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Two widely used approaches, nonparametric approach and Budyko framework approach, were used to calculate precipitation
elasticity of streamflow (𝜀) in China’s main river basins. While the Budyko framework illustrates only the effect of climate on
𝜀, the nonparametric approach illustrates the effects of both climate and human activity on 𝜀. Both approaches showed similar
spatial pattern of 𝜀, with high values for northern arid catchments and low values for southern humid catchments, suggesting high
sensitivity of streamflow to climate in the arid catchments in China’s north. Inland catchments had low 𝜀 values, probably because
most of the annual streamflow was driven by glacial and snowmelt. While strong anthropologic activities reduce the sensitivity of
streamflow to precipitation in some northern arid catchments, which was indicated by lower 𝜀 values produced by nonparametric
approach, the combined use of the two approaches underscored the significance in identifying the effects of anthropologic factors
on streamflow.

1. Introduction

Asprecipitation is amajor factor of streamflow, it is important
that water resources scientists and managers understand the
sensitivity of streamflow to precipitation.Most studies involv-
ing streamflow sensitivity are based on conceptual catchment
modeling by varying atmospheric inputs to estimate changes
in streamflow [1, 2]. However, conceptual model is limited
by high uncertainties in the structures and parameterization
[3, 4].

Sankarasubramanian et al. [2] developed a nonparametric
model for estimating precipitation elasticity of streamflow
(𝜀), which is the proportional change in streamflow resulting
from changes in precipitation. While 𝜀 = 2.0 indicates
that 1% change in precipitation results in 2% change in
streamflow, higher 𝜀 suggests higher streamflow sensitivity to
precipitation. Several studies suggest that 𝜀 is highly related to
catchment climate attributes, denoted as aridity index (AI),
which is the ratio of mean annual potential evapotranspi-
ration (PET) to precipitation. Using nonparametric analysis

of 219 Australian catchments for a 25-year period, Chiew
[5] noted that 𝜀 generally increases with increasing climate
dryness (i.e., increasing AI). Zheng et al. [6] also observed
a positive correlation between 𝜀 and AI in a long term
(1960–2000) of the headwater regions of Yellow River basin.
Sankarasubramanian and Vogel [7] noted that watershed
aridity index together with watershed soil water holding
capacity is more related to 𝜀.

A major advantage of the nonparametric method is
that it provides a simple estimate of the sensitivity of
streamflow to changes in long-term precipitation [5]. Its
main limitation is that it neglects the effects of precipitation
frequency, changes in vegetation, and feedback between the
atmosphere and land surface. To deal with this limitation,
algorithms considering more climatic factors were developed
[6, 8, 9]. Amongst them, Budyko framework estimator
(driven by AI) is widely used to quantify climate elasticity
of streamflow. Studies showed a strong similarity between
the nonparametric estimator and the other estimators in
unregulated catchments [5, 6].
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Figure 1: Location of 18 investigated catchments including 5
subcatchments in the Yangtze River basin (YT1, YT2, YT3, YT4, and
YT5), 5 subcatchments in the Pearl River Basin (PL1, PL2, PL3, PL4,
and PL5), 1 subcatchment in the Huai River Basin, 3 subcatchments
in the Yellow River Basin (YW1, YW2, and YW3), 2 subcatchments
in Songliao Basin (SL1 and SL2), Aksu River Basin, and Hei River
Basin (Hei).

China stretches across various climatic regions, ranging
from humid tropical climate in the south to arid/frigid
temperate climate in the north and from the plains in the east
to the “earth’s third pole” mountains of the Tibetan Plateau in
the west. Thus the water resources in the south of China are
rich while those in the north are poor. The increasing water
shortage in North China is driven by the rapid expansion
of population, agriculture, and industry. Despite this, the
response of streamflow to climate regimes and anthropogenic
activities in China’s main catchments remains largely unclear.

This study compares precipitation elasticity of streamflow
from the nonparametric estimator with that from the Budyko
framework estimator for seven main river basins in China—
Yangtze, Pearl, Yellow, Songliao, Huai, Aksu, and Hei (Fig-
ure 1).The specific objectives of this study are to (1) investigate
the spatial patterns of 𝜀 in the seven main river basins; (2)
determine any (in)consistency between the two approaches
and the related causes; and (3) compare 𝜀 between catchments
in China and catchments in other regions. This is critical for
water scientists and managers in taking informed decisions
for sustainable and environmentally friendly water resources
management and for the benefits it brings to water users and
society at large.

2. Materials and Methods

2.1. Study Area. A total of 18 of catchments with 55 years
(1955−2009) of annual streamflow data were used to analyze
precipitation elasticity of streamflow. The catchments belong
to seven large basins (Songliao, Yellow, Huai, Yangtze, Pearl,
Aksu, and Hei) stretching across different climatic zones
in China. The catchment boundaries were derived from
“Data Sharing Infrastructure of Earth System Science” at

Table 1: Surface coefficients used to convert pan evapotranspiration
into potential evapotranspiration in the six investigated main basins
in China.

Basin Coefficient Reference
Yangtze 0.69 Wang et al., 2007 [20]
Pearl 0.65 Liu et al., 2012 [21]
Yellow 0.53 Liu et al., 2004 [22]
Songliao 0.62 Liu et al., 2004 [22]
Huai 0.55 Liu et al., 2004 [22]
Inland (Hei and Aksu) 0.64 Liu et al., 2004 [22]

http://www.geodata.cn/Portal/metadata/viewMetadata.jsp?
id=210008-10081.

Songliao basin is chilly subhumid, Yellow basin is tem-
perate with subhumid upstream and subarid downstream,
Huai basin is warm subhumid, Yangtze basin is warm with
subhumid upstream and humid downstream, Pearl basin is
hot humid, and Aksu and Hei basins are arid temperate.
Figure 1 shows the distribution of the 18 catchments, with
each catchment denoted by a unique acronym. Except for
Hei, Huai, and Aksu, two letters are used to symbolize the
catchments as SL for Songliao, YW for Yellow, YT for Yangtze,
and PL for Pearl.

2.2. Data Types and Sources. Annual streamflow data for
the catchments were obtained from China river sediment
Bulletin (2000−2009) and other sources with catchment
outlet hydrological station data [10, 11]. Annual precipi-
tation and pan evapotranspiration data from meteorolog-
ical stations in the catchments were downloaded from
China Meteorological Data Sharing Service System at
http://cdc.cma.gov.cn/home.do. The pan evapotranspiration
was measured using 20 cm diameter and 10 cm high metal
pan installed at 70 cm above the land surface [12]. A surface
coefficient factor (Table 1) was used to convert the pan
evapotranspiration into PET. Simple arithmetic averages of
the station-based annual precipitation and PET within the
catchments were used to derive catchment-average values.
And AI (aridity index) is derived from the ratio of mean
annual potential evapotranspiration (PET) to precipitation.

2.3. Elasticity Estimation. Two approaches, nonparametric
estimator and Budyko framework estimator, were used to
calculate precipitation elasticity of streamflow. The nonpara-
metric estimator can be expressed as [2]

𝜀
𝑃
= median(

(𝑄
𝑖
− 𝑄)𝑃

(𝑃
𝑖
− 𝑃)𝑄

) , (1)

where 𝜀
𝑃
is precipitation elasticity of streamflow in a catch-

ment; 𝑃 and𝑄 are mean annual precipitation and streamflow
for the period of study; and𝑃

𝑖
and𝑄

𝑖
are annual precipitation

and streamflow for the 𝑖th year. Observed annual stream-
flow used in calculating 𝜀

𝑃
reflects the impacts of natural

factors and anthropogenic activities since the catchments are
heavily regulated via processes such as water diversions or
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Table 2: Details of the six commonly used forms of Budyko framework estimator and the related derivatives.

Function 𝑓(AI) 𝑓

(AI)

Schreiber,
1904 [23] 1 − 𝑒

−AI
𝑒
−AI

Ol’dekop,
1911 [24] AI tanh(1/AI) tanh(1/AI) − 4/⌊AI(𝑒−1/AI + 𝑒1/AI)2⌋

Budyko,
1958 [25] AI tanh(1/AI)(1 − 𝑒−AI)0.5 0.5[AI tanh(1/AI)(1 − 𝑒−AI)]−0.5[tanh(1/AI) − 1/AIsech2(1/AI)(1 − 𝑒−AI) + AI tanh(1/AI)𝑒−AI]

Pike, 1964
[26] 1/√1 + AI−2 1/[AI3(1 + (1/AI)2)1.5]

Fu, 1981
[27] 1 + AI − (1 + AI𝛼)1/𝛼, 𝛼 = 2.5 1 − (1 + AI2.5)−0.6AI1.5

Zhang et
al., 2001
[28]

(1 + 𝑤AI)/(1 + 𝑤AI + 1/AI),
𝑤 = 1

(2/AI + 1/AI2)/(1 + AI + 1/AI)2

control dams. Therefore 𝜀
𝑃
calculated using the nonpara-

metric method is the combined effects of both climatic and
anthropologic factors.

The second approach is the Budyko framework estimator,
expressed as [9]

𝜀
𝑃
= 1 +

AI𝑓 (AI)
1 − 𝑓

(AI)
, (2)

where 𝑓(AI) is the Budyko equation derivative which is a
function of AI, where AI = PET/𝑃. Here, long-term (>5
years) mean annual streamflow is the difference between
mean annual precipitation and actual evapotranspiration
(AET) in unregulated catchment (𝑄 = 𝑃 − 𝐸). In the Budyko
framework, AET is a function of AI. Thus the elasticity of
the Budyko framework represents only natural or climatic
effect on streamflow. Table 2 shows the six commonly used
Budyko frameworks and the related derivatives. In the table,
elasticity is the average of the six estimators from the six
Budyko frameworks.

2.4. Cluster Analyses. Using hierarchical cluster analysis
based on Euclidean distance (the shortest distance method)
and at a maximum of 3 clusters, precipitation elasticity
of streamflow was grouped into three clusters. Analysis in
MATLAB showed that elasticity within each group (cluster)
was much closer than between the different groups (clusters).
This was used to determine the similarity between every
two catchments in terms of the sensitivity of streamflow to
precipitation.

3. Results and Discussions

3.1. Nonparametric and Budyko Framework Approaches. Fig-
ure 2 plotted precipitation elasticity of streamflow estimated
for the 18 catchments using the nonparametric and Budyko
framework approaches. Although some of the catchments
such as the subcatchments of the Yangtze (YT1) and Yellow
(YW2 and YW3) River basins showed large deviations, the
spatial distributions of streamflow elasticity were similar for
most of the investigated catchments. Elasticity for relatively

arid basins (e.g., Songliao and Yellow River basins) was
higher than that for relatively humid basins (e.g., Yangtze and
Pearl River basins) and was lowest for inland basins. Com-
pared with Budyko framework (hereafter denoted as PE2),
estimated elasticity by nonparametric approach (hereafter
denoted as PE1) was much lower for catchments with large
deviations.

The large deviations in estimated elasticity between the
two approaches in three catchments (YW2, YW3, and YT1)
could largely result from the difference in 𝜀 calculation.
While nonparametric approach relies on actual streamflow
and precipitation for calculation of 𝜀, Budyko framework
approaches, on the other hand, use purely climate variables
for estimating 𝜀. Thus, the comparison of the two approaches
becomes very meaningful in identifying the intensity of
anthropologic activities.

Catchment YW2 is in the upstream region of YellowRiver
basin, receiving inflows from two tributaries—Huang River
and Tao River. Due to intense agricultural activities, water
use in Huang River is over 50% of the total streamflow [13].
Moreover, water-diversion projects take some 20% of flow in
Datong River (themain tributary of Huang River) and deliver
it to Qinwangchuan River in another province [14].

Catchment YW3 is the middle reach of Yellow River
basin, receiving flows from 17 tributaries. The section of
the Loess Plateau in the middle reach of Yellow River basin
produces large volumes of sediments, the major driver of
flooding in the downstream regions of the river. This calls
for more water/soil conservation efforts such as reservoir
construction and loss sediment control in the region [15].
There are some 2184 reservoirs in this section of the river
[16]. Such large amount of reservoirs heavily regulates the
streamflow in the middle reach and results in low streamflow
sensitivity to precipitation.

Catchment YT1 is the upstream region of Jinsha River,
an upstream tributary of Yangtze River. Previous studies
showed that precipitation in the headwater regions of the
three rivers greatly influences change in streamflow in the
upstream region of Jinsha River [10]. The weak correlation
between streamflow and precipitation in YT1 was because the
average precipitation was only for the local catchments.
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Figure 2: Comparison of precipitation elasticity of streamflow between nonparametric approach (a) and Budyko framework approach (b).
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Figure 3: Comparison of precipitation elasticity of streamflow between nonparametric approach (PE1) with Budyko framework approach
(PE2). The plot on the left is for all the catchments and the one on the right excludes three catchments in the red circle in the left plate.

There was virtually no correlation between PE1 and
PE2 (Figure 3), probably due to the large deviations for
YW2, YW3, and YT1 catchments. After removing these three
catchments, the coefficient of determination improved to 0.5.
Because PE1 includes the combined effects of anthropogenic
and climatic factors, the attribution analysis was limited to
this approach.

3.2. Nonparametric Estimated Elasticity. Figure 4 showed
how PE1 corresponds with AI, with that for the two inland
catchments depicted in the inset plot of the figure. Interest-
ingly, PE1 increased with increasing AI for humid catchments
(AI < 1.5) while it largely decreased with increasing AI for
arid catchments (AI > 1.5). It was assumed that PE1 for arid
catchments differed from that for humid catchments. How-
ever, hierarchical cluster analysis showed strong similarity in
arid and humid catchments in terms of streamflow sensitivity
to precipitation.

Compared with natural conditions, the study suggested
that streamflow in arid catchments was lower and less
sensitive to precipitation. This was attributed to intensive
water use due mainly to rapid expansion in population,
industry, and agriculture in the country. For instance, there is
intensive surface water and groundwater use in Yellow River
basin (YW1, YW2, and YW3) and Songliao River basin (SL1
and SL2), limiting streamflow and worsening water shortage
in the basins.The generally limitedwater resources in the arid
north of China are not conducive for the rapidly expanding
population, industry, and agriculture.

PE1 was lowest for Hei and Aksu inland catchments,
probably due to low sensitivity of flow to precipitation in
the catchments. According to Wang et al. [17], precipitation
counts for 55%, groundwater 35%, and snowmelt 10% of
streamflow in Hei catchment. This study suggested limited
annual streamflow variation in Hei catchment, driven largely
by groundwater and snowmelt. Like in Hei catchment,
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Table 3: Comparison of estimated elasticity in the literature with estimated elasticity in this study by the nonparametric approach.

Catchment Country Period Elasticity Reference
MDB Australia 1950–2006 2.14 Fu et al., 2011 [29]
Spokane USA 1940–2000 1.38–1.65 Fu et al., 2011 [29]
Yellow River China 1960–2000 1.76 Fu et al., 2011 [29]
1337 catchments USA 1951–1988 1.5–2.5 Sankarasubramanian and Vogel, 2003 [7]
219 catchments Australia 25–93 years 2.0–3.5 Chiew, 2006 [5]
521 catchments Globe 23–64 years 0.4–3.1 Chiew et al., 2006 [19]
Yellow River (headwater) China 1960–2000 2.1 Zheng et al., 2009 [6]
Han River Korea 1973–2006 1.5–2.0 Kim et al., 2013 [30]
Nakdong River Korea 1973–2006 0.7–1.5 Kim et al., 2013 [30]
Geum River Korea 1973–2006 1.0–2.0 Kim et al., 2013 [30]
Seomjin River Korea 1973–2006 1.2–1.5 Kim et al., 2013 [30]
Yeongsan River Korea 1973–2006 1.6–1.7 Kim et al., 2013 [30]
Yangtze River China 1955–2009 1.2–1.9 This study
Yellow River China 1955–2009 0.7–2.1 This study
Pearl River China 1955–2009 0.8–2.1 This study
Huai River China 1955–2009 2.2 This study
Songliao China 1955–2009 1.9–2.2 This study
Hei River China 1955–2009 0.6 This study
Aksu China 1955–2009 0.05 This study

0.5

1

1.5

2

2.5

3

0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1 2.3 2.5

PE
1

AI

Cluster 1
Cluster 2
Cluster 3

0
0.5

1

5 10 15

PE
1

AI

PL1
PL2 YW2

YT3
PL5

YT4

YT1
YW3

PL3

Huai

YT5
PL4

YT2
YW1

SL2

SL1

Hei
Aksu

Figure 4: Correspondence of elasticity estimated by nonparametric
approach (PE1) with aridity index. The hierarchical cluster analysis
yielded three derivatives of precipitation streamflow elasticity—
cluster 1 denoted by shaded black circle, cluster 2 denoted by shaded
grey circle, and cluster 3 denoted by unshaded circle. The inset plate
is the precipitation elasticity of streamflow for Hei and Aksu inland
catchments in China.

snowmelt in Aksu catchment accounts for over 40% of
the total streamflow [18]. Figure 5 further clarifies this
point, depicting a weak correlation between precipitation and
streamflow in both Hei and Aksu catchments.

Boxplots showed the variations (by way of 7 basins) in
PE1, precipitation, streamflow, and PET for the 18 catchments
(Figure 6). While there was large PE1 for Yellow River
basin, the variations inmeteorological factors and streamflow
were small. This further explained the wide discrepancies in
the intensity of anthropologic activities in the basin. While
variations inmeteorological factors and streamflowwere high
in Yangtze River basin, those in PE1 were minimal. This
suggested that water resources in Yangtze River basin were
generally sufficient for anthropologic needs. Variations in all
the estimated variableswere relativelyminimal for Pearl River
basin, also suggesting rich water resources conditions in the
basin. The lower precipitation, higher PET, and similar PE1
for Songliao River basin suggested stronger anthropologic
activities in that basin than in Huai River basin. The lowest
PE1 was for the two inland catchments—Songliao and Huai
River basins.

3.3. Elasticity for China and Other Countries. Using the
nonparametric precipitation elasticity of streamflow, the
hydroclimatic characteristics of the main catchments in the
worldwere summarized in Table 3.The comparison in Table 3
further deepens our understanding of the characteristics of
the hydrologic cycle, precipitation elasticity of streamflow,
and water available in the world’s major catchments.

For 1337 catchments in USA, 𝜀 range is 1.5−2.5 [7] and
that for 219 catchments in Australia is 2.0−3.5 [5]. Also 𝜀
is notably higher for arid than for humid catchments. The
global range of 𝜀 is estimated at 0.4−3.1, with high values
for southeastern Australia and southern/western Africa and
low values for mid-/high-latitude Northern Hemisphere
[19].
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Figure 5: Precipitation and streamflow anomalies (1957–2009) for Hei and Aksu inland catchments in China.
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Figure 6: Boxplots of elasticity estimated by the nonparametric approach (PE1) for precipitation, streamflow, and potential evapotranspiration
(PET) for seven main basins in China.
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4. Conclusions

This study used two different approaches (nonparametric
and Budyko framework) to estimate precipitation elasticity
of streamflow in seven main basins in China. Both the two
approaches were driven by long-term (1955–2009) meteo-
rological and streamflow data from 18 large catchments in
China.

The results showed that the two approaches were gen-
erally consistent, both showing higher elasticity for dry
than for wet catchments. The disparities between the two
approaches were explained as the differences in the effects
of anthropologic activities on streamflow in the investigated
catchments. While the nonparametric estimator was posi-
tively correlated with AI for wet catchments (AI < 1.5), it
was negatively correlated with AI for wet catchments (AI >
1.5). There were large variations in elasticity for Yellow River
catchments along with minimal variations in meteorological
and streamflow characteristics, suggesting varying intensities
of anthropologic activities.

The study suggested that the Budyko-framework was
particularly good for quantifying the effects of natural factors
on precipitation elasticity of streamflow. Then the nonpara-
metric approachwas particularly fit for quantifying the effects
of both anthropologic and natural factors on precipitation
elasticity of streamflow. Generally, the discrepancies between
the two approaches identified the effects of anthropologic
activities on precipitation elasticity of streamflow. Compared
with precipitation elasticity of streamflow in catchments in
similar latitude zones, rivers in China were less sensitive to
precipitation due to heavy anthropologic activities.
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