate and improve the water efficiency. Some scholars
explored the effects of watermarket regulation strategies such
as the reform of water price and the transaction of water
rights through building input-output model in the Yellow
River basin.

In addition, with the development of computer modeling
technology, CGE model has become an effective tool to
explore the effects of policies on water management. For
instance, the CGEmodel had been used in Beijing to evaluate
the economic policies on the water price and water allocation
[41]. A number of indicators of water consumption were
established to analyze the structural relationships between
economic activities and their physical relationships with the
water in Zhangye [29]. Other relevant studies at different
scales include the impact of water allocation on social
economy of different districts in Yellow River basin and the
economic impact of South-to-NorthWater Diversion Project
on different Administrative Region [45, 46]. The social and
economic data used in most of these studies are static and
on a single period, which are unfavourable for the scientific
research applied to water management.

In this sense, it is necessary to build multisector dynamic
CGEmodel for water allocation to comprehensively consider
the effects of technological progress, the water rights system,
water market on water demand (industrial water, ecological
water, and domestic water), and water efficiency (Figure 5).
The framework of CGE model should incorporate the water
and land use resource as the production inputs into the
production function to characterize the configuration on the
water and land resources in various social and economic
sectors under market price adjustment. The rationality of
water rights allocation of the river basin refers to the fact that
it can clarify a series of complex relationships, such as the
contradiction between water supply and demand, the compe-
tition among different sectors, the water coordination among
upper, middle and lower reaches, the investments about dif-
ferent water projects, and the benefits of economic and eco-
logical water consumption, as well as the contemporary and
future water consumption. Only in this way, can we achieve a
relatively fair, acceptable water allocation scheme.
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Figure 5: Multilevel water allocation strategy among irrigated area, counties, and sections of basin in the Heihe River Basin.

5. Conclusions

With high confidence to experience significant reduction in
precipitation and water availability under potential climate
change as indicated by the IPCC, the harmony between
human being and water has become the theme of the devel-
opment of river basin. As one of the largest inland river
basins in Northwestern China, the HRB is characterized by
fragile ecology as well as sensitive climate. Industrial and
agricultural development in the middle reaches caused a
decrease of incoming water and shrinking area of the Ejina
Oasis in the lower reaches. Water security of the HRB is
driven by multiple factors including agriculture and industry
and livestock production, as well as ecology. Aside from
a historical deceasing tendency in the water supply, water
demand has changed dramatically during the 20th century in
theHRB. Since water is a limited natural resource in theHRB,
water scarcity is emerging when the demand outstrips the
lands ability to provide the needed water. Sustainable devel-
opment of the HRB needs a guarantee from water security,
and there are a lot of emergent issues that need to be solved.

With an increasing competition for water across sectors
and regions, the river basin has been recognized as the
appropriate unit to analyze and confront the challenges of
water management. In particular, the HRB is facing compe-
tition problems for water uses among domestic, industrial,
and agricultural sectors and between users and ecological
needs. Therefore, coupling of the ecohydrological model
and social-economic model is to optimize the necessary
premise of integrated river basin management. Generally,
conflictions of priorities on water resource coupled to the
severe natural conditions make it urgent to build a successful
water management system for different stakeholders in the
HRB. In this sense, establishing a DSS for water management

is an importantmethod to realize the adaptive watermanage-
ment for the sustainable development of the HBR.

Contemporarily, there are a series of worldwide resear-
ches on water management in river basin. Some counties
have presented and improved their own policies and reg-
ulation measures based on their own water problems and
national conditions. All of these provide some experience
for integrated water management of the HRB. Nevertheless,
the basin is a dynamic, multivariate unbalanced, and open
dissipative “unstructured” or “semistructured” system. Con-
sidering the two dimensions (Nature-Society) driving char-
acter, for water reallocation, the existing modes and systems
can not directly be copied and applied to the HRB.

Throughout studies on the HRB and other inland rivers,
it can be identified that promoting water management from
water demand management to water consumption manage-
ment is an important direction for scientific and sustainable
development of theHRB. Furthermore, from the institutional
perspective, a spatially and dynamically effective water allo-
cation scheme is a strategic need for rational and efficient
use of water in the HRB. In view of the abovementioned
structure and efficiency of the current water consumption
situation, a pressing matter of the moment for reforming the
water management systems in the HRB is to improve and the
water right system based on the water demand in production,
human living, and natural ecology.

In summary, it is necessary to establish an integrated
water management system based on the water carrying
capacity in order to provide support for the strategic decision
making at watershed scale for sustainable development of
the HRB. In addition, establishing an integrated model on
river basin with clear physical process, powerful functions,
and strong applicability has universal significance. It can also
be applied to many inland basins in China, as well as other
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inland river basins which are distributed in all continents
of the world, account for 11.4% of the global land area, and
provide significant support for sustainable development of
regions with severe water shortage, fragile environment, and
rapid development demand.
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Land use and its environmental effects can be quantitatively expressed with land-use intensity. In this study, a land-use intensity
metric was improved using a geographic mapping method. The relationships between observed rapid changes in land use and
temperature in the Dongting Lake area from 2001 to 2010 were examined. The results revealed the following features: (1) The
temperature increased when the land-use intensity increased via a hierarchical transition owing to grass and forest land reductions
of 26.25% and 11.74%, respectively; built-up land increased by 48.45%. (2)The temperature increase was drivenmore by the external
environment than by land-use intensity changes. Human activities produced larger effects in the western region than in the eastern
or central region of the study area, according to the observed variations in the centres of gravity for temperature and land-use
intensity. (3)The temperature response to land-use intensity changes was more sensitive in low-altitude areas than in high-altitude
areas; the response presented a north-south gradient, possibly due to socioeconomic and urbanisation differences.

1. Introduction

With rapid social and economic development, the influence
of human activities on the land surface temperature (LST)
has intensified. Land-use intensity can convey the intensity
of human activities and can provide a basis for discussing the
relationship between land-use and environmental changes
[1]. Changes in land-use intensity can be regarded as an
extension of land-use/cover changes (LUCC) [2]. These
changes are influenced by not only land cover but also policy
measures [3], such as adjusting the structure of land use
[4], regulating urban expansion, or optimising economic
structures [5]. These changes impact environmental factors,
such as the LST [6].Therefore, the surface temperature could
be affected by the variation in and intensity of land use.

Presently, the relationship between surface temperature
and land-use intensity is difficult to determine because the
quantitative expression for land-use intensity is complicated.
Many studies have applied the land-use area [7], the land-
scape index [8], or particular quality control indexes, such
as the intensity of a water supply and drainage, the amount

of fertilisation, water consumption, or energy consumption
[9–11]; however, these metrics are unable to embody the
impacts of human activities on the land-use environment.
Our study defines land-use intensity according to the “Study
on China’s Land Use of Temporal and Spatial Information
on Remote Sensing” and seeks to improve the quantitative
expression of land-use intensity using a GIS cartographic
method. This new method might more reasonably explain
the relationship between changes in land-use intensity and
surface temperature.

Our study period was from 2001 to 2011 when the global
temperature drastically changed [12, 13]. Many studies sug-
gest that this period is indicative of a temperature spike.
Foster and Rahmstorf [14] considered this period as having
the most rapid global temperature increase. Solomon and
Newman [15] emphasised that the thermal and atmospheric
circulations in this period accelerated oceanic warming. Fall
et al. [16] found that land-use and cover changes during the
period resulted in greater warming compared with green-
house gases. In addition, the study area around Dongting
Lake, which is China’s second largest interior lake, is a centre
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Figure 1: The location of the study area.

for the development of the national agricultural economy.
Because of the influence of economic development and social
activities, the surface temperatures were strongly affected by
land-use changes.

Therefore, our research objectives were as follows: to
determine the spatiotemporal differences between surface
temperature changes and land-use intensity in the Dongting
Lake area, to identify the intrinsic link between the land-
scape and gravitational and zonal changes in the macroen-
vironment, and to reveal the relationship between land-use
intensity and land surface temperature from a geographical
perspective. The results could lead to improvements in the
ecological environment and provide a reference for rational
land-use policy in the lake district.

2. Material and Methods

2.1. Study Area. The Dongting Lake District (28∘03–
30∘20N, 110∘40–113∘30E), which is located in central
China (Figure 1), encompasses approximately 21,000 km2.
Dongting is the second largest freshwater lake in China and
is listed as one of the world’s most substantial wetlands. The
lake is divided into eastern, central, and western areas that
are governed by three cities (Yueyang, Yiyang, and Changde,
resp.). The average annual temperature is 16.6–17.6∘C; the
temperature is approximately 4.5∘C in January and 30∘C
in July. The average annual precipitation is 1,303mm.
Approximately 16.63 million people live in the district (23.5%
of the population of Hunan Province). The main landforms
are plains and lakes that have abundant natural resources.

The Dongting Lake District is an important economic
production area in China. The economy has rapidly
developed in recent years. In 2000, the urbanisation rate
was 19%, and the regional GDP was 14.5 billion dollars.
However, in 2011, the urbanisation rate increased to 38%,
and the regional GDP was 56.3 billion dollar. The ratio of
the industry, agriculture, and service sectors was 19 : 45 : 36.
Agriculture has always played an important role in the
district’s economy.

2.2. Data Sources and Preprocessing. The land-use data were
derived from TM/ETM+ images of LANDSAT5/7, which
were downloaded from China’s International Scientific Data
Service Platform (http://www.gscloud.cn/). The data were
obtained for the summers of 2001 and 2011, which correspond
to the climate normal period. The images were preprocessed
with radiation correction, geometric correction, and stripe
elimination. According to the State-Level Land-Use and Cov-
erage Classification System [17], the land was classified with a
hierarchical decision tree using the supervised classification
method [18]. Initially, the land was classified into thirteen
land-use types: dry land, paddy field, high-coverage forested
land, low-coverage forested land, high-coverage grassland,
moderate-coverage grassland, low-coverage grassland, lakes,
rivers, reservoirs, urban land, rural residential land, sand,
and other lands. Then, the data were consolidated into six
first-class types (Level II to Level I): cultivated land, forested
land, built-up land, grassland, water body, and unused land
(Table 1). The classification-precision assessment reached
83.5% using a land-use status map from 2006.
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Figure 2: Spatial information of land-use intensity.

2.3. Optimisation of the Land-Use Intensity Expression. Land-
use intensity varies according to the land-use type. Moreover,
the consensus [19] is that built-up land has the highest
intensity, followed by forested land, grassland, water bodies,
and unused land. Therefore, the land-use intensity was clas-
sified into four grades, and each grade was assigned a value
(Table 2). The land-use grades are the four ideal states in
Table 1; however, the four states are actually unequally mixed
within the same area. Using the grades, the land-use intensity
forms a continuous-distribution composite index that ranges
from 1 to 4. For the convenience of geographical calculations,
the values were multiplied by 100; therefore, the land-use
intensity is equivalent to the Weaver index.

The expression of land-use intensity is as shown in
Table 2:

Lindex = 100 ×
𝑛

∑

𝑖=1

𝐴
𝑖
× 𝐶
𝑖
. (1)

Lindex is the comprehensive index of land-use intensity
for which Lindex ∈ [100, 400], 𝐴

𝑖
is the classification index

of land use at the 𝑖th grade, 𝐶
𝑖
is the percentage of land-use

intensity at the 𝑖th grade, and 𝑛 is the classification number of
the land-use intensity, 𝑛 = 4.

An expression based on geographical radiative units
(Figure 2) was developed. The weight coefficients mainly
radiate outward from the basic units of 𝐴 and 𝐵. The radius
is one unit, and 𝐴 and 𝐵 represent the average land-use
intensity of the region (3× 3).The shaded areas are themutual
units connecting 𝐴 and 𝐵. When 𝐴 and 𝐵 are calculated,
their mutual units should be calculated repeatedly.Therefore,
the average land-use intensity of the radiated areas in 𝐴
and 𝐵 was 211 and 311, respectively. This expression shows

Table 1: Land-use/cover classification in the Dongting Lake area.

Level I categories Level II categories

Cultivated land Dry land
Paddy field

Forested land High-coverage forested land
Low-coverage forested land

Grassland
High-coverage grassland

Moderate-coverage grassland
Low-coverage grassland

Water body
Lakes
Rivers

Reservoirs

Built-up land Urban land
Rural residential land

Unused land Sand
Other lands

the influence of the surrounding land types and the continuity
in geographical space; therefore, the expression is more
scientific in practice.

This method can effectively express the continuous char-
acteristics of land-use intensity and the extent of land-use
aggregation. The units were not subject to administrative
partitions and were related to only the grid granularity (res-
olution) and scale (search radius). A higher unit resolution
yields a more accurate expression. The unit value could also
reflect the characteristics of the landscape. For example, a
value within [300, 400] indicates that built-up land provided
the greatest contribution, so built-up land was the dominant
land-use type. In this research, 30 m resolution remote-
sensing data were adopted; the radiative radius was 15 units or
930m× 930m.The value of each unit represented the average
land-use intensitywithin an area of 8.4 hm2.The total number
of units was 5,877.

2.4. Land Surface Temperature Inversion. Table 3 showed
the average surface temperature distribution in Dongting
Lake, and the data in Table 3 was obtained from the China
Statistical Yearbook. July, August, and September, which are
the warmest months (summer) in the lake area, are chosen to
facilitate intraseasonal comparisons.

The LSTs in July, August, and September of 2001 and
2011 in the Dongting Lake District were derived from NASA
MODIS data (US). The image data were preprocessed with
atmospheric corrections, radiometric calibrations, graphic
clipping, and geometric corrections. The LST was calculated
using the split-window algorithm (Figure 4) [20].Theprocess
is as follows:

TS = 𝐴
0
+ 𝐴
1
𝑇
31
− 𝐴
2
𝑇
32
, (2)

where TS is the surface temperature (K), 𝑇
31
and 𝑇

32
are the

satellite radiances of MODIS in the 31st and 32nd spectral



4 Advances in Meteorology

Table 2: Land-use intensity grade.

Land-use type Unused land-use grade Forested land, grassland,
water-body use grade

Agricultural land-use
grade Urban land-use grade

Grading index 1 2 3 4

Table 3: Average surface temperature distribution inDongting Lake
in 2001 and 2011 (unit: ∘C).

Year May June August September September October
2001 23.0 24.9 29.2 27.3 26.1 18.9
2011 21.8 24.2 30.5 28.8 25.3 17.5

bands, respectively, and 𝐴
0
, 𝐴
1
, and 𝐴

2
are the split-window

parameters, which are defined as follows:

𝐴
0
= 𝐸
1
𝑎
31
− 𝐸
2
𝑎
32
,

𝐴
1
= 1 + 𝐴 + 𝐸

1
𝑏
31
,

𝐴
2
= 𝐴 + 𝐸

2
𝑏
32
,

(3)

where 𝑎
31
, 𝑏
31
, 𝑎
32
, and 𝑏

32
are constants. Within the surface

temperature range of 0–50∘C, these constants are 𝑎
31
=

−64.60363, 𝑏
31
= 0.440817, 𝑎

32
= −68.72575, and 𝑏

32
=

0.473453. The intermediate parameters of the abovemen-
tioned equations are calculated as follows:

𝐴 =

𝐷
31

𝐸
0

𝐸
1
=

𝐷
32
(1 − 𝐶

31
− 𝐷
31
)

𝐸
0

𝐸
2
=

𝐷
31
(1 − 𝐶

32
− 𝐷
32
)

𝐸
0

𝐸
0
= 𝐷
32
𝐶
31
− 𝐷
31
𝐶
32

𝐶
𝑖
= 𝜀𝜁
𝑖
(𝜃)

𝐷
𝑖
= [1 − 𝜁

𝑖
(𝜃)] [1 + (1 − 𝜀

𝑖
) 𝜁
𝑖
(𝜃)] ,

(4)

where 𝑖 is the spectral band of MODIS 𝑖 = 31 or 32, 𝜁
𝑖
(𝜃)

is the atmospheric transmissivity when the visual angle is
𝜃, and 𝐶 is Earth’s surface emissivity in spectral band 𝑖.
Finally, the average monthly temperature was consolidated
according to the inversion result. The average temperatures
in the summers of 2001 and 2011 were obtained.The precision
test of the measured temperatures from the station in 2011
indicated that the standard error of the inversion precision
was 0.25∘C, which meets the general requirement.

2.5. Centre of Gravity Model. The relationship between the
variation in the land-use and temperature centre of gravity
was investigated using the centre of gravity model. This

model, which has been widely applied to analyse correlations
and extent of influence [21], is expressed as follows:

𝑥 =

∑

𝑛

𝑖=1

𝑥
𝑖
×𝑀
𝑖

∑

𝑛

𝑖=1

𝑀
𝑖

,

𝑦 =

∑

𝑛

𝑖=1

𝑦
𝑖
×𝑀
𝑖

∑

𝑛

𝑖=1

𝑀
𝑖

,

(5)

where 𝑥 and 𝑦 are the centres of gravity of particular
attributes in a region, 𝑥 is the longitude, 𝑦 is the latitude, 𝑥

𝑖

and 𝑦
𝑖
are the central longitude and latitude of the 𝑖th

unit, respectively, and 𝑀
𝑖
is a particular attribute in the

unit. In this study, the𝑀
𝑖
attributes were land-use intensity

or temperature. The variation in the centre of gravity of
attributes was calculated for the eastern, middle, and western
areas of the Dongting Lake District:

𝐷
𝑊−𝑗
= 𝐾 × [(𝑥

𝑤
− 𝑥
𝑗
)

2

+ (𝑦
𝑤
− 𝑦
𝑗
)

2

]

1/2

,
(6)

where 𝐷
𝑤−𝑗

represents the distance of the variation in the
centre of gravity in different years, where 𝑤 represents a
previous time and 𝑗 represents a later time, (𝑥

𝑤
, 𝑦
𝑤
) and

(𝑥
𝑗
, 𝑦
𝑗
) represent the geographic position of the centre of

gravity of a particular attribute at times 𝑤 and 𝑗, respectively,
or the longitude and latitude of the centre of gravity in the
region, and 𝐾 is a constant (111.111 km) for converting the
longitude and latitude of the plan range.

3. Results and Discussion

3.1. Characteristics of Temperature Changes and Land-Use
Intensity Changes. Figure 3 presents the results of the land-
use classification and intensity expression in 2001 and 2011.
Built-up land increased gradually, whereas forested land
decreased due to a transition to agricultural and built-up
land. The value of the land-use intensity in the Dongting
Lake District varied between 100 and 400. A comparison
of the land-use classification and intensity revealed that the
land-use intensity varied with the land-use type, which was
manifested as a continuous transitional feature. The colour
gradually darkened from the water to the cultivated land and
built-up land. Moreover, the land-use intensities were higher
in locations close to urban centres (Figure 3). Therefore, the
land-use intensity gradually increased towards urban centres,
as represented by the scattered pattern from the urban centre
to the suburbs. Additionally, the rapid urbanisation of the
region is consistent with human activities.

Figure 4 displays the LST distribution in the summers of
2001 and 2011. High temperatures mainly occurred in urban
centres, that is, the heat island effect. The regional average
temperature exhibited an increase over the past decade;
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Figure 3: Spatial expression of the land-use classification and land-use intensity in 2001 and 2011.

the LST ranged from −0.458∘C to 1.421∘C. The temperature
rise was higher in the south. The minimum, maximum, and
average temperatures were, respectively, 29.411∘C, 30.602∘C,
and 30.048∘C in 2001 and 29.849∘C, 30.983∘C, and 30.422∘C
in 2011 (Figure 5). Over the ten years, the average tempera-
ture increased 0.374∘C/10a (10a indicates 10 years), and the
maximumandminimum temperatures increased 0.381∘C/10a
and 0.438∘C/10a, respectively. The results suggest that the
minimum temperature increase played a key role in the
average temperature changes in the region.

The characteristics of the relationship between area and
temperature at different land-use intensity levels are sum-
marised in Table 4. The values of the land-use intensity were
divided into three intervals (low, medium, and high).The low
level was [100, 200], in which unused land, grassland, and
water bodies were the dominant land-use types.Themedium
level was [200, 300], in which agricultural land, water bodies,
and grassland were the dominant types. The high level was
[300, 400], in which built-up land and agricultural land
were the dominant land-use types. The overall temperature

exhibited an increase; however, a significant difference was
observed among the three land-use intensity levels. The
low-level land area decreased by 492 km2 (17.6%), which
represented the best-case land-use intensity level; however,
the temperature in the low-level land increased by 0.292∘C
(1.0%). The medium-level land area increased by 785 km2
(5.5%), whereas the corresponding temperature increased by
0.372∘C (1.2%).Thehigh-level land area decreased by 293 km2
(9.0%), whereas the temperature increased by 0.419∘C (1.4%).
Our results suggest that the increased land area of the
medium level and the decreased land area of the low level
were the primary causes of the temperature rise.

3.2. Response of the Temperature to Changes in the Land-Use
Intensity. The study area was divided into 5,877 units, where
each unit was 930m × 930m in size. The temperature and
land-use intensity within the units were analysed with spatial
statistics (Figure 6). The coefficient was −6 × 10−8in 2001 and
−3 × 10−8 in 2011. The results suggest that the sensitivity
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Figure 4: The average LSTs and changes in 2001 and 2011 (all figures depict summer: July, August, and September).

Table 4: Dynamic changes in the land-use intensity and temperature between 2001 and 2011.

Year Low level [100, 200] Medium level [200, 300] High level [300, 400]
Area (km2) Temperature (∘C) Area (km2) Temperature (∘C) Area (km2) Temperature (∘C)

2001 2798 29.862 14261 30.066 3264 30.127
2011 2306 30.154 15046 30.438 2971 30.546
Change −492 0.292 785 0.372 −293 0.419
Rate of change −17.6% 1.0% 5.5% 1.2% −9.0% 1.4%

of temperature to the land-use intensity increased over the
ten years. The inflection point of the curve appeared when
the land-use intensity was 200 or 300, and the warming
acceleration was relatively low when the land-use inten-
sity was [100, 200] or [300, 400]; however, the temperature
increased rapidly within [200, 300]. The scatter distribution

shows that the temperature rise was concentrated within
[200, 300], which suggests that the land-use intensity within
[200, 300] was a major influence on the temperature rise and
that the land-use intensity changes due to variations in agri-
cultural land, water bodies, and grassland were the primary
causes.
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Figure 5: Changes in the surface temperature in the summers of
2001 and 2011.

The relationship between the temperature variations and
land-use intensity over the past decade is illustrated in
Figure 7. Small changes in the land-use intensity were con-
centrated within [−50, 50]. Moreover, the overall land-use
intensity varied slightly, while the cross-level transition was
infrequent. Thus, the main influence on the temperature
variation was the transition between the first and second
levels or between the second and third levels.The temperature
decreasedwith increasing land-use intensitywithin [−50, 50],
indicating a negative correlation; however, when the land-use
intensity was within [−100, −50) and (50, 100], the tempera-
ture revealed a positive correlation.This finding suggests that
the temperature should increase when the land-use intensity
sharply changes (i.e., a hierarchical transition), for example,
when the unused land-use grade changes to the urban land-
use grade.

3.3. Analysis of Influencing Factors

3.3.1. Landscape Effects. Table 5 presents the dynamic
changes in the land-use type and temperature from 2001 to
2011. The area of built-up land increased by 50%, and the
areas of cultivated land and water bodies increased by 4.6%
and 13.6%, respectively. However, forested land, grassland,
and unused land areas decreased by 26%, 12%, and 1.1%,
respectively.Thehighest to lowest temperature increases were
as follows: cultivated land (0.404∘C), built-up land (0.383∘C),
forested land (0.352∘C), water body (0.349∘C), unused land
(0.308∘C), and grassland (0.290∘C).The temperature increase
over grassland was lower than that over water bodies. The
results suggest that the temperature rise primarily resulted
from the expansion of built-up land or cultivated land and
the reduction of forested land or grassland. Accordingly,
transitions to different landscapes may lead to changes
in land-use intensity. For example, when forested land or
grassland was transformed to built-up or cultivated land, the
land-use intensity level may have changed in conjunction
with an increase in temperature.

3.3.2. Centre of Gravity Effects. The changes in the centres
of gravity of temperature and land-use intensity revealed the
extent of interference by human activities. From the geo-
graphical perspective, a high correlation was observed when
both changes were consistent, whereas a weak correlation or
no correlation was observed when they were not consistent;
consistency mainly refers to changes in the same direction
[22, 23]. 𝐴

1
, 𝐵
1
, and 𝐶

1
are the variations in the centre of

gravity of the temperature in Figure 8. 𝐴
2
, 𝐵
2
, and 𝐶

2
are the

variations in the centre of gravity of the land-use intensity.
𝐴
1
and 𝐴

2
were highly consistent in terms of the direction

of the change, whereas the directions of change for 𝐵
1
and

𝐵
2
and for 𝐶

1
and 𝐶

2
were inconsistent. These results suggest

that a direct correlation exists between land-use intensity and
temperature change in the western part of the lake, whereas
the relationship was not obvious in the middle and eastern
parts of the district.

These results reveal that the centre of gravity shift
displayed a spatial difference that did not always vary
consistently, and it could be due to other environmental
factors, such as interannual and seasonal changes, global
warming, and latent heat and sensible heat exchanges [24].
Therefore, the shift in the temperature’s centre of gravity was
affected by both land-use intensity and feedback from other
environmental factors.

3.3.3. Latitudinal Effect. The latitudinal effect of temperature
refers to the zonality variations from low latitudes to high
latitudes. The latitude (28.27∘N to 29.81∘N) of the region was
divided into 103 equal parts, in which each part represented
approximately 0.015∘ of the latitudinal effect variation in
the temperature. Figure 9 shows the correlation coefficients
between the temperature and land-use intensity; the 𝐾
value indicates the correlation coefficients. The temperature
changes ranged within [0.158∘C, 0.631∘C], the land-use inten-
sity changes ranged within [−5, 24], and the𝐾 value changes
ranged within [0.581, 1.414].

Figure 9 illustrates that a significant linear relation was
detected between the temperature variations and latitude.
With increasing latitude, a distinct declining trend occurred.
The phenomenon suggested that the temperature variation
rate was greater in high-latitude areas and that the warming
trend was more notable at high altitudes. The land-use
intensity variation exhibited a fluctuating rising trend with
increasing latitude.

However, no significant linear relationship was observed
between variations in land-use intensity and increasing lati-
tude. These results showed that the latitudinal rules of land-
use intensity variations were not obvious, and no evident
increasing or decreasing trend in the intensity occurred with
latitude changes. Plausibly, the temperature was influenced
by several human factors, such as land-use, development
measures, and economic development orientations.

Similar to the temperature variation rules, the𝐾 valuewas
characterised by zonality, which controlled the fluctuations
and declines in the values.These results suggest that the tem-
perature response range to the land-use intensity decreased
gradually and that the influence of the land-use intensity on
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Figure 6: The static relationship of temperature and land-use intensity variations in 2001 and 2011.
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the temperature gradually declined with increasing latitude.
Therefore, the temperature response to the land-use intensity
was more sensitive in low-altitude areas than in high-altitude
areas in the Dongting Lake District.

4. Conclusions

(1) The average temperature increased from 30.048∘C to
30.422∘C in the Dongting Lake area between 2001
and 2011. This temperature rise in the Dongting Lake
District was slightly higher than the background
global warming [25]. The area of built-up land and
cultivated land increased by approximately 50% and
4.6%, respectively, leading to an increase of 5.5%
and a decrease of 9.0% in medium- and high-level
land uses, respectively. These changes resulted in
an increase in the land-use intensity. Built-up and
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Figure 8: Change in the direction of the centre of gravity of the land-
use intensity and temperature from 2001 to 2011.

cultivated lands were themajor factors that accounted
for the temperature increase. Therefore, the influence
of human activities can be quantitatively expressed
based on the land-use intensity.

(2) An increase in the land-use intensity generally cor-
responds to a temperature increase, such as the heat
island effect. However, the results of this study suggest
that the temperature increase was primarily caused
by a change in the land-use intensity. This finding
may be interpreted as land-cover change owing to a
hierarchical transition and characteristics of tempera-
ture changes in the lake area.Therefore, in addition to
the effects of greenhouse gases and radiative forcing,
the regional land cover or land-use conversions must
have enhanced the temperature change.

(3) The centre of gravity of temperature is inconsistent
with the land-use intensity in most of the lake area.
The shift in the temperature’s centre of gravity was
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Figure 9: Latitudinal effects on land-use intensity and temperature from 2001 to 2011.

affected by both the land-use intensity and the exter-
nal gas-water exchanges, suggesting that temperature
changes in the region could be influenced by feedback
from external environmental factors to an extent.
For example, feedback from external environmental
factors could have affected the regional atmospheric
and water circulation. However, the centre of gravity
of the temperature is consistent with the land-use
intensity in the western region of the lake, and we can
confirm that the land use and cover change strongly
correlated with temperature in the west.

(4) The observed latitudinal effect showed that the extent
of the temperature change gradually decreased while
the land-use intensity gradually increased. Gener-
ally, the changes in temperature and land-use inten-
sity exhibited a negative correlation. However, with
increasing latitude, the degree of correlation gradually
declined, suggesting that the temperature response to
the land-use intensity changes was more sensitive in
low-altitude areas than in high-altitude areas. In other
words, the difference in the correlations between the
temperature and land-use intensity did not signifi-
cantly increase, possibly because the socioeconomics
and urbanisation are more dominant in low-altitude
areas than in high-altitude areas. Therefore, more
guidance should be given to low-altitude areas.

Our study was conducted in a typical subtropical lake
district between 2001 and 2011, when a rapid change in the
global air temperature occurred.Moreover, the expression for
land-use intensity was revised using a geographic method.
This new formulation can accurately express the relationship
between land-use and temperature changes and can be used
to explore the relationship between land use and other
climatic factors, such as rainfall, evapotranspiration, and
aerosols. Because of the complexity of land-use and land-
cover changes, the regional temperature change is related
to many factors, such as global warming caused by the
greenhouse effect, topographical factors, and modulations
by ENSO [26], the PDO (Pacific Decadal Oscillation) [27],
and the AMO (Atlantic Multidecadal Oscillation) [28]. Our
study mainly considered the single factor of land use from
the perspective of macrogeography. Further studies should
consider multiple environmental factors and perspectives.
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Aiming at the system and market problem of clean development mechanism (CDM), this study is carried out to establish the
feasibility of certified emission reduction (CER) quantitative evaluation method and reserve mechanism in host country at the
United Nations Framework Convention on Climate Change (UNFCCC) level. After the introduction of CER quantitative and
sustainable mechanism, the amount of CER that can enter themarket was cut to a quarter, which reduces about 75% of the expected
CER supply. Market CER from the technology types of higher CER market share and lower support for sustainable development
appears to have different degrees of reduction. As for the technology types of lower CER market share and higher support for
sustainable development, the amount ofmarketCER ismaintained in linewith prevailing scenario, andmarketCER supply becomes
more balanced.

1. Introduction

During the first Kyoto commitment period, the CDM
emerged to be the global currency for emissions trading,
avoided more than 1.5 billion tonnes of CO

2
by over 7000

projects, and granted 5–13.5 billion USD to developing coun-
tries till 2012 [1]. CDM linked developing and industrialized
country emission reduction efforts and provided a gover-
nance and accounting framework to assess the environmental
integrity of offset projects. However, the CDM has not been
without its critics, who have raised questions with regard to
the additionality of projects, the mechanism’s bureaucracy
and transaction costs, and the majority of projects being
concentrated in a fewprimarily emerging economy countries.
Efforts to reform the CDM are underway, but at the same
time, the global carbon market shows more interest to

develop new offset mechanism, even being very similar to
CDM, instead of directly using CER as an offset unit [2, 3].

While the Doha decision on Second Commitment Period
under the Kyoto Protocol (CP2) confirmed the existence of
the CDM until 2020, it did not address the issue of low
demand or the oversupply under current CDM framework,
thereby questioning the role of the CDM as a catalyst for
private sector investment in climate change mitigation [4,
5]. In order to better facilitate the reformation on supply
side as well as promotion in demand side of CDM and
also considering the protection of existing CDM projects
in an interim measure, it is very necessary to explore more
options to upgrade design of CDM [6]. In particular, new
instrument and components are needed to evaluate divers
cobenefit fromeachCDMprojects and enable the cobenefit to
become a part of the value of CERs, instead of only emission
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Table 1: Demand forecast of national carbon offset in non-Annex I countries during the period 2008–2012 [13].

Potential demand from industrialized countries (MtCO2e) Potential supplies (MtCO2e)
Country or entity Kyoto assets demand Official target*

EU 1,293 Potential GIS >1,500
Government (EU-15) 428 Ukraine 500–700
Private sector (EU ETS) 865 Russian Federation 200

Czech Republic 120
Other EU-10 600

Japan 300
Government 100
Private sector 200
Rest of Annex B 51 CDM & JI 1,573 Range: 1,500–1,658
Government 46 CDM 1,273 1,250–1,301
Private sector 5 JI 300 250–357
Total
Government
Private sector
*These numbers correspond to the amounts of AAUs governments intend to sell. They are much lower than the whole amount of excess AAUs, now estimated
at more than 10 billion tCO2e over the first commitment period, with Russia accounting for half, Ukraine one-quarter, and Poland one-fifth.
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Figure 1: CER production forecast during the period 2013–2020
made by UNFCCC [14].

reduction. With such features, the amount of CER that is
allowed to enter carbonmarket will be able to be adjusted in a
quantitative way, according to its contributions to sustainable
development and supply potentials [7–9].

Considering the limited capacity of carbon market for
offset units, the share of CERs enlarged for those projects
with higher cobenefit but lower potentials of supply. In the
meanwhile, CDM under reformation should be considered
to suit for demand in emerging ETS in both industrialized
countries and developing countries. Following this concept,
this paper is trying to develop such updated mechanism to
enable us to differentiate between CERs as per their features,
by dividing each CER issued into two parts, for reserve
and for market. It is envisaged that the new mechanism is
able to dynamically adjust the ratio of market CER from
the issued CERs based on technology type, so that it is
able to automatically control the supply potential of CER
from different technologies according to its contributions to

sustainable development and a real-time market share [10–
12].

As a demonstration, this paper tested the effect of this
newmechanism by using real data of CDMprojects in CDM-
pipeline. It can be found that the share of controversial CERs,
for example, CER from destruction of chemical gases or large
scale, hydro remarkably shrunk and the total volume of CER
supply can be downsized.

2. Problem Analysis of CER Market

2.1. Absolute Overplus Risk of CER. According to supply and
demand analysis of flexible mechanisms (CDM, joint imple-
mentation (JI), and assigned amount unit (AAU)) under the
Kyoto Protocol during the period 2008−2012, the demand
amount of the first commitment period is 1.64 billion tons,
while the potential supply amount (CER, emission reduction
unit (ERU), and AAU) has reached more than 3 billion tons
(CER accounting for half of which, as shown in Table 1).

Considering that AAU cannot be used for the second
commitment period of Kyoto Protocol, carbon offsets during
the period 2013–2020 will be mainly based on CER and ERU.
Combined with domestic emission reduction mechanisms
of current non-Annex I countries, World Bank in the “2012
Global Carbon Market Trends Report” forecasts that during
the period 2013–2020 the demand for carbon offset of non-
Annex I countries worldwide can add up to approximately 2.7
billion tons, forwhich EUdemand for carbon offsets accounts
for 1.6 billion tons or less (as shown in Table 2).

According to the CER supply forecast made by UNFCCC
in March 2013 for the second commitment period of Kyoto
Protocol (from 2013 to 2020) up to 2020 CDM projects may
generate CER accumulated up to an amount between 2.5
billion tons and 7.5 billion tons (as shown in Figure 1, not
containing the program of activities (PoA)). Excluding the
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Table 2: Demand forecast of national carbon offset in non-Annex I countries during the period 2013–2020 [13].

Country (group of) Assumption Potential demand
(MtCO2e)

Australia Carbon price mechanism, cap in line with target of 5∘/b below 2000 348
EU-27, Iceland,
Liechtenstein, and Norway 20% below 1990, with differentiation EU ETS and effort sharing 1,635*

Japan Between 25% and below 1990 ≤539
New Zealand NZ ETS: 10% below 1990 77

North America Western climate initiative (WCI): limited to California and Québec, with
international offsets allowed in California only 94

Switzerland 20% below 1990, with ETS and other measures 2.3–12.8
Total ≤2,706
Notes: for detailed assumptions see Annex 8: assumptions for estimates of potential demand for offsets from non-Annex I countries.
*Already accounts for an inflow in the European Union Emission Trading Scheme (EU ETS) of 865 million CERs and ERUs during Phase II.

CER generated before 2012, the newly added CER supply of
the second commitment period is expected to reach about 1
to 6 billion tons.

During the first commitment period of Kyoto Protocol
(KP-1), CER supply and demand were basically balanced,
with a slight excess subject to the impact of AAU. Due to
the lack of existing demand, CER supply capacity will exceed
demand in the second commitment period of Kyoto Protocol
(KP-2). Theoretically the maximum amount of excess supply
capacity can reach 3.3 billion tons.

According to the forecast of carbon emission scenarios
in 2020 during the Copenhagen Climate Conference COP15,
under different binding emission reduction scenarios, global
greenhouse gas emissions will reach about 49–56 billion
tons/year by 2020, which should be controlled at 40 billion
tons under the 2∘C target. Therefore, global emissions by
2020 should be decreased by 16 billion tons/year with the
2∘C target (no binding emission reduction scenario). If
more stringent binding emission reduction mechanisms are
formed at Conference of COP15, global emissions by 2020
require further reduction of 9 billion tons/year or more (as
shown in Figure 2).

Supposing 2013–2020 average emission reductions per
year up to 9 billion tons/year, there have been totaled 72
billion tons of emission reductions during the eight years.
On the supply side, in accordance with the UNFCCC forecast
new supply of CER during 2013–2020 can reach 6 billion tons,
accounting for 8% emission reduction mandate with the 2∘C
target (under strict-constraining mechanism scenario).

In a strict-constraining mechanism scenario, most of the
emission reductions are required to carry out under the total
carbon emissions control (cap-and-trade) in various regions,
while the total control and carbon trading systems usually set
an upper limit for the carbon offsets usage (about 8–10%). So
even though a binding global emissions reduction agreement
was formed in 2015 with a higher emission reduction target,
the carbon offset demand may not be able to consume all of
the CERs generated by CDM projects.

According to the emissions reduction assignment under
the 2∘C target, even though the broader and deeper global
emissions reduction agreement can be formed before 2015,

the global CER supply capacity is still difficult to be fully
digested. Therefore, there is an absolute excess risk of CER.

2.2. Reflecting-Reduction-Cost Incompetency of CER. In addi-
tion to lack of demand, the CDM design also results in
the current crisis of CDM. Existing CDM allows different
types of projects to provide the market with undifferentiated
credits (CER) in accordance with the CO

2
reduction equiv-

alent, ignoring the key differences between different types
of technology, such as emission reduction potential and cost
differences, as well as different contribution to sustainable
development.

Ignoring these differences leads to the domination of
projects with the lowest emission reduction costs and
largest emission reduction potential (e.g., hydrofluorocarbon
(HFC)), which can only operate effectively with a large CER
demand. Once the demand is insufficient, it will produce
“bad money drives out good money” effect: the falling of
CER price will result in the maximum damage to projects
with higher additional emission reduction costs and smaller
emission reductions, while projects with larger emission
reduction and lower emission reductions costs can continue
to generate CER. In the above scenario, except for a few
projects receiving excessive subsidies, the emission reduction
willingness of most participants including the host countries
will be damaged, giving rise to the unsustainability of the
current CDM system.

3. The Significance of CDM Quantifying to
Sustainable Reform

3.1. Empowering CDMHost Countries to Intervene with Inter-
national Carbon Market. In the market, developed countries
have quota reserves such as EUR and control on trading rules,
with the ability to dominate the CER prices and demand. As
the supply side, host countries do not have the national CER
reserves and are in the lack of market intervention to drastic
fluctuations ofCERprices, which is not beneficial for business
and national CER revenue rights.

Although the UNFCCC is considering how to control the
CER supply, political risk exists when certainmethodological
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Figure 2: Comparison of expected emissions in 2020 with the emission levels consistent with a “likely” chance of meeting the 2∘C limit [15].
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projects are prohibited to continue registering or issuing at
the UNFCCC level. Especially for the chemical gas projects
such as HFC, the management calls for further prudence.
As these chemical gases have enormous greenhouse gas
potential, if the ban of CDM leads to such projects ceasing the
destruction of chemical gases and resuming direct emissions,

global efforts to reduce emissions will be greatly weakened.
Thus adopting tools to adjust and quantify CER supply at
the UNFCCC level and recognizing the differences of various
CER are not only much easier to implement compared to the
administrative measures of “a clean cut,” but also conducive
to encouraging the promotion of more diversified emission
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Figure 3: Relative excess scenario of current CER.

reduction technologies, thereby achieving the self-regulation
and sustainability of CDM.

3.2. Enhancing Climate Negotiation Advantages of Host Coun-
tries by CER Reserves. CER reserves used for carbon offsets
in domestic market by host countries or directly canceled as
the quantified emission reduction contributions to host coun-
tries (similar to nationally appropriate mitigation actions
(NAMAs)) can be taken as the measured, reported, and
verified (MRV) responsibility for emissions reductions com-
mitments to benefit developing countries in the climate nego-
tiations [16]. Since CDM is a flexible mechanism that helps
developed countries to offset emission reduction obligations
and allows part of its reserves to be used in domestic market,
it can provide a bargaining chip for developing countries in
the climate negotiations, that is, to determine whether part
of CER reserves would be used in domestic market based on
the increase rate of emission reduction target committed by
developed countries.

3.3. Empowering Host Countries to Interfere with CER Market
by CER Reserves. Through this proposal, it is ensured that
the large scale chemical gas projects will generate large CER
reserves for host countries. When the quota/credit shortages
lead to price rise in the future carbon market, host countries
can supply CER reserves to the market. When there is an
excess of quota/credit, host countries can continue reserving
or use reserves for domestic emission trading scheme (ETS).
Enabling host countries with reserve capacity can effectively
restrain the speculative operations in the current buyer-
country market and stabilize CER price volatility. This is a
win-win outcome for the buyer and host countries.

3.4. Effectively Supporting Sustainable Development of Host
Country by the Utilization of CDM. In addition, with the
decreasing economic strength gap between developed and
developing countries, differences of emission reduction obli-
gations are being weakened. The role of CDM also needs
to be adjusted, more suggestions declaiming that the CER
should be transformed from cheap credits to offset emission
reduction obligations of developed countries to a common
emission reduction incentive tools. More than half of the
CER amount is from chemical-gas-destruction projects, the
majority of which is those CERs from relatively advanced
developing countries, therefore, the disproportion of technol-
ogy types and distribution of host countries cause that the

CDM capability of supporting sustainability has being widely
questioned. Support for sustainable development should be
strengthened, and low-carbon technology transfer should be
promoted. Only by CDM reformation that conforms to the
trend of value foundation can the wider acceptance of CDM
be strengthened.

Thus, by adding quantitative adjustment tools that can
promote the contribution to sustainable development for
current CDM system, host countries are able to comanage
the CER market with Annex I countries at UNFCCC level
and more capable of intervening with international market.
Compared to maintaining the current situation of CDM, this
improvement will be easy to accept within the framework of
the UNFCCC.

3.5. Supporting the Emerging Carbon Market (ETS) by CER
Reserves. There are currentlymore than twenty countries and
regions establishing carbonmarkets (ETS), in which bilateral
or multilateral trading mechanism with CER reserves can be
introduced among host countries. That is, with excess CER,
part of cheap CER can be used to start current emerging
carbon markets in developed countries (e.g., Australia). In
addition, when developed countries agree to increase the
emission reduction commitments, host countries can provide
initial liquidity for the domestic ETS to cover the illiquidity
problem that brought about the single spot trading mode.

4. Design Concept of CDM Quantifying
Sustainability Mechanism

The proposal intends to divide per ton CER into two parts
based on CER shares of different types of technology and
degree of contribution to sustainable development: CER
directly accessing the market (market CER) and CER not
directly entering the market and reserved by host coun-
tries (reserved CER). Excess short-term CER supply can
be absorbed through the reserved CER mechanism of host
countries; the ratio of reserved CER after issuance is decided
by the adjustment factor at the UNFCCC level, thereby
helping to enhance the advantages of host countries in the
climate negotiations and establish the intervention capability
to international carbon market.

The CER supply result is adjusted as shown in Figures 3
and 4.

After implementation of this proposal, international car-
bon market can help those CER generated by projects with
greater contributions to sustainable development and lower
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Figure 4: The scenario after implementation of this proposal.

share of CER to gain market advantage and to achieve long-
term automatic adjustment. Due to more emphasis on tech-
nologies with larger contribution to sustainable development,
this mechanism can enhance the value basis of CER.

In volume terms, the proposal will reduce CER market
supply in the short run, while, in the long run, it will increase
the intervention capability of the host CER reserves for the
future international market. Moreover, it can improve and
quantify the support of CDM to sustainable development and
promote the equalization and diversification of CER in the
technology distribution. The proposal design embodies the
following ideas.

4.1. Proposal Principles at UNFCCC Level (Top-Down
Approach). Implementation of this proposal reforms
the quantitative and sustainable mechanism of CDM at
UNFCCC level, to strengthen the status of UNFCCC
and CDM and ensure the sustainability of CDM. The
institutional reformation at the UNFCCC level (rather than
the host country or the buyer country) is the most feasible
way to limit the CER amount accessing markets by laws and
regulations and to establish CER reserves of host countries.

4.2. Incentive Character of CDM in Limited Market Capacity.
In this proposal, CDM market is seen as an incentive-
subsidies market, which should emphasize the effectiveness
and diversity of motivation. In a CER market with lim-
ited demand, CER market share among different countries
and different types of technology should be more evenly
distributed, avoiding long-term focus on a certain type of
projects. Meanwhile, the occupied CDM market share of
mature emission reduction technologies should beweakened,
so that the international carbon market can better promote
the new technologies. Therefore, this proposal has designed

the project incentive levels of CDM for various emission
reduction technologies.

4.3. Enhancing the Effect of Supporting Sustainable Develop-
ment. Based on the compatibility of the existing methodol-
ogy system (applicable to various types of emission reduction
technology), to evaluate contribution of applicable technolo-
gies to sustainable development enables CDM to timely
support those technologies with advantages in contributing
to sustainable development.

4.4. Automatically Adjusting the Quantity of Various CER
Entering the Market. Implementation of this proposal can
automatically reduce CER market supply to mature project
types (projects with large emission reductions and low
emission reduction costs) and indirectly encourage projects
with small emission reductions but great sustainable con-
tribution to directly gain CER revenue through carbon
markets, enabling emission reduction technologies gradually
to decrease the proportion of CER entering the market with
maturity improvement. Therefore, implementation of this
proposal can automatically adjust the constitution of CER
entering the market, thereby promoting the diversification
and balanced development of CDMmarket.

4.5. Establishing CER Reserve Mechanism of Host Countries.
The ratio of CER that is generated by each project type and
can be used for reserving by host countries (the part that
cannot directly enter the market) would be regulated at the
UNFCCC level, with the host CER account established by the
UNFCCC along the usage methods and conditions of this
part of CER reserves. According to the emission reduction
commitments of developed countries, host countries can set
a proportion of CER reserves that can be used for host
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Figure 5: The scenario of reformed market CER and reserved CER [18].

Table 4:The CER proportion of all kinds of technology type before
and after the reform.

Technology type Issuance proportion
before the reform

Issuance proportion
after the reform

Wing power 8.06% 26.35%
Hydropower 10.39% 7.53%
Biomass 2.64% 10.96%
Waste-heat utilization 4.54% 13.18%
Landfill gas utilization 2.90% 10.49%
Alternative to fossil
fuels 3.44% 10.86%

Coal mine methane
utilization 1.60% 6.62%

N2O 21.00% 1.88%
HFCs 41.37% 0.38%
Others 4.05% 11.76%

domestic market with the remaining reserves open for selling
to international carbon market.

4.6. CER Reserves and the Intervention Capability of the Host
Country in International Market. Host countries of CDM
projects currently do not have CER reserve mechanism, so
the CER pricing is entirely controlled by the buyer [17].Thus,
by UNFCCC-level rules, issued CER can be divided into
two parts: CER entering the market and reserved CER by
host countries. In that case, CER reserve mechanism of host
countries can be established, which can transfer the current
excess CER to national reserves, thereby transforming the
current structure of CER solely being supplied by enterprises
to the “dual track” of the state and enterprises. As the host
governments reserve a large amount of CER, the interference
onCERmarket price induced by speculation of buyer-market
can be effectively curbed.

5. Expected Effect of CDM Quantifying
Sustainability Mechanism

5.1. Significantly Cut the Traditional Expected CER under
the Condition of Allowing Chemical Gas Projects to Enter
the Market. After the introduction of CER quantitative and
sustainablemechanism, the amount of CER that can enter the
market was cut to a quarter, which reduces about 75% of the
expected CER supply.The amount of cut CER is mainly from

HFC and N
2
O (reduced to 0.2% and 2.2%, resp.) destruction

projects. However, HFC and N
2
O destruction projects still

can conduct CER trading in order to maintain necessary
operation costs. Meanwhile, CER generated by those projects
that cannot directly enter the market would be converted to
reserved CER of the host country, which is managed by the
host country (Figure 5).

5.2. Automatically Implementing the CER “Market Equilib-
rium Distribution” of Different Technologies. After introduc-
ingCERquantitative and sustainablemechanism, the amount
of market CER from the technology types of higher CER
market share and lower support for sustainable development
appears to have different degrees of reduction. As for the
technology types of lower CER market share and higher
support for sustainable development, the amount of market
CER is maintained in line with prevailing scenario. After
the introduction of reform mechanism, market CER supply
becomes more balanced. The expected change of share is
shown in Table 3.

Among technologies in Table 3, those types in position
of overwhelming majority are automatically adjusted, so that
themarket CER from those types declined differently accord-
ing to their relative contribution to sustainable development.
The effect of applying the mechanism in these technologies is
summarized in Table 4.
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Climate change is one of the defining challenges facing the planet. Voluntary forest carbon offset project which has the potential
to boost forest carbon storage and mitigate global warming has aroused the global concern. The objective of this paper is to
model the game situation and analyze the game behaviors of stakeholders of voluntary forest carbon offset projects in China.
A stakeholder model and a Power-Benefit Matrix are constructed to analyze the roles, behaviors, and conflicts of stakeholders
including farmers, planting entities, communities, government, andChinaGreenCarbonFoundation.The empirical analysis results
show that although the stakeholders have diverse interests and different goals, a win-win solution is still possible through their
joint participation and compromise in the voluntary forest carbon offset project. A wide governance structure laying emphasis on
benefit balance, equality, and information exchanges and being regulated by all stakeholders has been constructed. It facilitates the
agreement among the stakeholders with conflicting or different interests.The joint participation of stakeholders in voluntary forest
carbon offset projects might change the government-dominated afforestation/reforestation into a market, where all participators
including government are encouraged to cooperate with each other to improve the condition of fund shortage and low efficiency.

1. Introduction

According to the Intergovernmental Panel on Climate
Change (IPCC) andWorld Meteorological Organization, the
global climate is changing as the direct result of greenhouse
gas (GHG) emissions from human activities including burn-
ing fossil fuels for energy, land clearing, and agriculture [1, 2].
While GHG emission reduction is called upon worldwide,
a large body of evidence indicates that GHG emissions will
continue increasing rapidly. It seems to be impossible to
achieve the goal of the Copenhagen Accord of limiting the
global temperature increase to 2∘C [3]. Land use, land-use
change, and forestry is regarded as one of the adequate and
cost-effective measures that remove carbon dioxide from the
atmosphere, therefore mitigating global warming [4–6]. The
Fourth Assessment Report of IPCC indicates that afforesta-
tion will be an economical and feasible measure of mitigation
and adaption climate change in the next 30 to 50 years. It

is believed that the climate change mitigation goal will be
hardly achieved if global deforestation cannot be reduced
and afforestation cannot be accelerated in Post-Kyoto Times
[7]. With the largest area of artificial forest (about 62 million
hectares), China is still working on afforestation [8, 9]. Its
experiences and challenges are of global significance.

Afforestation and sustainable forest management have
been embodied in global strategies of climate change mit-
igation and adaption and proceeded to practice. A series
of significant international climate change agreements have
been established by United Nations Framework Conven-
tion on Climate Change, providing commercialization and
marketization opportunities for forest carbon credits. The
voluntary compensation of GHG emissions has become a
new business domain which is increasingly arousing public
interest [10]. Forest carbon market has become the most
dynamic market for forest environmental services and might
be the forestry market with the highest growth potential in
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the future. It has become a new trend to develop forest carbon
market to vitalize forest carbon offsets and forestry economy
via forest carbon projects [11–13].

The decisions and behaviors of participants of forest
carbon market are important factors that influence forest
carbon transactions. The research of Cao et al. based on
expert interview and structured questionnaire survey indi-
cated that credit quality, common benefit, willingness to pay,
and carbon-sink price/cost were the main determinants of
forest carbon market in Asia [14]. Markowski-Lindsay et
al. estimated the probability forest owners in Massachusetts
would participate in carbon market and found that very
few forest owners expressed interest in participating under
a carbon scenario similar to the current voluntary scheme.
They concluded that early withdrawal penalties, additionality
requirements, and contract length are concerned by forest
owners other than price, and harvesting plans, opinions
about forest usage, and beliefs about climate change also
play significant roles in the decision to participate [15].
Miller et al. assessed the forest owner interest in selling
forest carbon credits in the Lake States, USA, and found
that carbon credit payment amount, contract length, gender,
value placed on other nonmarket forest amenities, need for
additional income, attitude towards climate change, absentee
status, land tenure, and total acres owned were all significant
determinants [16].

The principal barriers and influencing factors of par-
ticipation in the forest carbon market and projects have
been discussed in previous researches, furnishing a lot of
information for forest carbon market development [17–
21]. Meanwhile, it is still undiscovered how those factors
integrally motivate or prevent stakeholders to participate in
the forest carbon market [22, 23]. The integrated effect of
all the benefit-driving forces of different stakeholders is the
focus of this paper. The major contribution of this paper
is that it provides an analysis framework and some general
conclusions of voluntary forest carbon offset projects. A com-
prehensive discussion on the roles, behaviors, and conflicts
of stakeholders of voluntary forest carbon offset projects
in China such as farmers, planting entities, communities,
government, and China Green Carbon Foundation (CGCF)
is carried out based on a stakeholder model and a Power-
Benefit Matrix.

This paper is organized as follows. Section 2 briefly
reviews the forest carbon offset projects and the status of
forest carbon transactions in China and presents the pro-
posed stakeholder model and Power-BenefitMatrix of CGCF
voluntary forest carbon offset projects in China. Section 3
summarizes the role orientation and driving factors of key
stakeholders and discusses their behaviors and conflicts, and
Section 4 concludes the paper.

2. Materials and Methods

2.1. Forest Carbon Transaction in China. Attaching great
importance to climate change, government of China made
great efforts in forestry development. Forestry was regarded
as one of the most important domains dealing with climate

change by China’s National Climate Change Program issued
by the National Development and Reform Commission
(NDRC) in 2007 [24].The Outline of China’s Forestry Action
Plan to Address Climate Change released in 2009 intends to
improve forest quality by forest management and protection.
The concrete goal of forestry development announced by
government of China is to expand its total forest area by
40 million hectares and increase the country’s total forest
inventory by 1.3 billion cubic meters by 2020 compared with
those in 2005 [25].

Although its potential to be one of the most effective
measures to address climate change by increasing forest
carbon sink has been widely recognized, the development
of forest carbon offset project is falling behind expecta-
tion. In China, the forest carbon offset projects are still
in their infancy, which are fewer in quantity and smaller
in scale compared with greenhouse gas emission reduction
projects in industrial and energy sectors [26–28]. Concretely,
there are two types of forest carbon offset projects in
China, afforestation and reforestation (AR) projects under
the clean development mechanism (CDM) and voluntary
forest carbon offset projects [29, 30]. Since the first CDM
reforestation project worldwide registered in Pearl River
Basin, five CDM AR projects have been registered in
China with a total transaction volume of about 440 mil-
lion ton carbon dioxide according to statistics from the
United Nations.

Volunteer actions of all levels of government, commodi-
ties, and individuals to reduce GHG emissions are also
advocated besides CDM AR projects. The CGCF funding
tree plantation and forest carbon sequestration by selling
voluntary carbon offsets to firms and individuals is founded
in 2010. All the voluntary forest carbon offset projects are
carried out through CGCF in China ever since. By 2012,
according to the statistics of CGCF, the foundation had
raised about 600 million China Yuan (CNY) and set up 15
special funds according to donor intention and orientation,
owning about 80 thousand hectares of carbon sink forest
which spread over more than 20 provinces/municipalities
all over China. On the whole, most of the voluntary forest
carbon offset projects are located in comparatively developed
districts such as Zhejiang Province, Fujian Province, Beijing
Municipality, and Guangdong Province. The relatively com-
plete markets and higher income levels and fiscal revenue
there are beneficial to voluntary forest carbon offsets [11].
The nonprofit feature of CGCF determines that all the
funds from firms and individuals are donations rather than
investments, which significantly limits the funding sources.
Consequently, CGCF and a majority of its donors expect
the carbon credits can be traded in carbon markets and
generate economic benefits [31]. A pilot project of domes-
tic forest carbon transaction is launched by CGCF and
Huadong Forestry Exchange in November 2011. Immediately
after its launch, 148 thousand carbon credits (equivalent
corresponds to 148 thousand ton of carbon dioxide) are
subscribed [32]. However, this subscription becomes the
only domestic forest carbon transaction of the pilot project
so far.
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Figure 1: Stakeholder model of CGCF voluntary forest carbon offset projects in China.

2.2. Stakeholder Model. Stakeholder theory has been applied
in many fields such as source management, business ethics,
and even irregular warfare as a method of system analysis
[33, 34]. According to the theory, all the individuals and
groups influencing or influenced by the achievement of orga-
nization goals are counted as stakeholders [35]. Stakeholder
model succeeds in challenging the usual analysis approaches
because it takes all the stakeholders’ needs into consideration
[36]. It is applied in this research to describe the relationship
and interaction of stakeholders of voluntary forest carbon
offset projects in China.

By considering the management pattern of CGCF vol-
untary forest carbon offset projects, CGCF, donor (firm and
individual), forest-planting entity, buyer of carbon credits,
land user (mainly farmers after forest tenure reform), govern-
ment, community, nongovernmental organization/nonprofit
organization (NGO/NPO), advisory agency, and certificate
authority are counted as stakeholders (Figure 1). CGCF is
the core of project management, obtaining donations from
the firms and individuals, cooperating with local government
to promote and organize the project, and employing forest-
planting entities. The firms and individuals donate money
for CGCF voluntary forest carbon offset projects, restrain
the use of the funds, and own the carbon credits generated
by the project. Forest-planting entities are employed by
CGCF to carry out the projects (afforestation/reforestation
and forest management). The local government is involved
because it is the competent authority of land use change
in China and can promote the project by policy support
and subsidies. In general, farmers transfer their land use
right to CGCF and own the property right of lumbers.
The carbon credits generated in the project are measured,
monitored, certified and registered by advisory agency and
certificate authority, and recorded in the social responsibility

accounts of their donors. The NGO/NPO may provide aids
and information for CGCF voluntary forest carbon offset
projects. The generated carbon credits can circulate on the
market and sell to the buyers of carbon credits.

2.3. Power-Benefit Matrix. Power-Benefit Matrix can be used
to plot and analyze stakeholders. It displays how stakeholders
express their expectations and whether they have the power
to make an impact. The effectiveness of CGCF voluntary
forest carbon offset projects are directly determined by the
behaviors of stakeholders. Meanwhile, stakeholders’ behav-
iors root in their willingness which depends on their rights
and obligations (more concretely powers and benefits) in
CGCF voluntary forest carbon offset projects. Consequently,
the rights and obligations are the key factors in analyzing
stakeholders in CGCF voluntary forest carbon offset projects.

3. Results and Discussion

3.1. Role Orientation of Key Stakeholders. With the stake-
holdermodel of CGCF voluntary forest carbon offset projects
in China, the role orientation and driving factors of stake-
holders are summarized (Table 1). The various role ori-
entations of stakeholders determine the decision makings
and behavior choices to have different influences on CGCF
voluntary forest carbon offset projects in China. Farmers and
forest-planting entities are key stakeholders in China because
their low participation willingness, participation capacity,
and participation degree are major limits for the CGCF
voluntary forest carbon offset project implementation. The
role orientations and behavior choices of these two types of
stakeholders are discussed in depth in this section.

According to ownerships, the forest land can be divided
into two types in China, state-owned forest land and
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Table 1: Role orientation and driving factors of stakeholders involved in CGCF voluntary forest carbon offset projects in China.

Stakeholder Role orientation Main driving factors
CGCF Organizer and investor Forest carbon sequestration increase
Firm Donor Carbon credits and good social image
Individual Donor Carbon credits and good social image
Forest-planting entity Planter and forest manager Revenue from forest planting and management
Buyer of carbon credits Buyer Social responsibility or carbon offsets

Farmer Lumber owner and land supplier Lumbers ownership, labor income, and training
opportunities

Government Policy and subsidy supporter Ecological and social benefits
Community — Improvement in environment and infrastructure
NGO/NPO Aids and information supporter —
Advisory agency and certificate
authority Designer of project design document Fees

collective-owned forest land. The latter is mainly used and
managed by farmers because its use right had transferred
to farmers since forest tenure reform [37]. This transition
determined that the use right of all involved collective-owned
forest land would belong to farmers in the next 50–70 years.
Currently, the vast majority of forest land involved in CGCF
voluntary forest carbon offset projects is collective-owned.
Therefore farmers become the principal suppliers of forest
land for forest carbon offset projects. For instance, the Project
Design Document showed that, out of all the 4,196.8 hectares
of forest land, 2,857.5 hectares (about 68%) was supplied by
farmers in theCDMreforestation project in Pearl River Basin.

There exist twomodes for farmers to participate in CGCF
voluntary forest carbon offset projects. A few farmers would
like to invest in afforestation/reforestation and take charge
of daily forest management just as forest-planting entities do
and finally turn into developers of CGCF voluntary forest
carbon offset projects. These farmers will gain the benefits
of forest carbon transaction besides selling lumber in the
future. Others may directly entrust their land to CGCF for
developing voluntary forest carbon offset projects, rather
than directly undertaking the afforestation/reforestation as
well as forest management themselves. These farmers only
own the property right of lumbers on their forest land. Of
course, they could be employed by forest-planting entities
and then participated in afforestation/reforestation and forest
management. Because of the small amount of own forest
land, labor shortage, and lack of advanced technology for
afforestation/reforestation and capacity for the effective forest
management, the overwhelming majority of farmers partici-
pate in CGCF voluntary forest carbon offset projects with the
later mode.

Actually not every farmer in project area is willing to
participate in CGCF voluntary forest carbon offset projects.
The farmer’s participation willingness depends mainly upon
the opportunity cost of land use and the chief industries
the farmer’s families engaged in. For example, the orig-
inally planned forest land area of one CGCF voluntary
forest carbon offset project in Sichuan Province was 3,000
hectares; however only 2,300 hectares of forest land was

finally involved. The low participation willingness of farmers
is mainly due to the high opportunity cost of land use right
transference. More economic benefits can be obtained if the
land is used for planting tobacco, walnut, Camellia oleifera,
and other commercial crops compared with forest carbon
sequestration.

Forest-planting entities include the firms engaged in
carbon sink forest plantation and management entrusted
by CGCF. In CGCF voluntary forest carbon offset projects,
forest-planting entities act as the operators of carbon credits
generation. In particular, forest-planting entities are always
one of the major donors of CGCF as well. Consequently,
many voluntary forest carbon offset projects are driven by
not only CGCF but also forest-planting entities.Theremay be
totally four reasons for the forest-planting entities’ participa-
tion in CGCF voluntary forest carbon offset projects. Firstly,
the forest-planting entities can obtain benefit from CGCF
by selling the service of forest plantation and management.
Secondly, government subsidy for afforestation/reforestation
is another major economic driver of forest-planting enti-
ties’ participation. In most cases, the forest-planting entities
are subsidized by government according to the standard
of forestry ecological engineering (about 4,500CNY per
hectare). Thirdly, the high economic returns are always
expected by donors when they also act as forest-planting
entities. By directly participating in the forest plantation and
management, donors can bring down the cost of generating
carbon credits. Finally, most forest-planting entities believe
that they can seizemore opportunities in forest carbon credits
transaction by accumulating more participation experience
and management knowledge.

3.2. Power-Benefit Matrix Analysis of Stakeholders. Accord-
ing to the role orientation and driving factors of stakeholders
involved in CGCF voluntary forest carbon offset projects in
China, a Power-Benefit Matrix is established for stakeholders
(Table 2).

3.2.1. Powers and Benefits of Stakeholders. Buyer of carbon
creditsmay obtain relatively high economic and social benefit
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Table 2: Power-Benefit Matrix of stakeholders in CGCF voluntary
forest carbon offset projects in China.

Benefit level
Low High

Power level

Low
NGO/NPO

Advisory agency and certificate
authority

Buyer of carbon
credits

High

Donor (firm and individual)
Community
Government

CGCF

Forest-planting
entity
Farmer

by purchasing carbon credits. Currently, the forest carbon
transaction occurred in a buyer’s market. The market is very
competitive for suppliers of carbon credits. The price of
carbon credits is determined by buyers’ willingness under
the regulation of the government’s GHG reduction policies.
Therefore, the supplier should pay close attention to policy
changes and be conscious of willingness changes of the pos-
sible buyers. However, the buyer of carbon credits can hardly
influence the launch, implementation, and effectiveness of
CGCF voluntary forest carbon offset projects which is mainly
determined by nonprofit factors.

Donor (firm and individual), community, government,
and CGCF own a relatively high level of power in CGCF vol-
untary forest carbon offset projects. As important providers
of funds, the donors exert significant influence on the launch
of projects but may not care too much about the benefit.
The behaviors or decisions of community, government, and
CGCF are crucial to the projects though they hardly obtain
any economic benefit in this process.

Forest-planting entities and farmers not only have high
level of power but also benefit a lot from CGCF volun-
tary forest carbon offset projects. The effectiveness of the
projects is directly affected by forest-planting entities which
are the operators of afforestation/reforestation and forest
management. By participating in the projects and selling their
services, forest-planting entities can get corresponding profit.
Farmers are the original owners of land use right and their
willingness determines the projects’ scale. They can obtain
relatively high benefit because of owning lumber produced
in the projects.

3.2.2. Farmers’ Acceptance for Benefit Allocation. Payment
for forest-based carbon sequestration may be an emerging
opportunity to mitigate climate change while creating new
income streams for farmers. As main suppliers of land
and labor, farmers have the right to share the benefit of
CGCF voluntary forest carbon offset projects with the forest-
planting entities. Their acceptances of the projects are largely
determined by the method of benefit allocation. However,
they do not take part in the planning, budgeting, and
managing and lack information about total benefit of the
projects. Consequently, the acceptance for benefit allocation
from farmers depends on the opportunity cost of the land
including fertility, original use, location, road conditions,

and government policy. The benefit gained from the projects
should offset the opportunity cost of the land at least. The
transaction cost would be huge if negotiation was conducted
with each farmer for each piece of land. Therefore, it is a
common practice to make negotiations between the forest-
planting entities and representatives from the farmers and
communities. Once a consensus is reached, most of the
farmers may accept the pay from forest-planting entities for
their land and labor.

3.2.3. Motivator of Forest-Planting Entity. The cost of CGCF
voluntary forest carbon offset projects, including production
cost and transaction cost, is the major obstacle for private
landowners in participating in carbon credit market. In East-
ern China especially in the developed areas such as Guang-
dong, Beijing, Tianjin, Shanghai, Zhejiang, and Fujian, the
cost of forest carbon sequestration ismuch higher (an average
of 2,042.62 CNY per ton of carbon) compared with those
in southwest, northwest, and northeast regions (averaged at
819.42 CNY per ton of carbon) [38]. Meanwhile the carbon
credits generated by CGCF voluntary forest carbon offset
projects were priced at 18 CNY per ton, far below the carbon
credits price of CDMAR projects ranging from 25 to 70CNY
per ton. Nevertheless, CDM AR projects are mainly located
in the southwest and northeast of the country, and the CGCF
voluntary forest carbon offset projects are concentrated in
Guangdong, Beijing, Zhejiang, Fujian, and so forth. This
phenomenon indicates that cost and price are not the decisive
factors of CGCF voluntary forest carbon offset projects.
The key lies in policy guidance and incentive measures of
government under the condition of incomplete market. The
carbon credits are actually appendages to afforestation and
reforestation. The forest-planting entity will participate in a
CGCF voluntary forest carbon offset project as long as its net
benefit exceeds that of traditional forestry or the benefit from
carbon credits is more than the extra cost incurred in carbon
credits production and transaction.

3.2.4. Roles of CGCF, Government, and Community. CGCF,
government, and community are more likely to win trust
from other stakeholders due to their information superi-
ority and having no apparent interest conflict with others.
Meanwhile, their active participations are crucial to the
successful implementation of CGCF voluntary forest carbon
offset projects.

An effective governance mode is able to coordinate the
stakeholders’ interests through formal or informal institu-
tions so as to avoid conflicts. The existence of CGCF is one
of the major differences between voluntary forest carbon
offset projects and CDM AR projects. Due to the absence
of mature carbon credit market, CGCF actually plays the
roles of leadership, demonstration, and medium, providing
a communication platform for the buyers and sellers, which
effectively reduces the information search cost and improves
trading efficiency.

Policy clarity and perfection and regulation of institution
are the keys to forest carbon market development [39, 40].
Experience shows that the implementation of prevenient
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CGCF voluntary forest carbon offset projects is virtually
impossible without effective participation and support of
the government. The government departments and agencies
involved in the projectsmainly refer to the competent forestry
departments and the municipal and township governments,
which affect the implementation of CGCF voluntary forest
carbon offset projects through three ways. Firstly, govern-
ment helps to discover partners for the projects and directly
or indirectly facilitates the forest carbon transactions between
buyers and sellers. Secondly, government coordinates the
beneficial relationships between the partners and ensures
the smooth implementation of the projects and transactions.
Thirdly, fund from government plays a guiding and substan-
tive role that cannot be substituted. Take Wenzhou Carbon
Credit Fund as an example, of all the raised funds of 74.3
million CNY, 40% (or 30.3 million CNY) come from the
municipal government. Furthermore, most CGCF voluntary
forest carbon offset projects could get afforestation subsidy
from government.This is one of the main reasons that forest-
planting entities are willing to take part in the projects and
share more benefit out to farmers.

As a vital stakeholder of CGCF voluntary forest carbon
offset projects, the community as well as its interests must
be considered. Unlike forestry-planting entities and farm-
ers who mainly focus on economic returns, community is
more concerned with environmental and social benefit such
as improvement in infrastructure, education and training,
ecological environment, and access to the forest. Although
these willingness can conflict with goals of economic benefit
maximization of forestry-planting entities and farmers more
or less, they have to be taken into account as much as
possible. A real-world example is that the original plan had
been altered in Wenzhou Carbon Credit Project because
the community opposed planting too many fast-growing
eucalypt trees.

4. Conclusions

The voluntary forest carbon offset projects are highly valued
to boost forest carbon storage and mitigate global warming
and will become the major form of forest carbon transaction
in China. The empirical analysis of stakeholders indicates
that a win-win solution is possible in CGCF voluntary forest
carbon offset projects in China through stakeholders’ joint
participation and compromise, although the interests of gov-
ernment, forest-planting entities, farmers and community,
and so forth are different. A wide governance structure
laying emphasis on benefit balance, equality, and information
exchanges and being regulated by all stakeholders has been
constructed. It facilitates the agreement among the stake-
holders with conflicting or different interests. Due to this
governance structure, the functions such as carbon sequestra-
tion, environment conservation, and ecological restoration
of forest are brought into play through financial subsidies,
preferential taxations, and some other encouragingmeasures.
In particular, the fund from government for voluntary forest
carbon offset projects not only helps to increase the direct
economic benefits of the forest-planting entities and farmers

but also plays a substantive role in guiding donation. In
sum, the joint participation of stakeholders in voluntary
forest carbon offset projects might change the government-
dominated afforestation/reforestation into a market, where
all participators including government are encouraged to
cooperate with each other to improve the condition of fund
shortage and low efficiency. The analysis of stakeholders
in this study is based on the hypothesis of ration while
decisions of stakeholders are always influenced by psychology
or belief. This is especially true for famers because they lack
information. The irrationalities of stakeholders should be
discussed in future studies.
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Based on the LST and the landscape metrics of water body with remote sensing technique and spatial analysis, the relationship
between the mean LST and the attributes of water body was revealed via Pearson’s correlation analysis and multiple stepwise
regression analysis. Result showed that, in 32 class-based metrics we selected, the proportion of water body, average water body
size, the isolation and fragmentation of water body, and other eight metrics have high correlation with the LST. As a resultant force,
the quantity, shape, and spatial distribution of water body affect the forming of temperature. We found that the quantity and spatial
pattern of city water body could be allocated reasonably to maximize its cooling effect.

1. Introduction

With the rapid development of urbanization since industrial
revolution, land use and land cover (LULC) of the earth has
changed dramatically because of human activities and natural
disasters. At the same time, LULC not only changed the land
surface condition, but also reduced the stability of the earth
surface ecosystem. As a result, LULC has affected the climate
change directly and indirectly [1] and hence has becomemore
andmore important study area for environmental researchers
[2–4].

One relative mature research is the study of the relation-
ship between LULC and urban heat island (UHI) [3, 4]. Stud-
ies have proved that the urban built-up land has positive
influence on UHI [5], while green landscape has negative
influence on UHI [3]. In addition, water body is another land
use type with negative influence [6, 7] as the water bodies in
city achieve cooling effect by transpiration and heat exchange
with the surrounding environment. Compared with the stud-
ies of built-up, green landscape land use types, the research on
urban water body is relatively less at present. There are three
aspects in this research: (1) the relationship between water
body and land surface temperature; the temperature of water
is lower than other kinds of land uses [7]; (2) the impact of
spatial characteristics (e.g., shape) on UHI [8]; (3) the config-
uration of water body, and its relationship with UHI [9].

The land surface temperature (LST), as one important
indicator of the UHI [1], has been used in many researches to
represent climate effects. This paper studies the relationship
between the land surface temperature and the water body
from the view of landscape pattern.

Wuhan, the capital of Hubei province, in central China, is
famous for the title of “one of four furnaces in China.” And it
has another name: “the city of hundreds lakes,” whose water
area covers around 25% of the territory and the coverage
of water area ranks first in the whole country. In recent
years, Wuhan city has experienced rapid urbanization and
economic development. As a result, many urbanwater bodies
inWuhan city have been disappeared because of the pressure
to gain extra land profit in the process of urban development
[10]. At the same time, the land use/cover change has a great
effect on its local climate. Therefore, Wuhan city is chosen as
the case area to estimate the relationship between LST and the
water pattern from the view of landscape ecology.

Based on existing research, this paper used the Landsat
Thematic Mapper (TM) data to retrieve LST and land use/
cover for water. Then, considering the number of samples
and computational burden, Wuhan city was divided into 736
sample areas whose size is 3000m ∗ 3000m. Then the land-
scape metrics of water and the mean LST of each sample
area were calculated by using ArcGIS 10.0. With the help of
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Figure 1: Wuhan city, the research area.

statistical analysis theory and methods, Pearson’s correlation
coefficients were used to determine the effect of the spatial
structure of water on the LST. Finally, the computed experi-
mental samples could be fitted to multiple linear regression
model by stepwise regressions.

2. Study Area and Data Sources

2.1. Study Area. Wuhan city is situated in central China and
located between 113∘41–115∘05 E and 29∘58–31∘22N, shown
in Figure 1.Wuhan is located at a subtropical humidmonsoon
climate zone, with an annual mean precipitation about
1096.1mm. The average annual temperature ranges from
15.8∘C to 17.5∘C, and sometimes in summer the maximum
temperature can soar to 40∘C.

The total territorial area of Wuhan is about 8494.41 km2,
and the water area is about one-fourth of the city’s total
area. The famous rivers and lakes in Wuhan city are Yangtze
River, Han River, East Lake, South Lake, and so on. These
rivers/lakes mentioned above, together with other water
bodies of Wuhan, are scattered and distributed in the study
area. And they have a big influence on humidity, purifying
atmosphere of Wuhan climate.

Wuhan’s economy strength has grown rapidly, and levels
of the industrialization and urbanization were improved as
well. By the end of 2005, the resident population of Wuhan
city was 8.58 million, and the annual GDP per capita reached
26238 Yuan.
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LST Land use map

Average LST in one grid Water-based metrics

Multiple stepwise regression analysis

Correlation relationship between water metrics and LST

Spot and TM images

Result

Data
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Figure 2: Research framework of landscapemetrics of water on land
surface temperature.

2.2. Data Sources. This paper utilized three types of data:
social-economy statistical data, Wuhan land use data, and
LST data derived from remote sensing images. (1)The social-
economy statistical data, such as population/annual GDP per
capita in this paper, came from Wuhan Statistical Yearbook
and Wuhan City Water Resources Bulletin. (2) A Landsat
5 TM imagery on September 11, 2005, (patch/row: 122/39)
was selected to quantitatively measure LST and the situation
of LULC. All bands of TM images except band 6 have a
spatial resolution of 30m, while band 6 (thermal infrared
band) has a spatial resolution of 60m. Before getting LULC
information from the raw image, image preprocessing such as
geometric rectification, relative radiometric correction, and
atmospheric correction was completed. In addition, a Spot
image on December 15, 2005, with a spatial resolution of 4m
was used to verify results of supervised classification in the
study area.

3. Methods and Models

3.1. Research Framework. The basic idea of analysis for
the impacts of landscape metrics of water on land surface
temperature is illustrated in Figure 2. Based on the Landsat
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Figure 3: Land surface temperature (a) and land use map (b) in Wuhan city.

5 TM imagery, the land use information was extracted
by the method of supervised classification, and the LST
was retrieved by using the single-channel algorithm. Then
considering number of statistical samples and the computa-
tional burden, Wuhan was divided into 736 sample regions.
The mean LST and landscape metrics of water in each
sample region as sample data would be used to do Pearson’s
correlation analysis andmultiple stepwise regression analysis.
By comparing relationship between the landscape metrics of
water and the LST, it is meaningful to reveal the impacts
of the spatial structure of water on LST, which can help
improving urban environment through rational allocation of
water resources.

3.2. Acquisition of Land Use Map. In order to calculate
landscape metrics of water, a land cover classification is
necessary to obtain the land use map in study area. In this
paper, five land use classes were established: urban, forest,
cropland, bare land, and water. It should be pointed out
that water in here mainly includes rivers, lakes, and ponds.
There are three steps to derive land use map. First, region of
interest (ROI)was selected on the true color image,whichwas
produced by combining bands 5, 4, and 3 of the TM images.
They were used as training areas after passing separable test.
Second, neural net classificationwas employed to perform the
classification.Third, for each land category, at least 60 samples

were selected randomly to check the accuracy of the classified
maps by using confusion matrices. In addition, the true ROI
was identified on the Spot image used as ground surveys in
accuracy assessment. The overall accuracy is approximately
80%, and the overall kappa statistics value nearly reached 0.8,
which met the recommended value. Fourthly, a 3 ∗ 3 moving
window in clump process was used to do postclassification
process, which can eliminate the unnecessary image noises
from visual interpretation. After completing these above
steps, the land use map was obtained as shown in Figure 3(b).

3.3. Retrieval of LST. In order to acquire the LST of Wuhan
city, the brightness temperature should be derived first. A
method composed by three equations was proposed byQin et
al. (2001) to derive brightness temperature from TM images
[11].

The first equation can convert digital number of band 6
into radiation luminance (𝐿TM6, m × W × cm

−2

× sr−1) as
follows:

𝐿TM6 =
DN × (𝐿max − 𝐿min)

255

+ 𝐿min,
(1)

where DN is the digital number of TM image. 𝐿max and 𝐿min
represent the maximum and minimum radiation luminance
corresponding to the DNmax (255) and DNmin (0). According
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to Li [12], the 𝐿max is 1.896m ×W × cm
−2

× sr−1 × 𝜇m−1 and
𝐿min is 0.1534m ×W × cm

−2

× sr−1 × 𝜇m−1.
Then brightness temperature can be derived by two equa-

tions as follows:

𝐿
𝜆
=

𝐿TM6
𝑏

,

𝑇 =

𝑘
2

ln (𝑘
1
/𝐿
𝜆
+ 1)

,

(2)

where 𝑏 is 1.239 𝜇m and represents the effective spectral
range; 𝐾1 = 60.766m ×W × cm−2 × sr−1 × 𝜇m−1 and 𝐾2 =
1260.56K, and they are prelaunch calibration constants of
Landsat TM5.

The brightness temperature obtained above just repre-
sents blackbody temperature. However, the blackbody is not
existent in the real world. So it is necessary to convert the
brightness temperature into LST by using the following for-
mula [13]:

𝑇
𝑆
=

𝑇

1 + (𝜆 ∗ 𝑇/𝜌) ln 𝜀
, (3)

where 𝑇
𝑠
represents the LST, 𝑇 represents brightness tem-

perature, and 𝜆 is the effective wavelength whose value is
11.5 𝜇m; 𝜌 = ℎ𝑐/𝜎 = 1.438 ∗ 10−2mk; Boltzmann constant
𝜎 = 1.38 ∗ 10

−23 J/K; Planck constant ℎ = 6.626 ∗ 10−34 J ∗ S;
speed of light 𝑐 = 2.998∗108m/s [14]. As emissivity is difficult
to obtain, this paper uses Van’s empirical formula [15]: when
NDVI ≤ 0.157, 𝜀 = 0.923; when 0.157 < NDVI < 0.727,
𝜀 = 1.0094 + 0.047 ln(NDVI), and the emissivity of water is
0.9925.

After finishing these above steps, the LST image was
retrieved, shown in Figure 3(a).

3.4. Calculation of Spatial Structure of Water Body by Using
Landscape Metrics. From the land use map of Wuhan city,
it can be intuitively identified that water body is evenly
distributed in the whole study area. Unlike other metropolis
in China, such as Beijing and Shanghai, the correlation
betweenmean LST andwater-based landscapemetric ismore
significant inWuhan because of the large quantity and special
spatial structure of water body in study area [9], as it shown
in Figure 4.
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As we all know, landscape metrics are often used for
quantitative spatial model building in biological, habitat, and
landscape ecological contexts [16]. And they are used to
analyze and characterize urban land use and structure types
[17]. In this paper, 32 class-based metrics’ landscape was used
for quantitative expression of the spatial structure of water
body.

Considering the relatively low time resolution of TM
images, it is not convenient to get a series of sample data
in the view of time, and the sample data would be chosen
in space. Wuhan was divided into 736 sample regions whose
size is 3000m ∗ 3000m (the value is determined by several
experiments). The mean LST of each sample region was
calculated by zonal statistics in ArcGIS 10.0 and the value of
Moran’s I was acquired tomeasure the spatial autocorrelation
of the mean LST. Then the landscape metrics of water body
were got usingPatchAnalyst 5. PatchAnalyst 5 is an extension
to ArcGIS system that can facilitate the spatial analysis of
landscape patches and is used for spatial pattern analysis.

Then Pearson’s correlation coefficients between the land-
scape metrics and mean LST were calculated. It is a signif-
icance test between spatial structure of water body and the
mean LST.

Stepwise multiple regression analysis was designed to
find the most parsimonious set of predictors which are most
effective in predicting the dependent variable [18]. Analyses
were performed using IBM SPSS Statistics.

4. Results and Discussion

4.1. The Land Use Types and Their Corresponding Mean LST.
In this paper, in order to study the land surface temperature
relationships of different land use types, the mean tempera-
tures of different land use types were calculated by averaging
all corresponding pixel values (Table 1).

The results shown in Table 1 suggested that the built-up
area is corresponding to relatively high temperature, while the
water bodywith lowest temperaturemay affect the LST,which
will be considered as potential mitigating factors. Because
the urban underlying surface is made up of different land
use types, it is reasonable to analyze the relationship between
land use and LST, through considering other land use types
as potential factors.

4.2. Relationship between the LST and Landscape of Water
Body. The mean temperature of each sample area is shown
in Figure 5, and the value of Moran’s I is 0.5969. Moran’s I is
a measure of spatial autocorrelation. Therefore, it was found
that the temperature has a strong spatial autocorrelation. In
this paper, we used a covariate to control the autocorrelation
of the mean temperature.

Since we select 32 class-based metrics, not every land-
scape metric has high correlation with temperature. We
choose the landscape metrics whose Pearson’s correlation
coefficient with temperature is higher than 0.4.The landscape
metrics shown in Table 2 are highly related to the landscape
metrics of water body.

Through multiple stepwise regression analysis, the most
effective landscape metrics in predicting the dependent

Table 1: Land use types and their corresponding mean LST in
Wuhan city.

Land use types Mean LST (∘C)
Water body 25.29
Woodland 28.46
Cultivated land 28.33
Built-up land 32.78
Other land 29.94

Mean LST
39.2583
0

0 5 10 20

(km)

N

Figure 5: The mean land surface temperature in 3000m ∗ 3000m
sample region in Wuhan city.

variable (the mean LST) were selected, and multiple linear
regression equation was calculated:

𝑦 = 0.704𝑥
1
− 0.557𝑥

2
− 0.055𝑥

3
+ 0.128𝑥

4
+ 0.051𝑥

5

+ 0.064𝑥
6
+ 0.076𝑥

7
+ 0.036𝑥

8
,

(4)

where 𝑥
1
represents surrounding temperature accessed from

the weight matrix via Generate Spatial Weight Matrix of
ArcGIS tools. The threshold of its distance is 6000m, double
of spatial resolution. The weight matrix can be used to
explain the impact of surrounding pixels’ temperatures on
the center pixel. In this study, it can also eliminate the spatial
autocorrelation when analyzing the impact of water’s factors
on temperature. 𝑥

2
–𝑥
8
represent TCA,MCA, TCAI, CACVI,

IJI, MPI, and MNN, respectively.
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Table 2: Pearson’s correlation coefficient between landscapemetrics
of water and LST.

Landscape metrics Value
Class proportion −0.604∗∗

MPI −0.46∗∗

CA −0.604∗∗

MPS −0.5∗∗

PSSD −0.515∗∗

TCA −0.613∗∗

MCA −0.436∗∗

CASD −0.515∗∗

TCAI −0.408∗∗

LPI −0.61∗∗

MCAI −0.474∗∗
∗∗Correlation is significant at the 0.01 level.

Table 3: Landscape metrics of water and their corresponding
meaning, according to the Patch Analyst Help of ArcGIS.

Landscape
metrics Meaning

Class
proportion The proportion of class

MPI Measure of the degree of isolation and fragmentation
CA Sum areas of all patches belonging to a given class
MPS Average patch size
PSSD Patch size standard deviation
TCA The total size of disjunct core patches
MCA The average size of disjunct core patches
CASD Measure of variability in core area size
TCAI Measure of amount of core area in the landscape

LPI The LPI is equal to the percent of the total landscape
that is made up by the largest patch

MCAI The average core area per patch
IJI Measure of patch adjacency
MNN Measure of patch isolation

Themodel is significant at the 0.05 level, and the adjusted
𝑅
2 reached 0.814. All independent variables are significant at

0.05 levels, whose meaning is shown in Table 3 [19, 20].
According to the result, it was found that the LST

has spatial autocorrelation with water body. And the sur-
rounding temperature calculated through weight matrix can
help reduce the space correlation. The results of Pearson’s
correlation analysis show that the proportion of water body,
averagewater body size, and the percent of the total landscape
have relationship with the mean LST. They are made up by
the largest water body patch and the isolation and fragmen-
tation of water body. While the quantity, shape, and spatial
distribution of water body affect the forming of temperature
as resultant force, the result of multiple stepwise regression
analysis reveals how the attributes of water body influence
temperature.

5. Conclusions and Discussions

Rational allocation of land resources not only maintains the
sustainable development of social economy, but alsomitigates
climate change. This research field has become one of the
hottest issues in government and academy society. Despite
the fact thatWuhan has abundant surface water resource, the
amount of water resources is under severe threat. Meanwhile
Wuhan is facing problems caused by urban heat island.

The UHI types can be generally categorized into air
temperature UHI and surface UHI [21, 22]. Air temperature
UHIs are generally stronger and exhibit greatest spatial
variations at night, whereas the greatest difference in surface
UHIs usually occurs during the daytime [21–23]. In this study,
we focus on remotely sensed land surface temperature (LST):
surface UHI.

Remotely sensed LST records the radiative energy emit-
ted from the ground surface, including building roofs, paved
surfaces, vegetation, bare ground, and water [21, 24]. There-
fore, the pattern of land cover in urban landscapes may
potentially influence LST [21, 25]. This study took Wuhan
city as the case area and investigated the impact of water
landscape pattern on UHI. Based on the mean LST and
landscapemetrics ofwater body via remote sensing technique
and spatial analysis, the relationship between the mean LST
and the attributes of water body was revealed by Pearson’s
correlation analysis andmultiple stepwise regression analysis.

The results showed the following. (1) Compared to other
land use types, water body is corresponding to lower LST.
(2) In 32 class-based metrics we selected, the proportion
of water body, average water body size, the isolation and
fragmentation of water body, and other eight metrics have
obvious correlation with the LST, whose Pearson’s correlation
coefficient with temperature is higher than 0.4. Among the
11 metrics, class proportion, CA, TCA, and LPI are of very
high correlation with LST. The proportion of water body
has a negative correlation with the mean LST. It means that
in a fixed region, the lower the ratio of water body, the
higher themean LST.Meanwhile, the averagewater body size,
the percent of the total landscape which is made up by the
largest water body patch, and the isolation and fragmentation
of water body all have negative correlation with the mean
LST. (3) The LST is the result of comprehensive effects
of multifactors. The result of multiple stepwise regression
analysis indicated that the total size and amount of core
water patches have a larger effect on the LST except for
the variable of surrounding temperature calculated through
weight matrix. The core water patches represent the interior
water body with small external influence.

By analyzing the relationship between the LST and
the attributes of water body, it was found that the spatial
characteristics of water body have impact on LST, thus
providing decision support for governments to allocate water
resources.
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Both the “urban minus rural” (UMR) and the “observation minus reanalysis” (OMR) methods were used to quantify the potential
impacts of urbanization on regional temperature changes in the Beijing-Tianjin-Hebei metropolitan area in China. DMSP/OLS
nighttime light imagery and population census data were used to classify stations into four classes: rural, small city, medium city,
and large city groups. The regional average annual mean temperature was estimated to increase by 0.12∘Cdecade−1 derived from
urban warming, accounting for 40% of total climate warming from 1960 to 2009 using the UMR method. The OMR method also
indicates that rapid urbanization has a significant influence on surface warming trend although the urban warming intensity is
dependent on reanalysis dataset.The seasonal cycle patterns from all three datasets are consistent with each other, which is contrary
to the UMR result owing to the cooling effect of agriculture activity in the rural stations confusing the UMR result. So in this paper
we found a deficiency of the UMRmethod where it would underestimate the effects of urbanization in summer. In this regard, the
results from the OMR method are relatively more convincing although we admit it still has many other problems.

1. Introduction

In addition to the climate change contributions from green-
house gas concentrations and aerosol loading, anthropogenic
changes in the large-scale character of land use/land cover
change (LUCC) can also significantly influence climate
change [1].

In terms of LUCC, urbanization has received much
attention in climatic research. However, two divergent views
on influence of urbanization on regional and global mean
temperature trends currently exist. Many researchers support
that urban heat island effects are real but local and have
no biased large-scale trends; the second one holds the other
view that urban heat island (UHI) effects contaminate the
global and regional temperature time series, and urbanization
is an important contribution to climate change by human
activities. Both of these two views have many supporters.

IPCC proposed that the effects of urbanization on
the land-based temperature record are negligible (0.006∘C
decade−1); the release of heat from anthropogenic energy

production can be significant over urban areas, but it is not
globally significant [1]. Peterson et al. identified that well-
known global temperature time series from in situ sta-
tions were not significantly impacted by urban warming
(0.005∘Cdecade−1) [2], and no statistically significant impact
of urbanization could be found in annual temperature in the
contiguous United States [3]. Jones et al. studied station data
from the Soviet Union, eastern Australia, and eastern China
and then showed that urbanization influences have relatively
minor contributions to regional warming trends [4]. Many
papers also agreed with the viewpoint that the UHI effect in
China during the last 50 years was minor compared to the
background trend of increasing temperature [5, 6].

Nevertheless, some studies have employed the “urban
minus rural” method (UMR) to indicate that urbanization
may play a more significant role with regard to temperature
trends on multiple geographic scales. Such results should be
givenmore consideration for themitigation of climate change
[7]. Oke showed that even a city of 1000 people could have an
UHI effect, and the magnitudes of UHI effects were linearly
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Table 1: Results of recent studies of the urban heat island effects in China at regional and national scales.

Study area Method Time period UHI warming (∘Cdecade−1) References
Mainland China UMR 1954–2004 <0.012 [5]
Yangtze River Delta UMR 1961–2005 0.069 [37]
North China UMR 1961–2000 0.11 [10]
China Comparison with SST 1951–2004 0.1 [38]
Northeast China UMR 1954–2005 0.027 [6]
Southeast China OMR 1979–1998 0.05 [26]
East of 110∘E over China OMR 1960–1999 0.12 [39]
China OMR 1960–1999 0.14 [40]

East China OMR and UMR 1981–2007
OMR: 0.398, 0.260, 0.214, 0.167
UMR: 0.285, 0.207, 0.135, 0.077

for stations from metropolises, large cities,
medium cities, and small cities

[36]

correlated with the logarithm of the population [8]. Wang
et al. chose 42 pairs of eastern China urban and rural stations
to study UHI effects and revealed that the magnitude of UHI
effects was 0.08∘Cdecade−1 from 1954 to 1983 which must
be carefully considered when attributing causes to observed
trends [9]. Ren et al. found that the annual mean temperature
of the national basic/reference stations in north China was
significantly impacted by urban warming (0.11∘Cdecade−1)
[10]. Therefore, they suggested that the urban warming bias
for the regional average temperature anomaly series should
be corrected.

A new method to estimate the effect of LUCC on air
temperature changes that subtracts surface temperatures that
are derived from the NCEP-NCAR reanalysis data from the
trends that are observed at surface stations (observation
minus reanalysis (OMR)) was proposed [11]. The rationale
for the OMR method is that the reanalysis data represent
large-scale climate changes due to greenhouse gases and
atmospheric circulation but are insensitive to regional surface
processes because little or no surface data or information
(surface observations of temperature, moisture, and wind
over land) about land surface changes has been utilized in
the data assimilation process. Thus, Lim et al. studied the
sensitivity of surface climate change to land types by theOMR
method to reveal that warming over barren and urban areas is
larger than most other land types [12]. The study of Fall et al.
confirmed the robustness of the OMR method for detecting
nonclimatic changes at the station level and provided robust
results regarding the impact of LUCC on the temperature
trends over the conterminous United States [13]. The results
indicated that the regions converted into urban areas show a
positive OMR trend which agreed well with those obtained
by Lim et al. [12]. Hu et al. used the OMRmethod to estimate
the impact of land surface forcing on mean and extreme
temperatures in eastern China and found that LUCC impacts
could explain one-third of the observed increase of the annual
warm nights and nearly half of the observed decrease of the
cold nights [14].

China has been experiencing a dramatic growth in urban
areas and population since implementing the reform and

open policy. All regions in China had more than a 20%
expansion in urban areas during 1980–2005, and the Eastern
Plain had the largest increase in urban area (2.5 million ha)
[15], which could significantly change the land surface phys-
ical processes and surface heat flux. There could have been
substantial impacts on local and regional climates as a result
of the rapid urbanization. Therefore, determining how to
estimate urban and land use contributions to the warming
trends is a hot research topic currently.

Table 1 illustrates some results of recent studies on UHI
effects in China at regional or national scales. Overall, the
contribution of urban warming on temperature change,
which was determined from the OMR method, has been
more significant than the effect determined from the UMR
approach. However, no papers explain that in detail, regard-
less of annual or seasonal changes.

Previous studies have predominantly focused on the
UHI effect over a single large city [16, 17], and the study
of urbanization in Beijing has attracted the most attention
[18, 19]. Ren et al. showed that, with regard to the annual
mean surface air temperature (SAT) at Beijing Station, the
UHI contribution reached 80.4% during 1961–2000 and
61.3% during 1981–2000 [20]. However, with the increasing
development and growth of the small and medium cities
in Beijing-Tianjin-Hebei metropolitan area, the regional
influence of urbanization should not be underestimated.
The accurate detection and estimation of surface warming
caused by urbanization in the Beijing-Tianjin-Hebei area
may contribute significantly to the sustainable development
and planning of orderly human activities in the region.
Therefore, in the current study, we attempt to use both the
UMR and the OMRmethods to quantitatively determine the
potential magnitude of UHI contributions to regional annual
or seasonal temperature trends during a rapid urbanization
period in the Beijing-Tianjin-Hebei metropolitan area. As far
as the OMR is concerned, previous studies usually used one
reanalysis dataset, but we know that each reanalysis may have
some deficiencies in itsmodel physics or assimilation process.
So we conduct comparative studies with three independent
reanalyses (NCEP/NCAR,NCEP/DOE, and ERA-interim) in
order to show a fair and reasonable urban effect.
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Figure 1: Study area and land cover types based on MODIS land
cover product.

2. Region Definition, Data, and
Analysis Methods

2.1. Study Area. TheBeijing-Tianjin-Hebeimetropolitan area
refers to the center of Beijing and Tianjin and includes
Shijiazhuang, Baoding, Qinhuangdao, Langfang, Cangzhou,
Chengde, Tangshan, and Zhangjiakou, eight large cities in
Hebei Province. The geographical location of these cities and
land cover type are shown in Figure 1. The urban types are
displayed in red in Figure 1. Hebei Province is named Ji for
short in China, so the Beijing-Tianjin-Hebei metropolitan
area is usually referred to as JING-JIN-JI area (JJJ area for
short below). This region is defined as the political, cultural,
and economic center of China. The JJJ regional plan is an
important regional planning of the national TwelfthFive-Year
Plan. Because of the rapid economic development, this region
has been identified as the economic center of northernChina.

According to the China City Statistical Yearbook (1985–
2009), the total nonagricultural population in urban districts
of the JJJ area doubled in about 20 years from 1984 to 2008.
Undoubtedly, the large increase in the urban population due
to the rapid urban expansion could considerably impact the
local and regional climate and environment of the JJJ area.

2.2. Data. The meteorological data that were used in this
study include the daily mean surface air temperature from 79
weather and climate observation stations in JJJ area, all cov-
ering 50 years from 1960 to 2009.The dataset included obser-
vations from all of the national reference climate stations

and national basic weather stations in the study area as well
as from some ordinary weather stations in Hebei Province.
The inhomogeneity of the national reference climate stations
and national basic weather stations that was caused by site
relocation was adjusted [18, 21]. The data were also of good
quality and were relatively evenly spatially distributed. All
climate and weather stations in China are maintained by
professional workers.

The U.S. Air Force Defense Meteorological Satellite
Program’s Operational Linescan System (DMSP/OLS) has
provided a capable method for obtaining urban information
at coarse spatial scales through its unique low-light imaging
capability to detect persistent lights, even from small human
settlements, gas fires, and vehicles in the dark background at
night. The Version 4 stable nighttime light products (1992–
2009) with 1 km spatial resolution were used to classify the
stations.They are downloaded from theNationalGeophysical
DataCenter (http://www.ngdc.noaa.gov/eog/re direct.html).

In addition, three widely used reanalysis datasets were
used in our study. These included the National Centers for
Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis data (NNR) [22], the
National Centers for Environmental Prediction/Department
of Energy (NCEP/DOE) Atmospheric Model Intercompar-
ison Project- (AMIP-) II reanalysis data (NDR) [23], and
the European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis data (ERA) [24]. The NNR and NDR
datasets covered the period from 1948 and 1979 to the present,
respectively, with the spatial resolution of the Global T62
Gaussian grid (192 × 94).There were some deficiencies in the
model physics of the NNR; for example, the description of
cloudiness and soil moisture is poor, which could bias the
estimation of surface temperature [25]. Although based on
the widely used NNR, the NDR has improved this quality by
featuring newer physics and observed soil moisture forcing
as well as fixing known errors of the NNR [23]. Conse-
quently, the OMR for the NDR data should more accurately
characterize near-surface temperature over land [26]. The
latest extension reanalysis ERA-interim was also used in our
analysis. It covers the period from 1979 to the present with
a spatial resolution of 1.5∘ × 1.5∘. In this work, we selected
the same reference period that is used for comparison from
1979 to 2009. The ERA is somewhat more sensitive to land
surface forcing than the NNR or NDR. However, results
derived from the ERA would contain a portion of surface
temperature variation due to land surface forcing [12, 27], and
these results would strengthen our conclusions. Furthermore,
an integrated study using a few types of reanalysis datasets
may help to decrease the uncertainties brought about by data
deficiencies, and a comparative analysis of three reanalyses
may perhaps be helpful to confirm the results of the OMR.
Following the same techniques put forward by Kalnay and
Cai [11], we also interpolated the gridded reanalysis data to
observational sites with bilinear interpolation.

2.3. Methods of Defining Types of Stations. The key issue of
estimating the effect of urbanization on temperature trends
is to define the reference or baseline stations. The stations
located in rural areas could be assumed to be reference
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Table 2: Numbers of stations for each station group in the JJJ area.

Station group name Population criteria
(million) Number of stations

Large city station ≥0.5 11
Medium city station 0.1–0.5 31
Small city station 0.05–0.1 26
Rural station ≤0.05 11
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Figure 2:The distribution of the four types of stations in the JJJ area.
The background is DMSP/OLS nighttime light data from 2009 (
large city station; + medium city station;  small city station; ∙ rural
station).

stations that have not been affected by urbanization and
the temperature trends recorded at the rural stations would
actually represent large-scale changes.

The stations were firstly classified into four types accord-
ing to the population data provided by China City Statistical
Yearbook (2009): large city stations with nonagricultural
populations over 0.5million;medium-sized city stations with
nonagricultural populations of 0.1–0.5 million; small city
stations with nonagricultural populations of 0.05–0.1 million;
and rural stations with nonagricultural populations less than
0.05 million. This is consistent with Easterling et al. who
considered a population of 0.05 million as the critical value
between “urban” and “nonurban” stations [28].

Additionally, theDMSP/OLS nighttime light imagerywas
also applied to define the rural stations. The total number
of stations with nonagricultural populations less than 50,000
was 17. Then the nighttime light data of these sites were
analyzed. Among these 17 stations, the nighttime light values
of six stations increased significantly, which indicated that
these stations experienced a process of urbanization. These
six sites were then classified as small city stations. Therefore,
in the present study, a total of 11 rural stations were chosen.
The definitions for the various categories of stations and the
numbers of each station are listed inTable 2, which shows that
the number of medium city stations was the largest, followed
by the small city stations.

2.4. Calculation of Temperature Anomalies. Figure 2 illus-
trates the locations of all stations we analyzed in the JJJ

area. Many factors, such as topography and altitude, could
bias the research results when using average temperatures;
therefore, we adopted temperature anomalies of the station
observations and the reanalysis data to denote the interan-
nual variation of the regional temperature for each station
category. All trends were calculated using a simple linear
regression, and the statistical significance of the linear trend
was assessed using a t-test. The Mann-Kendall trend test
[29, 30] was used to determine abrupt changes and the
significance of urban warming [31, 32].

3. Results

3.1. Surface Air Temperature (SAT) Trends. The observed
trends in the surface air temperature for the different station
groups in the JJJ area are listed in Table 3. From 1960 to 2009,
the trends in the annual mean temperature were all positive
for the four station groups, with the largest increase occurring
at the large city stations (0.43∘Cdecade−1), followed by
the medium city stations (0.30∘Cdecade−1) and then the
small city stations (0.28∘Cdecade−1). The weakest warming
trend, only 0.19∘Cdecade−1, occurred at the rural stations,
indicating that urbanization might have exerted a significant
influence upon the observed temperature warming in the
JJJ area. The annual mean temperature trends from 1979 to
2009 were even larger. The values for the seasonal trends are
shown along with the annual means for each station group.
The seasonal mean SAT trends for the various station groups
all appeared to be largest in winter, followed by the spring.
Relatively weak warming was observed during the autumn
and summer. The rural stations even witnessed a slight
cooling trend in the summertime. For the JJJ area as a whole,
the annual mean SAT trend was 0.30∘Cdecade−1, which is
similar to the results from northern China, 0.29∘Cdecade−1
from 1961 to 2000 [10]. The regional averaged SAT warming
trends during the winter, spring, summer, and autumn were
0.54, 0.46, 0.1, and 0.1∘Cdecade−1, respectively.

Figure 3 reveals the spatial distribution of the annual
mean SAT trends from the observed station records and
the reanalysis data in the JJJ area during 1979–2009. The
station observations (Figure 3(a)) indicated that the spatial
distribution of the warming trend was closely related to the
intensity of the nighttime lights. The urban stations with
relatively intense nighttime lights exhibited rapid increases
in the temperature. Conversely, stations with weak warming
trends were mainly rural or small city stations. A broad
range of spatial difference existed in the observed SAT in
the study area, with a minimum of 0.081 and a maximum
of 1.012∘Cdecade−1. In contrast, the ERA (Figure 3(b)), NNR
(Figure 3(c)), and NDR (Figure 3(d)) reanalysis data all
showed the strongest warming trends from 1979 to 2009.
However, the trend values did not reach the amplitude of
the observed station records. The spatial difference ranged
from 0.399 to 0.630∘Cdecade−1 for the ERA, 0.284 to
0.510∘Cdecade−1 for theNNR, and 0.227 to 0.346∘Cdecade−1
for the NDR. The spatial differences of the reanalysis data
were substantially less than that of the station observations,
because the reanalysis data only reflected the atmospheric
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Figure 3: Annual mean SAT trends from (a) station observations (OBS), (b) ECMWF ERA-interim reanalysis data (ERA), (c) NCEP/NCAR
reanalysis data (NNR), and (d) NCEP/DOE reanalysis data (NDR) during 1979–2009 (unit: ∘Cdecade−1). Also shown is the DMSP/OLS
nighttime light imagery from 2009.

circulation and greenhouse gas concentrations but were
insensitive to regional surface processes associated with
different land types.

3.2. Effect of Urbanization on SAT Trends. Table 3 shows
trends for the annual and seasonal mean SAT related to
urbanization for various city station groups. The values in
the parentheses are the SAT trend differences between the
urban station groups and rural sites. From the difference in
the observational temperature trends between the urban and
rural stations (Table 3), the annual mean UMR trend was
0.24∘Cdecade−1 for the large city station, 0.11∘Cdecade−1 for
the medium city station, and 0.09∘Cdecade−1 for the small
city station (statistically significant at the 0.01 confidence level
for each city station group).The average annual urban warm-
ing in the JJJ area was 0.12∘Cdecade−1 (statistically significant
at the 0.01 confidence level). The effect of urbanization on

the SAT trend for each city group after 1979 appeared to
be slightly larger than that of 1960–2009. Among the four
seasons, the urban warming in the summer was the largest
(0.13∘Cdecade−1), followed by spring (0.11∘Cdecade−1) and
autumn (0.10∘Cdecade−1). The annual SAT trend in winter
was hardly affected by urbanization (0.04∘Cdecade−1). The
contribution of urban warming to the total warming was
largest in the summer, reaching 100% for all of the city station
groups, whereas winter witnessed the lowest contribution.
One reason may be attributed to the fact that the wind
velocities during the summer are weaker than in winter in
northern China, as many studies have reported that urban
heat island intensity increases with decreasing wind speed
[33–35]. The effects of UHI in the JJJ area did not signifi-
cantly contribute to the observed rapid warming during the
wintertime; therefore, the large-scale climate changes due
to greenhouse gases and atmospheric circulation were likely
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Figure 4: Sequential Mann-Kendall test applied to the observed annual mean temperature for the UMR of large city groups (a), medium city
groups (b), and small city groups (c). The value ±1.96 (the 95% confidence level) is represented with horizontal dashed lines. The solid lines
represent the MK trend for the time series, and the dash dotted lines represent the MK trend for the backward series.

Table 3: Observed trends of the annual and seasonal mean surface air temperature for different station groups in the JJJ area. The values in
parentheses are the results of different urban station groups minus the rural station. Statistical significance is 0.05 (single asterisk) and 0.01
(double asterisk). The units for the values are ∘Cdecade−1.

Station group name Winter Spring Summer Autumn Annual (1960–2009) Annual (1979–2009)
Large city station 0.75∗∗ (0.24∗∗) 0.68∗∗ (0.31∗∗) 0.21∗∗ (0.22∗∗) 0.11∗∗ (0.09∗∗) 0.43∗∗ (0.24∗∗) 0.66∗∗ (0.27∗∗)
Medium city station 0.54∗∗ (0.03) 0.49∗∗ (0.12∗) 0.12∗∗ (0.13∗∗) 0.06 (0.04) 0.30∗∗ (0.11∗∗) 0.50∗∗ (0.11∗∗)
Small city station 0.47∗∗ (−0.04) 0.34∗∗ (−0.03) 0.12∗ (0.13∗∗) 0.24∗∗ (0.22∗∗) 0.28∗∗ (0.09∗∗) 0.51∗∗ (0.13∗∗)
Urban station 0.55∗∗ 0.47∗∗ 0.12∗∗ 0.12 0.31∗∗ 0.53∗∗

Rural station 0.51∗∗ 0.37∗∗ −0.01 0.02 0.19∗∗ 0.39∗∗

UMR 0.04 0.11∗ 0.13∗∗ 0.10∗∗ 0.12∗∗ 0.14∗∗

Table 4: Linear trends of regional average annual, rural, and UMR
temperature (∘Cdecade−1) and the contribution of urban warming
to the total warming for different time periods. Statistical signifi-
cance is 0.05 (single asterisk) and 0.01 (double asterisk).

Total Rural UMR UHI contribution
1960–1969 −1.10∗ −1.13 0.03 0.30%
1970–1979 0.39 0.25 0.16∗ 41.03%
1980–1989 0.46 0.33 0.15∗ 32.61%
1990–1999 1.28∗∗ 1.14∗ 0.16∗ 12.50%
2000–2009 0.26 0.21 0.09 34.62%
1960–2009 0.30∗∗ 0.19∗∗ 0.12∗∗ 40.00%

the dominant contributors. This seasonal conclusion agrees
with the results of Ren et al. for northern China [10] and Yang
et al. in eastern China [36].

Table 4 shows the contribution of urban warming at
different time periods. The contribution of urban warming
to the overall warming was 40% for the 50 years from 1960 to
2009. The warming trends of the background (rural station)

and urban stations were the strongest during the 1990s,
followed by the 1980s and 1970s.TheUMR trends in the 1970s,
1980s, and 1990s were the largest (all statistically significant at
the 0.05 confidence level). This indicated that urbanization
in the JJJ area was consistent with the Chinese progress of
the reform and open policy since 1978. We know that the
study area experienced rapid urban development after the
Tangshan earthquake in 1976. Although theUMR in the 1990s
was the largest, the contribution of urban warming to the
overall warming was the largest in the 1970s (41.03%) because
the background warming trend in the 1990s was so large.

Figure 4 shows the results of the sequential Mann-
Kendall methods applied to the time series of the annual
mean SAT for the UMR of different city groups. The sequen-
tial Mann-Kendall analysis indicated that the time series
of the annual mean temperature differences between the
city and rural sites all had very significant positive trends
that exceeded the 99% confidence level. The abrupt changes
in the trends of the time series of the annual mean SAT
began in the early 1980s for the large city and medium city
station groups (Figures 4(a) and 4(b)) and the early 1990s
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Figure 5: Correlation between the trends of the annual mean SAT
and the intensity of the nighttime lights from 1992 to 2009.

for the small city groups (Figure 4(c)). The positive trends
of the large city and medium city stations began to pass the
95% confidence level during the 1970s, while the small city
stations passed the 95% confidence level during the late 1980s.
Therefore, the small city stations clearly experienced weaker
and slower urbanization progress than the large and medium
city stations.

Figure 5 shows the trend of the annual mean SAT related
to the intensity of the nighttime lights, and the correlation
coefficient was 0.31, which is statistically significant at the
0.05 confidence level. It is notable that the observed SAT
was somewhat affected by the urbanization in the JJJ area.
Therefore, the increasing UHI effect amplified the trend
of the observed SAT. Only when the urbanization effect is
removed can these records be considered accurate and better
represent the baseline temperature.Thewarming trend of the
regional average annual SAT in the JJJ area decreased from
0.30∘Cdecade−1 to 0.19∘Cdecade−1 after the adjustment.

3.3. Observation Minus Reanalysis (OMR) Analysis. Com-
pared with the progress of urbanization, the conversions of
land use types caused by other human activities, such as
agriculture, overgrazing, and deforestation, have been even
more intense. China is one of the most obvious land use
change regions, but the climatic effects from land use/cover
changes and greenhouse gas emissions are difficult to dis-
tinguish. However, neglecting the role of land use changes
could lead to the wrong assessment of human activities on
contributions to surface warming. It is very important to
reveal the contributions of urbanization and other land use
changes to climate change. In this paper, we used the OMR
method to analyze the contribution of urbanization and other
land use changes to surface warming.

Figure 6 shows the observation and reanalysis time series
of temperature anomalies for the four station groups from
1979 to 2009. Both the observed and the reanalysis annual
mean temperatures showed increasing trends. The reanal-
ysis dataset agreed best with the station observation from
rural stations (Figure 6(a)), indicating that the rural stations
were less affected by urbanization and that the background
temperature changes were captured in both the observations
and the reanalysis data. The warming trends of the station

observations were stronger than the reanalysis data, with
the strongest in the large city groups (Figure 6(d)), followed
by the medium city groups (Figure 6(c)), small city groups
(Figure 6(b)), and then the rural stations (Figure 6(a)).

The OMR values of the NDR were the largest (Figure 6).
The ERA-interim [24] indirectly assimilated near-surface
temperature observations [41], so the ERA was similar to
the observed counterparts in China [42, 43]. This is shown
in Figure 6, and the OMR of the ERA was the smallest
(Figure 6). The most substantial increase in the OMR values
occurred in the early 2000s in the small and medium city
groups (Figures 6(b)-6(c)), indicating a significant effect of
rapid urbanization on the SAT in the early 2000s. The largest
increase of the OMR in the large city groups occurred during
the late 1980s, implying that rapid urbanization developed
during this period (Figure 6(d)), which is relatively consistent
with the UMR abrupt changes tested by the Mann-Kendall
method.

Table 5 presents the annual mean temperature trends
from the station observation and three reanalysis datasets,
along with the OMR and UMR values for each station group.
The most significant increase in the station observed annual
mean SAT occurred at the largest stations with an annual lin-
ear trend of 0.66∘Cdecade−1, and the weakest occurred at the
rural stations with a trend of 0.39∘Cdecade−1. The trends of
the reanalysis datasets among the various station groups were
nearly uniformwith a low range of 0.52 to 0.54∘Cdecade−1 for
the ERA, 0.43 to 0.50∘Cdecade−1 for the NNR, and 0.24 to
0.26∘Cdecade−1 for the NDR. This predominantly reflected
changes in circulation and greenhouse warming. The annual
OMR trends indicated strong warming in the large cities with
0.12, 0.19, and 0.42∘Cdecade−1 for the ERA, NNR, and NDR,
contributing 18.18%, 28.79%, and 63.64%, respectively. The
annual OMR trends were weakest for the rural stations at
0.11, −0.06, and −0.15∘Cdecade−1 for the ERA, NNR, and
NDR, respectively. If these rural values were added to the
UMR, the results would be consistent with those of the OMR.
Accordingly, both methods showed that urbanization has
imposed significant effects on the SAT in the JJJ area.

The seasonal mean temperature trends from three
reanalysis datasets all present significant increasing trends,
strongest in the winter and spring. In the four seasons, the
trends of all the three reanalysis datasets among various sta-
tion groups show little differences. In addition, the seasonal
OMR values show strongest warming trends in the large
city stations, followed by the medium and small city station
groups.TheOMR trends in thewinter and spring are stronger
than those in summer and autumn (Table 5), which agrees
with the result obtained byYang et al. [40] andHu et al. [14] by
the same method for eastern China, but no one had pointed
out why it appeared contrary to the UMR result. The reason
why it is contrary to the UMR result is difficult to explain.

The OMR values (Figure 7) exhibited a spatial pattern
similar to the trends of the observational temperature
(Figure 3(a)). On average, the OMRmagnitudes for the NDR
were largest, and those for the NNR and ERA were relatively
small. The geographical distribution of both the OMR and
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Figure 6: Observation and reanalysis time series of temperature anomalies (line graph) and OMR values (bar chart) for (a) rural, (b) small
city, (c) medium city, and (d) large city groups from 1979 to 2009.

the observational temperature trends revealed that land
surface change most likely affected the observed temperature
and that the significant warmingwas affected by urbanization
in the JJJ area, especially in Beijing, Tianjin, and other
large cities with the most intense nighttime lighting and
strongest UHI effects. We know that the OMR results reflect
changes in land use rather than simply urbanization, so
the negative OMR trends that were predominant found at
the rural stations (Table 5 and Figure 7) could be caused
by agricultural irrigation and increasing vegetation activity
[44], especially in the summer and autumn season (Table 5)
which reflected the climatic effects of both urbanization and
increased agricultural planting around the cities. In terms
of seasonal differences in Table 5, the urban warming effect
from the OMR method in winter is the largest, but the
contribution of urban warming is the largest in summer
from the UMR result. This can be attributed to the fact
that the rural stations were affected by agricultural irrigation
and increasing vegetation activity in summer, so the cooling
effects that we can see in Table 5 and Figure 7 enlarged the
result of urban minus rural method.

4. Conclusion and Discussion

The above findings demonstrate that urbanization effects
essentially exert positive promotions on the regional climate
warming in the Beijing-Tianjin-Hebei metropolitan area.
Using the UMR method, the urban warming of approxi-
mate 0.12∘Cdecade−1 accounting for 40% of regional total
climate warming (0.30∘Cdecade−1) from 1960 to 2009 and
accounting for 25.69%of regional total climatewarming from
1979 to 2009 could be found. Using the OMR method, the
urban warming intensity is dependent on reanalysis dataset.
A very slight UHI could be detected from the ERA, while
the urban warming of 0.10∘Cdecade−1 and 0.26∘Cdecade−1
accounting for 18.77% and 51.19% of regional total warming
from 1979 to 2009 could be calculated from the NNR and
NDR, respectively.The differences might have partly resulted
from diversities of assimilation systems and input datasets.
For instance, ERA indirectly assimilated near-surface tem-
perature observations [41], so a very slight UHI could be
detected. Thus the ERA dataset is somewhat not optimal for
the OMR method in the study area.
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Figure 7: Annual mean temperature trends from the observation minus reanalysis method (∘Cdecade−1) for the (a) ERA, (b) NNR, and
(c) NDR. The DMSP/OLS nighttime lights imagery from 2009 is also shown.

Although there are differences among the annual urban
warming from ERA, NNR, and NDR, the seasonal cycle
patterns from all three datasets are consistent with each
other. A stronger UHI occurs in winter and it is weaker in
summer from the OMR results, which may reflect strong
anthropogenic heating effect in winter. However, the findings
from the UMRmethod demonstrate that the urban warming
contributes the largest in summer and smallest in winter.The
reverse seasonal cycle pattern of urban warming from the
UMR and OMR method implicates that our understanding
of the seasonal cycle of urban effects has some uncertainties.
As we know that the UMR used the observations entirely.
The urban sites are influenced by UHI. Meanwhile, the rural
sites are also influenced by other factors, such as vegetation
transpiration and moisture evaporation from soil. Vegetation
greening enhanced the transpiration and thus cooling of the
climate [45]. This cooling effect of agriculture activities can

also be found as suggested for the USA [13]. In our study area,
vegetation has strong activities in summer. So the strongest
urban warming effect in summer from the UMR method
might be larger than actual UHI effect. Winter witnessed
the lowest contribution from the UMR method that may be
attributed to the stronger wind speed in winter in northern
China, as UHI intensity decreases with increasingwind speed
[33–35].

Therefore, we found some deficiencies of the UMR
method that the results from the UMR overestimate the
urban warming effect in winter and underestimate it in sum-
mer. On the other hand, the results from the OMR method
are relativelymore convincing althoughwe admit its accuracy
depends on the quality of reanalysis dataset.

We used nighttime light data to classify the station
groups, but nighttime light can only provide objective urban
development information, not details on the physical features
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Table 5: Annual and seasonal mean temperature trends from station observation and three reanalysis datasets. Shown are the differences
between the observations and the reanalysis datasets (OMR) as well as the differences between the urban and rural sites (UMR) for the
different station groups from 1979 to 2009 (∘Cdecade−1). Statistical significance is 0.05 (single asterisk) and 0.01 (double asterisk).

Station group name Datasets Winter Spring Summer Autumn Annual

Large city station

OBS 1.06∗∗ 1.00∗∗ 0.37∗∗ −0.09∗ 0.66∗∗

NDR 0.22∗∗ 0.32∗∗ 0.21∗∗ 0.25∗∗ 0.24∗∗

NNR 0.68∗∗ 0.39∗∗ 0.34∗∗ 0.32∗∗ 0.47∗∗

ERA 0.72∗∗ 0.50∗∗ 0.49∗∗ 0.36∗∗ 0.54∗∗

OMR (NDR) 0.84∗∗ 0.68∗∗ 0.16∗∗ −0.44∗∗ 0.42∗∗

OMR (NNR) 0.38∗∗ 0.61∗∗ 0.03 −0.51∗∗ 0.19∗∗

OMR (ERA) 0.34∗∗ 0.50∗∗ −0.12∗∗ −0.55∗∗ 0.12∗∗

UMR 0.17∗∗ 0.26∗∗ 0.42∗∗ −0.02 0.29∗∗

Medium city station

OBS 0.83∗∗ 0.86∗∗ 0.27∗∗ 0.08 0.50∗∗

NDR 0.24∗∗ 0.33∗∗ 0.19∗∗ 0.24∗∗ 0.24∗∗

NNR 0.68∗∗ 0.39∗∗ 0.33∗∗ 0.30∗∗ 0.50∗∗

ERA 0.73∗∗ 0.48∗∗ 0.45∗∗ 0.36∗∗ 0.53∗∗

OMR (NDR) 0.59∗∗ 0.53∗∗ 0.08 −0.16∗∗ 0.26∗∗

OMR (NNR) 0.15∗∗ 0.47∗∗ −0.06 −0.22∗∗ 0.00
OMR (ERA) 0.10∗ 0.38∗∗ −0.18∗∗ −0.28∗∗ −0.03

UMR −0.06 0.12∗∗ 0.32∗∗ 0.15∗∗ 0.13∗∗

Small city station

OBS 0.64∗∗ 0.64∗∗ 0.36∗∗ 0.43∗∗ 0.51∗∗

NDR 0.21∗∗ 0.33∗∗ 0.22∗∗ 0.26∗∗ 0.25∗∗

NNR 0.64∗∗ 0.40∗∗ 0.33∗∗ 0.32∗∗ 0.43∗∗

ERA 0.65∗∗ 0.51∗∗ 0.51∗∗ 0.32∗∗ 0.52∗∗

OMR (NDR) 0.43∗∗ 0.31∗∗ 0.14∗∗ 0.17∗∗ 0.26∗∗

OMR (NNR) 0.00 0.24∗∗ 0.03 0.11∗∗ 0.08
OMR (ERA) −0.01 0.13∗∗ −0.15∗∗ 0.11∗∗ −0.01

UMR −0.25∗∗ −0.10∗ 0.41∗∗ 0.50∗∗ 0.14∗∗

Rural station

OBS 0.89∗∗ 0.74∗∗ −0.05 −0.07 0.37∗∗

NDR 0.44∗∗ 0.33∗∗ 0.23∗∗ 0.25∗∗ 0.26∗∗

NNR 0.65∗∗ 0.41∗∗ 0.34∗∗ 0.32∗∗ 0.43∗∗

ERA 0.71∗∗ 0.51∗∗ 0.51∗∗ 0.34∗∗ 0.52∗∗

OMR (NDR) 0.45∗∗ 0.41∗∗ −0.28∗∗ −0.32∗∗ 0.11∗

OMR (NNR) 0.24∗∗ 0.33∗∗ −0.39∗∗ −0.39∗∗ −0.06
OMR (ERA) 0.18∗∗ 0.23∗∗ −0.56∗∗ −0.41∗∗ −0.15∗∗

of the sites and surroundings. Urban meteorological obser-
vations are more likely to be made within park cool islands
than in industrial regions [3]. Therefore, more detailed
information of the station locations and their surroundings
or extensive remote sensing observation of the stations is
needed in future works. Obviously, a more realistic treatment
of the land surface and vegetation-climate interaction in
models would be helpful for improving our understanding
of the effects of LUCC on the climate [46]. Moreover, the
surface observed data did not give any information about
how high urbanization affects the overlying atmosphere [31].
To seek answers to these issues, the impact of UHI effect on
the observed regional climate change needs more in-depth
research, so integrated application of the observation analysis
and numerical simulationmethodswillmake the conclusions
more convincing.

Although there still exist some uncertainties, the results
presented in this paper suggest that a large portion of the

current surface climate warming over the Beijing-Tianjin-
Hebei metropolitan area is caused by urbanization. The
results presented in this work suggest that the climatic effects
of LUCC should be considered in climate change mitigation
strategies during the rapid urbanization of China.
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The use of constructed wetlands (CWs) in the treatment of raw wastewater in China has proved to be very successful in recent
decades. However, it is not known whether surface-flow constructed wetlands can effectively purify irrigation return water. To
investigate the performance of a constructed wetland in terms of meeting the goals of pollutant purification, the 8th drainage
of Ulansuhai Lake was used for this study. Pollutant removal performances, as well as hydrological characteristic variations in
relation to specific characteristics of plants, were investigated utilizing two years of monthly average data.The results indicated that
surface-flow constructed wetlands can effectively change the physical characteristics of return water and lead to a sharp decrease in
pollutant concentrations. The 1200m long, narrowly constructed wetland resulted in the average reduction rates of total nitrogen
(TN) and total phosphorus (TP) of up to 22.1% and 21.5%, respectively.The overall purification efficient of the constructed wetland
presented seasonal variations in four different monitoring periods (May, July, September, and November). Constructed wetlands
with multiple types of plants exhibited higher efficiencies in pollutants removal than those with a single type of plant. The current
study can provide meaningful information for the treatment of agricultural wastewater.

1. Introduction

Lake eutrophication has become a significant ecological
environmental problem facing freshwater lakes in China [1].
High levels of nitrogen in water bodies are a crucial factor
contributing to lake eutrophication [2–5]. The exogenous
pollution of lakes is primarily caused by large amounts of
fertilizer in the agricultural return water [6–8]. Therefore,
educing exogenous pollutants has become the key measure
in controlling the eutrophication of lakes.

Constructed wetlands serve as a valid treatment measure
because investment and running costs are low, and mainte-
nance and management are easy [9]. A CW is an artificial
soil-plant-microbe system created as a newor restored habitat
for native and migratory wildlife and for anthropogenic

discharge, such as wastewater, stormwater runoff, or sewage
treatment, for land reclamation after mining and other
ecological disruptions [10–15]. Of the various types of CWs
[16–19], such as surface- and subsurface-flow wetlands and
vertical flow wetlands, each has a different technical charac-
teristic and function [20–23]. Despite their advantages, CWs
struggle to remove nutrients such as nitrogen and phosphates
[24]. However, a higher pollutants removal efficiency has
been demonstrated in constructed wetlands with continuous
and intermittent artificial aeration [25–27].

CWs, which are designed to return irrigation water,
have certain boundary conditions to meet [6]. For example,
compared to general wastewater, irrigation returnwater flows
faster and has a shorter hydraulic detention time. Whether a
CW can work effectively in handling fast-flowing irrigation
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Table 1: Detailed information of the three segments of the CW.

Segment Segment I (400m) Segment II (400m) Segment III (400m)

Types of plants
Phragmites communis
Typha angustifolia
Iris tectorum Maxim

Phragmites communis
Typha angustifolia Phragmites communis

Dominant plant Phragmites communis Phragmites communis Phragmites communis
Plant density 30–35/m2 30–35/m2 30–35/m2

return water remains to be seen. Vegetation types, plant
density, and the landform may be the decisive factors in the
success of return water treatment. To investigate the effects
of CWs with irrigation return water, a long, narrow CW
was constructed in a drainage system of Ulansuhai Lake in
Inner Mongolia. The data of two years’ worth of hydrologic
and chemical characteristics of the irrigation return water
were collected for an accurate assessment of the efficiency of
constructed wetlands.

2. Study Area Selection

Ulansuhai Lake (N40∘36–41∘03, E108∘43–108∘57) is
located in Ulate County, Inner Mongolia, China. It covers
an area of 292 km2 (Figure 1). Historically, Ulansuhai
Lake has played an important role in maintaining the
ecological balance of the surrounding region. However, for
the past decade, it has faced severe eutrophication due to
large amounts of input nutrients in the return water from
farmland irrigation. Through nearly ten drainages from the
upstream agricultural region, an average of 1088.59 × 103 kg
nitrogen and 65.75 × 103 kg phosphor are discharged into
the lake each year [28, 29]. The lake is now facing a serious
ecosystem health challenge [28, 29].

3. Methods

3.1. The CW and Sampling Sites. The CW analyzed for this
study is situated in the 8th drainage. The primary source of
the drainage is from spring irrigation (April) and autumn irri-
gation (October) return water from the upstream region.The
largest flowing velocity of these return flows reaches 0.3m/s.
The dimensions of the constructed wetland are 1200m (L) ×
5.0m (W). The substrates are primarily at a depth of 0.3m in
the natural sediments on the bottom with sparse submerged
plants (Potamogeton pectinatus).TheCWis divided into three
segments, according to the dominant aquatic plants. Aquatic
plants, including Phragmites communis, Typha angustifolia,
and Iris tectorum Maxim, were chosen for the current study
because they are a dominant species in the region. After
nearly two years of cultivation, these plants were growingwell
in the CW. Detailed information is depicted in Table 1.

A total number of 12 sampling sites were set in the CW at
100m intervals. Three parallel samples were collected weekly
from each segment and stored at −18∘C until analysis.

3.2. Physical and Chemical Analyses. Water flow velocity
(FV) was measured with a velocimeter, and the suspended

solids (SS) were measured using the gravimetric method. TN
concentrations were measured using the alkaline potassium
persulfate digestion-UV spectrophotometricmethod, andTP
concentrations were measured by the ammoniummolybdate
spectrophotometric method.

3.3. Removal Ratio and Purification Efficiency Analysis. The
removal ratios (RRs) of the total N and P were calculated by
(1), in which 𝐶in (mg/L) is the N (P) concentration of inflows
and 𝐶out (mg/L) is the N (P) concentration of outflows:

RR =
𝐶in − 𝐶out
𝐶in
× 100%. (1)

To determine the removal efficiency (RE) of nutrients at
different locations, (2) was developed and applied to calculate
RE mg (L⋅m)−1:

RE
𝑗
=











𝐶
𝑗
− 𝐶
𝑖

𝐿











, (2)

where 𝐶
𝑗
is the nutrient concentration at site 𝑗; 𝐶

𝑖
is the

nutrient concentration at site 𝑖 (both in units of mg/L); and
L (m) is the straight-line distance between site 𝑖 and the next
site 𝑗.

4. Results and Discussion

4.1. Flow Velocity and Suspended Solids Changes in the CW.
As depicted in Figure 2, there were obvious changes in the
FV (m/s) and SS (mg/L) after entering the CW. The average
FV decreased from 0.23m/s to 0.09m/s, a decline of 59.4%.
The return water was slowed in the CW by the dense aquatic
plants. The biggest drop appeared in July (70.23%), which
may have been related to the vigorous growth of the aquatic
plants in that month. Moreover, a low inflow velocity in July
(0.16m/s) versus the average inflow velocity (0.23m/s) also
proved this theory. No obvious differences were observed in
the velocity drop percentages during the other three months,
which averaged 55%. Basically, the first part (before 600m) of
the CW had a slightly higher drop (an average of 40%) than
that of the back part (an average of 36%).

The average SS levels decreased from 41.0mg/L to
21.4mg/L, a total of 48%, indicating that the CWwasworking
well in controlling water quality. The largest concentration
(55mg/L) of SSwas observed inMay due to the large amounts
of fine solids that were brought by the return water of spring
irrigation. The largest drop (59%) appeared in July. This was
attributed to the vigorous growth of the aquatic plants, as well
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Figure 1: Location of the Ulansuhai Lake.
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Figure 2: Flow velocity and suspended solids distribution in the CW.

Table 2: Average removal ratio of N and P in four monitoring
periods.

May July Sep. Nov. Average
RRN 0.235 0.282 0.203 0.164 22.1%
RRP 0.224 0.313 0.211 0.113 21.5%

as the lower initial inflow velocity in this region. The average
drops in the SS level in the four periods were 48.5%, 59.6%,
42.0%, and 46.8%. The lowest removal ratio of SS appeared
in November, when many plants withered up. During the
months of May and July, the first part (before 500m) of the
CWhad lower removal ratios (an average of 27.5%) than those
of the back part (an average of 34%). Conversely, September
and November showed higher removal ratios in the front
part of the CW (an average of 24%) than those of the back
part (an average of 20%).Therefore, the growth conditions of
the aquatic plants are thought to be a decisive factor in the
removal ratios of suspended solids.

4.2. Removal Ratios of N and P. The average removal ratios of
N and P in the four monitored periods are listed in Table 2.

The average RRTN and RRTP were 22.1% and 21.5%,
respectively, indicating the CW performed well in handling
fast-flowing return wastewater from agricultural irrigation.
The RRTN of the four monitored periods was 23.5%, 28.2%,
20.3%, and 16.4%. The largest RR of TN appeared in July and
the least RR appeared in November. The RRTP of the four
periods was 22.4%, 31.3%, 21.1%, and 11.3%. In consideration
of the temporal distribution, July had the largest RR of total
N and total P, which was closely related to the exuberant
growth of the aquatic plants in that season. Contrarily, a
peak removal ratio appeared in November, when most of
the aquatic plants were in a stage of growth retardation.
Compared toRVof 60%–80%, or higher, in other constructed
wetlands [30], the RV of the current study is not high: 22%.
However, considering the fast flow of the water, the current
CW appeared to be successful in treating pollutants.

The temporal and spatial distributions of RRs in the 8th
drainage are depicted in Figure 3. The average RRTN and
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Figure 3: Temporal and spatial distribution of RRs in the 8th drainage.
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Figure 4: Temporal and spatial distribution of REs in the 8th drainage.

RRTP were 1.96% and 1.79% for each segment, respectively.
In general, the RRTN and RRTP decreased with an increased
length of the CW. There were no significant differences in
the RRTN in the different seasons. The average RRs for the
four seasonswere 2.11%, 2.51%, 1.76%, and 1.49%, respectively.
The average RRTN of each segment in July was slightly higher
than the corresponding values of the other three seasons. A
similar trendwas observed in the temporal distribution of the
averageRRTP, and the averageRRTP in Julywas slightly higher
than that of the other three seasons.

4.3. Temporal and Spatial Distribution of REs. Due to vari-
ations in water depth, vegetation, sediments, and so forth,
each same-length CW presented a different level of removal
efficiency. The results of the t-test (𝑃 < 0.01) also verified
that there were significant differences among the different
segments. The temporal and spatial distributions of the REs
in the 8th drainage are depicted in Figure 4.

The average RETN was 0.08 × 10−2mg (L⋅m)−1 with a
slight decreasing tendency. For example, the RE in the first
segment was 1.2 × 10−2mg (L⋅m)−1, which was almost triple
the amount in the last segment 0.44 × 10−2mg (L⋅m)−1.
However, the largest RE appeared in the second segment.The
high FV of the return water was thought to have contributed
to this result. In consideration of temporal distribution of
REs, July exhibited the highest average RETN among the
four monitored periods. That was in accordance with the
variation law of RVs. A similar variation tendency was

observed in the REs of TP. The average RETP was 0.083
× 10−3mg (L⋅m)−1 with a slight decreasing tendency. The
peak and valley values of RETP appeared in July (0.13 ×
10−3mg (L⋅m)−1) and November (0.03 × 10−3mg (L⋅m)−1),
respectively. Dissimilarly, the seasonal variation of the RETP
was smaller than the RETN. Generally, both regularities and
complexities existed in the temporal and spatial distributions
of the REs. Many factors, including flow flux, velocity, and
landform, produced different influences on the experimental
results.

4.4. Absorption of N and P by Aquatic Plants. Absorption
by aquatic plants is the primary way of reducing N and P
in a surface-flow CW [31]. To test the absorption efficiency
of different types of aquatic plants, the average percentage
concentrations (PC) of TN and TP in the leaves of each plant
were analyzed. Related results are illustrated in Figure 5.

The average percentage concentration (APC) of TN in
the Phragmites communis (2.46% average) was slightly higher
than the Typha angustifolia (2.08%) and Iris tectorumMaxim
(2.19%). The seasonal variations of the PCTN, in descending
order, were July (3.68%), September (2.65%), May (2.12%),
and November (1.39%), which was in accordance with the
seasonal order of Iris tectorumMaxim.The descending order
of the Typha angustifolia was slightly different: July (3.18%),
May (2.07%), September (1.84%), and November (1.21%).
The APC of TP in the Typha angustifolia is (3.07%) was
slightly higher than in the Phragmites communis (2.75%)
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Figure 5: Nutrient concentration in the leaves of tree types of aquatic plants.

and Iris tectorum Maxim (2.48%). The APC-TP in July
(4.0%) was significantly higher than the other three seasons
(2.5%). Different types of plants have different capabilities of
absorbing nutrients in different seasons, and further scientific
research is needed to obtain more accurate conclusions.

4.5. Correlation between Related Indicators. The Pearson
correlation index was used to analyze the simple correlations
among five environmental indicators (Table 3).

The FV presented a strong positive correlation with TN
(a = 0.953, 𝑃 < 0.01) and TP (a = 0.983, 𝑃 < 0.01),
indicating the high flowing velocity has serious purification
effects in CWs. Thus, a smaller drainage gradient (longer
hydraulic detention time for water) contributes to a higher
RR of pollutants. Additionally, the faster the FV, the higher
the SS (a = 0.987, 𝑃 < 0.01). Negative correlations existed
between the CW length and TN (a = −0.956, 𝑃 < 0.01), TP
(a = −0.972, 𝑃 < 0.01), FV (a = −0.975, 𝑃 < 0.01), and SS (a =
−0.989, 𝑃 < 0.01), indicating the current CW performs well
in treating fast-flowing return water. If the surface flow of the
CWcould be spread to the entire drainage, better purification
results would be achieved. Due to the limited data, more
quantitative conclusions with respect to the relations among
different indicators cannot be provided. For example, if the
plant density of each segment for each month were provided,
then it could be quantitatively concluded whether the density
of the aquatic plants or the type of aquatic plant was the
decisive factor of the RR of SS. More experimental data will
be collected in future work.

5. Conclusion

In the current study, a 1200m long CW was constructed to
detect the effectiveness of surface-flow CWs in the treatment
of fast-flowing water in Ulansuhai Lake in Northern China.
With monitoring and experimental data, the performances
of surface-flow CWs were investigated. A preliminary con-
clusion was that the current CW effectively reduces the
nutrient concentrations of the irrigation return water, even
with a relatively high water flow velocity. Plant types and the
CW length obviously affected the removal ratio of nutrients,
and different types of plants had different capabilities of
absorbing various nutrients. Moreover, the performance of

Table 3: Correlation analysis among five environmental indicators.

TN TP FV SS CW length
TN 1 .970∗∗ .953∗∗ .954∗∗ −.956∗∗

TP .970∗∗ 1 .983∗∗ .988∗∗ −.972∗∗

FV .953∗∗ .983∗∗ 1 .987∗∗ −.975∗∗

SS .954∗∗ .988∗∗ .987∗∗ 1 −.989∗∗

CW length −.956∗∗ −.972∗∗ −.975∗∗ −.989∗∗ 1
∗∗With a significance level of 0.01.

the CW fluctuated with the seasonal fluctuations of aquatic
plants. Overall, there were strong positive correlations among
the TN, TP, FV, and SS, suggesting these indicators present
similar variation trends in CWs.The length of the CWwas an
important factor in the RR of TN, TP, and SS.Moreover, plant
density had a significant effect on theREof various pollutants.

A limitation of the current study was the absence of daily,
or even hourly, monitoring data. More accurate conclusions
can be drawn only after a longer test and operation period.
Future work should focus on plant configurations, plant
density, and substrate construction in this field. The present
study exhibits the great potential of CWs in dealing with
agricultural wastewater.
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