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The bidirectional interactions between the land surface and
the atmosphere play important roles in determining weather
and climate across multiple time scales. The influence of
soil moisture on short-term weather forecasts, the role of
phenology and surface radiation balance in seasonal and
intraseasonal climate variability, the interaction of land cover
and long-term mean climate in several regions of the world,
and the emissions of greenhouse gases due to changes in land
cover or agricultural practices are well-known examples of
these interactions.

This special issue deals with different aspects of the inter-
actions between land and atmosphere, using observations
and modeling.

Y. Yang et al. provide a critical evaluation of the nonpara-
metric approach to estimate terrestrial evapotranspiration,
one of the most challenging problems for hydrometeorol-
ogists. They concluded that the nonparametric approach is
very close to the equilibrium evaporation equation under wet
conditions and that its applications in dry conditions should
be avoided.

Missing data is an inevitable problem when measuring
CO
2
, water, and energy fluxes between biosphere and atmo-

sphere with eddy covariance systems. X. Zhao and Y. Huang
(this issue) compared three gap-filling methods for eddy
covariance net carbon fluxes in three short vegetation sites.
They found that the performance of the filling techniques
depended on the time scale, gap length, and time of day
(day or night), concluding that a combination of the available
methods reduced cumulative bias and deviation for gap-filled
net ecosystem exchange fluxes.

J. Cleverly et al. used ten years of eddy covariance meas-
urements to evaluate the role of drought and flooding on
radiation, evapotranspiration, and latent heat fluxes over
groundwater-dependent riparian forests. A very interest-
ing result is that, during flooding periods, annual values
of evapotranspiration exceed annual precipitation by 250–
600%, whereas it is greatly reduced during periods of severe
drought.

Finally, two papers presented results from a combination
ofmodeling and observations. V. Potopová et al. discussed the
effects of climate change on the duration of the agricultural
growing season in the Elbe River lowland, Czech Republic,
during the 21st Century, while X. Lai et al. compared soil
moisture variations over China from simulations with the
Community Climate Model 4.0 with observations from a
microwave multisatellite soil moisture dataset.
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The Community Land Model version 4.0 (CLM4.0) driven by the forcing data of Princeton University was used to simulate soil
moisture (SM) from 1961 to 2010 over China. The simulated SM was compared to the in situ SMmeasurements from International
SoilMoistureNetwork overChina,National Centers for Environmental Prediction (NCEP)Reanalysis data, a newmicrowave based
multiple-satellite surface SM dataset (SM-MW), and European Centre for Medium-Range Weather Forecasts Interim Reanalysis
(ERA Interim/Land) SM data. The results showed that CLM4.0 simulation is capable of capturing characteristics of the spatial and
temporal variations of SM. The simulated, NCEP, SM-MW, and ERA Interim/Land SM products are reasonably consistent with
each other; based on the simulated SM of summer, it can be concluded that the spatial distribution in every layer was characterized
by a gradually increasing pattern from the northwest to southeast. The SM increased from surface layer to deeper layer in general.
The variation trends basically showed consistencies at all depths. The simulated SM of summer demonstrated different responses
to the precipitation variation. The variation distribution of SM and measured precipitation had consistencies. The humid region
significantly responded to precipitation, while the semiarid and arid regions were ranked second.

1. Introduction

Soil moisture (SM) is one of the most important geophysical
variables for characterizing the status of the land surface,
and it is also an important variable that controls the land-
atmosphere interaction. By altering underlying surface vari-
ables like soil albedo and soil thermal capacity, changes in
SM control the partition of net radiation to sensible heat
and latent heat, leading to changes in the water and thermal
balances between the lower atmosphere and the land surface.
These changes in SM then influence regional climate change
[1]. SM spatial and temporal distribution and variations
have not only important weather and climate theoretical

importance, but also practical importance in the research
fields of agriculture, ecology, and economy.

Despite the greater focus being directed to the effects
of SM on weather forecasts and climate predictions, the
lack of observations with long temporal continuity and high
spatial resolution hinders the research on SM characteristics
and climatic effects [2]. There are few SM datasets available
in the International Soil Moisture Network at present [3–
5]. Although the simulation ability of land surface model
(LSM) suffers from gaps and uncertainties in forcing data and
from model assumptions and generalizations, SM obtained
through LSM simulation has good temporal frequency and
spatial distribution. Land model especially has very good
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physical conception ofmoisture transport, so it is widely used
in research of surface variables like SM [1, 6–9].

Qian et al. [10] evaluated historical simulations of Com-
munity Land Model version 3.0 (CLM3) using available
observations of SM. The results showed that observed SM
variations over Illinois (USA) and parts of Eurasia are
generally simulated well, with the dominant influence com-
ing from precipitation. By running the Community Land
Model (CLM3.5) over China from 1993 to 2002 using the
reanalysis-based precipitation and air temperature and in situ
observations in themeteorological forcing dataset,Wang and
Zeng [6] discussed the effects of the quality of meteorological
forcing data (such as precipitation and temperature) on the
simulations of variables in the land surface water cycle.
Compared to the in situ measured SM data, the CLM3.5
simulation can generally capture the spatial and seasonal
variations of SM but overestimate SM in northeast and east
China and underestimate SM in northwest China. Li et al.
[1] generated an atmospheric field (ObsFC) for the Com-
munity Land Model version 3.5 (CLM3.5) with the support
from ground station observations, and SM was simulated
over China from 1951 to 2008. The resulting SM indicated
that CLM3.5/ObsFC is capable of reproducing the spatial-
temporal characteristics and long-term variation trends of
SM over China. Using an in situ observation-based forcing
field improves the simulation of SM.Guo et al. [11] applied the
Variable Infiltration Capacity (VIC) distributed hydrological
model [12] with 9 × 9 km2 grid resolution and calibrated
in the Hanjiang basin. Validation results show that the VIC
model can simulate runoff hydrograph with high model
efficiency and low relative error. Decharme et al. [13] study
the evaluation of a new land surface hydrology within the
Noah-WRF land-atmosphere-coupled mesoscale model over
the Sahel. An appreciable improvement of themodel results is
found when the new hydrology is used.The ECMWF Interim
Reanalysis (ERA-Interim) [14] and the National Aeronautics
and Space Administration (NASA) Modern-Era Retrospec-
tive Analysis for Research and Applications (MERRA) [15]
provide global reanalyses for the past three decades (from
1979 onward) at high spatial resolution and with modern
data assimilation and modeling systems. ECMWF recently
developed ERA-Interim/Land simulations, where the ERA-
Interim near-surface meteorological forcing is used with the
latest version of the ECMWF land surface model [7]. An
enhancedMERRA data product, MERRA-Land, has recently
been released [9]. Albergel et al. [16, 17] evaluate reanalyses
SM products from ERA-Interim, ERA-Interim/Land, and
MERRA-Landwith global ground-based in situ observations.
The three analyses show good skills in capturing surface SM
variability.

Besides using modeling approaches, global SM can be
estimated through active and passive satellite microwave
remote sensing with adequate spatial-temporal resolution
and accuracy. Several quasiglobal SM datasets have been
generated during the last decade based on either active
or passive microwave satellite observations from Advanced
Microwave Scanning Radiometer-EOS (AMSR-E) [18, 19],
European Remote Sensing Satellite (ERS-1 and ERS-2),

MetOp Advanced Scatterometer (ASCAT) [20], Scanning
Multichannel Microwave Radiometer (SMMR), Special Sen-
sor Microwave Imager (SSM/I), Tropical Rainfall Measuring
Mission (TRMM) Microwave Imager (TMI), WindSat [21,
22], and Soil Moisture and Ocean Salinity mission (SMOS)
[23, 24]. The combination/ensemble of these sensors opens
up the possibility of studying the global behavior of SM
from 1979 onward using only observations [25]. Recently,
the first multidecadal satellite-based global SM record has
been available [26].The new consistent global SMdata record
based on active and passive microwave sensors (SM-MW)
has been generated by homogenizing different existing SM
products [26–28].

The above research showed that the LSM can reason-
ably reflect the temporal and spatial distribution of surface
variables like SM and soil temperature. As the limitation of
available observation datasets, the previous investigations of
CLM based on the observation have focused on a single site
or small scale, and the simulating period is short. So it is
difficult to fully reflect the ability of CLM simulation, and
the SM datasets of CLM simulation could not be used in the
research of regional SM climatology under the background
of climate change. Furthermore, the researches on discussing
the response of SM to climate change over China are not well
presented. As one of the well-developed land models in the
world, the newly released CLM4.0 improves the hydrology
scheme of CLM3.5 and depicts the SMdynamic schememore
accurate, it is potential in SM simulation at a continental
scale.

In this paper, the CLM4.0 driven by the atmospheric
forcing data of PrincetonUniversity was deployed to simulate
SM spatial distribution and temporal spatial variation from
1961 to 2010 over China. The simulated SM was compared
to the ground observations, NCEP Reanalysis data, and SM-
MW and ERA Interim/Land SM data. It is expected that all
these aspects will provide a full realization of CLM simulation
ability over China. Furthermore, the spatial and temporal
variations of SM and its response to climate change over
China during 1961–2010 will be explored, the shortage of
CLM4.0 simulation over China will be summarized and
discussed, and the future improvements of the scheme will
be prospected.

2. Model and Data

2.1. Introduction of CLM4.0. Community land model (CLM)
is one of themostwell-developed land surface processmodels
and has the biggest potential development in theworld [29]. It
integrates advantages of the relative mature process descrip-
tion of Biosphere-Atmosphere Transfer Scheme (BATS), LSM
whichwas established at the Institute of Atmospheric Physics,
Chinese Academy of Sciences in 1994 (IAP94), LSM of
NCAR, and so forth. It also includes hydrology scheme and
parameterization of physical scheme. The CLM is the land
model of the Community Earth System Model (CESM) and
Community Atmosphere Model (CAM), coupled with many
climate models. The model represents several aspects of the
land surface including surface heterogeneity and consists of
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components or submodels related to land biogeophysics, the
hydrologic cycle, biogeochemistry, human dimensions, and
ecosystem dynamics. Excessively wet and less variation in
SM simulations were recognized as a deficiency of CLM3.5
[30, 31]. The newly released CLM4.0 improved the hydrology
scheme of CLM3.5, adopted a modified resolution of the
Richards equation, and improved the definition of the lower
boundary condition to directly couple the soil water and
ground water [31, 32]; CLM4.0 revised soil evaporation
parameterization, accounting for the effects of canopy litter
and within canopy stability on evaporation [33]. The snow
module was significantly improved in CLM4.0 [34–36]. The
soil column has been extended to 50 m depth by adding five
additional hydrological inactive soil layers [37]. An urban
module has been added [38].The albedo biases were reduced
by improving dynamic vegetation functions and patterns
[39, 40]. By all above measures, CLM4.0 improved soil
water dynamic process in CLM3.5 and leads to reducing
the simulated SM and enlarging SM variability. The snow
coverage simulated by revised model increased, soil tem-
peratures decreased in organic-rich soils, albedo over the
forests and grasslands decreased, and albedo during the
transition-season over the snow covered regions increased,
all of which are improvements compared to CLM3.5. So,
CLM4.0 is selected for this research.

2.2. Data Description

2.2.1. Forcing Data and Land Surface Data in CLM4.0.
CLM4.0 was driven by the atmospheric forcing data of
Princeton University from 1961 to 2010, with temporal
resolution of 3 hours and horizontal resolution of 1∘× 1∘
degrees [41]. The forcing data includes 7 meteorological
variables: precipitation, air temperature at 2m above ground,
downward short- and long-wave radiation at surface, surface
pressure, specific humidity, and wind speed. The original
forcing data is a global, from 1948 to 2010 dataset of
meteorological forcing that can be used to drive models of
land surface hydrology. The forcing data is a hybrid of data
from the NCEP-National Center for Atmospheric Research
(NCAR) reanalysis [42] and a suite of global observation
based datasets of precipitation, temperature, and radiation.
The observation based datasets include Climatic Research
Unit (CRU) monthly climate variables, Global Precipitation
Climatology Project (GPCP) daily precipitation, TRMM 3-
hourly precipitation, and the National Aeronautics and Space
Administration (NASA) Langley monthly surface radiation
budget. More details of the dataset are described in [41]. The
dataset has been used to evaluate the global terrestrial water
budget [43] and also to drive the VIC model for exploring
global drought characteristics [44]. The land surface datasets
released with CLM4.0 were used in this study, which includes
topography, soil properties, plant functional types, and land
use.

2.2.2. In SituMeasured SM. 30 stations selected from Interna-
tional Soil Moisture Network over China are used to validate
CLM4.0 simulation [3–5]. Li et al. [45] used these datasets to

verify the ECMWF 40-year Reanalysis (ERA-40) and NCEP
Reanalysis data of SM.The datasets were successfully used to
verify and explore models [46]. The datasets were converted
into volumetric SM and can be conveniently used to evaluate
and improve simulations.

2.2.3. NCEP Reanalysis Data. The NCEP Climate Forecast
System Reanalysis (CFSR) was completed over the 31-year
period of 1979 to 2009 in January 2010. The CFSR was
designed and executed as a global, high resolution, coupled
atmosphere-ocean-land surface-sea ice system to provide the
best estimate of the state of these coupled domains over this
period. The CFSR includes (1) coupling of atmosphere and
ocean, (2) an interactive sea-ice model, and (3) assimilation
of satellite radiances by the gridpoint statistical interpolation
scheme over the entire period.The global land surface model
has 4 soil levels. Most available in situ and satellite observa-
tions were included in the CFSR. Satellite observations were
used in radiance form [47]. CFSR land surface output prod-
ucts will serve many purposes, including providing estimates
and diagnoses of the earth’s climate state, over the satellite
data period, for community climate research [47]. The data
is distributed via http://rda.ucar.edu/datasets/ds093.2/. In this
study, surface SM from CFSR is from the first soil layer (0–
10 cm) and has a spatial resolution of 0.5∘. The SM data are
provided in volumetric units (m3/m3).

2.2.4. Remotely Sensed Data. In response to the Global
Climate Observing System (GCOS) endorsement of SM
as an Essential Climate Variable (ECV), the European
Space Agency (ESA)Water CycleMulti-MissionObservation
Strategy (WACMOS) project and Climate Change Initiative
(CCI, http://www.esa-soilmoisture-cci.org/) have supported
the generation of a SM product based onmultiple microwave
sources. The first version of the combined product, SM-
MW, was released in June 2012 by the Vienna University of
Technology. The merged product is the output of blending
the active and passive SM products, which are derived from
SMMR, SSM/I, TMI, and AMSR-E for the passive datasets
and Active Microwave Instrument-Windscat (AMIWS) and
MetOp (ASCAT) for the active datasets. This data has been
produced following the method described by [26–28]. The
homogenized and merged product presents surface SM with
a global coverage and a spatial resolution of 0.25∘, and the
temporal resolution is 1 day with its reference time at 0:00
UTC.The SM data are provided in volumetric units (m3/m3).
SM-MW was used to evaluate SM products [17, 48].

2.2.5. ERA Interim/Land Reanalysis. ERA-Interim/Land is a
global land surface reanalysis dataset covering the period
1979–2010. It describes the evolution of SM, soil temperature,
and snowpack. ERA-Interim/Land is the result of a single 32-
year simulation with the latest ECMWF land surface model
driven by meteorological forcing from the ERA-Interim
atmospheric reanalysis. The horizontal resolution is about
80 km and the time frequency is 3 hours. ERA-Interim/Land
includes a number of parameterization improvements in
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Figure 1: The intercomparison between Princeton precipitation and measured precipitation of 1961–2010. (a) Princeton annual mean
precipitation (unit: mm); (b) ground measured annual mean precipitation (unit: mm); (c) Princeton annual precipitation variation linear
trend (unit: mm/10 a); and (d) ground measured annual precipitation variation linear trend (unit: mm/10 a).

the land surface scheme with respect to the original ERA-
Interim dataset, which makes it more suitable for climate
studies involving land water resources. The quality of ERA-
Interim/Land is assessed by comparing with ground-based
and remote sensing observations [7]. The SM data of ERA-
Land product was used to analyze the skill and global trend
of SM [17]. In this study, surface SM from ERA Interim/Land
is from the first soil layer (0–7 cm).

3. Validation of Simulations

The simulation region of this study is domain of 70∘–135∘E,
15∘–55∘N. To stabilize the hydrology process and spin-up
CLMmodel, CLM4.0 was firstly run twice for 1961–2010 sim-
ulation years with Princeton forcing data, and, consequently,
the simulations of soil water variables were output at a time
scale of 1961 to 2010 and horizontal resolution of 0.5∘× 0.5∘.
Firstly, the Princeton forcing data was verified withmeasured
data, and then the simulated SMwas compared to the ground
observations, NCEP Reanalysis data, and SM-MW and ERA
Interim/Land SM data.

3.1. Validation of Forcing Data. Precipitation and tempera-
ture are two important variables which influence SM varia-
tion. In this paper, precipitation and temperature in Princeton
forcing data were validated with ground measured data. The
ground measured data is downloaded from China Meteoro-
logical Data Sharing Service System of China Meteorological
Administration (CMA). Not all stations have long enough
time series for climate studies. After screening out unqual-
ified stations, 584 stations for precipitation and 599 stations
for temperature from 1961 to 2010 were selected for this study.
The precipitation and temperature data were recorded one or
several times per day, and they were all converted to daily
data. It is to be seen fromFigure 1 that Princeton precipitation
basically reflects spatial distribution of ground measured
precipitation, and precipitation decreased from northwest to
southeast. Princeton precipitation also basically reflects spa-
tial distribution of ground measured precipitation variation
trends. Precipitation decreased in north of northeast, north
China, Inner Mongolia, and parts of the southwest, while
precipitation increased in the southeast and south China. But
compared to measured precipitation, the absolute value of
Princeton precipitation linear trends was small.
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From the results of intercomparison between Princeton
and groundmeasured data, it is concluded that the Princeton
precipitation and temperature basically reflect spatial distri-
bution and variation trends of measured data. As a result it
could be used to drive CLM4.0 to simulate SM over China.

3.2. Comparison of Spatial Distribution between Simulated
and Measured SM. The spatial distributions of the simulated
and measured SM for April to November were compared
because the observations were suspended during frozen
period. The spatial distributions of simulated and measured
SM were basically consistent with each other as shown in
Figure 2. The humid regions were located over the northeast
China and Jianghuai basin, and the SM was around 0.25
in the northeast China. Dry region was located over Hetao
region, and SM was around 0.15 (Figure 2(b)). The simulated
SM reasonably reflected spatial distribution characteristics
of measured SM. The spatial distribution of the simulated
SM was characterized by a gradually increasing pattern from
the northwest to southeast. The spatial pattern of measured
SM at 0–50 cm depth was basically consistent with 0–10 cm
depth (Figure 2(d)). The measured SM in most stations over
northeast China was larger than that at 0–10 cm depth. This
result implied that SM in most stations over northeast China
increased from shallow depth (0–10 cm) to deep depth (0–
50 cm). The spatial distributions of simulated SM in 0–
50 cm depth (Figure 2(c)) and measured SM were basically
consistent with each other. Simulated SM in 0–50 cm depth is
larger than 0–10 cm depth over northwestern, southern area
of Yangtze River, and partial areas of southwest China. The
spatial distributions of the simulated SM by CLM4.0 were
generally consistent with the results of previous studies in
China [1]. But the simulated SM was systematically larger
than measured SM at two depths. The bias percent (Figures
2(e) and 2(f)) showed that simulated SM was larger than the
measured SM at 0–10 cm layer in most stations throughout
China. The simulated SM was larger than the measured SM
by 60% over Hetao region. Simulated SM was larger than the
measured SM in most stations at 0–50 cm layer. Simulated
SM was larger than the measured SM in most stations over
northeast China. But the stations where simulated SM was
larger than measured SM decreased, and bias decreased in
most stations. The reason is that measured SM in most
stations over northeast China increased from shallow depth
(0–10 cm) to deep depth (0–50 cm), simulated SM did not
have obvious variations, and bias decreased in most stations.

3.3. Comparison of Temporal Variation between Simulated
and Measured SM. Figure 3 showed the linear trends (linear
regression coefficient) and bias percent (the percent of bias
and in situ, and bias is simulationsminus in situ) of simulated
SM and measured SM at two different layers (0–10 cm, 0–
50 cm) during 1981–1999. The variation trends of measured
SM (Figures 3(b) and 3(d)) showed that measured SMmainly
decreased in northeast China and Hetao region. Simulated
SM (Figures 3(a) and 3(c)) basically reflected variation
trends of measured SM. The simulated SM decreased in

Table 1: The correlation coefficients between simulated monthly
mean and measured SM of each layer over the subregions.

Regions 0–10 cm 10–20 cm 20–30 cm 30–50 cm 0–50 cm
R1 0.18

∗
−0.09 −0.26 −0.34 −0.2

R2 0.43
∗∗
0.35
∗∗

0.34
∗∗

0.3
∗∗

0.35
∗∗

R3 0.23
∗∗
0.23
∗∗

0.29
∗∗

0.32
∗∗

0.3
∗∗

∗Significant at the 0.05 level; ∗∗Significant at the 0.01 level.

the northeast China and Hetao region and mainly decreased
in the northwest China.

With the landscape and referring to Nie et al. [49], the
study area is divided into 3 parts (Figure 4) in this study.
Region 1 is the subhumid northeast zone. Region 2 is the
semiarid Loess Plateau of mountains and hills covered by
scrubland and steppe. Region 3 is a main agricultural area
of China, with a typical subhumid and temperate climate.
The variations of SM were separately discussed in the fol-
lowing parts. Figure 4 showed the interannual variations
of simulated monthly mean and measured SM. The left
figures represented SM at 0–10 cm depth; the right figures
represented SM at 0–50 cm depth. More statistic figures in
Figure 4 were listed in Tables 1, 2, and 3. SM values are first
averaged across the regions before computing the statistics.
Table 1 showed the correlation coefficients between simulated
monthly mean and measured SM at each layer over the
subregions. Figure 4 showed that simulated SM basically
reflected interannual and yearly variations of measured SM
except region 1 at 0–50 cm depth; the humid and arid
points were matching. Figure 4 together with Table 1 showed
that correlation between simulated and measured SM was
significant in region 2 and region 3; correlation coefficients
of region 2 were most significant. Correlation coefficient
of region 1 was significant only at 0–10 cm depth. The
interannual variations at 0–50 cm depth of region 1 showed
that the simulated SM reflected yearly variations of measured
SM, but there was a phase shift compared to measured SM,
and this caused the correlation coefficient to be negative.
Correlation between simulated and measured SM of region 1
and region 2 decreased when depth increased; this may relate
to imperfect hydrological process in CLM4.0.The simulation
of SM in surface is better than in deep layer over some regions.
The in situ SM measurements are credible. The simulation
of CLM4.0 is imperfect, even though it can capture trends
of temporal variation. The land surface in northwest China
(region 1) is complex, including forest, river, mountain; the
simulation in region 1 is not reasonable. So the correlations
in region 1 are lowest or negative. Correlations in south China
(region 3) are relatively low. SM in region 3 is always humid;
variations of simulated SM caused by forcing data could not
be perfect. Simulation ability in region 3 could not reach the
variation range. Correlations between CLM4.0 and in situ
observations are not good in some stations. But the result is
acceptable.

Table 2 presented root mean squared errors (RMSE) and
bias between simulated monthly mean and measured SM
at each layer over the subregions. The results of RMSE and
bias showed that simulated SMwas systematically larger than
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Figure 2: Spatial distribution of the simulated mean and measured SM for April to November of 1981–1999 (unit: m3/m3). (a) CLM4.0
simulated SM (0–9.06 cm); (b) measured SM (0–10 cm); (c) CLM4.0 simulated SM (0–49.3 cm); (d) measured SM (0–50 cm); (e) bias percent
between CLM4.0 simulated (0–9.06 cm) and measured (0–10 cm) SM; and (f) bias percent between CLM4.0 simulated (0–49.3 cm) and
measured (0–50 cm) SM.

Table 2: The RMSE and bias between simulated monthly mean and measured SM of each layer over the subregions (unit: m3/m3).

Regions 0–10 cm 10–20 cm 20–30 cm 30–50 cm 0–50 cm
RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias

R1 0.067 0.062 0.039 0.028 0.032 0.013 0.03 0.004 0.035 0.022
R2 0.09 0.084 0.088 0.081 0.093 0.088 0.1 0.095 0.094 0.09
R3 0.094 0.083 0.068 0.054 0.059 0.045 0.041 0.022 0.057 0.044
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Figure 3: Spatial distribution of variation linear trends of simulated mean and measured SM for April to November of 1981–1999 (unit:
(m3/m3)/10 a). (a) CLM4.0 simulated SM (0–9.06 cm); (b) measured SM (0–10 cm); (c) CLM4.0 simulated SM (0–49.3 cm); and (d) measured
SM (0–50 cm).

the ground measured SM at each layer over the three
subregions. The RMSE and bias decreased when soil depth
increased in region 1 and region 3. In region 1 the measured
SM increased when soil depth increased, but variations
of simulated SM were not obvious; this made the bias
decrease when depth increased. In region 3, themeasured SM
increased when depth increased, but simulated SMdecreased
when depth increased; this also made the bias decrease when
depth increased.

Table 3 shows the linear trends of simulated and mea-
sured SM over the subregions. The linear trends of simulated
andmeasured SM over the three subregions at 0–10 cm depth
and 0–50 cmdepthwere basically consistent at daily,monthly,
and yearly time scales. The simulated and measured SM
showed decreasing trends of two layers in region 1 and region
2; the simulated and measured SMmostly showed increasing
trends of two layers in region 3. The table showed that CLM

had good ability to simulate linear trends of different depth
and time scales. Simulation of linear trends at 0–10 cm depth
was better than 0–50 cm depth; bias was less than that at 0–
50 cm depth.

3.4. Comparison betweenMeasured, CLM4.0, NCEP Reanaly-
sis, ERA Interim/Land, and Microwave SM. Figure 5 showed
spatial distributions of three kinds of SM products. The
spatial distributions of four SM products (CLM4.0, NCEP,
ERA Interim/Land, and SM-MW) and measured SM were
basically consistent with each other. In general, the four
SM products reasonably reflected spatial distribution char-
acteristics of measured SM. The four SM products gradually
increased from northwest to southeast. From distribution
difference it was revealed that humid regions of CLM4.0
SM were located over northeast China and Jianghuai region
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Figure 4: The interannual variations of CLM4.0 simulated monthly mean and the ground measured SM for 1, 2, and 3 regions (a, c, and e)
0–10 cm depth; (b, d, and f) 0–50 cm depth.

(Figure 2(a)). The humid regions of NCEP SM were located
over the east of the Tibetan Plateau, the middle and lower
reaches of Yangtze River, and south China. Humid regions
of ERA Interim/Land were located over northeast China,

the middle and lower reaches of Yangtze River, and south
China. Humid regions of SM-MW were located over south-
ern area of 30∘N. Extent of arid regions in northwest China
of the four SM products was different from each other.
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Figure 5: Spatial distribution of SM for April to November of 1981–1999 (unit: m3/m3). (a) NCEP SM (0–10 cm); (b) ERA Interim/Land
(0–7 cm); and (c) SM-MW.

Table 3: The linear trends of simulated and measured SM over the
subregions (unit: (m3/m3)/10 a).

Regions 0–10 cm 0–50 cm
Obs. Simu. Obs. Simu.

Daily
R1 −0.0072

∗∗
−0.0056

∗
−0.0055

∗∗
−0.0032

R2 −0.0031 −0.0015 −0.0055
∗
−0.0015

R3 0.0088
∗
0.0096

∗∗
0.0012 0.0096

∗∗

Monthly
R1 −0.0072

∗
−0.0037 −0.0055 −0.0026

R2 −0.0031 −0.0012 −0.0056 −0.0016

R3 0.0088 0.0099 0.0011 0.0086
∗

Yearly
R1 −0.0077 −0.0045 −0.0052 −0.0035

R2 −0.0048 −0.0032 −0.0069 −0.003

R3 0.0072 0.0087 −0.0005 0.0076

∗Significant at the 0.05 level; ∗∗Significant at the 0.01 level, 𝐹-test.

4. Temporal Spatial Variation of
SM in China and Its Possible Response to
Climate Change

Because soil was frozen in the autumn, winter, and early
spring of northern areas of China, the summer was cho-
sen as the representative season to investigate the spatial
distribution, temporal variation of SM, and its possible
response to climate change. The SM spatial distributions of
different layers (0–9.06 cm, 9.06–16.56 cm, 16.56–28.92 cm,
28.92–49.3 cm, and 0–49.3 cm) in summer of 1961–2010 were
simulated by CLM4.0. In general, the spatial distributions of
every soil layer were characterized by a gradually increasing
pattern from the northwest to the southeast. Dry regions
were located over the Xinjiang, Qinghai, Gansu Province, and
the western Inner Mongolia. There are low precipitation and
strong radiation in these regions, and average SM was below
0.20 (0–49.3 cm). The most humid regions were located over
the Northeast Plain, Jianghuai region, and the Yangtze River
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Figure 6: Spatial distribution of simulated mean SM variation linear trends for the summer (June–August) of 1961–2010 (unit: (m3/m3)/10 a):
(a) 0–9.06 cm; (b) 0–49.3 cm and significant level for variation linear trends (unit: %; orange, significant at the 90% level; red, significant at
the 95% level; F-test): (c) 0–9.06 cm; (d) 0–49.3 cm.

basin. Precipitation in these regions was relatively larger, and
average SM exceeded 0.35 (0–49.3 cm). SM increased when
soil depth increased in the northwest, southwest, and south
China.The increase trend wasmost obvious at 28.92–49.3 cm
depth, and the SM in most areas exceeded 0.30 except part
of northwest. The SM increased from surface layer to deeper
layer in general. The spatial distributions of simulated SM by
CLM4.0 were basically consistent with other works [1].

Figure 6 showed spatial distribution of simulated mean
SM variation linear trends for the summer (June–August) of
1961–2010 in two layers.The variation trends basically showed
consistencies in all layers. The SM mainly decreased in the
northern area of 35∘N besides the western Xinjiang Province
and partial regions of northeast China, and SM mainly
increased in Yangtze River basin, south and southwest China
to the southern area of 30∘N. Variations were significant
in partial region of northwest China in 0–49.3 cm layer,
and variations in part region of southwest were significant.
The decreasing trends were more significant with soil depth
increase in domain north of 35∘N arid and semiarid regions,
showed arid trends in north regions, and were more severe
with soil depth increase. The SM appreciably increased

with soil depth increase in south regions, and trends were
not significant. Compared to variation trends of Princeton
precipitation and temperature of the same time period
(1961–2010), it is shown that temperature increased in most
regions of China. In northern areas of 35∘N, the precipita-
tion increased in Xinjiang province and partial regions of
northeast China and decreased in other regions. In southern
areas of 35∘N, the precipitation increased in Jianghua region,
Yangtze River basin, south China, and partial region of
southwest China. The variations were basically consistent
with measured temperature and precipitation [50]. Under
the global warming background, the simulated SM basically
demonstrated responses to the precipitation variation. The
simulated SM decreased in most regions of north China, the
simulated SM increased in Jianghua region, Yangtze River
basin, and southChina, and the variationsweremore obvious
in deep layer.

Because of the regional heterogeneity of SM variation and
its trends to climate change [1] and the fact that SM is very
sensitive to precipitation in the forcing datasets [10], the arid
region of the northwest, semiarid region of north China, and
humid region of the middle and lower reaches of Yangtze
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Figure 7: Intercomparison of the variation trends between the simulated SM and forcing precipitation in summer (June–August) in typical
regions for the period 1961–2010. (a) Arid region; (b) semiarid region; and (c) humid region.

River and the south China were chosen as typical regions in
this study to discuss SM variation and regional heterogeneity
of its response to precipitation during 1961–2010. Variations
in the three regions were somewhat significant. Figure 7
showed intercomparison of variation trends between the
simulated SMand forcing precipitation of the summer (June–
August) in typical regions for the period 1961–2010. SM in
arid region significantly decreased (statistically significant
at 𝛼 = 0.01 level, F-test), and precipitation decreased too.
SM and precipitation in semiarid region slightly decreased.
SM and precipitation in humid region slightly increased.
Temperature increased in all the three regions, and increase
trends were significant in arid and semiarid regions (figures
were not provided). Correlation coefficient of monthly mean
SM and precipitation in humid region was 0.47, 0.36 in
semiarid region, all were statistically significant at 𝛼 =
0.01 level. Correlation coefficient of monthly mean SM and
precipitation in arid region was 0.16 and was statistically
significant at 𝛼 = 0.05 level. Precipitation in humid region
was large; the influences of evapotranspiration on SM were
small because of the high SM in the region. Precipitation
was the principal variable that controlled SM in the humid
region. SM in semiarid and arid regions is relatively lower;
the influence of precipitation was weakened in these regions.
The combined actions of climatological factor, surface prop-
erties, and additional factors controlled and complicated the
variations in SM [1]. To sum up, the simulated SM basically
demonstrated responses to the precipitation variation under
the global warming background, and correlation coefficients
between SM and precipitation were significant positive val-
ues; this conclusion was similar to that included in other
researches [51]. Precipitation decreased in the arid region of

the northwest, semiarid region of the north China, and pre-
cipitation increased in humid region of south. The variations
were basically consistent with measured precipitation. The
simulated SM of summer demonstrated different responses
to the precipitation variation.The simulated SM decreased in
the arid region of the northwest, semiarid region of the north
China, and increased in humid region of south. Response to
precipitation was most significant in humid region, while the
semiarid and arid regions were ranked second.

5. Discussion

In general, CLM4.0 simulations captured the temporal spatial
variation of the measured SM. The spatial distribution of
simulated SM is basically consistent with NCEP Reanalysis,
SM-MW, and ERA Interim/Land SM data.

5.1. SM Range. The SM numerical simulations are still chal-
lengeable at this stage; the simulated results are only potential
in actual applications. Results presented in the previous sec-
tion show that CLM4.0 simulations tend to overestimate SM
over China. There are several causes for these discrepancies
between simulated and measured SM. The measured SM is
taken at a given site, but the spatial distribution of SM is
heterogeneous. There is uncertainty in the measured SM at
a given depth to represent SM of whole layer. The simulated
SM denoted SM at given node to represent SM of whole
layer; it also induced uncertainty. Layer depth difference of
measurement and simulation also causes errors. Moreover,
the simulated SM is average value of grid, the measured
SM is value at a given site, and the intercomparisons
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have uncertainty. Mismatch between the point measurement
and model grid result is not well processed; an up-scaling
processing is also needed for ground measurements. At
the same time, difference between land surface datasets of
CLM4.0 and practical surface datasets of China, imperfect
description of hydrological scheme in CLM4.0, and accuracy
of atmospheric forcing datasets of the model can make
simulation bias. The vertical SM transport is governed by
infiltration, surface and subsurface runoff, gradient diffusion,
gravity, canopy transpiration through root extraction, and
interactions with groundwater, but description of transport
of soil heat and SM is not perfect in CLM4.0.

The global land surface datasets of CLM4.0 might not
be fully applicable in China. The implementation of new
datasets such as the new soil texture, soil color, and plant
functional types could lead to better results. A China dataset
of soil properties for land surface modeling could be used
[52], which is fromhttp://westdc.westgis.ac.cn/data/11573187-
fd64-47b1-81a6-0c7c224112a0. Satellite remote sensing can
provide high spatial-temporal SM product; its regional distri-
bution is reliable, but the absolute values are still questionable;
this is also the case for other reanalysis datasets. In order
to overcome these shortages in our future investigations, the
improvement of hydrological process modeling, atmospheric
forcing datasets, and land surface data is important direction
for further development of CLM4.0.

5.2. SM Variability. In this study observations at specific
sites are compared with CLM4.0 output at resolution of 0.5∘.
Spatial variability of SM is very high and can vary from
centimeters to meters. Precipitation, evapotranspiration, soil
texture, topography, vegetation, and land use could either
enhance or reduce the spatial variability of SM depending
on how it is distributed and combined with other factors
[53]. While comparisons between CLM4.0 simulations and
in situ data provide good correlations, they still have high
RMSEs as discussed above. These results are in agreement
with the suggestion that the true information content of
modeled SM does not necessarily rely on their absolute
magnitudes but instead on their time variation [54–57]. And
their time variation represents the time-integrated impacts of
antecedentmeteorological forcing on the hydrological state of
the soil system with the model [54].

6. Conclusion

The CLM4.0 driven by the atmospheric forcing data of
Princeton University was deployed to simulate SM from 1961
to 2010 over China. The simulated SM was compared to
the ground observations, NCEP Reanalysis, SM-MW, and
ERA Interim/Land SM data.The characteristics of the spatial
distribution and temporal spatial variation of SM and its
response to climate change were discussed. The following
conclusions are drawn.

CLM4.0 simulation was capable of capturing characteris-
tics of the spatial distribution and temporal spatial variation.
The simulated SM reasonably reflects spatial distribution
characteristics of measure SM, where the humid regions were

located over northeast China and Jianghuai basin and dry
region was located over Hetao region. But the simulated
SM was systematically higher than the observations in each
layer over these regions; the simulated SM revealed the
measured variation trends of the different layers at different
time scales. Correlation betweenmeasured and simulated SM
was not significant below 10 cmdepth in northeast China, and
correlation was significant in the other two regions of each
layer.The simulated, NCEP, SM-MW, and ERA Interim/Land
SM products were reasonably consistent with each other.

Based on the simulated SM of summer (June to August)
in 1961–2010, it was concluded that the spatial distribution
in every layer was characterized by a gradually increasing
pattern from the northwest to southeast. Dry regions were
located over the Xinjiang, Qinghai, and Gansu Provinces and
the western Inner Mongolia, while the most humid regions
were located over the Northeast Plain, Jianghuai region, and
the Yangtze River basin. The SM increased from surface
layer to deeper layer in general; the variation trends basically
showed consistencies in all layers. SMmainly decreased in the
northern area of 35∘N besides western Xinjiang Province and
partial regions of northeast China, and SM mainly increased
in Yangtze River basin, south and southwest China in the
southern area of 30∘N. The decreasing trends were more sig-
nificant with soil depth increase in domain north of 35∘N arid
and semiarid regions; in the global warming background, the
simulated SM of summer demonstrated different responses
to the precipitation variation. SM decreased in typical arid
and semiarid regions, while SM increased in humid region.
The variation distribution of SM and measured precipitation
had consistencies.The humid region significant responded to
precipitation, and the correlation coefficient was 0.47. While
the semiarid and arid regions were ranked second.

This study showed that CLM4.0 driven by Princeton forc-
ing data is potential in characterizing the spatial distribution
and temporal spatial variation of SM in China, but the simu-
lated SMhad large systematic biases.This was relevant to land
data, quality of forcing data, imperfect physical processes,
and so forth. At the same time, intercomparison between
measured and simulated SM at each depth and geographical
location has inconsistency. All of these may cause simulation
bias. So our future investigation will highly account for the
high quality land and forcing data; the physical process of SM
transport and parameterization of hydrological scheme will
be further explored. Realistic initial states for the SMvariables
are required from many applications and from forecasts of
weather and seasonal climate variations to models of plant
growth and carbon fluxes.
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Evapotranspiration (ET) estimation has been one of the most challenging problems in recent decades for hydrometeorologists.
In this study, a nonparametric approach to estimate terrestrial evaporation was evaluated using both model simulation and
measurements from three sites. Both the model simulation and the in situ evaluation at the Tiger Bush Site revealed that this
approach would greatly overestimate ET under dry conditions (evaporative fraction smaller than 0.4). For the evaluation at the
Tiger Bush Site, the difference between ET estimates and site observations could be as large as 130W/m2. However, this approach
provided good estimates over the two crop sites. The Nash-Sutcliffe coefficient (E) was 0.9 and 0.94, respectively, for WC06 and
Yingke. A further theoretical analysis indicates the nonparametric approach is very close to the equilibrium evaporation equation
under wet conditions, and this can explain the good performance of this approach at the two crop sites in this study.The evaluation
indicates that this approach needs more careful appraisal and that its application in dry conditions should be avoided.

1. Introduction

Water is fundamental to the coupled human-environment
systems [1, 2]. The role of the land surface in partitioning
available water between evaporation and runoff and in
partitioning available energy between sensible and latent heat
fluxes is significant and affects the state of the atmosphere
directly [3, 4]. Evapotranspiration is a very important process
that relates to energy and water exchange between the hydro-
sphere, atmosphere, and biosphere [5, 6]. Accurate estimate
of ET will benefit water planning and management in arid
and semiarid areas. Many methods have been proposed to
measure ET at various scales [7]. Sap-flow and porometer
readings are often used tomeasure ET from individual plants.
The Bowen ratio and lysimeter and scintillometer readings
are used to measure ET from fields. Eddy covariance (EC)
and catchment water balance are often used to measure ET
on a landscape scale. Remote sensing-based ET models are
suitable for estimating ET on a regional scale.

Hydrometeorologists have striven for decades to estimate
natural evaporation from land surfaces. Dalton [8] related
evaporation to a wind function and vapor pressure deficit.
Fick [9] proposed a one-dimensional form of diffusion
equation, which greatly contributed to the understanding
of evaporation. Bowen [10] presented the ratio of heat loss
by conduction to that by evaporation (known as the Bowen
ratio) as a function of vertical temperature and humidity
gradients. Later, the Bowen ratio method is widely used for
measuring ET. Penman [11] advanced the evaporation theory
and proposed the combination method to estimate evapora-
tion from an open water surface. Monteith [12] developed
the Penman equation and extended it to cropped surfaces
by introducing the surface and aerodynamic resistance. In
the past few years, the FAO Penman-Monteith equation
was recommended to estimate reference ET (ET

0
), and the

“Kc-ET
0
” approach has been widely used for computing

crop water requirements [13]. Comprehensive reviews of the
historical study of the natural evaporation from land can
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be found in numerous papers [3, 14, 15]. However, large
discrepancies in latent and sensible heat fluxes were reported
between field observations and general circulation model
(GCM) simulations based on the above ET methods [16].
In the abovementioned methods, transfer coefficients such
as surface resistance, conductance, or bulk coefficient are
semiempirically or empirically parameterized and lead to
different results and uncertainties in ET estimates [7, 17]
because most of them could not be measured directly [15].

Recently, a nonparametric approach was proposed by Liu
et al. [18] to estimate terrestrial evaporation. The nonpara-
metric approach is derived from the thermodynamic pro-
cess following Hamilton’s principle. This approach requires
measurements of air temperature, surface temperature, net
radiation, and soil heat flux. The solution is simple and no
parameterization of a transfer coefficient is needed. Liu et
al. [18] evaluated this approach with observations from 26
eddy covariance sites, and they found that this approach
showed a good performance at 23 sites. They further found
that the nonparametric approach could achieve a compati-
ble performance to the Penman-Monteith approach at two
observation sites. However, careful appraisal is needed, and
a more critical evaluation of the nonparametric approach
is necessary. The purpose of this paper is to evaluate the
capability of the nonparametric approach to predict ET at
various soil moisture conditions. Section 2 presents a brief
description of the nonparametric approach, the Penman-
Monteith approach, and the Bowen ratio approach. Section 3
describes the datasets used in this study. Section 4 offers some
insights into the nonparametric approach and compares
the estimates with the site observations. Section 5 discusses
issues related to the nonparametric approach, and Section 6
provides a conclusion.

2. Methodology

For a simple lumped system, when effects of unsteadiness,
ice melt, photosynthesis, and advection can be neglected, the
land surface energy balance equation can be written as [3]

(𝑅
𝑛
−𝐺) = 𝐻+ LE, (1)

where 𝑅
𝑛
is the net radiation, 𝐺 is the soil heat flux,𝐻 is the

sensible heat flux, and LE is the latent heat flux; (𝑅
𝑛
− 𝐺) is

often called the available energy. For one dimension, sensible
and latent heat fluxes are described in terms of flux-gradient
relationships [19]:

𝐻 = 𝜌𝐶
𝑝

𝑇
𝑠
− 𝑇
𝑎

𝑟
𝑎

, (2)

LE =
𝜌𝐶
𝑝

𝛾

𝑒
∗

𝑠
− 𝑒
𝑎

𝑟
𝑎
+ 𝑟
𝑠

, (3)

where 𝜌 is the air density (kg/m3),𝐶
𝑝
is the specific heat of air

at constant pressure (1,013 Jkg−1∘C−1), 𝛾 is the psychrometric
constant (kPa ∘C−1), 𝑇

𝑠
and 𝑇

𝑎
are the aerodynamic surface

and air temperatures (∘C), 𝑒∗
𝑠
and 𝑒

𝑎
are the water vapor

pressure at the evaporating surface and in the air (kPa),

𝑟
𝑎
is the aerodynamic resistance (s/m), and 𝑟

𝑠
is the surface

resistance (s/m).
Bowen [10] expressed the Bowen ratio (𝛽) as

𝛽 =

𝐻

LE
. (4)

The Bowen ratio can be determined from the profile data of
water vapor pressure and air temperature:

𝛽 = 𝛾

Δ𝑇

Δ𝑒

, (5)

where Δ𝑇 and Δ𝑒 are air temperature and water vapor
pressure differences at two heights within the boundary layer.
If the available energy is known, the combination of (1) and
(4) produces

LE =
(𝑅
𝑛
− 𝐺)

1 + 𝛽
,

𝐻 =

𝛽 (𝑅
𝑛
− 𝐺)

1 + 𝛽

.

(6)

The Penman-Monteith equation [11, 12] eliminates the
aerodynamic surface temperature and yields the following
equation:

LE =
Δ (𝑅
𝑛
− 𝐺) + 𝜌

𝑎
𝐶
𝑝
((𝑒
𝑠
− 𝑒
𝑎
) /𝑟
𝑎
)

Δ + 𝛾 (1 + 𝑟
𝑠
/𝑟
𝑎
)

, (7)

where Δ is the slope of the saturation vapor pressure curve
at air temperature (kPa ∘C−1) and 𝑒

𝑠
is the saturation water

vapor pressure at air temperature (kPa). The main feature of
the Penman-Monteith equation is that it requires water vapor
pressure, wind speed, and air temperature only at one level.
All the parameters have been defined except for the surface
resistance, which is to account for the evaporation deficit
from unsaturated surfaces. Combining (1), (2), and (7), an
expression for the aerodynamic surface temperature can be
derived as follows [20]:

𝑇
𝑠
= 𝑇
𝑎
+

𝛾 (1 + 𝑟
𝑠
/𝑟
𝑎
) (𝑟
𝑎
/𝜌
𝑎
𝐶
𝑝
) (𝑅
𝑛
− 𝐺) − (𝑒

𝑠
− 𝑒
𝑎
)

Δ + 𝛾 (1 + 𝑟
𝑠
/𝑟
𝑎
)

. (8)

This equation will be applied to the simulation analysis in the
next section.

Liu et al. [18] proposed a nonparametric approach to
estimate the actual ET. The derived equations are as follows:

LE = Δ
Δ + 𝛾

(𝑅
𝑛
−𝐺) − 𝜖𝜎 (𝑇

4
𝑔
−𝑇

4
𝑎
) +𝐺 ln(

𝑇
𝑔

𝑇
𝑎

) , (9)

𝐻 =

𝛾

Δ + 𝛾

(𝑅
𝑛
−𝐺) + 𝜖𝜎 (𝑇

4
𝑔
−𝑇

4
𝑎
) −𝐺 ln(

𝑇
𝑔

𝑇
𝑎

) , (10)

where 𝑇
𝑔
is the ground surface temperature (𝐾), which is

different from the aerodynamic surface temperature, 𝜖 is the
surface emissivity, and 𝜎 is the Stefan-Boltzmann constant.
The latent and sensible heat fluxes are functions of air tem-
perature, soil heat flux, and net radiation. More importantly,
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Table 1: Characteristics of the reference sites.

Site name Country Location Köppen climate Dominant land cover ET observation systems
WC06 USA 41.93N, 93.75W Hot wet summer/cold wet winter Cropland (corn) Eddy covariance
Yingke China 38.85N, 100.41E Hot summer/cold winter/dry year-round Cropland (corn) Eddy covariance
Tiger Bush
Site Niger 13.19N, 2.24E Hot and dry year-round Bare soil Bowen system

this approach is relatively simple and all the parameters
are measureable. The derivation and more details of this
approach can be found in the paper by Liu et al. [18]. There
are three terms in (9) and (10) where the first term is generally
called equilibrium evaporation (denominated as 𝐸eq in the
following), the second term (in (10)) is denominated as N-
P ST, and the third term (in (9)) is denominated as N-P TT
in the following.

3. Data Description

Three experiment datasets were collected to evaluate the non-
parametric approach. Specifically, data from the SMACEX
(Soil Moisture-Atmosphere Coupling Experiment; [21]),
WATER (Watershed Allied Telemetry Experimental Re-
search; [22]) and HAPEX-Sahel (Hydrological and Atmos-
pheric Pilot Experiment in the Sahel; [23]) experiments were
used in this study. Table 1 lists the characteristics of the
reference sites.

3.1. SMACEX. The Soil Moisture-Atmosphere Coupling Ex-
periment was conducted in Iowa, USA, from June 19 through
July 9 in 2002 and was designed to provide multiscale data-
set of vegetation, soil, and atmospheric states [21, 24]. The
primary objectives were to extend microwave soil mois-
ture observations and retrieval algorithms to changing crop
biomass conditions and to provide validation data for the
Advanced Microwave Scanning Radiometer (AMSR) bright-
ness temperature and soil moisture retrieval algorithms. The
land cover inWalnut Creek watershed is primarily composed
of corn and soybean. Twelve field sites with eddy covariance
(EC)were deployed in the center of the study area.Therewere
6 corn sites and 6 soybean sites.

The data used in this study were obtained from the
WC06 site. The tower was instrumented with sensors for
measuring turbulent fluxes of water vapor and sensible heat,
as well as net radiation and soil heat flux at 30min intervals.
Additional hydrometeorological observations included wind
speed and direction, air temperature, vapor pressure, near-
surface soil temperature, and moisture at 10min intervals.
In this study, the hydrometeorological data were resampled
to 30min to be compatible with heat flux measurements.
Sensible and latent heat fluxes were adjusted by forcing
the energy balance closure using the measured net solar
radiation, soil heat flux, and Bowen ratio based on the
approach suggested by Twine et al. [25]. The tower-based
composite radiometric surface temperature was measured by
Apogee infrared thermometers. Su et al. [24] corrected the
data and applied them to evaluate the SEBS model. In this

study, the correction method proposed by Su et al. [24] was
employed.

3.2. WATER. TheWatershed Allied Telemetry Experimental
Research (WATER) is a simultaneous airborne, satellite-
borne, and ground-based remote sensing experiment taking
place in the Heihe River Basin, the second largest inland
river basin in the arid regions of northwest China. The
mission of this experiment was to improve the observability,
understanding, and predictability of hydrological and related
ecological processes at a catchment scale. A detailed intro-
duction toWATERcan be found at http://water.westgis.ac.cn/
or from the paper by Li et al. [22].

The observations from the Yingke station were collected
in this study. The site is located in an oasis where the
underlying cover is typical irrigated farmland. An Automatic
Meteorological Station (AMS), a Soil Moisture and Tem-
perature Measuring System (SMTMS), and an EC system
were deployed at this site. Data from July 1 to July 15 in
2008 were collected in this study. Soil heat fluxes were esti-
mated using theThermal Diffusion Equation and Correction
(TDEC) method proposed by Yang and Wang [26]. Surface
temperature was estimated from the incoming and outgoing
long-wave radiation measured with four component net
radiometers. The surface emissivity was assumed to be 0.98
for the corn field. More detailed descriptions of the field
observations can be found in the papers by Li et al. [22] and
Song et al. [27].

3.3. HAPEX-Sahel. The HAPEX-Sahel experiment was un-
dertaken inNiger, during 1991 and 1992. It aimed at improving
the parameterization of land-surface-atmosphere interac-
tions at the Global Circulation Model grid box scale [23].
Three supersites with detailed hydrometeorological studies
were deployed in the 1∘ square experimental domain.

In this study, the bare soil evaporation data collected
from the Southern Supersite during the intensive observation
period (IOP) in 1992 were used. The latent and sensible heat
fluxesweremeasuredwith a Bowen ratio system that was very
close to the soil surface (0.05m and 0.20m). The area was
completely bare soil. The system also had a net radiometer
and two soil heat plates deployed in the same place. The
surface temperature was measured by infrared thermometers
operating in the range of 8 to 14 micrometers. Air temper-
ature, wet bulb temperature, wind speed, rainfall, incoming
long-wave radiation, incoming shortwave radiation, and
reflected solar radiation over bare soil were observed by
an automatic weather station. Detailed information on this
dataset can be found in the paper by Wallace and Holwill
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Figure 1: The diurnal variation of net radiation, soil heat flux, wind
speed, vapor pressure, and air temperature forWC06 fromDOY 172-
173.

[28]. The period from DOY 260 to 280 of 1992 was chosen
in this study. During this time, there was no rainfall and
it was the dry season in this area. The surface temperature
was corrected with incoming long-wave radiation, and the
bare soil emissivity was assumed to be 0.98. The data
were obtained from the HAPEX-Sahel information system
(http://www.cesbio.ups-tlse.fr/hapex/).

4. Results

4.1. Simulation Analysis. Before the sites evaluation was
undertaken, simulation analyses were carried out to compare
the results derived from the nonparametric approach, the
Penman-Monteith equation, and the Bowen ratio approach.
Generally, two kinds of simulation were employed in this
study. For the first one, the Penman-Monteith equation was
compared with the nonparametric approach. To conduct this
analysis, two days’ (DOY 172 and 173) measurements from
WC06 were selected. Figure 1 shows the diurnal variation of
net radiation, soil heat flux, wind speed, vapor pressure, and
air temperature for these two days.The observations included
most parameters for the Penman-Monteith equation, except
for surface resistance and aerodynamic resistance. To facili-
tate this analysis, the aerodynamic resistance was estimated
using 𝑟

𝑎
= 208/𝑢, where 𝑢 represents the wind speed in

m/s and 𝑟
𝑎
is in s/m. This simple equation is often used

to estimate the aerodynamic resistance for the reference
grass surface [13]. The simulation process is as follows: at
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Figure 2: Comparison of surface heat fluxes derived from Penman-
Monteith equation and the nonparametric approach.

first, the surface resistance was set as a constant value; then
the latent and sensible heat fluxes can be estimated with
the Penman-Monteith equation; subsequently, the aerody-
namic surface temperature can be derived from (8); finally,
assuming the ground surface temperature was equal to the
aerodynamic surface temperature and the surface emissivity
is equal to 0.98, the latent and sensible heat fluxes can
be estimated based on the nonparametric approach. It is
worth noting that the aerodynamic surface temperature is
actually different from the ground surface temperature. The
difference between the aerodynamic surface temperature
and the ground surface temperature is significant over the
sparse vegetation area [29, 30]. In this study, it was assumed
that this simulation was carried out over dense grassland;
therefore, the difference between the two can be neglected.
Four scenario analyses were undertaken with the surface
resistance set as 0, 100, 500, and 1000 s/m, respectively.
Figure 2 presents the comparison between the estimates
from Penman-Monteith equation and the surface heat fluxes
based on the nonparametric approach. For 𝑟

𝑠
= 0 s/m,

which is for the dense grassland after a rainfall event, the
grassland evaporates at the potential rate. The latent heat flux
estimated by the Penman-Monteith equation is greater than
the nonparametric approach. At the same time, the sensible
heat flux estimated with Penman-Monteith is lower than the
nonparametric approach. The largest difference between the
estimates from the two approaches is about 100W/m2. For
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𝑟
𝑠
= 100 s/m, this is generally the case for a well-irrigated

grassland. The latent and sensible heat fluxes estimated with
the two approaches show a good agreement. The surface
heat fluxes estimated from two approaches are nearly equal
under such conditions, for 𝑟

𝑠
= 500 s/m, which represents

a water-stressed grassland. The latent heat flux estimated by
the nonparametric approach is shown to be greater than that
from thePenman-Monteith equation.The largest difference is
about 120W/m2. On the contrary, the sensible heat flux based
on the nonparametric approach is smaller than the Penman-
Monteith-based estimates. For 𝑟

𝑠
= 1000 s/m, which stands

for a grassland under a severe drought, the estimates of latent
heat flux from the nonparametric approach are shown to be
significantly greater than Penman-Monteith-based estimates.
Meanwhile, the estimates of sensible heat flux from the
nonparametric approach are shown to be much lower than
the Penman-Monteith-based estimates. The difference of the
latent heat flux derived from the two methods is as large as
160W/m2. The analyses above indicated the nonparametric
approach and the Penman-Monteith equationmay have great
differences under dry circumstances. For the second one,
the Bowen approach was compared with the nonparametric
approach. The net radiation, air temperature, soil heat flux,
and aerodynamic resistance need to be set at first. The values
for net radiation, air temperature, and soil heat fluxwere set as
450W/m2, 25∘C, and 135W/m2 based on the measurements
at 11:00 am from the WC06 site. The aerodynamic resistance
was set as 70 s/m, which is a typical value for grassland.
Zhang et al. [31] pointed out that soil moisture availability
and the Bowen ratio have a certain relationship. Under the
same conditions of net radiation and soil heat flux, high soil
moisture availability corresponds to a low Bowen ratio (see
Figure 1 in their paper). Assuming the Bowen ratio ranged
from 0 to 10 with the step of 0.2, thismay represent grasslands
under different soil moisture conditions under the same
radiation environment.The latent and sensible heat fluxes can
be derived based on (6). Similar to the first simulation, the
aerodynamic surface temperature was estimated using (8).
It is still assumed that the aerodynamic surface temperature
is an approximation to the ground surface temperature and
the emissivity was set as 0.98, and then the latent and
sensible heat fluxes can be derived from the nonparametric
approach. Figure 3 presents the comparison of latent heat
flux and sensible heat flux derived from the Bowen ratio
approach and the nonparametric approach. For a Bowen
ratio smaller than 0.6, the latent heat flux derived from the
Bowen ratio approach is shown to be greater than that derived
from the nonparametric approach. When the Bowen ratio
is greater than 0.8, the nonparametric approach-based latent
heat flux is continuously larger than the estimates based on
the Bowen ratio approach. For the sensible heat flux, the
results are completely opposite. When the Bowen ratio is
equal to 0.6, the estimates from both approaches are nearly
equal. The difference between the two approaches is about
100W/m2 for the Bowen ratio with 10. Through the two
types of simulations above, the results indicates that the
nonparametric approachmay greatly overestimate latent heat
flux under dry conditions.
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Figure 3: Comparison of latent heat flux and sensible heat flux
derived from the Bowen ratio approach and the nonparametric
approach.

Table 2: Quantitative computations of model performance with
observations from three sites.

Experiments SMACEX WATER HAPEX-Sahel

Site name WC06 Yingke station Tiger Bush Site
LE H LE H LE H

N 844 844 344 343 1441 1441
MAD 50.17 50.17 35.17 30.49 47.07 47.07
RMSD 58.26 58.26 51.11 42.45 67.54 67.54
E 0.9 −0.419 0.94 0.58 −9.43 0.59
Slope 0.896 0.844 0.799 0.869 2.004 0.547
Intercept −30.46 49.17 10.41 21.54 30.64 −9.352
R-Square 0.979 0.645 0.989 0.71 0.447 0.921

4.2. Site Evaluation. In this section, the nonparametric
approach was evaluated with site observations. The Nash-
Sutcliffe coefficient (𝐸) was used in this study to qualify the
model performance. Nash-Sutcliffe coefficient ranges from
−inf to 1. Essentially, the closer to 1 it is, the more accurate
the model is. Table 2 lists the statistical computations for
the estimates based on the nonparametric approach at three
different sites. Figure 4 presents the time series comparison
of the surface heat fluxes estimated by the nonparametric
approach with the measurements from the eddy covariance
system at the WC06 site. The WC06 site, located in the
central part of the United States, has a climate with a hot,
wet summer. The estimates of the latent heat flux were
found to have a good agreement with the observations
at this site. The nonparametric approach shows a slightly
underestimated latent heat flux. There were 844 samples in
the comparison; the slope and the intercept of the linear
regression between the two were 0.896 and −30.46W/m2.
The mean absolute deviation (MAD) and the root mean
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Figure 4: Time series comparison of the surface heat fluxes
estimated by the nonparametric approach with the measurements
from the eddy covariance system at the WC06 site. (The gap in the
figure was due to lack of observations.)

square deviation (RMSD) were 50.17W/m2 and 58.26W/m2,
respectively. The Nash-Sutcliffe coefficient (𝐸) was 0.9. How-
ever, the approach seems to overestimate the sensible heat
flux for about 60W/m2. The 𝐸 was −0.419.TheMAD and the
RMSD were the same as those for the latent heat flux due to
the complementary relationship with the sensible and latent
heat fluxes. The corresponding slope and the intercept were
0.844 and 49.17W/m2.

A further evaluation was undertaken at the Yingke
station.The Yingke station is located in the northwest part of
China and the climate is dry year-round, with a hot summer
and a cold winter. Figure 5 shows a comparison of the surface
heat fluxes estimated by the nonparametric approachwith the
eddy covariance observations at this site.The results indicated
that the nonparametric approach can effectively characterize
the diurnal variations of the latent and sensible heat fluxes
at this site. For the latent heat flux estimates, the slope and
intercept of the regression line are 0.799 and 10.41W/m2.This
comparison included 344 samples.The 𝐸was 0.94.TheMAD
andRMSDwere 35.17W/m2 and 51.11W/m2, respectively. For
the sensible heat flux estimates, the corresponding slope and
the intercept were 0.869 and 21.54W/m2. The 𝐸 was 0.58.
The MAD and RMSD were 30.49W/m2 and 42.45W/m2,
respectively.

The evaluations above were both carried out in crop-
land and the evaluations indicated that the nonparametric
approach can provide a good estimate of latent heat flux
for these conditions. In this part, a further evaluation was
undertaken at the Tiger Bush Site, which is covered by bare
soil and has a hot and dry climate year-round. Figure 6
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Figure 5: Comparison of the surface heat fluxes estimated by the
nonparametric approach with the measurements from the eddy
covariance system at Yingke site.
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Figure 6: Comparison of the surface heat fluxes estimated by the
nonparametric approach with the measurements from the Bowen
system at the Tiger Bush Site.

presents the time series comparison of the surface heat flux
estimates and the observations at this site. It was found that
the nonparametric approach would greatly overestimate the
latent heat flux. The difference between the estimates and the
observations can be as large as 130W/m2. On the contrary, the
nonparametric approach greatly underestimated the sensible
heat flux. The statistical computations were listed in Table 2.
There were 1441 samples in the comparison. The MAD and
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Figure 7: (a) Evaporative fraction versus (𝑇
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− 𝑇
𝑎
); (b) evaporative fraction versus two terms (N-P ST and N-P TT) of the nonparametric

approach.

the RMSD were 47.07W/m2 and 67.54W/m2, respectively.
For the LE estimates, the 𝐸 was −9.43. The slope and the
intercept of the fitted line were 2.0 and 30.64W/m2. For the
sensible heat flux, the 𝐸 was 0.59; the slope and the intercept
were 0.547 and −9.35W/m2. The statistical computations
quantitatively indicated that the nonparametric approach
would greatly overestimate LE and underestimate 𝐻 at this
site. The simulations in Section 4.1 compared the nonpara-
metric approach with the Penman-Monteith equation and
the Bowen ratio approach. The results demonstrated that
the nonparametric approach has greater estimates than the
Penman-Monteith equation and the Bowen ratio approach
under dry conditions. The evaluation at the Tiger Bush
Site further confirmed that this approach would greatly
overestimate the latent heat flux under dry conditions.

4.3. Comparison between the Equilibrium Evaporation and
the Nonparametric Approach. Sections 4.1 and 4.2 evaluated
the nonparametric approach with a model simulation and
site observations. The results firmly indicated that the non-
parametric approach would greatly overestimate ET under
dry conditions. Liu et al. [18] evaluated this approach with
observations collected from 26 eddy covariance sites and
they found an absolute difference of 10.3 ± 20.2 (mean
± standard deviation) W/m2 for latent heat flux. In this
study, we also found this approach to provide promising
LE estimates for two crop sites, namely, Yingke and WC06
station. Soil moisture may be one of the most important
factors that influence the performance of this approach. In
this section, the nonparametric approach will be further
analyzed. The evaporative fraction, the ratio between LE
and available energy (𝑅

𝑛
− 𝐺), is a good indicator of water

availability for evaporation and will be used in the following
analysis. To eliminate uneven measurements at night time,
the observations between 10:00 and 16:00 (in local time)
from all three sites were selected. The difference between
ground surface temperature and air temperature (𝑇

𝑔
− 𝑇
𝑎
),

evaporative fraction, and the three terms (𝐸eq, N-P ST, and
N-P TT) of the nonparametric approach were computed for

every measurement record. Figure 7 shows the scatter plot of
evaporative fraction versus (𝑇

𝑔
−𝑇
𝑎
) and evaporative fraction

versus two terms of the nonparametric approach. There are
generally three point clusters in Figure 7(a), which corre-
spond to themeasurements from the three sites. For the Tiger
Bush Site, the evaporative fraction is smaller than 0.4, and
most points located in the range of 0–0.3, indicating low soil
moisture availability for evaporation. For the other two sites,
the evaporative fraction is greater than 0.65, which indicates
ample water for evaporation. (𝑇

𝑔
− 𝑇
𝑎
) is quiet large in the

Tiger Bush Site with small evaporative fraction values, while
it shows small values (lower than 4∘C) at the Yingke and the
WC06 sites with large evaporative fraction values. Figure 7(b)
showsN-P ST andN-P TTwith varying evaporative fraction
values. It was found that N-P ST shows similar point clusters
as that in Figure 7(a). For the Tiger Bush Site, N-P ST
ranged from 20 to 140W/m2. For the Yingke and WC06
sites, N-P ST was generally smaller than 40W/m2. N-P TT,
the third term in (9), is smaller than 15W/m2 at all three
sites. This indicates that this term has little function in the
nonparametric approach. From the analysis above, it is found
that N-P TT and N-P ST have relatively small values for wet
conditions with high evaporative fraction values. In addition,
N-P TT and N-P ST have the different signs in (9). This may
imply that the nonparametric approach is very close to the
equilibrium evaporation equation under wet conditions. The
results shown in Figure 8 support this deduction. For the
Yingke andWC06 sites, the difference between the estimates
from nonparametric approach and the estimates from the
equilibrium evaporation was relatively small. However, the
difference is relatively large at the Tiger Bush Site which has
small evaporative fraction values. Figure 8 provides two other
differences, namely, the difference between the estimates
from the nonparametric approach and the site observations,
as well as the difference between the estimates from the
equilibrium evaporation and the site observations. Figure 9
provides the comparison between observed latent heat fluxes
with the estimates from the equilibrium evaporation. For the
measurements from the Yingke and WC06 sites, most of
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Figure 8: (a) The difference between the estimates from the nonparametric approach and the site observations; (b) the difference between
the estimates from the nonparametric approach and the estimates from the equilibrium evaporation; (c) the difference between the estimates
from the equilibrium evaporation and the site observations.
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Figure 9: Estimates from the equilibrium evaporation versus the
sites observations.

the points were close to the 1 : 1 line; the slope and the
intercept of the fitted line were 1.18 and −11.28W/m2. This
indicated that the equilibrium evaporation is a good approxi-
mate for the latent heat flux for the Yingke and WC06 sites
with high evaporative fraction values. However, this does
not hold for the Tiger Bush Site, which has relatively small
evaporative fraction values.The slope and the intercept of the
fitted line were 0.083 and 16.66W/m2. This corresponded to
the study by Denmead and McIlroy [32], who suggested that
the equilibrium evaporation might be closely approximate to
the actual crop evaporation.

5. Discussion

Actual ET estimation has long been a difficult problem for
hydrometeorologists.The nonparametric approach proposed
by Liu et al. [18] is attractive, because the solution is simple
and without parameterization of a transfer coefficient. In
our study, the nonparametric approach was evaluated using
both model simulation and site observations. The simulation
indicated that this approach would greatly overestimate ET
under dry conditions. It is worthwhile to note that the
simulation analysis may present two minor problems. First,
the aerodynamic surface temperature and the ground surface
temperature are not equal; this has already been reported
by many researchers [29, 30]. However, the difference is not
significant over dense cropland. Secondly, the soil heat flux
in the simulation analysis was used as a constant value in
comparison with the Bowen ratio approach. This may not
be realistic in real conditions. The overestimation of the
nonparametric approach under dry conditions indicated by
the simulation analysis was quite clear, and this was further
confirmed by the Tiger Bush Site observations in Section 4.2.

The site evaluations indicated that the nonparametric
approach could provide promising estimates for the Yingke
and WC06 sites, but it would fail for the Tiger Bush Site,
which was relatively dry. Liu et al. [18] evaluated the non-
parametric approach with observations from 26 sites and
found that this approach worked well at most sites. In 3 of 26
sites, they found that the performance of the nonparametric
approach was relatively poor (see Table 2 in their paper).
In the analysis of the reason for the bad performance for
three sites, they pointed out that these sites had no common
features in climate conditions. In this study, both model
simulation and in situ evaluation at the Tiger Bush Site reveal
that the nonparametric approach would greatly overestimate
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ET under dry conditions. In addition, Liu et al. [18] pointed
out that the performance of the nonparametric approach
is comparable to the Penman-Monteith approach and the
Bowen ratio approach with 2 site observations. However, the
evaluation at the Tiger Bush Site (actual ET observed with
the Bowen approach) in this study does not support this
statement.

Every term in the nonparametric approach was further
analyzed in Section 4.3. It was found that the nonparametric
approach is very close to the equilibrium evaporation equa-
tion at the Yingke and WC06 sites, as the second term and
the third term are relatively small and have different signs to
offset each other. However, this is not the case for the Tiger
Bush Site, as the actual ET is mainly controlled by limited
soil moisture under dry circumstances. In fact, Denmead and
McIlroy [32] have suggested that the equilibrium evaporation
may serve as a simple measure for actual ET. This suggestion
is further supported by many field experiments [3, 33, 34]. A
clearer description of this problem can be found in the book
by Monteith [20], as cropland usually has moderate surface
resistance, and the equilibrium evaporation would be a close
approximation of the actual crop evaporation.The scatter plot
in Figure 9 also provides a solid support. This may be an
implication of the good performance of the nonparametric
approach at the 23 sites in Liu’s paper and 2 sites in this paper.
The application of the nonparametric approach needs more
caution under dry conditions. In addition, it is worthwhile to
point out that the deviation of the nonparametric approach
needs more thorough investigation, for the third term in the
equation has little function.

Soil moisture plays an important role in drylands ecosys-
tems [35]. In drylands, soil moisture plays a dominant role
in hydrological processes. Drylands cover more than 40
percent of Earth’s land surface and are inhabited by nearly 40
percent of the world’s population [36]. However, there have
still been insufficient observation sites in sparsely vegetated
areas. Further research on the drylands hydrological process
is imperative.

6. Conclusion

In this study, a critical evaluation of the nonparametric
approach was undertaken. Both the model simulation and
the site evaluation at Tiger Bush Site indicated that this
approach would greatly overestimate ET under dry condi-
tions.However, two crop site evaluations have shown that this
approach can achieve good performance. Further analysis
revealed that the nonparametric approach is very close to
the equilibrium evaporation equation, which approaches the
actual ET under wet conditions. In addition, it has been
found that the third term has little influence on the results.
The evaluations indicate that the application of this approach
needs to be cautious and avoided in dry conditions.
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Missing data is an inevitable problem when measuring CO
2
, water, and energy fluxes between biosphere and atmosphere by eddy

covariance systems. To find the optimumgap-fillingmethod for short vegetations, we review three-methodsmean diurnal variation
(MDV), look-up tables (LUT), and nonlinear regression (NLR) for estimatingmissing values of net ecosystemCO

2
exchange (NEE)

in eddy covariance time series and evaluate their performance for different artificial gap scenarios based on benchmark datasets
from marsh and cropland sites in China. The cumulative errors for three methods have no consistent bias trends, which ranged
between −30 and +30mgCO

2
m−2 from May to October at three sites. To reduce sum bias in maximum, combined gap-filling

methods were selected for short vegetation. The NLR or LUT method was selected after plant rapidly increasing in spring and
before the end of plant growing, and MDV method was used to the other stage. The sum relative error (SRE) of optimum method
ranged between −2 and +4% for four-gap level at three sites, except for 55% gaps at soybean site, which also obviously reduced
standard deviation of error.

1. Introduction

Eddy covariance technique to measure CO
2
, water, and

energy fluxes between biosphere and atmosphere is widely
spread and used in various regional networks [1]. At present,
over 600 tower sites are operating on a long-term and
continuous basis around the world, covering different cli-
mate conditions and land use and land cover changes,
some of them running continuously for more than 10 years
(http://fluxnet.ornl.gov/). However, missing or rejected data
in these measurements is a unavoidable problem due to
equipment failures (system/sensor breakdown), maintenance
and calibration, spikes in the raw data, and physical and
biological constraints (e.g., storms, hurricanes, and nonop-
timal wind directions) [2]. In general, about 17–50% of the
observations in net ecosystem CO

2
exchange (NEE) are

reported as missing or rejected at FluxNet sites [3]. The gaps
in observed data cause at least three problems: (1) difficulty in

annual estimation of NEE, (2) biased relationships between
NEE with climatic variables, and (3) low quality data for
modeling validation [2].

To accurately calculate annual values of NEE at sites,
gap-filling to account for the missing data is imperative. The
commonly used methods for filling missing data include
mean diurnal variation (MDV) [3], look-up table (LUT)
[3], nonlinear regression (NLR) [3–5], marginal distribution
sampling [6], multiple imputation model [7], artificial neural
network [8–11], and terrestrial biosphere model [12]. This
diversity hinders synthesis activities because the biases and
uncertainties associated with each technique are unknown
[13, 14].

In a comprehensive study, Falge et al. [3] compared three
methods including MDV, LUT, and NLR on the annual sum
of NEE for 28 datasets from 18 FluxNet sites and found that
the differences in annual NEE estimation by different gap-
filling methods ranged from −45 to 200 gCm−2 per year.
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Their study also emphasized the importance of the method
of standardization during the data postprocessing phase, so
comparable data can be obtained to address intercompar-
isons across different ecosystems, climatic conditions, and
multiple years. Richardson and Hollinger [15] quantified the
uncertainties in annual NEE with a simple model using
data assimilation techniques that are due both to random
measurement error and to gap filling, including the addi-
tional uncertainty that can be attributed to long gaps and
the relationship between gap length and uncertainty in NEE.
The CO

2
flux data come from a coniferous, two deciduous,

two mixed species, and two mediterranean sites. Moffat et
al. [9] reviewed 15 techniques for estimating missing values
of NEE in eddy covariance time series and evaluate their
performance for different artificial gap scenarios based on a
set of 10 benchmark datasets from six forested sites in Europe
which is the same with Richardson andHollinger [15]. Papale
et al. [2] introduced a new standardized set of corrections and
assessed the uncertainties associated with these corrections
for eight different forest sites in Europewith a total of 12 yearly
datasets.

However, most comparison works about gap-filling
methods were objected to tall vegetation, that is, forests. Less
research focused on short vegetation, that is, croplands or
marshlands. The vegetation structure for short vegetation
changes more rapidly in the growing season, which may
affect ability of gap-filling methods. So, it is important to
evaluate the performance of gap-filling methods and search
the optimummethods for short vegetation.

In this study, we reviewed three methods (MDV, LUT,
and NLR) and applied the techniques to a set of benchmark
datasets from marshland and croplands (rice and soybean)
in China. Artificial gaps were added to observed NEE time
series based on Falge et al. [3], and the ability of different gap-
filling techniques to replicate the missing data was evaluated
using statistical analysis. The objective of this paper is to find
the optimummethod for short vegetation.

2. Methods

2.1. Data Basis. For this analysis, we used half-hourly eddy
flux measurements of the net ecosystem exchange of CO

2

from three different ecosystem types. As case studies, we
chose CO

2
flux data from May to October in 2005 from

marshland and agriculture (rice and soybean cropland) sites
in the Sanjiang Plain. The marshland site locates at (47∘35N,
133∘31E), the field areas are approximately 105 ha. The rice
and soybean site locate approximately 1.5 km west and 500m
north to the marshland, respectively. The field areas are
approximately thousands of hectares for rice site and 25 ha for
soybean site. The altitude is 55.4–57.9m. The more detailed
information is available in Zhao et al. [16].

The EC system consisted of a triaxial sonic anemometer
(CAST3, Campbell Scientific, USA) and a fast response
open-path CO

2
/H
2
O infrared gas analyzer (Li-7500, LiCor

Inc., USA). The meteorological parameters including air
humidity and air temperature, wind speed, precipitation, soil
temperature, andwater content weremeasured [16]. Raw data
acquired at 10Hz were processed using the postprocessing,

Table 1: Percentages of original gaps in NEE measurements.

Flux site Daytime Nighttime All time
𝑁 Gap (𝑃%) 𝑁 Gap (𝑃%) 𝑁 Gap (𝑃%)

Marsh site 4583 18.4% 2953 36.2% 7536 25.4%
Rice site 4804 12.4% 3212 26.7% 8016 18.2%
Soybean site 4804 15.0% 3212 28.7% 8016 20.5%
The 𝑁 is the total number of data for daytime, nighttime, and all the time.
The 𝑃% is the percentage of gaps for daytime, nighttime, or all the time.

Table 2:Thenumber and percentage of friction velocity (𝑢∗) filtered
data in artificial datasets.

Flux site 𝑢
∗ correction

35% gap 45% gap 55% gap 65% gap
Marsh site — 3.3% 6.6% 10.7%
Rice site 2.9% 7.0% 10.8% 13.5%
Soybean site 2.1% 5.6% 8.6% 13.5%

including spike removal, frequency response correction [17],
sonic virtual temperature correction [18], the performance
of the planar fit coordinate rotation [19], and corrections for
density fluctuation (WPL correction) [20].

The quality control of the half-hourly flux data was
carried out as follows: (i) data from periods of sensor
malfunction were rejected (e.g., when there was a faulty
diagnostic signal), (ii) data within 1 h before or after pre-
cipitation were rejected, (iii) incomplete 30min data were
rejected when the missing data constituted more than 3%
of the 30min raw record, and (iv) data were rejected when
the value was larger than mean ± 3 standard deviation. The
information of original gaps inNEEmeasurements is showed
in Table 1. The gap percentages in all time were 25.4%, 18.2%,
and 20.5% at the marsh, rice, and soybean site, respectively.
Gap percentages at nighttime (ranging from 26.7% to 36.2%)
were slightly higher than at daytime (ranging from 12.4% to
18.4%) (Table 1).

For this comparison, four artificial datasets were created,
containing 35%, 45%, 55%, and 65% of gaps [3]. Based on
random function RAND, sets of data with random distribu-
tion were generated. The random dataset corresponded to
the dataset of NEE measurements except for original gaps.
According to the difference from the number of artificial gaps
to original gap, a range of certain numbers were selected
from a set of random data, then a new gap was generated
by deleting corresponding the NEE dataset. Starting from the
original gap percentage, artificial gaps were created separately
for daytime and nighttime, until the dataset contained a given
percentage of gaps at both daytime and nighttime [3]. To
avoid underestimation of CO

2
flux during calm conditions

at night, the friction velocity (𝑢∗) was applied at nighttime
[21, 22]. The data were rejected at night when the 𝑢∗ was
below 0.10ms−1. Due to the percentage of 𝑢∗ filtered data
was about 10% at three sites, which caused high percentage
of original gaps at nighttime. Therefore, the 𝑢∗ correction
was applied to artificial data instead of original data. The
percentage of 𝑢∗ filtered data ranged from 2.1% to 13.5% in
different percentages of artificial datasets (Table 2).
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Figure 1: Seasonal variation of the parameters inMichaelis–Menten functions at (a) marsh, (b) rice, and (c) soybean sites.

After introducing artificial gaps for each of the four
datasets, the respective gap-filling methods were param-
eterized with the remaining data and applied to fill the
artificial datasets. The gap-filling error was calculated using
the observed fluxes in these artificial gaps to validate the
predictions of each filling technique.

2.2. Filling Methods. Three gap-filling methods were applied
here, including mean diurnal variation (MDV), look-up
tables (LUT), and nonlinear regression (NLR) methods.

2.2.1. Mean Diurnal Variation. MDV is an interpolation
technique where the missing NEE value for a certain time
period (half-hour) is replaced with the averaged value of the
adjacent days at exactly that time of day. Data windows of
7 days during daytime and 14 days during nighttime were
chosen for averaging in the application.

2.2.2. Look-Up Tables. In a look-up table, the NEE data are
binned by variables such as light and temperature presenting
similar meteorological conditions, so that a missing NEE
value with similar meteorological conditions can be “looked
up” [3]. Tables were created to represent changing environ-
mental conditions based on monthly period, using the pho-
tosynthetic photon flux density- (PPFD-) air temperature-
(Ta-) sort during day, and the relative humidity- (RH-) Ta-
sort during night. For look-up tables the average NEE was
compiled for six monthly periods ∗ 11 PPFD-class ∗ 36

Ta-classes. The PPFD-classes consisted of 200 𝜇molm−2 s−1
intervals from 0 to 2000𝜇molm−2 s−1. Similarly, Ta-classes
were defined through 1∘C intervals ranging from −5∘C to
31∘C. For night day, average NEE was compiled for six
monthly periods ∗ 8 RH-classes ∗ 19 Ta-classes. RH-classes
range from 20% to 100% with 10% intervals, and Ta-classes
were the same as the daytime.

2.2.3. Nonlinear Regression Methods. The nonlinear regres-
sions are based on parameterized nonlinear equations which
express (semi-)empirical relationships between the CO

2
flux

and environmental variables such as temperature and light.
For filling daytime gaps, the light response function of

Michaelis–Menten [3, 23] was selected as follows:

NEE = Re−
𝛼 ⋅ PPFD ⋅ 𝐹GPP,sat
𝐹GPP,sat + 𝛼 ⋅ PPFD

, (1)

where NEE is the net ecosystem exchange (mgCO
2
m−2 s−1)

and Re is the ecosystem respiration rate (mgCO
2
m−2 s−1)

during the day. PPFD is the photosynthetic photon flux
density (𝜇molm−2 s−1), and 𝛼 is the ecosystem quantum
yield (mgCO

2
𝜇mol−1 quantum). 𝐹GPP,sat is the gross primary

productivity at “saturating” light (mgCO
2
m−2 s−1). The light

response function was fitted with window sizes of 15 days
from June to middle September, and the seasonal variation
of parameters was showed in Figure 1. The parameters in
Figure 1 were calculated according to original NEE datasets
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before artificial gap introduction. The 𝐹GPP,sat at the rice
and soybean sites ranged from 0.17 to 2.0mgCO

2
m−2 s−1,

which were larger than that at the marsh site (from
0.04 to 0.7mgCO

2
m−2 s−1). The Re ranged from 0.05 to

0.37mgCO
2
m−2 s−1 at all three sites, which were lower than

the 𝐹GPP,sat. The correlation coefficients (𝑅2) of observed
and simulation value during this period were 0.69, 0.83,
and 0.81 (𝑃 < 0.01) at the marsh, rice, and soybean sites,
respectively. For each artificial dataset, the parameters in
Michaelis–Menten function were recalculated and applied to
artificial gaps.

The net ecosystem CO
2
exchange (NEE) at nighttime

represents the ecosystem respiration (𝑅eco) because of no
photosynthesis. The ecosystem respiration (𝑅eco) is con-
ceptualized to consist of soil respiration, 𝑅

𝑠
, and above-

ground component attributed to the respiration by various
plant components, 𝑅

𝑝
. For nighttime NEE, the temperature

response function was selected based on Wohlfahrt et al.
[24]:

𝑅eco = 𝑅𝑠 +𝑅𝑝

= 𝑅
𝑠,𝑇ref
⋅ exp [

𝐸
𝑠

𝑅 ⋅ 𝑇ref
(1−
𝑇ref
𝑇
𝑎

)]+𝐿 ⋅ 𝑅
𝑝,𝑇ref

⋅ exp [
𝐸
𝑝

𝑅 ⋅ 𝑇ref
(1−
𝑇ref
𝑇
𝑎

)] ,

(2)

where 𝑅eco is ecosystem respiration at nighttime
(mgCO

2
m−2 s−1), which includes soil respiration (𝑅

𝑠
)

and plant respiration (𝑅
𝑝
). 𝑅
𝑥,𝑇ref

is the respiration rate
(mgCO

2
m−2 s−1) at a reference temperature (𝑇ref ), the

reference temperature is 10∘C, and 𝐸
𝑥
denotes an activation

energy (Jmol−1), the subscript of 𝑥 as 𝑠 represent to the
soil components, and the subscript of 𝑥 as 𝑝 represent
to the plant components. 𝑅 is the universal gas constant,
8.314 Jmol−1 K−1. 𝑇

𝑎
is air temperature (∘C), and 𝐿 denotes

leaf area index. The respiration function was fitted for the
whole growing season, whose parameters were showed in
Table 3. The parameters in Table 3 were calculated according
to original NEE datasets before artificial gap introduction.
For each artificial dataset, the parameters in temperature
response function were recalculated and applied to artificial
gaps.

2.3. Error Assessment. To assess the applicability of a standard
data filling method at three sites, we examined the potential
bias error associated with each method. The bias errors for
different methods were calculated as the observed value
minus the predicted value for each gap level. For daytime
carbon uptake, a positive error therefore indicates an over-
estimation and a negative error in underestimation by the
respective method.

The statistical sums were calculated using the individual
observed NEE data 𝑜

𝑖
and the predicted value 𝑝

𝑖
, mean bias

error (MBE), mean absolute error (MAE), and sum relative
error (SRE) were as follows:

MBE = 1
𝑁

∑(𝑜
𝑖
−𝑝
𝑖
) ,

MAE = 1
𝑁

∑




𝑜
𝑖
−𝑝
𝑖





,

SRE =
∑𝑜
𝑖
− ∑𝑝

𝑖

∑𝑜
𝑖

.

(3)

3. Results

3.1. Frequency of Gaps. The gap distribution for benchmark
sets showed the number of gaps decreased with gap length
(Figure 2). However, the majority of 35% artificial gaps
consisted of short gaps (less than 10 half-hours), and very
short gaps (less than 2 half-hours) were more than other 3
benchmark sets. Though gap numbers of long gaps (more
than 20 half-hours) for 65% gaps of artificial data sets were
similar to benchmark sets, gap numbers of short andmedium
gaps were higher than benchmark sets.

3.2. Error Analysis in Half-Hourly Scale. The most frequent
distribution of error for gap-filling methods in half-hourly
scale was nearly normal distribution (Figure 3), which indi-
cated an unbiased estimate for gap-filling error.Themean and
standard deviation of bias error for gap-filling methods were
showed in three sites (Table 4). The count for nighttime data
was less than daytime data because of 𝑢∗-correction. They
were not consistent with negative or positive error for three
methods or four gap percentage levels. No trends were found
that MBE was larger than gap percent levels during day and
nighttime at three sites; moreover, the error for high gap level
was small inversely, that is, error of 65% gaps with MDV and
LUT methods at marsh site at daytime and error of 65% gaps
with threemethods at rice site at nighttime. For daytime data,
standard deviation for LUT method was the largest and for
NLR method was the lowest among three methods for each
gap level. For nighttime data, standard deviation for MDV
method was the largest, especially at soybean site.

3.3. Seasonal Variation of Error. The seasonal patterns of
daily MBE, taking 65% gaps level as an example, showed
the difference in each site (Figure 4). These patterns were
affected by different methods and stage of growth. In general,
all methods have good performance before germination or
sawing stage and after entirely wilting or harvesting; in these
stages, dailyMBE for eachmethodwas around zero andMDV
method with less fluctuation. The daily MBE was large in
the peak of growing season because of strong assimilated
CO
2
ability, and spikes often occurred for MDV and LUT

methods in this stage at three sites. This result was agreed
with large standard deviation for MDV and LUT in Table 4.
The significant difference among the methods in fast growth
stage of spring (LAI was rapid increase), that is, late May
at marshland site, early June at rice site, and middle June at
soybean site (Figure 4). However, MDV method has good
performance in this stage.
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Figure 2: Frequency of gap lengths at (a) marsh, (b) rice, and (c) soybean sites. To show clearly, only frequencies of 35% and 65% gaps were
plotted. The frequencies of 45% and 55% gaps were distributed between them.

Table 3: The parameters in temperature response function for nighttime data.

Sites 𝑅
𝑠,𝑇ref

(a)
𝐸
𝑠

𝑅
𝑝,𝑇ref

(b)
𝐸
𝑝

𝑅
2

𝑃

mgCO2 m
−2 s−1 KJmol−1 mgCO2 m

−2 s−1 KJmol−1

Marsh site 0.035 55.3 0.022 2.8 0.54 <0.01
Rice site 0.033 85.2 0.0013 79.8 0.62 <0.01
Soybean site 0.068 52.8 0.0026 148.4 0.47 <0.01
(a)
𝑅𝑠,𝑇ref : soil respiration at reference temperature of 10∘C.

(b)
𝑅𝑝,𝑇ref : plant respiration at reference temperature of 10∘C and unit leaf area.
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Figure 3: Frequency distribution of bias error with different methods for 65% artificial gaps at three sites, separated into daytime (a) and
nighttime (b) data.

The variation of cumulative error was shown in Figure 5,
taking 65% gaps level as an example. The cumulative error
at daytime has stronger fluctuation than at nighttime at three
sites, as the results of a little data and small error at nighttime.
The cumulative error for three methods has no consistent
bias at marsh site (Figure 5). However, positive bias errors
were observed for three methods during the day at rice site,
and negative bias errors were observed at soybean site. This
suggests different methods may cause complicated effects at
three sites.The huge bias error for LUTmethod was observed
at each site, especially, in spring of rapid growth stage. The
large bias error for NLR method was also observed after
August at soybean site, whereas this phenomenon has not

occurred in 35% and 45% gaps. Based on cumulative error
fromMay toOctober, it indicates thatMDVmethod has good
performance, especially smooth trend in the end of growing
season at three sites. Overall, the cumulative error at three
sites ranged between −30 and +30mgCO

2
m−2.

The SRE was showed in Table 5, and it is convenient to
evaluate the performance of gap-fillingmethods and compare
it with other sites. In general, the SRE for 35% and 45%
artificial gaps filled by three methods was smaller than 55%
and 65% gaps at daytime, while these patterns were not
marked at nighttime. The gap-filling methods have distinct
different performances at three sites; for example, MDV
method showed small SRE at daytime over the rice site, while
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Figure 4: Seasonal variations of daily mean bias error (MBE) with different methods at (a) marsh, (b) rice, and (c) soybean sites.

Table 4: Mean bias error of half-hourly 𝐹NEE and standard deviation from the mean(a).

Flux site Gap %
Day time Night time (𝑢∗ corrected)

𝑛
(b) MDV LUT NLR

𝑛
(b) MDV LUT NLR

mgCO2 m
−2 s−1 mgCO2 m

−2 s−1

Marsh site

35 763 −2.51 (79.04) −0.75 (88.05) −4.36 (73.46) na(c) na na na
45 1220 3.42 (73.26) −0.14 (78.84) 0.66 (69.65) 161 2.21 (47.18) 1.19 (34.85) 0.73 (35.65)
55 1677 4.27 (78.65) 3.09 (90.18) 2.00 (78.88) 359 −1.26 (47.56) 2.19 (35.97) 2.16 (36.46)
65 2136 1.66 (84.39) −0.78 (90.66) −3.32 (74.42) 532 4.14 (51.87) 4.95 (41.49) 5.49 (41.24)

Rice site

35 1084 −0.10 (144.58) −4.59 (154.58) −7.17 (123.62) 175 3.89 (53.96) 2.52 (47.19) 2.16 (46.24)
45 1565 −0.17 (152.18) 1.79 (165.22) 3.5 (124.08) 366 3.56 (54.27) −2.04 (48.94) 1.60 (42.13)
55 2045 −1.14 (145.34) −2.69 (168.33) −5.33 (126.43) 564 −5.22 (58.38) −1.27 (48.69) 0.55 (40.58)
65 2525 2.76 (149.03) 9.68 (160.66) 11.25 (123.96) 797 −0.59 (57.99) 1.11 (48.94) 0.06 (41.25)

Soybean site

35 964 −2.17 (115.52) 1.64 (134.87) −6.9 (114.04) 136 −21.8 (93.51) −9.42 (44.1) −8.8 (33.09)
45 1445 −1.88 (114.98) 1.81 (136.21) −2.27 (113.32) 345 1.91 (74.24) 4.96 (46.71) 3.57 (44.11)
55 1929 −5.21 (112.73) −3.2 (132.46) −9.41 (110.09) 569 1.72 (69.91) 0.19 (45.55) 1.19 (41.73)
65 2411 −1.7 (112.09) −2.05 (134.55) −10.97 (109.28) 732 −3.26 (74.96) 0.30 (47.45) −2.59 (41.61)

(a)Values in parentheses are standard deviation.
(b)Number of the artificial gaps.
(c)No measurements were available due to large gaps.
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Figure 5: Cumulative error in gap-filled NEE from May to October, separated in daytime, nighttime, and all time contribution, at marsh,
rice, and soybean sites.

LUT and NLR methods represented well at daytime over the
marsh site. The majority of SRE ranged from −10 to 10%
during whole day, except for 55% and 65% artificial gaps filled
by NLRmethod at soybean site, this caused by huge bias after
August (showed in Figure 5).

3.4. Error Analysis in Gap Size Class. Gap size and dis-
tribution were produced in random, whereas those greatly
impacted performance of gap filling methods. The colored
surface plots are depicted in Figure 6, 65% gaps were taken
as an example, which provide a visual means of qualitatively
assessing the impact of gap length on NEE uncertainty.
For short vegetation, small MAE was expressed in dormant
season (early spring and late autumn), regardless of methods
and gap length. This was related to the fact that measured

fluxes at this stage tended to be smaller. Large errors for three
methods were concentrated to the zone of gaps of less than
5 in growing season, especially in stage of growth rapidly
of plants. Among the methods, LUT method resulted in the
largest error ranging from short to long gaps and then MDV
and NLR methods. Though the patterns did not find that
MAE for all methods increased with gap length increasing,
long gaps added appreciably to the uncertainty of gap-filling
(results were not shown).

3.5. OptimumGap FillingMethod for Short Vegetation. Selec-
tion of methods was based on the most stable performance
and smallest errors; however, according to the above analysis,
no one method was perfect during the measuring stage. To
reduce sum bias in maximum, combined gap-filling method
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Figure 6: Two-dimensional plots illustrating mean absolute error (MAE) in gap-filled NEE, expressed as MAE, varied as a function of day of
year (𝑥 axis) and gap length (𝑦 axis). Plots in row were shown for marsh, rice, and soybean sites, and plots in column were shown for MDV,
LUT, and NLR methods. The different size and color of the circle refer to magnitude of MAE, and unit is mgCO

2
m−2 s−1.

Table 5: The sum relative error (SRE) for NEE in different gap levels, at marsh, rice, and soybean site.

Gap % Daytime Nighttime (𝑢∗ corrected) All time
MDV % LUT % NLR % MDV % LUT % NLR % MDV % LUT % NLR %

Marsh site

35 2.83 0.85 4.92 na(a) na na 2.83 0.85 4.92
45 −3.61 0.15 −0.70 2.51 1.36 0.83 −4.46 −0.02 −0.92
55 −4.98 −3.60 −2.33 −1.46 2.54 2.49 −5.93 −5.23 −3.67
65 −1.74 0.82 3.48 4.60 5.50 6.11 −3.67 −0.61 2.66

Rice site

35 0.05 3.37 2.28 4.38 2.84 2.43 −0.28 3.41 2.27
45 0.08 −0.81 −1.59 3.97 −2.27 1.79 −0.33 −0.66 −1.94
55 0.58 1.38 2.73 −5.67 −1.38 0.60 1.52 1.79 3.05
65 −1.40 −4.89 −5.68 −0.69 1.29 0.08 −1.51 −5.86 −6.59

Soybean site

35 2.21 −1.67 7.01 −22.99 −9.94 −9.28 5.16 −0.37 9.58
45 1.82 −1.75 2.20 1.57 4.09 2.94 1.92 −4.04 1.91
55 5.80 3.56 10.48 1.47 0.16 1.02 8.49 5.67 16.36
65 1.74 1.97 10.11 −2.88 0.27 −2.29 4.93 3.6 20.28

(a)No measurements were available due to large gaps.
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Table 6: Gap filling strategies at short vegetation ecosystems.

Ecosystem Method of gap filling
NLR LUT MDV

Marshland Early Jun to mid Sept Other time fromMay to Oct
Rice paddy Mid Jun to mid Aug Other time fromMay to Oct
Soybean Early Jul to early Sept Other time fromMay to Oct

Marsh site Rice site Soybean site
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Figure 7: The sum relative error (SRE) of optimum gap-filling
method for four-gap level at three sites.

was selected for short vegetation. NLR or LUT method was
used after plant rapidly growing in spring and after end of
plant growth, and MDVmethod was used to the other stage.
In this case, based on the growth stage of different vegetation,
the gap filling strategies at three ecosystems were showed in
Table 6. The SRE of optimum method reduced to the range
of −2 and +4% for four-gap level at three sites (Figure 7),
except for 55% gaps at soybean site. The optimum method
also reduced standard deviation of error that was around 0.07,
0.11, and 0.12mgCO

2
m−2 s−1 at marsh, rice, and soybean site,

respectively; there were no significant different within four-
gap level.

4. Discussion

4.1. The Response of Error on Environmental and Biological
Factors. The performance of gap-filling methods impacted
on climatic and biological variables such as PPFD and LAI
[6, 23]. The LUT and NLR methods have considered the
effect of PPFD, a residual error with NLRmethod distributed
evenly around zero response of PPFD with small magnitude
(Figure 8), while residual error with LUT method scattered
strongly around zero. This was the reason of high standard
deviation at daytime (Table 4). The residual error with MDV
method caused positive bias when PPFD was less than
500𝜇molm−2 s−1.

The residual errors response of LAI with NLR method
has even distribution around zero, and MDV and LUT
method have more scatter; moreover, significant negative

error occurred around LAI = 1 (Figure 8). The large scatters
were showed for MDV method that did not consider LAI
when filling gaps. Though the LUT method filled gaps per
half month, there was weak relationship between LAI and
NEE, especially when LAI = 1 (Figure 8). This result must be
expected from potential changes in the ecosystem properties,
particularly as related to canopy development and senescence
[6, 25].

4.2.The Selection of Gap-FillingMethods for Short Vegetations.
In this study for short vegetations, error introduced by
gap-filling differed between methods at different gap levels
(Table 4). The choice of a technique should be based on
the application, Moffat et al. [9] considered NLR method
can serve well for an annual sum estimate, but an artificial
neural network will best reproduce the half-hourly profile of
the flux. Falge et al. [3] also commented on semiempirical
methods because they preserve the response of NEE to
main meteorological conditions. However, the NLR method
in our study has good performance in variation of daily
NEE (Figure 4) and caused huge bias in cumulative NEE,
especially for high gap level (Figure 5), which can explain
that great uncertainty was introduced, because little data was
available to simulating nonlinear function.

The MDV method had large error in half-hourly NEE
(Figure 4) but consistent performance and reliability in sum
NEE (Figure 5). For MDV, the method does not make use
of the ancillary meteorological data and can be expected to
have additional problems filling gaps of more than 3–7 days
in length, as synoptic changes in weather are strongly linked
to changes in diurnal cycles of photosynthesis and respiration
[1, 9]. So, to reduce error in half-hourly and annual NEE,
the combined method of MDV and NLR was selected in our
study (Figure 7) and performed well for short vegetation.

The methods caused large bias during periods of active
change in ecosystem properties (Figure 4), because when the
flux data are missing, it is impossible to know the timing of
magnitude of the change [3, 15]. The magnitudes of NEE for
short vegetation, that is, marsh or cropland, and so forth,
were smaller than forests; especially for soybean cropland,
high GPP and high Re caused low NEE during the growing
season. So little errormay cause large bias of cumulativeNEE,
and underestimating NEE or overestimating Re may change
carbon sink to carbon source. In this study, the optimumgap-
filling method can resolve partly this problem.

5. Conclusion

The threemajor gap-fillingmethods (mean diurnal variation,
look-up table and nonlinear regression) for estimating net
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Figure 8: The relationship between bias error and PPFD and LAI in day time, taking 65% gaps at rice site as an example.

carbon fluxes (NEE) were reviewed and their gap-filling
performance was evaluated based on a set of datasets from
three short vegetations (marsh, rice, and soybean sites). The
performance of the filling techniques depended on the time
scale, gap length, and time of day (day or night). In half-
hourly scale, standard deviation for NLR method was the
smallest among three methods for each gap level. The MDV
method has good performance in seasonal scale, especially
before germination or sawing and after entirely wilting or
harvesting. Though LUT and NLR methods showed small
error for daily mean error during the peak of growing season,
the huge bias was observed in cumulative NEE for two
methods. The combined gap-filling methods were used for
short vegetation, which showed NLR or LUT method was
selected after plant rapidly increasing in spring and before
end of plant growth and MDVmethod was used to the other
stage.This combinedmethod distinctly reduced sumbias and
deviation for gap-filled NEE.
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Radiation and energy balances are key drivers of ecosystem water and carbon cycling. This study reports on ten years of eddy
covariance measurements over groundwater-dependent ecosystems (GDEs) in New Mexico, USA, to compare the role of drought
and flooding on radiation, water, and energy budgets of forests differing in species composition (native cottonwood versusnonnative
saltcedar) and flooding regime. After net radiation (700–800Wm−2), latent heat flux was the largest energy flux, with annual values
of evapotranspiration exceeding annual precipitation by 250–600%. Evaporative cooling dominated the energy fluxes of both forest
types, although cottonwood generated much lower daily values of sensible heat flux (<−5MJm−2 d−1). Drought caused a reduction
in evaporative cooling, especially in the saltcedar sites where evapotranspiration was also reduced, but without a substantial decline
in depth-to-groundwater. Our findings have broad implications on water security and the management of native and nonnative
vegetation within semiarid southwestern North America. Specifically, consideration of the energy budgets of GDEs as they respond
to fluctuations in climatic conditions can inform the management options for reducing evapotranspiration and maintaining in-
stream flow, which is legally mandated as part of interstate and international water resources agreements.

1. Introduction

Partitioning of surface energy fluxes is a robust method for
estimating landscape evapotranspiration (ET). It is only with
widespread use of eddy covariance (EC) techniques in the last
few decades that all primary fluxes can be directly measured
[1, 2]. Although some of the largest rates of ET in arid and
semiarid landscapes originate from riparian groundwater-
dependent ecosystems (GDEs) [3, 4], measurements of
energy fluxes using EC techniques in riparian ecosystems are

rare because of their narrow fetch (i.e., the upwind distance of
homogenous vegetation required for fluxmeasurements) and
stable conditions under advection [5, 6]. Rivers also have an
important effect on local surface energy fluxes within narrow
riparian forests by increasing turbulence, augmenting surface
fluxes, and controlling the direction of surface energy fluxes
[4].

Energy is transported via three mechanisms: radiation,
conduction, and convection [7]. In terrestrial ecosystems,
these processes are represented by the flux of net radiation
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(𝑄∗), the flux of heat with the ground via conduction (𝑄
𝐺
),

and turbulent transport, which includes the fluxes of sensible
(𝑄
𝐻
) and latent heat (𝑄

𝐸
) [8]. 𝑄

∗ is determined as the
difference between downwelling and upwelling radiation in
the short (visible and solar) and long (infrared and thermal)
wavelengths. 𝑄

𝐺
can be highly variable at a given location,

especially across habitats (e.g., from under shrub to bare
soil) in semiarid regions [9] or in response to flooding [10].
However, 𝑄

𝐺
tends to be small under the shade of a deep

canopy [11] and when averaged over a day [12].
Observations of energy fluxes contribute to our under-

standing of world climate and also to our understanding of
the behaviour of different forest types. Wilson et al. [2], for
example, compare partitioning between 𝑄

𝐻
and 𝑄

𝐸
over a

number of different vegetated surfaces in the Ameriflux data
set. By comparing Bowen ratios (𝛽: the ratio of sensible to
latent energy fluxes; 𝛽 = 𝑄

𝐻
/𝑄
𝐸
), distinctions were demon-

strated between vegetation type and climate, with the smallest
𝛽 in agricultural and deciduous forest ecosystems and largest
in coniferous and grassland ecosystems with a distinct dry
climate [2]. Arid sites typically have larger 𝛽 than mesic sites,
except when under irrigation [13], and 𝛽 can exceed four (i.e.,
𝑄
𝐻
is four times larger than 𝑄

𝐸
) over an arid, bare soil clay

pan [14]. Energy partitioning is also valuable for observing
changes in response to invasion by nonnative species [15].

Water resources in the Rio Grande are governed by
an interstate compact between Colorado, New Mexico, and
Texas and by a treaty between theUSA andMexico [11, 16, 17].
Demand for water is larger than the allocations dictated in
the compact and treaty, but adjudication of water rights is
ongoing and mostly incomplete. As an initial step, a water
budget was compiled to assist with enforcing legal obliga-
tions and to design and implement sustainable water policy
[18]. Open water evaporation and ET from groundwater-
dependent vegetation (i.e., plants that have their roots in
contact with groundwater; phreatophytes) and agriculture
dominate the water budget of the Middle Rio Grande [19].
Given the importance of in-stream flow and ET in the water
budget, a better understanding of the energetic constraints on
these ecosystemswill provide improvedwater security during
times of both scarcity and abundance. The two key aims of
the work described herein are to (1) provide an analysis of
the energy budget of two forest types along the Rio Grande
(dominated by either a native or introduced species) and (2)
examine the impacts of drought and floods on the energy
budgets of these sites. Such studies will improve our ability
to manage water resources sustainably across this extensive
catchment and to determine strategies to achieve desired
outcomes from managed changes in land use.

Increased vegetation density and cover along the Rio
Grande over the past century or more has generated riparian
forests with extensive fetch [11, 20, 21]. Forests extend for
several kilometers parallel to the river’s general northsouth
axis and for hundreds of meters perpendicular to the river.
This paper takes ameteorological perspective to present anal-
yses of water and energy fluxes over riparian GDEs situated
along the Middle Rio Grande of central New Mexico, USA
[3, 11]. Surface energy fluxes on cloud-free days were com-
pared above native (cottonwood) and nonnative (saltcedar)

vegetation. Changes in energy balance in response to flooding
and drought were evaluated. We hypothesized that (1) annual
rates of ET differ across the two forest types; (2) advection
and evaporative cooling, identified by𝑄

𝐻
directed toward the

surface (i.e.,𝑄
𝐻

< 0), would be common during wet periods;
(3) 𝑄
𝐻
would increase at the expense of 𝑄

𝐸
during drought;

and (4) 𝑄
𝐺
would be insignificant under vegetated canopies

[11] except during inundation, which would largely affect
𝑄
𝐺
. For convenience, a list of symbols and abbreviations is

provided in the Symbols and Abbreviations section.

2. Methods

2.1. Site Network. This study focused upon four sites in the
riparian corridor along the Middle Rio Grande, NewMexico
(Table 1). The shallow slope of the central valley promotes
expansion of the riparian corridor, which reaches to over
a kilometre in width [3]. Two of these sites host forests
dominated by a mature cottonwood canopy (native, Populus
deltoides ssp. wislizeni); the other two sites contain stands
dominated by saltcedar (nonnative, Tamarix chinensis). One
each of the cottonwood and saltcedar forests received regular
flooding with a two- to three-year recurrence interval, whilst
the complementary pair of sites have not flooded in the last
20 years or more (Table 1). Reference to each site will be
made by its dominant species (i.e., cottonwood, saltcedar)
and interflood interval (IFI), for example, cottonwood long-
IFI or cottonwood short-IFI (Table 1).

Eddy covariance systems were mounted from towers in
the saltcedar sites beginning in 1999 and in the cottonwood
sites during 2000 [3, 19]. The tower at the cottonwood short-
IFI site was destroyed by vandalism during spring 2004,
at which time the site was abandoned and the data record
concluded in 2003 (Table 1). At the cottonwood long-IFI site,
the understory vegetation wasmechanically removed in 2003
[22]. Then, in 2007, a fire burned a substantial portion of the
cottonwood canopy at the long-IFI site, after which a crown
fell on the tower in 2008, thereby toppling it.The cottonwood
long-IFI site was subsequently abandoned that year.

Towers in the cottonwood forests were 25m tall. Tow-
ers in the saltcedar forest were either 15m (short-interval
flooding) or 10m (long-interval flooding) tall. Footprints of
upwind measurements are about 50m over saltcedar stands
and up to 200m over cottonwood stands [11].

2.2. Instruments and Measurements. Radiative, conductive,
and turbulent energy fluxes were measured at each of these
four riparian sites. Initially, three-dimensional sonic eddy
covariance (3SEC) systems consisting of a CSAT3 sonic
anemometer to measure wind speed in each of three dimen-
sions (𝑢, V, and 𝑤), a KH20 Krypton Hygrometer to measure
humidity, and a CR23X (Campbell Scientific, Inc., Logan,
UT) datalogger to run the system and collect 30min flux
and meteorological data were installed at all sites [11, 19].
As funds became available, most systems were upgraded
(1) to replace the KH20 with a fast response, open-path
infrared gas analyzer (IRGA, LI-7500, LiCor, Inc., Lincoln,
NE) measuring carbon and water vapour density and (2) to
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Table 1: Flux sites operating in the Middle Rio Grande valley node of NM-EPSCoR Fluxnet.

Code Location Years IFIa ℎ
𝑐
(m) 𝑧 − 𝑑 (m) 𝜌

𝑑
(g cm−3)

CW 34.96∘N, 106.68∘W, 1497m asl (Albuquerque, NM) 2000–2007 Long 23.5 9.9 1.033
CW 34.59∘N, 106.75∘W, 1459m asl (Belen, NM) 2000–2003 Short 25.1 10.5 0.957
SC 34.27∘N, 106.87∘W, 1427m asl (Sevilleta NWR) 1999–2010 Long 5.2 3.4 1.280
SC 33.78∘N, 106.88∘W, 1375m asl (Bosque del Apache NWR) 1999–2010 Short 6.2 4.1 1.140
aShort: 2-3 years; long: >20 years.

replace the CR23X with a CR5000 that is capable of storing
10Hz measurements along with the 30min flux data. A 3SEC
system was mounted on the south face of each tower, 2–
2.5m above the canopy [3, 11, 19]. KH20s were mounted side-
normal to prevent accumulation of water ponding on the
mirror following precipitation. IRGAs were rotated 15∘ to the
north of vertical to avoid solar reflection spikes [23].

In addition to the 3SEC systems, a suite of instruments
for measuring energy balance and micrometeorology were
mounted upon or near each tower. Temperature (𝑇) and
relative humidity were measured at the modal canopy height
(HMP45C; Campbell Scientific, Inc., Logan, UT). Precipita-
tion, ground heat flux in two locations beneath the canopy,
spatially averaged soil temperature, and soil water content
were also measured on a 30-minute basis (TE525, HFT3,
TCAV, and CS616, resp.; Campbell Scientific, Inc., Logan,
UT). Each system included two atmospheric pressure (𝑃)
sensors. TE525s were mounted near the top of the towers.
Soil instruments were placed at standard depths: HFT3s 8 cm
below surface, TCAVs 2 cm and 6 cm, and CS616 inserted
horizontally at a depth of 2.5 cm.

The soil dielectric constant as measured by the CS616 is
a function of soil water content (Θ), salinity, temperature,
texture, and compaction [24, 25]. Thus, accurate measure-
ment ofΘ requires sensor calibration to local soil conditions.
Measurements on a volumetric basis (ΘV) were corrected
using an empirical calibration curve against soil water content
of samples collected in situ. The upper value of ΘV measured
under flooding conditions was assumed to equal porosity
by discounting unmeasured changes due to deflocculation
of clay during wetting. Measurements of ΘV were converted
to Θ
𝑔
(mass-basis) to match units for determination of soil

heat storage. During periods when Θ
𝑔
was unavailable, Θ

𝑔

was assumed to be equal to long-term average values during
periods of comparable wetness at the same site, defined as
periods with similar drought index values.

Average 𝑄
𝐺
at the surface from the two sensors was

computed to account for soil heat storage above the sensors
utilizing the soil water content (Θ

𝑔
) and the change in soil

temperature [26]. Assuming that floodwater was in thermal
equilibrium with the soil below, heat storage in floodwater
was added to soil heat storage:

𝑄
𝐺
= 𝑄
𝐺8 cm

+ (𝜌
𝑏
(𝐶
𝑠
+ 𝐶
𝑤
Θ
𝑔
) 𝑑𝑧
𝐺
+ 𝜌
𝑤
𝐶
𝑤
𝑑𝑧flood)

𝑑𝑇
𝑠

𝑑𝑡

,

(1)

where 𝜌
𝑏
is the site-specific soil bulk density, 𝜌

𝑤
is the density

of water, 𝐶
𝑠
(840 J kg−1 K−1) and 𝐶

𝑤
(4180 J kg−1K−1) are the

soil and water heat capacities, respectively, and 𝑑𝑇
𝑠
/𝑑𝑡 is

the change in soil temperature with respect to measurement
period. Heat storage is scaled by depth of ground heat flux
plates (𝑑𝑧

𝐺
= 0.08m) and floodwater depth (𝑑𝑧flood).

Initially, 𝑄∗ was measured well above the canopy with
a vented and cross-calibrated net radiometer (REBS-Q7.1,
Radiation and Energy Balance, Inc., Seattle, WA). As with
the 3SEC systems, radiometry measurements were upgraded
as funding became available. First, a CM3 pyranometer
measuring downwelling shortwave radiation (𝑄

𝑠
) was added

until net radiometers could be replaced. Both saltcedar sites
were upgraded with CNR1 component radiometric sensors,
measuring both incoming and outgoing radiative fluxes in
the shortwave and thermal ranges (Kipp & Zonen B.V., Delft,
Netherlands). The lighter and less expensive CNR2 model,
which measures net shortwave and net long wave radiative
fluxes, replaced the Q7.1 at the cottonwood long-IFI site just
weeks before a burned cottonwood crown toppled the tower.
All radiometers were placed near the top of the tower to
minimize shading effects.

2.3. Flux Data Processing

2.3.1. QA/QC. Prior to and following application of standard
flux corrections, nonphysical observations were flagged for
removal from analysis (e.g., relative humidity measurements
of less than zero or products of overrotation). Out-of-range
measurements were also discarded (e.g., |𝑄

𝐸
| > 1000). Data

from periods of low turbulence, particularly at night when
the friction coefficient (𝑢∗) was less than 0.25m s−1 [27], were
retained but flagged for later analysis.

2.3.2. Turbulent Fluxes and Corrections. Vertical 𝑄
𝐸
and vir-

tual heat flux (𝑄
𝐻V) were calculated as the 30min covariance

between 10Hz measurements of deviations from mean of
vertical wind speed (𝑤) and specific humidity (𝑞), or virtual
(potential) temperature (𝑇V), respectively [11]. Positive values
were indicative of fluxes leaving the surface for 𝑄

𝐺
, 𝑄
𝐻
, and

𝑄
𝐸
. 𝑄∗ was positive when downward radiative fluxes were

larger than upward fluxes (i.e., 𝑄∗ was positive toward the
surface).

𝑇V is the temperature at which dry air has the same density
as moist air, and it is always larger than the temperature of
unsaturated moist air (𝑇). To obtain accurate measurements
of 𝑄
𝐻

in moist air, 𝑇V or 𝑄
𝐻V must be converted to 𝑇

or 𝑄
𝐻
, respectively [28]. Because 10Hz observations were

not available from systems utilizing CR23X dataloggers,
correction of 𝑇



V was not practical. Using an independent
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measure of 𝑇, 𝑄
𝐻

was computed from 𝑄
𝐻V following the

Campbell Scientific, Inc., open path eddy covariance manual:

𝑄
𝐻

= (

𝑇

𝑇V
)(𝑄

𝐻V −
0.51 ⋅ 𝐶

𝑝
⋅ 𝜌
𝑚
⋅R
𝑚
⋅ 𝑇

2

𝑃 ⋅ 𝜆

) , (2)

where the overbars represent 30min averages,𝐶
𝑝
[J kg−1 K−1]

is the specific heat capacity of moist air, 𝜌
𝑚

[kgm−3] is
the density of moist air, R

𝑚
[kPam3 K−1 kg−1] is the gas

constant for moist air, and 𝜆 [J kg−1] is the latent heat of
vaporization (2.501 − 0.00237𝑇 [∘C]). Each of 𝐶

𝑝
, 𝜌
𝑚
, and

R
𝑚
were determined from the associated constants for dry

air: 𝐶
𝑝

= 𝐶
𝑝𝑑

(1 + 0.84𝑞), 𝜌
𝑚

= 𝑃/(R
𝑚
𝑇), and R

𝑚
=

R(1 + 0.608𝑞) where 𝐶
𝑝𝑑

= 1004.67 [J kg−1 K−1] and R =
0.287 [kPam3 K−1 kg−1]. Both 𝑇 and 𝑇V are in [K] except
where otherwise noted, and 𝑞 is in [g g−1].

Corrections for top-of-canopy conditions were applied
using the preceding constants for moist air. The first cor-
rection was performed for KH20 systems. The KH20 cor-
rection was a two-step process: (1) the oxygen correction
to discount the absorption of oxygen by the krypton beam
and (2) a second-order polynomial correction for the effect
of atmospheric humidity on the calibration coefficient 𝑘

𝑤
.

The remaining corrections were performed on data from all
systems.

Two-dimensional rotation to natural wind coordinates
was performed upon each 30min observation to force sta-
tionarity in vertical wind speed (i.e., 𝑤 = 0), in cross-
wind speed (i.e., V = 0), and in the covariance between
streamwise and cross-stream wind speeds (i.e., 𝑢

V = 0)
[29]. Observations were considered overrotated and removed
from analysis when 𝑄

𝐸
< −100 or 𝑄

𝐻
< −300Wm−2.

Frequency response corrections were performed using the
spectral transfer function of Massman and Clement [30].
Atmospheric stability was determined as 𝜁 = (𝑧−𝑑)/𝐿, where
𝑧 is the sensor height, 𝑑 is the zero plane displacement, 𝐿
is the Obukhov length, and 𝑑 is assumed to be two-thirds
of the canopy height ℎ

𝑐
[31]. Data were then corrected for

the effect of heat and water fluxes on atmospheric density
measurements [32].

2.4. Energy Fluxes and ET. Cloud-free and gap-free days
were identified for drought index comparisons to avoid the
confounding effects of cloud properties on fluxes. Single
representative 24-hour periods were chosen in which 30min
observations of 𝑄

∗, 𝑄
𝐸
, 𝑄
𝐻
, and 𝑄

𝐺
were evaluated. In

multiyear comparisons, dates were chosen that were within
the same 7–10-day period, with a preference for the same
day of the year when possible. Responses of 𝑄

𝐸
to 𝑄
∗,

representing the evaporative fraction (EF), were evaluated
using 60min average fluxes during and including all daytime
observations between July 17 and August 16. Data gaps were
not filled to avoid autocorrelation with model training data.

To compare ET amongst sites 𝑄
𝐸
was accumulated on

each day that did not contain data gaps. Next, a higher-order
polynomial was fit each year to daily ET, which averaged ET

across intraseasonal variations and clusters of data gaps [11].
Total annual ET was determined as the cumulative fitted ET.

2.5. Hydroclimate and Statistical Analyses. The state of the
hydroclimate, from extremely dry to extremely wet, was
determined from the Palmer hydrologic drought index
(PHDI, http://www.ncdc.noaa.gov). As these sites are located
within GDEs, which obtain their water from snowmelt
and rainfall in the upper catchments, both local (central
valley New Mexico) and regional (central valley, central
highlands, and northern mountains in New Mexico and
the Colorado headwaters) PHDI values were used. PHDI
represents an approximate balance between moisture supply
(precipitation and run-on) and demand (ET and runoff).
Neutral conditions are defined as −2 < PHDI < 2. Moderately
dry conditions are indicated at or below −2; they become
severe drought at −3, and extreme drought begins at PHDI
values below −4. Wet conditions are similarly scaled in
positive values (moderatelywet, verywet, and extremelywet).
PHDI commonly varies between both extremes in semiarid
environments (e.g., Figure 1).

Drought and wet conditions were compared during years
when local or regional PHDI was at least moderate (Figure 1).
Thus, these comparisons were performed in June 2001 (wet)
and June 2003 (dry) (Table 2). All drought comparisons were
made within one month of the summer solstice when 𝑄

𝑠

was maximal. The regressions between 𝑄
𝐸
and 𝑄

∗ (EF)
and between 𝑄

∗ and 𝑄
𝑠
were compared across sites and

climatic conditions using analysis of covariance (Matlab
r2009, Mathworks, Natick, Massachusetts, USA). Analysis of
variance was used to compare annual totals of ET amongst
the four sites. A significance level of 0.05 was chosen for all
statistical inferences.

3. Results

3.1. Water Budgets for the Four Sites. Annual rainfall ranged
from 200 to 270mmy−1 across all four sites (Figure 2). Mean
ecosystem ET was much larger than average rainfall (by
a factor of 2.5 to 6) across all four sites and in all years.
Mean annual ecosystem ET was significantly smaller in the
saltcedar long-IFI forest than the saltcedar short-IFI and
cottonwood long-IFI forests (site 𝐹 = 24.7; df = 7 and 40; 𝑝 <

0.0001; Figure 2). The small number of years that the tower
operated in the cottonwood short-IFI forest (Table 1) reduced
the statistical power of the comparison; thus mean annual ET
of the cottonwood short-IFI site was not statistically different
from any of the other three sites (Figure 2).

Monthly ET was large at mid-year, reaching between
100 and 300mmmonth−1 (Figure 3) and often exceeded
annual rainfall at some sites (e.g., the saltcedar short-IFI site;
Figure 3). However, differences in mean annual ET across
all years (Figure 2) were reflected in differences amongst the
peak values of monthly ET across the four sites (Figure 3).
Amongst the cottonwood forests, peak monthly ET varied
more across years at the short-IFI site than in the forest with
a long IFI (Figure 3). At the cottonwood long-IFI site, ET
during the growing season was constant or slightly declining
until 2007, after the fire on June 16, 2006, that reduced
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Table 2: Surface conditions on representative cloud-free days.

Condition Site Date PHDIa 𝛽
b DGWc (cm) Θ

𝑚

d ET (mm)
Wet CW—long-IFI 03-Jun-01 3.44 −0.36 146 n.o. 7.2
Dry CW—long-IFI 06-Jun-03 −1.34 0.08 170 0.23 6.8
Wet CW—short-IFI 05-Jun-01 3.44 −0.26 89 n.o. 7.1
Dry CW—short-IFI 14-Jun-03 −1.34 −0.28 140 0.30 6.2
Wet SC—long-IFI 04-Jun-01 3.44 0.51 190 n.o. 4.4
Dry SC—long-IFI 12-Jun-03 −1.34 0.71 210 0.05 4.3
Wet SC—short-IFI 02-Jun-01 3.44 −0.10 187 n.o. 8.5
Dry SC—short-IFI 10-Jun-03 −1.34 0.27 180 0.07 7.3
Flooded SC—short-IFI 07-Jun-05 5.84 0.18 −53 0.57 9.1
a0 = normal, −2 = moderate drought, 3 = very wet.
b
𝛽: daily average.

cNegative values represent flood water depth.
dMeasured at the surface (0–10 cm).

PH
D
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Central valley
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Dry
−6
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−2

Figure 1: Monthly Palmer hydrologic drought index (PHDI) values
averaged across the study area (central valley, solid line) and
averaged across the central valley and upstream catchment (region,
broken line).

the surface area of green, transpiring leaves. By contrast,
monthly ET increased annually between 2003 and 2008 at
both saltcedar sites, although that trend reversed in 2009
(Figure 3).

Themaximum of daily ET was 9.5mmd−1 in cottonwood
forests and 12.5mmd−1 at saltcedar-dominated sites. ET from
the cottonwood short-IFI forest was substantially smaller
than in the cottonwood long-IFI forest in three out of the
four years that measurements overlapped (2000, 2002, and
2003), although individual days occurred in which large ET
fluxes were released from the cottonwood short-IFI forest
(>9mmd−1, Figure 3).

3.2. Radiation: Solar and 𝑄
∗. At all sites, 𝑄∗ was strongly

related to solar radiation (𝑄
𝑠
) (Table 3).With only one excep-

tion, all slopes and intercepts of the relationship between 𝑄
∗

and 𝑄
𝑠
were significantly different from the global values

(site×𝑄
𝑠
; 𝐹 = 8297; df = 11 and 125,175; 𝑝 < 0.0001). These

slopes were larger in short-IFI sites (0.80 to 0.83) than long
(0.73 to 0.79) (Table 3). Daily peak𝑄

∗ at all sites was between
700 and 800Wm−2, with little interannual variation in peak
𝑄
∗ regardless of drought or flood condition (Figures 4 and 5).
When averaged across all years, total daily𝑄

∗ was largest
in the summer and smallest in thewinter (Figure 6).Maximal
annual 𝑄∗ exceeded 20MJm−2 day−1 at two sites: saltcedar
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SC—long-IFI SC—short-IFI CW—long-IFI CW—short-IFI

Figure 2: Annual evapotranspiration (ET) ± standard error. Values
with the same letter are not significantly different (𝑝 < 0.05). The
two horizontal dashed lines represent the range in annual average
rainfall in the central valley of the Middle Rio Grande [3].

short-IFI (20.3MJm−2 d−1) and cottonwood short-IFI
(20.2MJm−2 d−1; Figure 6). During winter (November–
February),𝑄∗ was typically low but highly variable at all sites
(Figure 6). At the cottonwood long-IFI site, winter 𝑄

∗ was
large (up to 16.6MJm−2 d−1) and highly variable (Figure 6).

3.3. Convection: Turbulent Latent and Sensible Heat Fluxes.
The magnitude of 𝑄

𝐸
exceeded 𝑄

𝐻
(−1 < 𝛽 < 1) at all

sites (Table 2). Evaporative cooling, indicated when 𝑄
𝐻
was

directed toward the surface (i.e., 𝛽 < 0), was common in
these riparian GDEs during extremely wet periods, except
at the saltcedar long-IFI site where 𝛽 was 0.5 (Table 2). As
these riparian sites dried, 𝛽 increased except at the short-IFI
site dominated by cottonwood, where 𝛽 remained negative
(Table 2). At the cottonwood (dry) and saltcedar short-IFI
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Figure 3: Total monthly (lines) and daily (symbols) ET at cottonwood (a) and saltcedar (b) sites. Long IFI is indicated by the solid line and
small circles. Sites with a short IFI are indicated by the broken line and small squares. The first day of each year is indicated along the 𝑥-axis.

Table 3: Least squares regressionmodel coefficients between 30min
observations of solar (𝑄

𝑠
) and net radiation (𝑄∗), 𝑄∗ = 𝑚𝑄

𝑠
+ 𝑏.

Slopes (𝑚) marked by an asterisk are not significantly different (𝑝 <

0.05).

Site Date rangea 𝑟
2

𝑚 𝑏 𝛼
b

CW—long-
IFI

26-Apr–30-Sep-
2006c 0.990 0.728∗ −76.6 n.o.

1-May–31-Dec-
2007 0.991 0.726∗ −48.3 n.o.

SC—long-
IFI

1-May–30-Sep-
2006 0.992 0.770 −37.0 n.o.

2007 0.989 0.766 −48.8 n.o.
2008 0.985 0.789 −63.5 0.11
1-Jan–24-Sep-2009 0.988 0.796 −63.9 0.10

SC—short-
IFI

2007 0.993 0.832 −44.7 n.o.
9-Apr–24-Sep-
2009 0.990 0.823 −57.4 0.12

aSingle year range: the entire year’s data collection fit the same line.
b
𝛼: midday (10.00–14.00 LST) average albedo. n.o.: no observations.

cData from 15-June-2006 to 18-June-2006 removed following fire; postfire
𝑄
∗

min = −321Wm−2.

(wet) sites, positive 𝑄
𝐻

at midday balanced negative 𝑄
𝐻

during the evening and early nighttime (𝛽 = 0.08 and −0.1,
resp.; Table 2). In contrast, average daily 𝑄

𝐻
was positive at

the saltcedar short-IFI site (𝛽 = 0.27 and 0.18 in dry and
flooded conditions, resp.; Table 2).

Large positive𝑄
𝐻
occurred at midday in the cottonwood

long-IFI (dry), saltcedar long-IFI (wet and dry), and saltcedar
short-IFI (dry and flooded) sites (Figures 4 and 5). Peak
𝑄
𝐸
was lower during drought than during wet conditions

at short-IFI sites, whether dominated by cottonwood or
saltcedar (Table 2, Figure 4). At the cottonwood and saltcedar
long-IFI sites, 𝑄

𝐸
was the same during drought and wet

conditions and was equal to or lower than 𝑄
𝐸
at the com-

panion short-IFI site during wet conditions (Figure 4). At the
saltcedar long-IFI site, 𝑄

𝐸
and 𝑄

𝐻
were nearly equal at each

about 50% of 𝑄
∗ (Figure 4). When averaged across years,

growing season𝑄
𝐻
was negative at both cottonwood sites and

at the saltcedar short-IFI site during springtime (Figure 6).
Over the course of the year,𝑄

𝐸
was balanced by𝑄

𝐻
: increases

in 𝑄
𝐸
were reflected by decreases in 𝑄

𝐻
(Figure 5). The

saltcedar short-IFI site began the growing seasons as a strong

𝑄
𝐻

sink (i.e., 𝑄
𝐻

< 0) but was at near neutral thermal
stratification (i.e., 𝑄

𝐻
≈ 0) by August (Figure 5). Despite

failing to account for canopy storage and inverted fluxes (e.g.,
𝑄
𝐻

< 0), net energy balance (i.e., {𝑄
𝐻
+𝑄
𝐸
}/{𝑄
∗
−𝑄
𝐺
}) was

78% in the saltcedar ecosystems and 64% in the cottonwood
long-IFI forest.

Daily 𝑄
𝐸
was closest to 𝑄

∗ at the saltcedar short-IFI site
(Figure 6). Figure 7 illustrates conversion of 𝑄∗ into 𝑄

𝐸
at

each of the sites during drought and wet conditions. The
slope of the 𝑄

∗ versus 𝑄
𝐸
relationship represents the average

evaporative fraction (EF). Significant differences in EF were
found across sites and conditions (site × condition × 𝑄

∗;
𝐹 = 72.45; df = 11 and 3,752; 𝑝 < 0.0001). EF was significantly
smaller during drought than wet conditions except at the
cottonwood long-IFI site (Table 4). The saltcedar short-IFI
site had the largest EF during wet conditions (Table 4).

3.4. Conduction: 𝑄
𝐺
and Flood Water Heat Flux. Negligi-

ble 𝑄
𝐺
was observed at the saltcedar short-IFI site under

dry conditions (Figure 4). Instantaneous 𝑄
𝐺
at all of the

remaining sites in the drought comparison were small but
nonnegligible (Figure 4). Small 𝑄

𝐺
fluxes were observed

under the shade of groundwater-dependent vegetation at all
four sites. No relationships were identified between 𝑄

𝐺
and

depth-to-groundwater (DGW) or Θ
𝑔
(Table 2).

Except when the site was flooded, 𝑄
𝐺
followed a similar

pattern at all sites: 𝑄
𝐺
was negligible at night, directed into

the soil (i.e., positive𝑄
𝐺
) predominantly in the afternoon and

early evening, and then back out of the soil in the morning
(Figure 4).The presence of floodwater had its largest effect on
𝑄
𝐺
, which showed its largest range under flooded conditions

(Figure 5).When floodwaters were present,𝑄
𝐺
was shifted to

positive values from midnight to noon and negative for the
remainder of the day. Although the magnitude of heat fluxes
through floodwater was larger than through dry soil, daily
average 𝑄

𝐺
was negligible at all sites and across all seasons

(Figure 6).

3.5. Impacts of Flooding on Ecohydrology and Forest Water-
Use. Peak midday 𝑄

∗ was slightly larger during inundation
than noninundated times. At the flooded saltcedar site, 𝑄∗
peaked at 845Wm−2 (Figure 5), and this value was the largest
observed in the Middle Rio Grande. Heat storage in the soil
surface and water column contributed to a daily range in
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Figure 4: Half-hourly average energy fluxes at the four sites (Table 1) under clear sky conditions and wet versus dry conditions (Table 2).
Energy fluxes are net radiation (𝑄∗, dotted line), latent heat flux (𝑄

𝐸
, blue dashed line), sensible heat flux (𝑄

𝐻
, red solid line), and ground

heat flux (𝑄
𝐺
, green dashed line). CW: cottonwood; SC: saltcedar; IFI: interflood interval.

instantaneous rates of 𝑄
𝐺
of −110 to 86Wm−2 at the flooded

saltcedar site (Figure 5). Nocturnal 𝑄
𝐸
was larger during

flooding than when the saltcedar short-IFI site was wet or
dry (Figures 4 and 5). Total daily𝑄

𝐸
(ET) at the saltcedar site

was larger when flooded (9.1mmd−1) than when wet but not
inundated (8.5mmd−1, Table 2).

4. Discussion

4.1. Characteristics of GDEs: ET and Management. Riparian
ecosystems in semiarid regions are sites of large rates of pri-
mary production and ET, in contrast to nonriparian, semiarid
ecosystems [33, 34], reflecting the influence of an additional
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Table 4: Analysis of covariance comparing evaporative fraction
between sites and drought condition. None of the intercepts ±

standard error are significantly different (𝑝 < 0.05) from the single
line intercept (59.4 ± 2.4). Slopes ± s.e. with the same letter are not
significantly different.

Condition Site 𝑟
2 Intercept Slope

Wet CW—long-IFI 0.60 56.0 ± 7.3 0.515
ab

± 0.014

Dry CW—long-IFI 0.72 50.4 ± 7.6 0.543
bc

± 0.015

Wet CW—short-IFI 0.69 47.3 ± 7.2 0.478
ac

± 0.016

Dry CW—short-IFI 0.66 74.1 ± 7.9 0.381
d
± 0.016

Wet SC—long-IFI 0.80 70.3 ± 8.5 0.449
ad

± 0.018

Dry SC—long-IFI 0.66 64.1 ± 7.7 0.280
f
± 0.016

Wet SC—short-IFI 0.76 54.1 ± 7.5 0.679
e
± 0.016

Dry SC—short-IFI 0.82 60.2 ± 7.5 0.581
b
± 0.015
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Figure 5: Half-hourly average energy fluxes at the inundated saltce-
dar site (SC—short IFI).

source of water on the ability to fix carbon. However,
identification of groundwater-dependent ecosystems (GDEs)
in the field is not trivial and typically requires an under-
standing of the ecohydrology of groundwater-dependent
vegetation [35]. One of the key characteristics of GDEs is that
ET consistently exceeds annual average precipitation [36]. In
the present study, ET from both types of GDEs (cottonwood
and saltcedar) was three to six times larger than the annual
average precipitation of 200–250mm (Figure 2), indicating
that both types of forests were groundwater-dependent.

We found large differences in ET between the two forest
types and flooding regimes, supporting our first hypothesis.
Interestingly, ET in the two forest types did not respond
to flooding regime in the same way: ET was larger in the
saltcedar site with a short IFI, whereas ET tended to be

larger in the cottonwood site with a long IFI. There are
two explanations for these divergent responses: (1) saltcedar
abundance is favoured by deep groundwater and intermittent
flooding [37], while (2) cottonwood ET can be limited by
hypoxia and restricted rooting volume during flooding [11].
There are important implications of this finding related to
the management of nonnative vegetation for the purposes
of water salvage [38]. First, the choice of restoration site for
management of nonnative vegetation can be informed by
observations of the energy budget, particularly to identify
evaporative cooling. Saltcedar sites undergoing evaporative
cooling are likely to also have ET rates near the theoretical
maximum (12.5mmd−1), which make these forests a pri-
ority candidate for management [39]. Second, evaporative
cooling can be maintained through management of native
cottonwood forests, and this provides an important ecosys-
tem service in populated areas. For example, conversion of
saltcedar capable of large ET rates to sparse cottonwood with
an understory of upland vegetation can contribute to reduced
ET [38, 40], whilemaintaining evaporative cooling on a small
scale, regardless of climatic conditions.

Water management in the Rio Grande depends upon
knowledge of the patterns of ET in the vegetation of riparian
GDEs. Cottonwood trees can maintain maximal ET rates if
depth-to-groundwater does not exceed about three metres
[41]. As long as water supply to the Middle Rio Grande
can maintain the riparian aquifer and barring burning of
the forests, cottonwood forests will continue to support
large daily and monthly rates of ET (Figure 3). By contrast,
the hydraulic architecture of saltcedar is highly resistant to
drought stress [42].This promotes survival through dry years,
albeit with smaller ET rates, but with increasing ET dur-
ing subsequent wet years (Figure 3). However, groundwater
resources are expected to decline with declining regional
snowpack; thus the preferential survival of saltcedar could
result in continued strain on the water budget, while native
trees would tend to die back due to hydraulic failure [43–45].
Themagnitude of ET from saltcedar and its effect on thewater
budget depend upon the pattern of water supply (drought to
deluge) and distribution of short-IFI and long-IFI sites [3].
ET from saltcedar can equal or exceed available energy [46],
or ET can equal half of that [19]. Regardless, saltcedar has a
more detrimental effect onwater budgets than the native xeric
vegetation that dominated the Middle Rio Grande riparian
corridor over a century ago, before nonnative species invaded
and when cottonwood trees were far less prevalent [21, 38].

4.2. Evaporative Cooling. Rates of midday net radiation
flux (𝑄∗) observed in the present study (750–825Wm−2)
represent some of the largest rates published for vegetated
land surfaces (cf. [1, 10, 14, 47–50]).This is partially attributed
to the fact that semiarid regions have a preponderance of
cloud-free days. Furthermore, our study sites were located
in a region with moderate to large radiation and a high
temperature regime, which favours large rates of 𝑄∗. How-
ever, the groundwater dependency evident for all four sites
also contributes to these large values of 𝑄∗ because of the
reduction of radiative cooling that occurs so frequently for
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Figure 6: Daily total energy fluxes, averaged across all years.

vegetation accessing groundwater on a daily basis. Another
characteristic of GDEs is that energy partitioning results in
a Bowen ratio that is higher than −1 but less than zero [2].
Thus, we conclude that patterns of ecosystem energy fluxes
can be used to differentiate between adjacent GDE and non-
GDE systems.

With abundant available moisture and sunlight, evapo-
rative cooling of GDE canopies can dominate the energy
balance [4, 51–54], consistent with our second hypothesis.
The relatively large cottonwood leaves are most likely to
establish counter-gradient fluxes of large 𝑄

𝐸
and negative

𝑄
𝐻
during daytime hours (i.e., evaporative cooling; Figure 4),

although 𝑄
𝐻
can be a source of available energy in three of

the four GDE sites (the exception being the driest saltcedar
site, Figure 4). Because of the coupling between 𝑄

𝐸
and

𝑄
𝐻
in riparian GDEs, evaporative cooling facilitates remote

and energy balance-based methodologies to estimate ET
[3, 46, 55]. Estimates of ET are urgently required to select
sites best suited for restoration and to choose the species
composition that will attain the goal of minimizing ET and
thereby enhancing water availability in-stream [38, 39] as a
matter of securing water resources in the region, which is
discussed in detail in the following section.

As leaf temperature and leaf water potential tend to
be lower in Tamarix than cooccurring native species [56],
evaporative cooling at the saltcedar short-IFI site represents
cooling of the within-canopy air spaces rather than cooling
of individual leaves. Evaporative cooling was restricted in the
morning and early afternoon at the cottonwood long-IFI and
saltcedar short-IFI sites when exposed to drought (Figure 4),
although there was no corresponding decrease in ET in the
cottonwood forest. Evaporative coolingwasmaintained at the
cottonwood long-IFI site even though 𝑄

𝐸
and ET declined

during drought (Table 2 and Figure 4), implying that (i)
understory development below the cottonwood canopy was
restricted during drought and therefore did not contribute
to ET or (ii) cottonwood transpiration during a wet year
exceeded the rates required to cool the canopy. Because
the latter is unlikely given the year-round proximity of

groundwater at both cottonwood sites, the drought-related
decline in ET at the cottonwood short-IFI site wasmost likely
the effect of understory dormancy during drought.

4.3. Hydroclimate and Water Security. Historically, cycles
of drought and flooding had a large and recurrent effect
on riparian vegetation structure and hydrology. With only
one exception (cottonwood long-IFI), EF was lower during
drought (Figure 7). Reduced EF indicates that the importance
of 𝑄
𝐻

increased relative to 𝑄
𝐸
in response to drought, as

predicted by our third hypothesis, and signified an increase
in vegetation stress as ET became insufficient tomoderate leaf
or canopy temperature (Table 1). In saltcedar forests, seasonal
average ET and LAI are strongly coupled to vapour pressure
deficit (VPD; [11]), even though saltcedar extracts groundwa-
ter from depths of more than 10m to 25m to avoid moisture
stress. In the present study, drought had a substantial effect on
ET only at the saltcedar short-IFI site (Figure 3). In contrast,
the proximity of groundwater at the cottonwood sites greatly
ameliorated the impact of drought and consequently high ET
was maintained throughout extreme drought.

Drought has very important impacts on energy and water
budgets; thus drought can detrimentally impact the security
of water resources, depending upon vegetation and land use
responses to drought [57, 58]. Extended droughts (megad-
roughts) recur regularly on a 20–70-year cycle throughout
southwestern North America due to the climatic influences
of the Pacific decadal oscillation (PDO) and Atlantic multi-
decadal oscillation (AMO) [59] and at their extremes have
resulted in violent conflict (e.g., expulsion of the Spanish
by the indigenous Pueblo people during the megadrought
of the 1680s; [21]). Current law requires the delivery of
a proportional amount of annual streamflow as in-stream
deliveries between Colorado, USA, NewMexico, USA, Texas,
USA, and Chihuahua, Mexico [17]. Meeting these compact
and treaty obligations under current and future hydroclimate
might require careful management of native and nonnative
vegetation to minimize EF and vegetation density at the
expense of reducing evaporative cooling.
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Figure 7: Evaporative fraction and the linear relationships between latent heat flux (𝑄
𝐸
) and net radiation (𝑄∗).

Lastly, we predicted that 𝑄
𝐺
would be negligible except

under flooded conditions. Indeed, 𝑄
𝐺
was negligible on a

daily average under all conditions, including flooding, and
tended to be small on a diel basis, except under flooding.
Flooding resulted in increased evaporation and vegetation
stress such that 𝑄

𝐻
, 𝑄
𝐺
, and nightly 𝑄

𝐸
were increased but

daytime 𝑄
𝐸
was reduced (Figure 5). The amount of energy

absorbed by floodwater (i.e., the magnitude of 𝑄
𝐺
) in the

saltcedar forest was similar to bare soil (data not shown)

because leaf-out was delayed and the amount of radiation
intercepted by the canopy was minimized. The combination
of delayed leaf-burst, reduced transpiration and growth of
adventitious roots contributed to avoiding flooding stress in
saltcedar at these sites. In contrast, cottonwood had achieved
full LAI development during spring flooding, thereby sup-
pressing evaporation from the floodwaters by intercepting a
larger fraction of 𝑄

𝑠
[11]. The effects of flooding on the water

budget of saltcedar were short-lived because physiological
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and ET responses of saltcedar to drought were temporary,
whilst ET continued to follow a 4-5-year increasing trend
[39].

5. Conclusions

GDEs in semiarid regions are characterised by abundant
access to sunlight and water and are distributed as ribbons
of enhanced water and energy fluxes. We found that sites
dominated by cottonwood or saltcedar exhibited rates of ET
that exceeded rainfall by 250% to 600%, strongly supporting
the conclusion that these sites were groundwater-dependent.
Differences in ET amongst cottonwood and saltcedar forests
were related to patterns of energy fluxes (e.g., the efficiency
of the conversion of 𝑄∗ to 𝑄

𝐸
, EF) induced by differences

in flooding regime and vegetation stress responses to atmo-
spheric VPD. Consequently, the hydrology of riparian GDEs
depends upon the feedback between water and energy fluxes
in combination with the spatial distribution of native and
nonnative groundwater-dependent vegetation.

Controlling the expansion of high water-using saltcedar
forests is key for management of water resources and for
maintaining small refugia for parklands of sparse cottonwood
and an understory of xeric shrubs and grasses. In this way,
the benefits of evaporative cooling can be partially decoupled
from an excessive load on the water budget. Excessive
ET, especially at the higher end, impacts energy exchange
through evaporative cooling, which is diagnosed when the
Bowen ratio (i.e., ratio of sensible and latent heat fluxes,
𝑄
𝐻
/𝑄
𝐸
) is between negative one and zero (i.e., −1 < 𝛽 < 0).

Evaporative cooling of the canopy alleviates stress due to high
air temperature (1) through direct reduction of leaf temper-
ature in cottonwood or (2) indirectly through reduction of
canopy air temperature in saltcedar, which is microphyllous
(i.e., has small leaves) such that each individual leaf has a
negligible boundary layer and is thus in thermal equilibrium
with canopy airspaces. Low leaf temperature limits radiative
cooling, which contributes to particularly high values of net
radiation (𝑄∗).

Patterns of energy fluxes amongst GDEs provided a
valuable diagnostic tool for evaluating ecosystem stress and
hydrological processes. With only one exception, imposition
of hydrologic drought reduced evaporative fraction (EF) in
these sites (Table 4). With the shallow water tables of the
northern and central Middle Rio Grande, native cottonwood
maintained high ET and canopy cooling, thereby avoiding
imposition of atmospheric heat stress. In the nonnative
vegetation (saltcedar), nomidday reduction in latent heat flux
(𝑄
𝐸
) was observed during drought, whilst reductions of ET

and evaporative cooling were temporary, which minimised
differences in the water budget between the native and
nonnative riparian forests over the long term (Figure 2).
Likewise, flooding had large but transient effects on water
and energy fluxes. Flooding caused reduced transpiration and
shutdown of evaporative cooling and increased evaporation.

Symbols and Abbreviations

R
𝑚
: Gas constant for moist air [kPa kg−1 K−1]

𝛼: Solar albedo [—]

𝛽: Bowen ratio [—]

𝜁: Stability coefficient [—]

Θ: Soil moisture content [—]

Θ
𝑔
: Gravimetric soil moisture [kgH

2
Okg−1 soil]

ΘV: Volumetric soil moisture [m3H
2
Om−3 soil]

𝜆: Latent heat of vaporisation [J kg−1]
𝜌
𝑑
: Soil bulk density [g cm−3]

𝜌
𝑤
: Density of water [g cm−3]

𝜌
𝑚
: Density of moist air [kgm−3]

𝐶
𝑝
: Heat capacity of moist air [J kg−1 K−1]

𝐶
𝑠
: Heat capacity of mineral soil [J kg−1 K−1]

𝐶
𝑤
: Heat capacity of water [J kg−1 K−1]

CW: Cottonwood, Populus deltoides
𝑑: Zero-plane displacement height [m]
DGW: Groundwater depth [cm]
EC: Eddy covariance
EF: Evaporative fraction [—]

ET: Evapotranspiration [mmd−1, cm y−1]
GDE: Groundwater-dependent ecosystem
ℎ
𝑐
: Canopy height [m]

IFI: Interflood interval
IRGA: Infrared gas analyser
𝑘
𝑤
: KH20 calibration coefficient [m3g−1cm−1]

𝐿: Obukhov length [m]
non-GDE: Ecosystem that is not groundwater-dependent
𝑃: Barometric pressure [kPa]
PHDI: Palmer hydrological drought index [—]

𝑞: Specific humidity [g g−1]
𝑄
∗: Net radiation flux [Wm−2, MJm−2 d−1]

𝑄
𝐸
: Flux of latent heat [Wm−2, MJm−2 d−1]

𝑄
𝐺
: Flux of heat conducted into the ground [Wm−2,

MJm−2 d−1]
𝑄
𝐻
: Flux of sensible heat [Wm−2, MJm−2 d−1]

𝑄
𝐻V: Flux of virtual sensible heat [Wm−2]

𝑄
𝑠
: Flux of incident shortwave radiation [Wm−2]

SC: Saltcedar, Tamarix chinensis
𝑇: Temperature [∘C, K]
𝑇
𝑠
: Soil temperature [∘C, K]

𝑇V: Virtual temperature [∘C, K]
𝑢: Horizontal streamwise wind speed [m s−1]
𝑢
∗: Friction coefficient [m s−1]

V: Horizontal crosswind speed [m s−1]
VPD: Vapour pressure deficit [kPa]
𝑤: Vertical wind speed [m s−1]
𝑧: Height or depth [m].
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This research aimed to identify an approach for adaptation of agriculture to increased climate variability and projected changes,
taking into account regional specificity of climate change. Changes in the timing of growing season (GS) parameters for
both observation and models data were computed using daily mean temperatures for three thresholds that correspond to the
physiological requirements of the vegetable types. This research included a new assessment of the potential impacts of climate
change on the GS of vegetables grown in the Elbe River lowland, one of the largest farmed vegetable regions in Central Europe.
To accomplish this, a comprehensive analysis was conducted of the spatiotemporal variability of the date of the beginning of the
growing season (BGS), the date of the end of the growing season (EGS), and the length of the growing season (GSL) for the period
1961–2011. In addition, an assessment was made of the potential changes in the dates of the BGS, EGS, and GSL for the Elbe River
lowland, simulated using the regional climate models. Prospective areas for growing thermophilic vegetables in the study region
were also determined.

1. Introduction

The agricultural sector is increasingly exposed to risks, both
environmental and economic, due to the phenomenon of
climate change and climate variability. In this context, the
identification of the best adaptation options is one of the
major challenges to improve the risk management tools in
agricultural sector at regional and local levels. The Summary
for Policymakers of the Working Group I contribution to
the IPCC Fifth Assessment Report shows that the risk of
extreme events is growing due to global warming [1]. Climate
change is likely to affect agricultural systems very differently
in various parts of Europe [2]. In northern areas, climate
change may have primarily positive effects through increases
in productivity and in the range of varieties grown, while
in southern areas the disadvantages of climate change will
predominate, with lower harvestable yields, higher yield
variability, and a reduction in suitable areas for traditional
crops. The results of studies performed in Europe in recent

years have shown consistent increases in temperature and
various patterns of precipitation, with widespread increases
in northern Europe and rather small decreases in southern
Europe [3, 4]. These changes in climate patterns are expected
to affect all components of Europe’s agricultural ecosystems
(e.g., crop suitability, yields, and crop protection). Thus,
adaptation strategies should be introduced to reduce the
negative effects and exploit the possible positive effects of
climate change (e.g., changes in crop species, cultivars, and
sowing dates).

Future climate change is projected to increase the length
of the growing season [3, 5]. An increase in the length of
the growing season, together with warmer climate during the
growing season, may increase the potential for growing ther-
mophilic vegetables in open fields in lowland areas in Central
Europe and increase the potential number of harvests. For
spring crops, climate warming will allow earlier planting or
sowing than at present. Earlier planting in spring increases
the length of the growing season; thus, earlier planting
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using long-season cultivars will increase yield potential if soil
moisture is adequate and the risk of heat stress is low [6]. All
the reported studies concern Europe, where recent warming
has clearly advanced a significant part of the agricultural
calendar. Increased temperatures, associated with earlier late
spring frost dates and delayed autumn frost dates, are clearly
apparent in temperate regions of Europe [3, 7–9]. Advances in
production due to earlier springs have been documented for
several types of crops [5, 10], and the benefits to viticulture
of longer growing seasons have been established [11, 12]. For
example, according to [5], the growth stages of wild plants
and fruit trees as perennial crops have advanced significantly
since the beginning of the 1980s and were, together with
true agricultural phases, occurring 1 to 2 weeks earlier by
the 2000s. European viticulture has experienced direct effects
of climate changes, mainly in terms of shifts in grapevine
phenological events and stages. Reference [12], exploring
viticulture and climate change relationships in Greece, noted
a systematic shift in grape harvest dates (earlier harvests).
Similar trends have been observed in Italy. Grape maturity
dates have gradually shifted 19 d earlier over the period 1961–
2009 for numerous varieties [11].

According to [13], the combination of increased air
temperature and changes in the amount and annual cycle of
precipitationwill lead to further shifts in the area and location
of individual agroclimatic zones inCentral Europe. It is worth
noting that, due to climate change, the breeding of new and
improved vegetable crop varieties can lead to an extension
of the border areas suitable for the profitable cultivation of
vegetables. Some thermophilic vegetables that currently grow
mostly in southern Europe (e.g., melons, eggplants, tomatoes,
and peppers) can become more suitable for cultivation in
lowland areas in Central Europe. The two important field
vegetable regions in the Czech Republic are South Moravia
and the Elbe River lowlands, in which partially different
assortments of vegetables are grown. The Elbe River lowland
has traditionally been a region of cultivation of brassica
vegetables (kohlrabi, Savoy cabbage, white-headed cabbage,
and cauliflower), while South Moravia is a profitable region
for thermophilic vegetables (e.g., tomatoes and peppers).
These differences in the assortments of cultivated vegetables
grown in the two regions are mainly due to differences in the
temperature conditions of these regions. In the warmest parts
of the Elbe River lowland, growing thermophilic vegetables
such as tomatoes (Solanum lycopersicum L.) and cucumbers
(Cucumis sativus L.) are profitable only in warmer years.
Based on our previous studies [9, 14], we note that the
combination of changes in European agricultural commodi-
ties and ongoing climate changes (increases in tempera-
tures) can lead to higher costs for vegetable imports and
stricter requirements for the maturity and quality of yields.
In addition, favourable national agricultural policies could
extend the areas suitable for thermophilic field vegetables
from the hottest regions of South Moravia to the Elbe region.
In addition to the current assortment of vegetables grown,
nontraditional vegetables such as melons (Cucumis melo L.)
and eggplants (Solanum melongena L.) could also be grown.

Vegetable crops are most sensitive to the timing of cold
events at the beginning and end of the growing season.

Damage caused by late frosts in the spring or early frosts in
the fall is a limiting factor, particularly for vegetables grown
in Central Europe. In previous study [9], we examined the
variations in the last spring frost, the first fall frost, and the
length of the frost-free period for the Elbe River lowland
in the Czech Republic as indicators of climate variations in
this region. Our results demonstrated shifts toward earlier
last spring frosts, later first fall frosts, and longer frost-free
periods in the Elbe River lowland. Longer frost-free periods
can be particularly beneficial for thermophilic vegetables in
lowlands. In terms of the growth of field vegetables, however,
a late spring frost remains a risk factor, although the degree
of risk has decreased [9].

Despite the observed regional trends in agroclimatic
characteristics [9, 14] and the importance of the horticultural
sector to the economy of the Czech Republic, there is an
utter lack of research on the impacts of climate variability
on the assortment of field vegetables grown in the Elbe
River lowland. This subject continues to be of interest to
agroclimatologists, although the range and yield of vegetable
crops grown in Central Europe are primarily controlled by
temperature. Therefore, the primary objective of this study
was to evaluate the long-term changes in the timing of the
growing season (GS) parameters over the Elbe River lowland
for 1961–2011 at a high horizontal resolution using daily
mean temperatures for three thresholds (𝑇mean ≥ 5, 10, and
15∘C) that correspond to the physiological requirements of
the vegetable types. To provide more information on the
potential for extension of the range of vegetables grown, the
specific objectives of the present study were (i) to conduct
a comprehensive analysis of the spatiotemporal variability
of the dates of the beginning (BGS) and end (EGS) of the
growing season and the length of the growing season (GSL)
for three threshold temperatures for the period 1961–2011;
(ii) to assess potential changes in the BGS, EGS, and GSL
for three threshold temperatures in the Elbe River lowland
as simulated using the regional climate models (ALADIN-
Climate/CZ and RegCM) under the A1B SRES scenario (for
the periods 2021–2050 and 2071–2100); and (iii) to determine
prospective areas for growth of thermophilic vegetables in the
study region based on projected climatic data provided by
regional climate models.

2. Data and Methods

2.1. Gridded Datasets and Quality Control. The Elbe River
lowland is one of the largest and most productive suppliers
of vegetables in the Czech Republic (Figure 1). The study
was based on gridded 116 grid points’ daily series of mean
air temperature (𝑇mean) data at a 10 km horizontal reso-
lution for observed (1961–2011) and future (2021–2050 and
2071–2100) climate conditions. A regular gridded network
(CZGRIDS, ALADIN-Climate/CZ) established by the Czech
Hydrometeorological Institute (CHMI) was applied (Figure
1). High-density gridded datasets allow very precise and
detailed delimitation of areas with advanced and/or delayed
growing seasons comparedwith station network datasets.The
gridded network was created using the technical series from
268 climatological stations and 774 rain gauge stations in the
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Figure 1: The boundaries of Elbe River lowland in the Czech Republic and location of the 116 grid points and their elevation (m a.s.l.) in the
Elbe River lowland (a) and the relief map of Elbe River lowland (b).

CHMI network (series after quality control, homogenization,
and filling of all missing values in the period 1961–2011).
New values for the regular 10 × 10 km grid network were
interpolated from these technical series [15]. The gridding
and all data processing, including the analyses described in
this paper, were performed using the ProClimDB database
software for climatological dataset processing.

A remarkable aspect of vegetable production is that plants
functionwithin quite narrow temperature limits.The extreme
temperature range is between the killing frost temperature of
0∘C and death by heat and desiccation at 40∘C [16]. The wide
range of vegetables grown in the studied region can be divided
into three basic types according to their sensitivity to low
temperatures at the onset of the growing season: thermophilic
vegetables (e.g., tomato, pepper, pumpkins, and cucumber),
cold-resistant vegetables (e.g., early kohlrabi, summer savoy
cabbage, late cauliflower, late cabbage, late carrots, and
celeriac), and frost-resistant vegetables (e.g., onion and root
parsley). From an agronomic point of view, thermophilic
vegetables should be planted after 15May tominimise the risk
of frost damage [9].The critical temperature for thermophilic
vegetables after May 15 is 𝑇min ≤ −0.1∘C [17–19]. A severe
last spring frost after April 15 has occurred every second
year during the sowing/planting of cold-resistant vegetables
at higher altitudes. Typically, the date of planting/sowing of
frost-resistant vegetables in the Czech Republic is at the end
of March, and a gradual shift occurs from the hottest regions
of South Moravia towards the Elbe region.

2.2. Regional Climate Models and Data Postprocessing. Addi-
tionally, the ALADIN-Climate/CZ and RegCM regional cli-
matemodels (RCMs)were adopted to calculate possible shifts
in the start, end, and length of the climatological growing
season under the SRES A1B scenario for two future periods

(2021–2050 and 2071–2100) over the Elbe lowland. SRES
scenario A1B is a baseline scenario referred to in [19]. We
used two different RCMs, which were driven by two different
global circulationmodels (GCM), namely, ARPÉGE-Climate
[20] and ECHAM5 [21].

The RegCM model was originally developed [22] and
then augmented and used in various reference and scenario
simulations [23, 24]. RegCM family using RegCM transient
ENSEMBLES run for whole Europe currently in 25 km
resolution driven by transient run of ECHAM5, but within
CECILIA-FP6 Project (Central and Eastern Europe Climate
Change Impact andVulnerabilityAssessment)was developed
RegCM in 10 km resolution, because is important for impact
studies in regional scale [25].

ALADIN-Climate/CZ performs quite well in compara-
sion to the other RCMs in impact studies [26, 27]. The
model is able to capture the main features of the present
climate of the Czech Republic and works well over smaller
areas with rather complex orography (tablelands, valley, and
hills), such as the Elbe River lowland. However, it should be
always kept in mind that model simulations of future climate
conditions involve many uncertainties, and it is necessary
to apply some type of postprocessing of model outputs
from the RCM simulation before using the results in other
applications. Therefore, the observed daily temperature data
were first transferred onto a regular grid of the RegCM and
ALADIN-Climate/CZ models. Prior to the calculation of the
start, end, and length of the climatological growing season
for the RegCM simulations forced with the ECHAM5 GCM
and ALADIN-Climate/CZ run forced by ARPÉGE-Climate
GCM, the daily temperature for each grid point has been bias
corrected against the systematic errors induced by the GCM.
The bias correction was applied to the scenario runs. The
bias correction method is based on variable correction using
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Figure 2: Daily temperatures for observed gridded dataset (1971–2000) and ALADIN-Climate/CZ and RegCM simulation values after bias
correction for A1B scenario runs (2021–2050 and 2071–2100) for Elbe River lowland. Schematic delimitation of the long growing season
(𝑇mean ≥ 5

∘C), the main growing season (𝑇mean ≥ 10
∘C), and the summer growing season (𝑇mean ≥ 15

∘C) is included.

individual percentiles whose relationships are derived from
observations and a control RCMs simulation [28]. After the
correction, the model outputs (for 2021–2050 and 2071–2100)
were fully compatible with the gridded observation dataset
(1971–2000). Figure 2 shows the annual variation of bias
corrected daily temperature means calculated for 30 years,
corresponding to the RegCM (forced by ECHAM5) and
ALADIN-Climate/CZ (forced by ARPÉGE-Climate) in the
A1B scenario runs (2021–2050 and 2071–2100), respectively.
The results show that the projected temperature means for all
months in the A1B scenario runs will increase compared to
the current climate (1971–2000).

For the Czech Republic as a whole, ALADIN-Climate/CZ
and RegCM simulated increases in temperature, especially in
the summer and winter. Over the Elbe lowland region, the
temperatures are projected to increase by the end of the 21st
century compared to the mid-21st century and the reference
period 1971–2000. The 30-year annual temperature means
for the Elbe lowland are 8.4∘C for the current climate (1971–
2000) and 9.6∘C for 2021–2050 and 11.4∘C for 2071–2100.
The mean summer temperature increases over all models are
projected to be 1.7∘C and 4.0∘C in 2021–2050 and 2071–2100,
respectively, relative to 1971–2000. The projected increases in
the spring and autumn temperature means under the A1B
scenario are 0.5∘C and 2.3∘C, respectively, in 2021–2050 and
1.1∘C and 2.8∘C, respectively, in 2071–2100. Overall, these
projections suggest increase in the GSL in 2071–2100 relative
to the present climate. Both RCMs simulations for the A1B
SRES scenario reveal that the summer temperature, which
has an important influence on the beginning and end of
the GS ≥ 15∘C in hilly areas, will increase by the end of
the 21st century. Increasing temperatures can lead to earlier
harvests of thermophilic vegetables. However, responses to
temperature changes may differ among vegetable varieties,
mainly in terms of their temperature thresholds for optimum
ripening [16].

2.3. Determination of BGS, EGS, and GSL. The effect of
climate change on the GS of agricultural crops can be deter-
mined through phenological observations, the normalised
difference vegetation index from satellite data, and surface air
temperatures [7, 29–36]. Definitions of the growing season
using surface air temperatures may be considered valid in
areas where the GS is largely limited by temperature. In
our study, we used threshold temperatures for a predefined
number of days to start and end the climatological GS, which
has good spatial coverage over the regular grid network.
However, there is no universal definition of the climatological
GS depending on the geographic position and associated
climate regimes, and there may be large disagreement in
GSL changes depending on the definition used [34]. The
climatological GS can be defined as the entire period inwhich
growth can theoretically take place [31]. In an attempt to
provide a common benchmark for investigators, [32] selected
the 5∘C threshold to standardise the definition of the GS as
the period when daily temperatures remain above 5∘C for
more than 5 days. Reference [31] defined the start of the GS
as >5∘C for ≥5 days and the end as a 10-day period of mean
daily temperatures below 5∘C. In the Greater Baltic Area, [34]
defined the start of the growing season as the last day of
the first six-day period with daily mean temperatures above
5∘C after the last winter/spring frost. In our study, the GS
parameters were defined with respect to the physiological
requirements of the vegetable types and the classification
system of the Climate Atlas of Czechia [37] (the large growing
season (𝑇mean ≥ 5

∘C), the main growing season (𝑇mean ≥
10
∘C), and the summer growing season (𝑇mean ≥ 15

∘C)).
The sowing/planting period differs among field vegetable

types; therefore, we defined the BGS as the first five consecu-
tive days during which the daily mean temperature equals or
exceeds 5, 10, or 15∘C and, subsequently, does not drop below
𝑇mean 5, 10, or 15

∘C for five days or more. The EGS is defined
as the first day of the first 5-day period with a 𝑇mean below 5,
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Table 1: Statistical characteristics of the area-averaged growing season parameters of the studied area for 1961–2011.

𝑇mean ≥ 5
∘C 𝑇mean ≥ 10

∘C 𝑇mean ≥ 15
∘C

Start End Length Start End Length Start End Length
Median 26 Mar. 4 Nov. 223 21 Apr. 7 Oct. 169 21 May 7 Sep. 109
STDev 10.1 12.9 15.7 10.4 9.7 14.3 15.2 11.0 18.0

Earliest/shortest 4 Mar.
(1990)

12 Oct.
(1994)

188
(1997)

30 Mar.
(1998)

16 Sep.
(1972)

136
(1972)

21 Apr.
(1962)

19 Aug.
(1978)

67
(1965)

Latest/longest 16 Apr.
(1997)

8 Dec.
(2006)

256
(2006)

22 May
(1980)

28 Oct.
(2000)

195
(2000)

26 Jun.
(1974)

30 Sep.
(1966)

151
(2000)

10, or 15∘C. The GSL is the number of days between the BGS
andEGS for the three threshold temperatures. Using the three
thresholds of daily 𝑇mean is justified because they correspond
to the vegetation period of the majority of field vegetables.
BGS ≥ 5∘C represents the average date of the sowing period
of the majority of field frost-resistant vegetables, whereas the
start of BGS≥ 10 and 15∘Ccorresponds to the sowing/planting
periods of field cold-resistant and thermophilic vegetables,
respectively, in the studied region. The EGS corresponds to
the harvest period of different types of vegetable crops. The
GSL is the time from sowing to harvest or the time from
planting to harvest.

Using these definitions, we produced time series of the
start, end, and length of the growing season for 116 grid
points for both the observations and the model datasets.
Furthermore, we created and statistically processed two
datasets. First, to characterise the spatial patterns of the GS
parameters, the annual BGS, EGS, and GSL series for the
three thresholds were averaged at each grid point for the
current climate (1961–2011) and two future climates (2021–
2050 and 2071–2100). Second, to examine temporal variations
in the GS parameters over the Elbe River lowland as a
whole, the BGS, EGS, and GSL for the three thresholds were
arithmetically averaged over all 116 grid points to obtain a
time series for the current climate (1961–2011) and the two
future climates (2021–2050 and 2071–2100). Then, projected
changes in the dates of the start and end and the length of
the growing season are analyzed by comparing the model
simulations for the periods 2021–2050 and 2071–2100with the
reference period 1971–2000.

To investigate changes in the timing of the observed GS
parameters, regional anomalies in the start, end, and length
of the growing season for the three thresholds over the Elbe
River lowland from 1961 to 2011 were calculated. Positive
anomalies indicate dates later in the year (fall and spring
occurrences) or a greater number of days (length). We then
classified anomalies in the growing season onset, end, and
length into two categories: (1) years with advances and/or
increases in the growing seasons and (2) years with delays
and/or decreases in the growing seasons. We also calculated
linear trends and analysed the regression slopes of the GS
parameters and assessed their significance using Student’s
one-tailed 𝑡-test. Finally, to identify prospective areas for
growing thermophilic vegetables, kriging interpolation tools
in ArcGIS software were used to create maps of the spatial
distributions of the GS parameters for the current and future

climate conditions. Interpolation, where needed, is based on
local linear regression (dependence of given meteorological
element on altitude) and universal kriging interpolation
method. To generate the maps at regional scale we used
CLIDATA GIS environment and CLIDATA DEM (digital
elevation model) method with a horizontal resolution of
500m and 40 km radius of regression.

3. Results and Discussion

3.1. Climatology of the Beginning, End, and Length of
Growing Seasons

3.1.1. The Long Growing Season: 𝑇mean ≥ 5
∘C. The analysis

domain was averaged to evaluate interannual variations in
the start, end, and length of the growing season for the
three thresholds (𝑇mean ≥ 5, 10, and 15∘C) over the Elbe
River lowland as a whole. The beginning of field sowing for
the majority of frost-resistant vegetables corresponds to the
transition of the average daily temperature through 5∘C. The
long-term average (1961–2011) starts and ends of the growing
season for 𝑇mean ≥ 5

∘C range fromMarch 26 to November 4,
and the growing season lasts 223 days on median (Table 1). A
shortening of the growing season by 35 days compared with
the long-term average occurred in 1997 due to a delayed start
of BGS ≥ 5∘C by 21 days. A lengthening of the growing season
by 33 days compared with the long-term average occurred
in 2006 due to a delayed EGS. The earliest beginning of the
growing season was observed in 1990, with an onset of 22
days earlier than the regional average (4 March) (Tables 1
and 2). The onset of spring was very early in 1990 due to
temperature anomalies from February to the second half of
March that resulted in 𝑇mean deviations from +5.0 to +11.0∘C.
The GSL in 1990 also ranked among the four longest growing
seasons between 1961 and 2011 (Table 2). In this year, the
anomalies in the BGS inCentral Europe (up to−27 days)were
due to temperature anomalies of up to +4.5∘C that occurred
from February to April. These findings are similar to those
reported by [7]. The earliest EGS ≥ 5∘C date was recorded
in 1994 (October 12). In this year, the EGS was 23 days
earlier, on average, throughout the Elbe lowland. A marked
cooling associatedwith a low-pressure trough occurred in the
first half of October. This low-pressure trough was associated
with individual frontal systems that progressed from west to
east across Europe and led to low-temperature anomalies.
The latest EGS ≥ 5∘C occurred in 2006, approximately 34
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Table 2: Area-averaged anomalies (sorted by the highest number of anomalies in days) in the start, end, and length of the growing season
for the three thresholds of 𝑇mean ≥ 5, 10, and 15∘C over the Elbe River lowland for 1961–2011.

Years Anomalies (days)
Advance/increase of growing season

BGS ≥ 5∘C Early start 1990, 1981, 1961, 1991, 2007, 2011 −22, −18, −17, −17, −14, −14
EGS ≥ 5∘C Late end 2006, 2000, 1963, 1969, 2008, 1987, 1996, 2010 +34, +28, +20, +18, +17, +16, +15, +12
GSL ≥ 5∘C Longer 2006, 2000, 1961, 1990, 2008, 2010, 2011 +33, +29, +23, +22, +22, +19, +18

Delay/decrease of growing season
BGS ≥ 5∘C Late start 1997, 1970, 1962, 1975, 1996, 1969 +21, +18, +17, +15, +13, +12
EGS ≥ 5∘C Early end 1994, 2009, 1965, 1991, 1997 −23, −21, −18, −15, −15
GSL ≥ 5∘C Shorter 1997, 1962, 1975, 1965, 1973, 1979, 1980 −35, −30, −25, −23, −17, −17, −13

Advance/increase of growing season
BGS ≥ 10∘C Early start 1998, 1974, 2009, 1981, 1961 −22, −20, −19, −17, −15, −8
EGS ≥ 10∘C Late end 2000, 2001, 1988, 1967, 1984, 1983, 1991 +21, +18, +13, +12, +12, +10, +10
GSL ≥ 10∘C Longer 2000, 2009, 1981, 1961, 1998 +26, +22, +19, +17, +15

Delay/decrease of growing season
BGS ≥ 10∘C Late start 1980, 1982, 1965, 1970, 1972, 1984, 1987, 1997 +31, +22, +21, +13, +13, +11, +11, +10
EGS ≥ 10∘C Early end 1977, 1972, 1971, 1996, 1970 −22, −21, −16, −15, −14
GSL ≥ 10∘C Shorter 1972, 1980, 1970, 1977, 1987, 1965, 1971 −33, −31, −27, −26, −22, −21, −20

Advance/increase of growing season
BGS ≥ 15∘C Early start 1962, 1993, 2000, 1968, 2001, 1986, 1998, 2003 −30, −28, −28, −22, −21, −20, −19, −16
EGS ≥ 15∘C Late end 1966, 1975, 1989, 2006, 1999, 2003, 2000 +23, +22, +18, +17, +17, +14, +13
GSL ≥ 15∘C Longer 2000, 1966, 1993, 2003 +41, +32, +31, +30

Delay/decrease of growing season
BGS ≥ 15∘C Late start 1974, 1965, 1972, 1980, 1975 +36, +28, +24, +21, +20
EGS ≥ 15∘C Early end 1978, 1986, 1965, 1970, 1971 −19, −19, −14, −13, −12
GSL ≥ 15∘C Shorter 1965, 1974, 1980, 1978, 2010, 1972, 1970 −42, −30, −30, −26, −26, −23, −22

days later compared with the long-term mean, as a result
of the strong positive 𝑇mean anomalies that occurred from
September to October. The year 2006 had also the longest
GSL ≥ 5∘C.

3.1.2. The Main Growing Season: 𝑇mean ≥ 10
∘C. The begin-

ning of active growth and development of the main field
vegetables is considered to correspond to the stable transition
of the average daily air temperature through 10∘C. The mean
dates of the start and end of the growing season throughout
the Elbe lowland for 𝑇mean ≥ 10

∘C are April 21 and October 7,
respectively, and the mean growing season length is 169 days
(Table 1).The earliest date of BGS≥ 10∘Cwas observed in 1998
(30 March), an advance of 22 days caused by strong positive
temperature anomalies (up to +6.0∘C). The onset of spring
was also very early this year throughout Central Europe [7].
The reverse was observed in 1980, with the latest date of
BGS ≥ 10∘C observed (May 22, +31 days compared with the
long-term average). Moreover, an early end of the growing
season in the fall of 1980 resulted in extreme reductions in
the GSL ≥ 5∘C (−13 days), GSL ≥ 10∘C (−31 days), and GSL ≥
15∘C (−30 days) compared with the long-term average (Table
2). The length of the growing season significantly affects the
vegetable sector. Its extension in the spring allows for early
sowing/planting of crops, and its extension in the fall has a
positive effect on the production quality, allowing a gradual
harvest. The earliest date of EGS ≥ 10∘C occurred in 1972

(September 16), and the latest date occurred in 2000 (October
28). Consequently, the longest and shortest growing seasons
occurred in 2000 (195 days) and 1972 (136 days), respectively.

3.1.3. The Summer Growing Season: 𝑇mean ≥ 15
∘C. The

period of 𝑇mean ≥ 15
∘C corresponds to the beginning of the

transplanting of thermophilic vegetables. The mean dates of
the start and end of the growing season for 𝑇mean ≥ 15

∘C are
May 21 to September 7, and the mean length of the growing
season is 109 days. The earliest date for BGS ≥ 15∘C occurred
in 1962 (21 April), and the latest date occurred in 1974 (26
June). The earliest end of the growing season occurred in
1978 and 1986 (19 August), earlier than the average by −19
days (Tables 1 and 2). The latest end occurred in 1966 (30
September), later than the average by +23 days. The greatest
lengthening of the growing season, +42 days compared with
the long-term mean, occurred in 2000, and the greatest
shortening of the growing season, −42 days compared with
the long-term mean, occurred in the cool year of 1965. In
2000, strong positive temperature anomalies of 3.5∘C to 5.0∘C
in the daily mean temperatures in April led to an advance
in BGS ≥ 15∘C of 28 days. In the same year, a significantly
longer growing season was recorded, not only in terms of
GSL ≥ 15∘C but also in terms of GSL ≥ 5∘C (+22 d) and GSL
≥ 10∘C (+26 d). The growing season was extremely long that
year throughout Europe [7, 29].
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3.2. Temporal Variability of the Beginning, End, and Length of
Climatological Growing Seasons

3.2.1. Anomalies in the Start, End, and Length of the Growing
Season. Regional anomalies in the start, end, and length of
the growing season for the three threshold temperatures in
the Elbe River lowland for 1961–2011 are shown in Table 2.
Growing seasons with stronger negative and positive ano-
malies were classified into two categories: (1) years with
advances and/or increases in the growing season (i.e., an
early start and/or late end) and (2) years with delays and/or
decreases in the growing season (i.e., a later start and/or early
end). During the second half of the 20th century and the first
decade of the 21st century, the yearswith the largest anomalies
in terms of an early start of the growing season (BGS ≥ 5∘C)
were 1990 (−22 d), 1981 (−18 d), 1961 (−17 d), 1991 (−17 d), 2007
(−14 d), and 2011 (−14 d).The years with the largest anomalies
in terms of a later end of the growing season, EGS ≥ 5∘C, were
2006 (+34 d), 2000 (+28 d), 1963 (+20 d), 1969 (+18 d), 2008
(+17 d), 1987 (+16 d), 1996 (+15 d), and 2010 (+12 d). Thus,
an earlier start of BGS ≥ 5∘C and a later end of EGS ≥ 5∘C,
together with a late end of the growing season, occurred in
1961, 1990, and 2011 (Table 2). However, the years 2010 and
2011 had early fall frosts that occurred during the harvest
period for root vegetables (e.g., Apium graveolens). The years
with delayed and/or decreased GS ≥ 5∘C were 1997 (−35 d),
1962 (−30 d), 1975 (−25 d), 1965 (−23 d), 1973 (−17 d), and 1979
(−17 d). All these years also had a later end of spring and an
early beginning of fall frosts [9].

Based on the same selection criteria, the years with
advanced and/or increased GS ≥ 10∘C were 2000 (+26 d),
2009 (+22 d), 1981 (+19 d), 1961 (+17 d), and 1998 (+15 d).
The years with delayed and/or decreased GS ≥ 10∘C were
1972 (−33 d), 1980 (−31 d), 1970 (−27 d), 1977 (−26 d), 1987
(−22 d), 1965 (−21), and 1971 (−20 d). The majority of these
years appear to be associated with temperature anomalies in
Central Europe [7, 8, 29]. Our results are in line with these
findings and offer additional insights into the complexity of
these phenomena on a regional scale. Although the growing
seasons have ended later, the BGS has made a greater
contribution to the increase in GSL (1961, 1981, 1998, and
2009) (Table 2). A later start, early end, and shorter GSL
occurred in 1970 and 1972. A shortening of the growing
season occurred in 1971 and is attributed to an early end of
EGS ≥ 10∘C, whereas the shortening of the GS that occurred
in 1965 and 1987 is attributed to a later onset of the growing
season in those years.

The variability in strong anomalies in the start, end, and
length of the growing season for 𝑇mean ≥ 15

∘C is similar
to that for GS ≥ 5 and 10∘C (Table 2). Positive anomalies
for GSL ≥ 15∘C were recorded in 2000 (+41 d), 1966 (+32 d),
1993 (+31 d), and 2003 (+30 d), while negative anomalies
were recorded in 1965 (−42 d), 1974 (−30 d), 1980 (−30 d),
1978 (−26 d), 2010 (−26 d), 1972 (−23 d), and 1970 (−22 d).
For field thermophilic vegetables, a shift in the beginning
date of the growing season in the spring months is more
advantageous than a change in the growing season length.
An early start of BGS ≥ 15∘C, together with a longer GSL ≥
15∘C, was recorded in 1993 (an average advance of −28 d and

a lengthening of +31 d), 2000 (−28 d and +41 d), and 2003
(−16 d and +30 d), which led to advanced dates of planting
of field thermophilic vegetables in the studied region. These
growing seasons appear to be associated with high positive
temperature anomalies and high deficits in the water balance
(i.e., exceptionally warm and dry spells) throughout the
country. The year with the latest start of BGS ≥ 15∘C, the
earliest end of EGS ≥ 15∘C, and the shortest GSL was 1965.
This year has also been identified in previous study of the
Czech Republic [14] as having been extremely wet and cold.
Late-onset and shortened growing seasons also occurred in
1972, 1974, and 1980, while an early end and shorter GSL ≥
15∘C occurred in 1970, 1971, and 1978.

We observed that themajority of years with delays and/or
decreases in the growing seasons occurred in the cool and
wet decade of 1971 to 1980, which was characterised with
persistently higher than normal precipitation and the lowest
negative deviations in daily mean temperatures since 1961.
During this decade, the regional average of the ending ofmild
spring frosts occurred in the second half ofMay, and the years
had shorter frost-free periods [9].

Figure 3 displays the interannual variations of the area-
averaged BGS, EGS, and GSL for average daily temperatures
of at least 5∘C, 10∘C, and 15∘C in the Elbe River lowland
during the period 1961–2011. As the left panel of Figure 3
shows, the BGS exhibited high interannual variation. Positive
anomalies predominated during 1963–1973 for BGS ≥ 5 and
10∘C and during 1970–1980 for BGS ≥ 15∘C, whereas negative
anomalies predominated during 1989–1997 and 2000–2011.
Although the annual BGS ≥ 15∘C significantly advanced
during the 1990s, the signal was reduced in the 2000s.Overall,
the long-term variations in BGS exhibited earlier spring
features, which are consistent with the findings of other
climatological research [3, 34, 36]. Moreover, the majority
of phenological studies show similar trends: earlier springs
and longer periods of plant growth due to greater changes in
the timing of the BGS rather than in the timing of the EGS
[3, 34, 36]. The annual changes in EGS also exhibit strong
interannual variations (middle panel of Figure 3). In contrast
to BGS ≥ 5 and 10∘C, negative anomalies were observed
during 1970–1980, whereas positive anomalies were observed
during the 1990s and 2000s, which indicates a delayed EGS in
recent decades. Asymmetric long-term variations in BGS and
EGS led to increases in the total GSL (right panel of Figure
3). With the weakening of the earlier BGS trends, greater
delays in EGS clearly led to longer GSLs from 1995 through
the 2000s. Conversely, in the first decade of the 21st century,
the GSL ≥ 15∘C slightly shortened as a result of the delayed
start of the growing season; however, the end of EGS ≥ 15∘C
occurred later, which may have had a positive effect on the
ripening and quality of thermophilic vegetables. A later onset
of GSL ≥ 15∘C can be mitigated by agrotechnical measures.
Using remotemeasurements of the vegetation index and daily
mean temperatures, [35] found that the lengthening of the GS
in Europe in the last decade could be attributed mainly to the
delay in EGS rather than to the advance of BGS. Moreover,
the temporal evolution of GS in different climatic regimes is
characterised by large spatial differences. Climatic indicators
(e.g., the frost-free period and the thermal growing season),
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Figure 3: Interannual variations of area-averaged BGS (beginning of the growing season), EGS (end of the growing season), and LGS (length
of the growing season) for the 5, 10, and 15∘C temperature thresholds from 1961 to 2011 in the Elbe River lowland. The black line indicates the
climatology of each event (average), and the grey line indicates the 5-year moving average of each parameter.

remote sensing-based indicators, and phenological studies all
indicate shifts in the timing and length of the growing season
[3, 5, 7, 8, 10, 31, 32, 34, 36].

3.2.2. Trends of the Growing Season. To obtain additional
insights into the changes in the timing of theGSparameters in
the area-averaged time series, the linear trends and regression
slopes of the growing season onset, end, and length were
calculated. The significance of these trends was tested using
Student’s one-tailed 𝑡-test at the 95% significance level. The
linear trends of the beginning, end, and length of the growing
season are tabulated in Table 3. Increasingly negative BGS
trends and positive EGS trends led to increasing GSL trends.
Over a 51-year period, the GS ≥ 5∘C started 10.7 days earlier
and ended 4.6 days later, yielding an increase in the GSL of
15.3 days. The BGS ≥ 10∘C advanced by 7.6 days on average,
and the EGS ≥ 10∘C was delayed by 3.6 days on average,
resulting in an average lengthening of the GSL ≥ 10∘C by 11.2
days. The GSL ≥ 15∘C advanced by only 5.1 days, with smaller
changes during the spring (1.0 day) than in the fall (4.1 days).

To understand the evolution of significant changes in
the growing season series, the analysis period was divided
into five decades (Table 3). The results suggest that the
Elbe lowland has experienced the following changes in its
growing season parameters over the last five decades. (1)
Although advances in the BGS have been reported as the
main factor in longer growing seasons, in this study, delays in
the EGS were found to be a more important factor regulating
GSL changes during the 1990s and 2000s at thresholds of
𝑇mean ≥ 15

∘C. (2) We found that the GSL ≥ 5 and 10∘C
increased considerably during 1991–2000 (>0.77 days yr−1),
but the lengthening was less pronounced during 1961–1970
and 1971–1980. (3)The largest changes in the start of BGS ≥ 5
and 10∘C (earlier growing season starts of approximately one
week) in the 2000s occurred because of warmer temperatures
and earlier ends of the last frosts. (4) General trends towards
later growing season ends were observed, except for 1961–
1970, for which shifts of −0.7 and −6.3 days decade−1 towards
an earlier growing season end were observed. (5) In the Elbe
River lowland, BGS and EGS exhibited shifts towards earlier
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Table 3: Observed long-term changes (days per year) in growing season parameters over the Elbe River lowland.

𝑇mean ≥ 5
∘C 𝑇mean ≥ 10

∘C 𝑇mean ≥ 15
∘C

Start End Length Start End Length Start End Length
1961–1970 +0.91 −0.07 −0.98∗ +0.95 −0.27 −1.22∗∗ +0.49 −0.63 −1.12∗

1971–1980 +0.80 +0.19 −0.61∗ +0.90 +0.01 −0.89∗ −0.06 −0.33 −0.27∗

1981–1990 −0.38 +0.11 +0.49∗∗ −0.41 +0.40 +0.81∗ −0.09 +0.30 +0.39∗

1991–2000 −0.76 +0.01 +0.77∗ −0.82 +0.05 +0.87∗ −0.10 +0.36 +0.46∗

2001–2010 −0.54 +0.67 +1.21∗∗ −0.56 +0.06 +0.62∗ −0.01 +0.56 +0.57∗

1961–2011 −0.21 +0.09 +0.30∗∗∗ −0.15 +0.07 +0.22∗∗∗ −0.02 +0.08 0.10∗∗
∗Marginally significant (0.01 < 𝑃 ≤ 0.05); ∗∗significant (0.001 < 𝑃 ≤ 0.01); ∗∗∗highly significant (𝑃 ≤ 0.001).

and later dates, respectively. However, from 1981 to 2000, the
earlier BGS≥ 5 and 10∘Cwasmore dominant than the delayed
EGS ≥ 5 and 10∘C, whereas from 2001 to 2010, for the growing
season defined in terms of 𝑇mean ≥ 15

∘C, the later EGS (5.6
days decade−1) was more significant than the earlier BGS (0.1
days decade−1). Similar results at the European level were
reported by [35], with the delay in EGS by 8.2 days beingmore
significant than the advance in BGS by 3.2 days during 2000–
2008.

3.3. Observed Spatial Variability of Start, End, and Length of
Growing Seasons. The GS parameters exhibited clear spatial
variability. For clarity of presentation, the locations of specific
fields and the Elbe River across the lowlands were added to
themaps. Over the past 51 years, theGS≥ 5∘C started between
March 11 and 26, and a start before March 11 was calculated
for the northeastern Prague plateau (Figure 4). Overall, this
is a spatial difference of 15 days. Thus, the BGS ≥ 5∘C started
4 days later per 100m of altitude. The map of BGS ≥ 5∘C
defines two main areas with a start of the growing season
before March 21. These areas can be considered climatically
close to the optimum for field vegetable production.However,
the occurrence of severe frosts (𝑇min ≤ −2.2

∘C) during the
planting of field frost-resistant vegetables in the growing area
of the Elbe lowland is, on average, 56.9% [9]. It follows that,
despite the considerable resistance of these vegetables to low
temperatures, it is necessary to choose planting areas with
southern exposures (or cover plants with nonwoven textiles).
Utilising resistant varieties and hardening seedlings before
planting are advisable. Over the studied region, the GS ≥ 10∘C
starts nearly 4 weeks after BGS ≥ 5∘C. Geostatistical analysis
indicates that the BGS ≥ 10∘C starts roughly 2 days later for
every 100m of elevation. Consequently, the BGS ≥ 10∘C starts
between April 15 and 30, and a start before April 15 can be
observed in the traditional vegetable-growing regions (up to
300m). In the warmest areas of the middle Elbe lowland, the
middle Poohř́ı, and the northeast of the Prague platform, the
mean date of the BGS ≥ 10∘C occurs between April 16 and
20. Conversely, in the hilly lands of the northern and eastern
parts of the Elbe River lowland, the start of BGS≥ 10∘Coccurs
in the end of April. In addition, most vegetables grown in
the warmest areas fall within the low-risk category for severe
spring frosts. It will therefore be possible to extend the areas
suitable for growing cold-resistant vegetables (i.e., mostly
Brassicas) towards the northeast of the middle Elbe lowland.

The BGS ≥ 15∘C starts between May 8 and 18, approximately
1.8 days later per 100m of altitude. The latest beginning dates
of BGS ≥ 15∘C after May 15 are related to high altitudes in
the region (higher than 300m) and frost hollows, whereas
the earliest starts before May 8 are observed in the lower
areas (lower than 250m). The risk of frost after May 15 in the
traditional vegetable-growing regions (up to 250m) is low.
At higher altitudes, areas with zero incidences of negative
minimum temperatures were found, which may allow for
the possible expansion of the area of thermophilic vegetable
cultivation [9].

Over the Elbe River lowland, compared with the start of
the growing season, the end of the growing season pattern
follows the altitudinal gradient to a lesser degree. There are
no large differences in the spatial distribution of the growing
season end between 𝑇mean ≥ 5, 10, and 15∘C (middle panel of
Figure 4).The EGS ≥ 5∘C dates range from 298 days (October
25) to 314 days (November 10), and their spatial distributions
are inversely related to the climatology of the BGS dates. In
15% of the study area (hilly lands and frost hollows), the
earliest end of the EGS≥ 5, 10, and 15∘Coccurs beforeOctober
31, October 5, and September 5, respectively.The latest ending
of EGS ≥ 5, 10, and 15∘C (after November 6, October 11, and
September 11) occurs in the northeastern Prague plateau and
the middle Elbe River valley, which together cover 20% of
the study area. The later end of the growing season in those
regions is consistent with an observed earlier start of the
growing season in the same region.

The pattern in GSL is consistent with the pattern in the
onset of the growing season; GSL pattern also shows some
local differences due to the heterogeneous end of the growing
season pattern, especially for 𝑇mean ≥ 15

∘C (right panel of
Figure 4). A total of 50% of the area of the Elbe River lowland
has a GSL ≥ 5∘C longer than 225, which satisfies the require-
ments of root vegetables (celeriac), which have the longest
growing seasons.TheGSL≥ 10∘C is between 150 and 180 days.
65% of the area has a growing season shorter than 170 days.

4. Projected Changes in the Dates of
the Start and End and the Length of
the Growing Season

An assessment was made of the potential changes in the
dates of the BGS, EGS, and GSL for the three threshold
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Figure 4: Spatial variability of the mean values of BGS, EGS, and GSL for the 5, 10, and 15∘C temperature thresholds from 1961 to 2011 in the
Elbe River lowland.

temperatures over the Elbe River lowland, simulated using
the RCMs under the A1B SRES scenario (2021–2050 and
2071–2100). Hovmoller-type diagram displays (Figure 5) the
spatiotemporal evolution of large growing season, the main
growing season, and the summer growing season projected
from 116 grid points over the Elbe River lowland based on
ALADIN-Climate/CZ and RegCM simulations data under
the A1B SRES scenario runs (2021–2050 and 2071–2100).
The use of the RCMs made it possible to estimate potential
changes in the GS parameters and identify prospective areas
for growing thermophilic vegetables in the Elbe River basin.
It is worth noting that, in addition to the types of vegetables
traditionally grown in the Elbe River valley, extension of the
cultivation of thermophilic varieties, especiallyCucumis melo
L., has already been observed [9]. This extension is closely
linked to warming of the climate system. Consequently, the
cultivation of thermophilic vegetables will complement the
cultivation of traditional assortment of vegetables. Thus, a
detailed evaluation of the past long-term changes in the GS
parameters is essential for predicting the effect of future
climate variability on the range of vegetables that can be
cultivated in this region.

4.1. Temporal Variability of the Projection of BGS, EGS, and
GSL. The projected dates of the start, end, and length of
the growing season across the Elbe lowland as a whole for
the three threshold temperatures and the two future periods
considered (2021–2050 and 2071–2100) are presented in Table
4. For both RCMs the dominant dates of BGS ≥ 5, 10 and
15∘C are projected to advance significantly (i.e., occur earlier)
than under the current climate conditions. According to
ALADIN-Climate/CZ, in the mid-21st century period, the
medians BGS ≥ 5, 10, and 15∘C are projected to advance to
days 81 (22 Mar), 107 (17 Apr), and 141 (21 May), respectively.
At the end of the 21st century, the medians are projected to
advance significantly, to days 59 (28 Feb), 81 (22 Mar), and
133 (13 May), respectively. A similar pattern was shown by
RegCM (Table 4). These shifts reflect the higher projected
temperatures in the A1B scenario. The earliest and latest
starts of BGS ≥ 5, 10, and 15∘C for the period 2021–2050 are
projected to occur on days 51 (20 Feb.), 80 (21 Mar.), and 120
(30 Apr.), respectively, and on days 107 (17 Apr.), 123 (3 May),
and 166 (15 Jun.), respectively. The earliest onset of BGS ≥ 5
is projected to shift significantly towards the winter season by
the end of the 21st century (2071–2100).
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projected from 116 grid points × 30 years × 365 days over the
Elbe River lowland based on ALADIN-Climate/CZ and RegCM
simulation data under the A1B SRES scenario runs (2021–2050 and
2071–2100).

In general for both RCMs, the end of the growing season
is projected to be significantly delayed (i.e., occur later)
under the climate change scenario comparedwith the current
climate. The medians of the EGS ≥ 5, 10, and 15∘C by
ALADIN-Climate/CZ are projected to occur on days 315 (11
Nov.), 284 (11 Oct.), and 255 (12 Sep.), respectively, during
2021–2050.The delay will be greatest during the period 2071–
2100, when the mean dates of EGS ≥ 5, 10, and 15∘C are
projected to occur on days 318 (14 Nov.), 293 (20 Oct.), and
267 (24 Sep.), respectively. The latest dates of the end of EGS
≥ 5, 10, and 15∘C for the period 2021–2050 are projected to
occur on days 345 (11 Dec.), 302 (29 Oct.), and 273 (30 Sep.),
respectively. The later end of the growing season will extend
the vegetation period of field vegetables. The ALADIN-
Climate/CZ and RegCM simulations project an increase in

the average growing season length; however, high interannual
variability is projected, as in the current climate (Table 4).
Under theA1B scenario for the period 2021–2050, the shortest
and longest GSL ≥ 5∘C (GSL ≥ 10 and 15∘C) vary between
182 (154 and 86 days) and 272 (207 and 140 days) days. Our
regional projections for the end of the 21st century indicate
that GSL ≥ 5∘C (GSL ≥ 10 and 15∘C) could be significantly
extended by an average of 267 days (212 and 134 days).

Table 5 displays the predicted changes in the mean start,
end, and length of the GS between the reference period (1971–
2000) and the two future climate periods (2021–2050 and
2071–2100) for the Elbe lowland. As expected, themagnitudes
of the changes for the two future periods are different. The
projections based on two different RCMs by A1B scenario
suggest that, during themid-21st century, the dates of the BGS
≥ 5, 10, and 15∘C will be earlier (by ≥5 days) and those of
the EGS ≥ 5, 10, and 15∘C will be later (by ≥5 days) across
the studied region. Consequently, the GSL ≥ 5∘C (GSL ≥
10 and 15∘C) will be increased under the A1B scenario by
≥11 days (≥13 and ≥11 days) compared with the current cli-
mate.

The advance of BGS ≥ 5, 10, and 15∘C will be greater
at the end of the 21st century (by ≥15 days). The ALADIN-
Climate/CZ simulation for the period 2070–2100 projects
delays in the EGS ≥ 5, 10, and 15∘C by 12, 13, and 14 days,
respectively, whilst RegCM simulation for the period 2070–
2100 also projects delays in the EGS ≥ 5, 10, and 15∘C by
12, 18, and 19 days, respectively. The ALADIN-Climate/CZ
simulation for the BGS ≥ 5∘C start will be advanced by 22
days, and the EGS ≥ 5∘C end will be delayed by 12 days for
the period 2071–2100. Therefore, the A1B scenario results in
a projected lengthening of the GSL by 44 days on average
compared with the current climate.

4.2. Spatial Distribution of BGS, EGS, and GSL Projections.
For the Czech Republic as a whole, the daily mean, maxi-
mum, and minimum temperatures simulated by ALADIN-
Climate/CZ and RegCM for the A1B scenario are projected to
increase more in Bohemia than inMoravia and at higher alti-
tudes [27].These temperature changes affect the growing sea-
son parameters, and thus, ALADIN-Climate/CZ and RegCM
project greater changes in those parameters for the hilly
lands of the Elbe River lowland. According to the ALADIN-
Climate/CZ simulation for the period 2021–2050, at higher
elevations in the Elbe lowland the GSL will correspond to
that of the warmest areas in the current climate (Figures 6(a)
and 6(b)). The lengthening of the growing season is most
apparent for GSL ≥ 5 and 10∘C. At the end of the 21st century,
the GSL in the hottest areas will be significantly lengthened.
Additionally, the areas with suitable conditions for growing
vegetables (i.e., significant advance and delay of GS) will shift
from the lowlands of the Elbe River valley to higher elevations
(Figures 6(a) and 6(b)). However, profitable cultivation of
vegetables in these areas is complicated by the complex
sloping terrain. Therefore, the shift of areas with longer GSL
from lowlands to higher elevations could lead to higher
potential agroclimatic productivity, which will, however, be
difficult to utilise due to the lack of water resources for
irrigation and the inaccessibility of these areas to machinery.
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Figure 6: Spatial distribution of projected changes in BGS (a) and GSL (b) for the three threshold temperatures based on ALADIN-
Climate/CZ simulation data under the A1B SRES scenario for two future periods, 2021–2050 and 2071–2100, over the Elbe River lowland.
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Table 4: Projected dates of the start, end, and length of the regional growing season for two future periods (2021–2050 and 2071–2100) based
on two different RCMs by A1B scenario run over the Elbe River lowland.

𝑇mean ≥ 5
∘C 𝑇mean ≥ 10

∘C 𝑇mean ≥ 15
∘C

Start End Length Start End Length Start End Length
2021–2050 by ALADIN-Climate/CZ (RegCM)

Median 81
(82)

315
(316)

234
(234)

107
(100)

284
(290)

178
(190)

141
(135)

255
(259)

114
(124)

Earliest/shortest 51
(56)

289
(289)

182
(178)

80
(81)

268
(263)

154
(165)

120
(88)

242
(233)

86
(91)

Latest/longest 107
(132)

345
(348)

272
(257)

123
(128)

302
(323)

207
(243)

166
(170)

273
(290)

140
(171)

2071–2100 by ALADIN-Climate/CZ (RegCM)

Median 59
(60)

318
(320)

267
(260)

81
(80)

293
(298)

212
(212)

133
(128)

267
(269)

134
(141)

Earliest/shortest 28
(73)

301
(297)

225
(198)

39
(69)

281
(262)

175
(157)

84
(95)

247
(242)

93
(107)

Latest/longest 85
(116)

344
(350)

310
(259)

110
(128)

310
(322)

262
(243)

170
(153)

285
(311)

187
(185)

Table 5: Projected changes in the dates of the start, end, and length of the area-averaged growing season for two future periods (2021–2050
and 2071–2100) over the Elbe River lowland.

𝑇mean ≥ 5
∘C 𝑇mean ≥ 10

∘C 𝑇mean ≥ 15
∘C

Start End Length Start End Length Start End Length
ALADIN-Climate/CZ by A1B scenario run

2021–2050 Advance
10

Delay
6

Increase
16

Advance
7

Delay
6

Increase
13

Advance
6

Delay
5

Increase
11

2071–2100 Advance
22

Delay
12

Increase
44

Advance
32

Delay
13

Increase
45

Advance
15

Delay
14

Increase
29

RegCM by A1B scenario run

2021–2050 Advance
5

Delay
7

Increase
11

Advance
11

Delay
10

Increase
21

Advance
6

Delay
9

Increase
15

2071–2100 Advance
27

Delay
12

Increase
37

Advance
31

Delay
18

Increase
49

Advance
13

Delay
19

Increase
32

Significant changes in the BGS can be expectedmostly in hilly
areas (Figures 6(a) and 6(b)). At the end of the 21st century,
twomain areas with different early growing season onsets will
stand out: the area with the earliest onset of BGS, which will
be located in the northwestern Elbe River lowland (i.e., in
areas of frost hollows and hills), and a newly created region,
which corresponds to currently peripheral areas of vegetable
farmland (eastern part of Elbe River valley). The ALADIN-
Climate/CZ andRegCMsimulations reveal that, by the end of
this century, Czech farmers could be growing their crops for
up to twomonths longer.The Elbe River lowland can become
a major producer of vegetables in the Czech Republic and
significantly increase its competitiveness in the production of
market vegetables.

Our results show that, under the A1B scenario for the
two future climate periods considered (2021–2050 and 2071–
2100), the projected increases in the growing season are
due to significant projected advances of the starts of BGS
≥ 5, 10, and 15∘C. The BGS simulation data also show clear

tendencies towards an earlier start, especially for GSL ≥ 5
and 10∘C. The end of the growing season is projected to
occur later on average, but these projected shifts are smaller
than those for the beginning of the growing season. Based
on these results, it is evident that regional climate change—
specifically, increases in temperatures during the growing
season—will affect Czech vegetable crops.The changes in the
Elbe lowland climate are expected to significantly advance the
sowing/planting dates of vegetables under current and future
climate conditions. Similar findings have been reported for
agricultural areas worldwide [4, 6, 11, 12, 30, 33, 35, 36, 38].

5. Summary and Concluding Remarks

In this study, a comprehensive analysis of the current climatic
conditions (1961–2011) and possible changes in the climate in
the near future (2021–2050) and at the end of the century
(2071–2100) was undertaken using both observed gridded
data and two RCMs driven by two different GCMs of the
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changes in the timing of GS parameters for the Elbe River
lowland for the first time. The ALADIN-Climate/CZ and
RegCM models, with a high horizontal resolution of 10 km,
provided the daily step temperature series to project changes
in the GS parameters. The date of sowing/planting and the
harvest period depend on the vegetable variety, agroclimatic
conditions, commercial targets, market constraints, and hor-
ticultural practices. This is the probable reason for the
absence of data on the sowing/planting and harvest dates
of vegetables in the Czech Republic and in other countries.
Systematically recorded information on phenology is utterly
lacking for most types of vegetables at both the local and the
global scales [16].

This research aimed to identify an approach to select
suitable sites for extension of new thermophilic assortment
of vegetables in Elbe lowland, taking into account regional
specificity of climate change, and also to determine prospec-
tive areas for growing thermophilic vegetables in the study
region using regional climate models. Proposed study can
be crucial in development of strategies on climate change
adaptation for different varieties of thermophile crops for
future climate change in different regions in order to increase
productivity while reducing both the cost of farmers and the
water footprint of agriculture per unit product.Moreover, our
study is in line with the two aims defined in the EU strategy
for adaptation of agricultural production system through
scientific research and other actions to advance sustainable
agriculture development that benefits local, regional, and
European farmers and to develop climate-informed crop.The
results can be also relevant to the European policy, especially
to the Common Agricultural Policy by contributing to good
agricultural practices and sustaining the rural communities.
The high degree of uncertainty in expected temperature and
precipitation changes implies investment risks for decid-
ing on long-term changes in farming technology such as
adopting irrigation or switching to new crops, requiring
new machinery, infrastructure, and agronomic and market
knowledge [39]. The salient results are summarised below.

(i) The temporal evolution of anomalies in the GS onset,
end, and length displays two distinct periods: a delay
in the onset in spring and a shortening of the GSL in
the 1960s and an intensified lengthening of the GSL
since the 1990s. The majority of years with strong
delays in the onset and/or decrease in the length of the
growing season occurred in the decade of 1971–1980,
whichwas cooler andwetter than the other decades of
the reference period analysed. In the last two decades
of the period (1991–2011), BGS and EGS exhibited
significant shifts to earlier and later dates, respectively.
Consequently, the end of the 20th century and the
beginning of the 21st century will be a suitable period
for the extension of the cultivation of varieties of
vegetables with longer growing seasons and higher
temperature requirements.

(ii) From 1961 to 2011, the Elbe River lowland experienced
increasingly negative BGS and positive EGS trends
that led to an increasingGSL trend.However, the roles
of the changes in BGS and EGS differed depending

on the time period and on the chosen temperature
thresholds. The regional GS ≥ 5∘C (≥10 and 15∘C)
started 10.7 days (7.6 d and 3.1 d) earlier and ended
4.6 days (3.6 d and 4.1 d) later, yielding an increase in
GSL of 15.3 days (11.2 d and 7.2 d) from 1961 to 2011.
The delay in EGS was found to be a more important
factor than the advance in BGS in regulating the GSL
changes during the 1990s and 2000s at the threshold
of 𝑇mean ≥ 15

∘C.
(iii) Under projected future climate conditions and tem-

perature thresholds, the dominant dates of BGS and
EGS for the entire study region are projected to
be significantly advanced and delayed, respectively,
compared with the current climate. A climate warm-
ing scenario suggests lengthening of the GSL in the
coldest areas of the study region to the level of the
warmest areas in the current climate. According to
the RCMs simulation, the most significant shifts in
the dates of the beginning and end of the GS are
projected to occur in hilly areas; in lowland areas,
these changes are not projected to be as pronounced.
The lengthening of the GSL and the flat topography
plateaus will create favourable conditions for the
expansion of vegetables areas, mainly towards the
eastern part of the Elbe River basin. The results
also suggest potential for a northerly expansion of
vegetables cultivation, although most of the lands to
the north of the current frontier will remain only
marginally suitable for growing field vegetables due
to their complex terrain.

This study can be considered an initial step towards assessing
the potential impacts of climate change on the types of
vegetable crops grown in the ElbeRiver lowland. In our future
work, we plan to use mechanistic crop simulation models
(e.g., CROPGRO-Tomato model) and multimodel multisce-
nario ensemble (for the new emission scenarios RCP4.5 and
RCP8.5) to project potential consequences of climate change
on fresh-market tomato (Solanum lycopersicum L.) grown
under open field conditions at farm scale in the Elbe lowland.
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[20] M. Déqué, C. Dreveton, A. Braun, and D. Cariolle, “The
ARPEGE/IFS atmosphere model: a contribution to the French
community climate modelling,” Climate Dynamics, vol. 10, no.
4-5, pp. 249–266, 1994.
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