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[1] Climate elasticity of runoff is an important indicator for evaluating the effects of
climate change on runoff. Consequently, this paper proposes an analytical derivation of
climate elasticity. Based on the mean annual water-energy balance equation, two
dimensionless numbers (the elasticities of runoff to precipitation and potential evaporation)
were derived. Combining the first-order differential of the Penman equation, the elasticities
of runoff to precipitation, net radiation, air temperature, wind speed, and relative humidity
were derived to separate the contributions of different climatic variables. The case study was
carried out in the Futuo River catchment in the Hai River basin, as well as in 89 catchments
of the Hai River and the Yellow River basins of China. Based on the mean annual of
climatic variables, the climate elasticity in the Futuo River basin was estimated as follows:
precipitation elasticity "P ¼ 2:4, net radiation elasticity "Rn ¼ �0:8, air temperature
elasticity "T ¼ �0:05�C�1, wind speed elasticity "U ¼ �0:3, and relative humidity
elasticity "RH ¼ 0:8. In this catchment, precipitation decrease was mainly responsible for
runoff decline, and wind speed decline had the second greatest effect on runoff. In the 89
catchments of the Hai River and the Yellow River basins of China, climate elasticity was
estimated as follows: "P ranging from 1.6 to 3.9, "Rn ranging from �1.9 to �0.3, "T ranging
from �0.11 to �0.02�C�1, "U ranging from �0.8 to �0.1, and "RH ranging from 0.2 to 1.9.
Additional analysis shows that climate elasticity was sensitive to catchment characteristics.
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1. Introduction
[2] In recent years, climate change has become increas-

ingly significant [IPCC, 2007]. Hence, assessing the impacts
of climate change on the hydrologic cycle is an important
issue for the development of hydrology and water resource
management. On a catchment scale, climate elasticity of run-
off is considered an important indicator quantifying the sen-
sitivity of runoff to climate change [e.g., Dooge et al., 1999;
Dooge, 1992; Fu et al., 2007; Milly and Dunne, 2002; San-
karasubramanian et al., 2001; Schaake, 1990; Zheng et al.,
2009]. Climate elasticity of runoff can be defined as the pro-
portional change in runoff (R) to the change in climatic vari-
ables [Fu et al., 2007]. Precipitation (P) has an important
impact on runoff. The relationship of elasticity of runoff (R)
to P was first defined by Schaake [1990] as

"P P;Rð Þ ¼ dR
dP

P
R
: ð1Þ

Ignoring the impacts of other factors on runoff, equation
(1) can be transformed into

dR
R
¼ "P P;Rð Þ dP

P
: ð2Þ

[3] Based on equation (2), several studies have investi-
gated the response of annual runoff to precipitation change
[e.g., Chiew, 2006; Niemann and Eltahir, 2005; Sankarasu-
bramanian and Vogel, 2003]. Climate elasticity, which
quantifies the hydrologic response to climate change,
implies a method for assessing runoff change in the future.
Based on the precipitation elasticity of runoff of 2–3 in
Southeast Australia, �10 to þ3% changes in the future
mean annual precipitation are projected to lead to �23 to
þ4% changes in the mean annual runoff [Chiew et al.,
2009]. Gardner [2009] estimated climate elasticity of annual
runoff and then evaluated runoff changes in North America
using the A1B Emissions Scenario that was presented by the
Intergovernmental Panel on Climate Change [IPCC, 2007].

[4] Aside from precipitation change, air temperature
change also affects runoff. Consequently, when scientists
evaluated the effect of global warming on the hydrological
cycle, they also noticed the drawback of equation (2). To
integrate the effect of changing air temperature, Fu et al.
[2007] proposed the two-parameter climate elasticity:

dR=R ¼ "a dP=Pþ "b dT=T ; ð3Þ

where "a and "b are the precipitation elasticity and air tem-
perature elasticity, respectively. Based on this equation, Fu
et al. [2009] projected the decrease in runoff from the mul-
tigeneral circulation model (GCM) outputs from the IPCC
Fourth Assessment Report (AR4) and documented poten-
tially serious changes in water resource management in the
North China Plain. However, other climatic variables, such
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as net radiation (Rn) and wind speed at a height of 2 m
above ground (U2), may also influence the hydrologic
cycle. To evaluate their effects, we propose a new equation
defined as follows:

dR=R ¼ "a dP=Pþ "b dT=T þ "c dRn=Rn þ "d dU2=U2; ð4Þ

where "a, "b, "c, and "d are the climate elasticities. How-
ever, we do not know yet how many climatic variables need
to be considered when assessing climate change effects on
runoff and which the dominant variables in theory are.

[5] To project the hydrologic response to climate
change, the key process is the estimation of climate elastic-
ity, which can be conducted in different ways. Sankarasu-
bramanian et al. [2001] classified these ways into five
categories: calibrating a conceptual deterministic water-
shed model, analytical derivation, fitting a multivariate
regional hydrologic model, empirically estimating the rela-
tionship between changes in runoff and changes in climate
from historical data, and using multivariate statistical meth-
ods. Among these methods, the analytical derivation is
clear in theory and does not depend on a large amount of
historical climate and runoff data, i.e., analytically deriving
climate elasticity of annual runoff based on the Budyko
hypothesis and then evaluating the impact of climatic varia-
bles on runoff. Consequently, this approach has been
applied in many studies [Arora, 2002; Dooge et al., 1999;
Zheng et al., 2009]. The common formulas for the Budyko
hypothesis, which are called Budyko-type formulas, are
shown in Table 1. Schaake [1990] derived the precipitation
elasticity of runoff (equation (1)) according to one Budyko-
type formula. Arora [2002] derived the sensitivity of runoff
to changes in precipitation and potential evaporation

�R
R
¼ 1þ �F 00 �ð Þ

1� F0 �ð Þ

� �
�P
P
� �F 00 �ð Þ

1� F0 �ð Þ
�E0

E0

(� ¼ E0=P, F0 �ð Þ as a Budyko-type formula and F 00 �ð Þ as
the derivative with respect to �). In Arora’s study, five
different formulas, namely the Schreiber equation
[Schreiber, 1904], the Ol’dekop equation [Ol’dekop, 1911],
the Budyko equation [Budyko, 1958], the Turc-Pike equa-
tion [Pike, 1964; Turc, 1954], and the Zhang et al. equation
[Zhang et al., 2001] (with w ¼ 1) were taken to apply
F0 �ð Þ, and the derivation on the different formulas led to
large differences in the climate elasticity. Similarly, Zheng
et al. [2009] estimated the climate elasticity of runoff for
the headwaters of the Yellow River Basin. Following
Schaake’s idea, Sankarasubramanian et al. [2001] drew a
contour map of precipitation elasticity of runoff for the
continental United States based on the Turc-Pike equation

[Pike, 1964; Turc, 1954]. Two points require more atten-
tion: (1) the effects of catchment characteristics on the cli-
mate elasticity, and (2) evaluating and separating the
effects of other climatic variables (e.g., air temperature and
radiation) on runoff.

[6] One motivation of this paper is to provide a frame-
work to assess and separate the effects of different climatic
variables on runoff. First, we develop a derivation of cli-
mate elasticity of runoff to precipitation and potential evap-
oration based on the Budyko hypothesis, particularly one
that includes the effects of catchment characteristics. Sec-
ond, we express the change in potential evaporation as a
function of changes in net radiation, air temperature, wind
speed, and relative humidity, and then further express the
runoff change as a function of changes in precipitation,
radiation, air temperature, wind speed, and relative humid-
ity to separate the contributions from the changes in cli-
matic variables.

2. Derivation of the Climate Elasticity of Annual
Runoff
2.1. Response of Annual Runoff to Climate Change

[7] In a catchment over a long-term time scale, evapora-
tion can be expressed as a function of precipitation and
potential evaporation [Budyko, 1974]. This is called the
Budyko hypothesis. Yang et al. [2008] drew an analytical
derivation of the Budyko hypothesis :

E ¼ E0P

Pn þ En
0

� �1=n
; ð5Þ

where the parameter n represents the effect of catchment
characteristics. Denoting equation (5) as E ¼ f (E0, P, n),
we can express the total differential as

dE ¼ @f
@P

dPþ @f
@E0

dE0 þ
@f
@n

dn: ð6Þ

When evaluating the trend in annual evaporation or runoff
for the long term, the water balance equation can be simpli-
fied as P ¼ E þ R for a catchment. This leads to the differ-
ential form dP ¼ dE þ dR. Its substitution into equation (6)
leads to

dR ¼ 1� @f
@P

� �
dP� @f

@E0
dE0 �

@f
@n

dn: ð7Þ

[8] Equation (7) describes the response of runoff to cli-
mate change as well as to the changes in catchment
characteristics.

Table 1. Different Formulas for the Budyko Hypothesis

Formula Parameter Reference

E ¼ P [1 � exp (�E0/P)] Non Schreiber [1904]
E ¼ E0 tanh (P/E0) Non Ol’dekop [1911]
E ¼ P/[1 þ (P/E0)2]0.5 Non Pike [1964]; Turc [1954]
E ¼ fP [1 � exp (�E0/P)] E0 tanh (P/E0)g0.5 Non Budyko [1958]
E ¼ Pþ E0 � P$ þ E0

$½ �1=$ $ Fu [1981]
E ¼ P/[1 þ (P/E0)n] 1/n n Choudhury [1999]; Yang et al. [2008]
E ¼ P [1 þ w (E0/P)]/[1 þ w (E0/P) þ P/E0] w Zhang et al., [2001]
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2.2. Climate Elasticity of Annual Runoff
[9] In equation (7) dn ¼ 0 when no consideration is

given to the interannual changes in catchment characteris-
tics, i.e.,

dR ¼ 1� @f
@P

� �
dP� @f

@E0
dE0:

We divide this equation using R ¼ P – E, and obtain the
following:

dR
R
¼ 1� @f

@P

� �
P

P� E
dP
P
� @f
@E0

E0

P� E
dE0

E0
;

which can be denoted as

dR
R
¼ "1

dP
P
þ "2

dE0

E0
; ð8Þ

where the climate elasticity of runoff

"1 ¼
1� @f =@Pð ÞP

P� E
; "2 ¼ �

@f =@E0 E0

P� E
:

Potential evaporation E0 (mm d�1) can be calculated using
the Penman equation [Penman, 1948]:

E0 ¼
�

�þ � ðRn � GÞ=�

þ �

�þ � 6:43ð1þ 0:536U2Þ 1� RHð Þes=�;

ð9Þ

where � is the slope of the saturated vapor pressure versus
air temperature curve (kPa �C�1), � is a psychometric con-
stant (kPa �C�1), � is the latent heat of vaporization of
water (MJ kg�1), Rn and G are the net radiation and soil
heat flux (MJ m�2 d�1), respectively, es is the saturated
vapor pressure (kPa), RH is the relative humidity (%), and
U2 is the wind speed at a height of 2 m (m s�1).

[10] Modifying the Penman equation [Penman, 1948],
Linacre [1994] devised the PenPan model for estimating
pan evaporation (Ep) based on climate data:

Ep ¼
�

�þ 2:4�
Rn=�þ

�

�þ 2:4�
fqðU2Þ 1� RHð Þes=�;

where fq (U2) is the vapor transfer function. Based on the
PenPan model, Roderick et al. [2007] developed a differen-
tial model to separate the contributions of climatic variable
change from change in pan evaporation:

dEp �
@Ep

@Rn
dRn þ

@Ep

@U2
dU2 þ

@Ep

@D
dDþ @Ep

@T
dT :

Similarly, the contributions of climatic variables to the
change in potential evaporation can be estimated:

dE0 �
@E0

@Rn
dRn þ

@E0

@T
dT þ @E0

@U2
dU2 þ

@E0

@RH
dRH : ð10Þ

Furthermore,

dE0

E0
� Rn

E0

@E0

@Rn

� �
dRn

Rn
þ 1

E0

@E0

@T

� �
dT

þ U2

E0

@E0

@U2

� �
dU2

U2
þ RH

E0

@E0

@RH

� �
dRH
RH

¼ "3
dRn

Rn
þ "4 dT þ "5

dU2

U2
þ "6

dRH
RH

;

ð11Þ

where "3, "4, "5, and "6 are the elasticity of potential evapo-
ration with respect to changes in Rn, T, U2, and RH,
respectively.

[11] Combining equations (8) and (11), we obtain the
following:

dR
R
¼ "1

dP
P
þ "2"3

dRn

Rn
þ "2"4dT þ "2"5

dU2

U2
þ "2"6

dRH
RH

¼ P� þ R�n þ T� þ U�2 þ RH�;

ð12Þ

where P�, R�n, T�, U�2 , and RH� represent the changes due
to changing P, Rn, T, U2, and RH, respectively. The climate
elasticity indices "P ¼ "1, "Rn ¼ "2"3, "T ¼ "2"4, "U ¼
"2"5, and "RH ¼ "2"6 in equation (12) show the relative
contributions of the corresponding climatic variables to
runoff change.

[12] Changing air temperature can alter the atmospheric
state, which leads to changing potential evaporation, affect-
ing runoff. Changing air temperature also affects atmos-
pheric movement, which results in changing precipitation,
as global warming may cause an overall increase in conti-
nental precipitation due to greater evaporation from the
oceans [Gardner, 2009]. In this study we focus on the
direct effect of air temperature on runoff. We digress from
the indirect effect of air temperature, i.e., the changing pre-
cipitation caused by increasing air temperature, which can
be assessed by evaluating the effect of air temperature on
precipitation. For example, Chiew et al. [2009] assessed the
indirect effect of air temperature on runoff based on the
mean annual rainfall projection range of �10% to þ3%
changes per degree global warming from the GCMs.

2.3. Estimation of Climate Elasticity
[13] In many previous studies, climate elasticity was esti-

mated based on mean annual climatic variables [Arora,
2002; Dooge et al., 1999; Zheng et al., 2009]. Therefore,
equation (12) can be transformed into

dR

R
¼ "1

dP

P
þ "2"3

dRn

Rn
þ "2"4dT þ "2"5

dU2

U2
þ "2"6

dRH

RH
¼ P� þ R�n þ T� þ U�2 þ RH�; ð13Þ

where R, P, Rn, T , U2, and RH are the mean annual runoff,
precipitation, net radiation, air temperature, wind speed,
and relative humidity, respectively. The climate elasticity
can be expressed as follows:

"1 ¼
P

P� E
1� @f

@P

����
P¼P;E0¼E0

 !
and

"2 ¼ �
E0

P� E
@f
@E0

����
P¼P;E0¼E0

 !
;
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where f represents equation (5). Similarly,

"3 ¼
Rn

E0

@E0

@Rn

����
X¼X

; "4 ¼
1

E0

@E0

@T

����
X¼X

;

"5 ¼
U2

E0

@E0

@U2

����
X¼X

; and "6 ¼
RH

E0

@E0

@RH

����
X¼X

;

where ð Þ represents the mean annual values of the climatic
variables, and X ¼ X denotes Rn ¼ Rn;T ¼ T ;U2 ¼ U2;
RH ¼ RH .

3. Case Study
3.1. Study Region and Data

[14] The Futuo River Basin is located west of the Hai
River Basin, Northern China, with the Nanzhuang Hydro-
logic Station (113�140E, 38�280N) as the outlet of the catch-
ment (Figure 1). The catchment size, extracted using a
digital elevation model of 1 km resolution, has a drainage
area of 12,000 km2, with relatively few human alterations
(e.g., dams and irrigation) to the water balance. Its mean
annual potential evaporation (estimated by equation (9))
is 1313 mm a�1, and its mean annual precipitation is
520 mm a�1. The monthly discharge data for this catchment
were collected from 1961 to 2000. Daily meteorological
data collected in 12 stations from 1961 to 2000 included the
mean, maximum, and minimum air temperatures; sunshine
duration; wind speed; relative humidity; and precipitation.
Daily solar radiation data at four weather stations near this
catchment were also collected for this study.

[15] The procedure for calculating the catchment average
climatic variables are as follows: (1) a 10 km grid data set
covering the study areas was interpolated from the weather
station data; (2) potential evaporation was estimated in
each grid using equation (9); and (3) the catchment average

values were calculated. Air temperature was interpolated
using an inverse-distance weighted technique that considers
the effect of elevation. Other variables were interpolated
using an inverse-distance weighted technique. In the estima-
tion of net radiation, the solar radiation was calculated by
the Angstrom Equation [Allen et al., 1998] involving the
sunshine duration, where the parameters (as and bs) were
calibrated using the observed data for each month at the
four stations. The values of as and bs for each grid area were
obtained from the nearest station. The first-order estimation
of the net long-wave radiation was derived from the relative
sunshine duration, surface minimum and maximum air tem-
perature, and vapor pressure without considering the clouds,
as per the method recommended by the Food and Agricul-
ture Organization (FAO) of the United Nations [Allen et al.,
1998].

3.2. Trend in Climatic and Hydrologic Variables
[16] In section 3.1 the catchment average values of the

climatic and hydrologic variables were calculated. We also
calculated the mean annual values for the whole catchment
and examined the trends of the annual climatic variable se-
ries using linear regression. The significance of these trends
was analyzed by the Student’s t test. The results are shown
in Figure 2. The change rate is defined as the ratio of the
trend to the mean annual value (Table 2).

[17] As shown in Table 2, the mean annual precipitation
P and runoff R are 520 and 61 mm a�1, respectively, in the
period of 1961–2000. Moreover, the mean annual evapora-
tion was E from E ¼ P � R ¼ 459 mm a�1. After deter-
mining E, E0, and P, parameter n was estimated to be 1.6
according to equation (5).

[18] Figure 2 shows a significant (p ¼ 0.1) trend in P, Rn,
T, wind speed U2, RH, and R. U2 had a fluctuation increase
in the period of 1961–1980 and a decrease since 1980.
Table 2 shows the following: (1) Rn and U2 had significant

Figure 1. Futuo River basin and the hydrologic and weather stations.
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reductions (p < 0.001); (2) P, RH, and R decreased at a sig-
nificant level of 0.10; (3) along with P decreasing to �27
mm a�1 decade�1 (�5% decade�1), R declined to �6 mm
a�1 decade�1 (�10% decade�1); (4) this catchment had
been warming at 0.25�C decade�1; (5) Rn had a downward
trend of �1.4 W m�2 decade�1 (approximately �1.5%
decade�1); and (6) U2 had been declining at �0.14 m s�1

decade�1 (approximately �6% decade�1).

3.3. Climate Elasticity of Runoff
[19] Following section 2.3, we can estimate the climate

elasticity according to the mean annual climatic variables,

namely, "1 ¼ 2:36, "2 ¼ �1:36, "3 ¼ 0:58, "4 ¼ 0:035,
"5 ¼ 0:24, "6 ¼ �0:61. The change in runoff can be eval-
uated as follows:

dR

R
¼ 2:4

dP

P
� 0:79

dRn

Rn
� 0:048dT � 0:33

dU2

U2
þ 0:83

dRH

RH
: ð14Þ

Equation (14) indicates that a 1% P increase will result in
2.4% runoff increase; a 1% increase in Rn and U2 will lead
to 0.79% and 0.33% decrease in runoff, respectively ; a 1�C
T increase will cause a 4.8% runoff decrease; and a 1%
increase in RH will induce 0.83% increase in runoff. The

Figure 2. Changes in climatic variables and runoff in the Futuo River basin: (a) annual precipitation,
(b) net radiation, (c) air temperature, (d) wind speed at 2 m above ground, (e) relative humidity, and (f) runoff.

Table 2. Climatic and Hydrologic Variables in the Futuo River Basin

Mean Annual Trend Significance (p) Change Rate (% decade�1)

E0 1313 mmol a�1 �24.2 mmol a�1 decade�1 0.02 �1.8
P 520 mmol a�1 �26.7 mmol a�1 decade�1 0.092 �5.1
Rn 94 W m�2 �1.4 W m�2 decade�1 <0.001 �1.5
Rns 139 W m�2 �2.4 W m�2 decade�1 <0.001 �1.7
Rnl 46 W m�2 �1.0 W m�2 decade�1 <0.001 �2.2
T 5.9�C 0.25�C decade �1 <0.001

U2 2.5 m s�1 �0.14 m s�1 decade�1 <0.001 �5.7
RH 59% �0.7% decade�1 0.076 �1.1
R 60.7 mmol a�1 �5.9 mmol a�1 decade�1 0.089 �9.7
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value of "P is 3–10 times larger than that of the other cli-
matic variable elasticities in this catchment, indicating that
runoff is more sensitive to precipitation than to other cli-
matic variables.

[20] Substitution of the change rate of climatic variables
into equation (14) leads to P� ¼ �12.0% decade�1, R�n ¼
1.2% decade�1, T� ¼ �1.2% decade�1, U�2 ¼ 1.9%
decade�1, and RH� ¼ �0.9% decade�1. The runoff change
dR/R ¼ �11% decade�1 was calculated. The results show
an 11% decade�1 decrease in runoff, which is close to the
observed change of 10%. The results also indicate that pre-
cipitation decrease is the main cause of declining runoff in
this catchment, about �12% decade�1. The weakening
wind speed had a relatively greater effect on runoff, about
2% decade�1. Moreover, regional warming led to a 1.2%
decade�1 decline in runoff, which compensated for the pos-
itive effect of regional dimming (1.2% decade�1). Wind
speed had an equivalent effect to that of air temperature on
runoff because of the significant decline in wind speed in
the past several decades, e.g., a 28% decrease in the annual
mean wind speed over China in the period of 1969–2000
[Xu et al., 2006]. This means that the elasticity of runoff
with respect to wind speed needs to be evaluated aside
from that to precipitation and air temperature.

3.4. Comparison With Statistics Method
[21] In many previous studies [e.g., Chiew, 2006; Nie-

mann and Eltahir, 2005; Novotny and Stefan, 2007; San-
karasubramanian and Vogel, 2003], the climate elasticity
was estimated by median descriptive statistics [Sankarasu-
bramanian et al., 2001]:

" ¼ median
Ri � R
� �	

R

Xi � X
� �	

X

" #
; ð15Þ

where X denotes the climatic variables (e.g., P, Rn, and T),
and R and X denote the mean annual runoff and any cli-
matic variable, respectively. The value of

Ri � R
� �	

R

Xi � X
� �	

X

" #

is calculated for each pair of Ri and Xi, and the median of
these values is the nonparametric estimator of climate elas-
ticity of runoff ". Recently, Zheng et al. [2009] suggested "
as the linear regression coefficient between �Xi

	
X and

�Ri
	

R. Elasticity can be estimated using the following
least squares estimator :

" ¼ X

R

P
Xi � X
� �

Ri � R
� �

P
Xi � X
� �2 : ð16Þ

Following equation (15), climate elasticity can be estimated
as

"P ¼ median
Ri � R
� �	

R

Pi � P
� �	

P

" #
; "Rn ¼ median

Ri � R
� �	

R

Rni � Rn
� �	

Rn

" #
;

"T ¼ median
Ri � R
� �	

R

Ti � T
� �	

T

" #
;

etc., and the runoff change in the Futuo River basin as

dR

R
¼ 1:30

dP

P
� 0:14

dRn

Rn
� 0:12dT þ 1:21

dU2

U2

þ 4:61
dRH

RH
¼ �18% decade�1:

Equation (16) estimates

"P ¼
P

R

P
Pi � P
� �

Ri � R
� �

P
Pi � P
� �2 :

as well as "Rn, "T , "U , and "RH, and further evaluates the
runoff change as

dR

R
¼ 1:05

dP

P
� 45:9

dRn

Rn
� 1:09dT þ 21:2

dU2

U2

þ 5:24
dRH

RH
¼ �64% decade�1:

The results show that the runoff change estimated by equa-
tion (15) is twice as large as the observed runoff change
(approximately �10% decade�1), and the change estimated
by equation (16) is up to five times as large. A possible rea-
son for this is the relatively small sample size, which leads
to a relatively large error in the climate elasticity [Zheng et
al., 2009]. Climate elasticity, given in equation (15), was
tested and found to be robust through Monte Carlo experi-
ments for three catchments in the United States [Sankara-
subramanian et al., 2001]. Compared with equations (15)
and (16), which require large amounts of historical climatic
and hydrologic data, the analytical derivation proposed in
the present study can estimate climate elasticity based only
on the mean annual climate and catchment characteristics
(the parameter n).

3.5. Correlation of Net Radiation With Air
Temperature

[22] In section 2, Rn and T were considered as two inde-
pendent variables. Rn is related to T, which includes two
parts: net short wave radiation Rns and net long wave radia-
tion Rnl :

Rn ¼ Rns � Rnl; ð17Þ

Rnl can be estimated as follows:

Rnl ¼ "s�T4 1� "að Þ; ð18Þ

where T is the surface air temperature (K), � is the Stefan-
Boltzman constant (with a value of 5.67 � 10�8

W m�2 K�4), "s is the surface emissivity (0.98), and "a is
the clear-sky air emissivity. "a can be estimated from the
cloudy-sky air emissivity, "ac [Lhomme et al., 2007]:

"a ¼ �0:34Rs=Rs0 þ 1:37ð Þ"ac; ð19Þ

where Rs0 is the clear-sky solar radiation, which can be cal-
culated by the method recommended by FAO [Allen et al.,
1998]. The value of "ac was determined using an empirical
equation (e.g., the six formulas shown in Table 3).
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[23] As a first-order approach, the change in Rnl can be
expressed as follows:

dRnl ¼
�Rnl

�T
dT : ð20Þ

For the Futuo River catchment, we calculated the net long
wave radiation Rnl,1 and Rnl,2 related to T1 ¼ 5.4�C and T2
¼ 6.4�C (average air temperature 5.9�C � 0.5�C). The
value of �Rnl=�T was approximated as

�Rnl

�T
¼ Rnl;2 � Rnl;1

T2 � T1
:

Different results were obtained from the different formulas
for "ac, as shown in Table 4. The range covers
�0.05 to �01.01 MJ m�2 d�1 �C�1, with a mean of �0.02
MJ m�2 d�1 �C�1. When dRnl ¼ �0.05dTa, the effect on
runoff was estimated as �ð@E0=@RnÞdRnl ¼ �6:24
�0:05dTð Þ ¼ 0:31dT ; when dRnl ¼ 0.01dT, the effect was
�6.24 (0.54dT) ¼ �0.06dT. At the same time, the direct
effect of T on runoff was ð@E0=@TÞdT ¼ 35:8dT . In other
words, the relative error was less than 1% if the effect of T
on Rn was ignored. Hence, equation (11) is acceptable.

4. Climate Elasticity of Runoff in the Northern
Part of China
4.1. Elasticity of Runoff to Precipitation and Potential
Evaporation

[24] According to equation (5), we can derive the elastic-
ity of runoff to precipitation "P and the elasticity to poten-
tial evaporation "2 as

"P ¼ 1� 1
.

1þ P=E0ð Þn½ �1þ1=n
n o.

1� 1
.

1þ P=E0ð Þn½ �1=n
n o

ð21Þ

and

"2 ¼ �
1

1þ E0=Pð Þn½ �1þ1=n
	 1

1
E0=P� 1

1þ E0=Pð Þn½ �1=n

: ð22Þ

The relationship of precipitation elasticity "P and potential
evaporation elasticity "2 with the parameter n and the arid
index E0/P is given in Figure 3. Figure 3 shows that "P
increases with increasing E0/P when the parameter n is
held constant. In other words, arid regions have larger "P
and "2 than humid regions when they have similar catch-
ment characteristics. Figure 3 also shows that "P and "2 are
sensitive to the parameter n (representing the catchment
characteristics) but are much less sensitive to E0/P, espe-
cially in arid and semiarid regions (E0/P > 1). This indi-
cates that catchment characteristics have greater effects on
"P and "2 than climate change (parameterized as E0/P) has.
In particular, "P and "P are approximately constant when
E0/P is larger than 2. Catchments with a relatively large n
has a large "P, where the evaporation coefficient E/P is
large and the runoff coefficient is small. In other words,
precipitation elasticity decreases with the increase in runoff
coefficient. This phenomenon was found in 219 catchments
across Australia [Chiew, 2006].

[25] The parameter n shows a relatively large variability.
For example, Yang et al. [2007, 2008] found that the pa-
rameter n for 108 catchments in the northern part of China,
including the Yellow River Basin and the Hai River Basin,
was approximately 1.5–3.0. Choudhury [1999] found the
parameter n ¼ 2.6 and n ¼ 1.8 in different catchments.
However, many previous studies did not pay enough atten-
tion to the effect of catchment characteristics on climate
elasticity, and thus they attempted to derive climate elastic-
ity based on a single Budyko-type curve. For example, San-
karasubramanian et al. [2001] employed the Turc-Pike
equation [Pike, 1964; Turc, 1954] to derive climate elastic-
ity. Arora [2002] quantified climate elasticity using differ-
ent Budyko-type formulas, but he only emphasized the
differences among the formulas and did not note the possi-
ble causes of the differences. As far as we know, different
formulas have been possibly proposed based on data from
some basins with different catchment characteristics,
implying the effects of catchment characteristics to a cer-
tain extent.

[26] The curve (n! 0) describes the relationship of "P
and "2 with the arid index (E0/P) in catchments with a very
low water storage in the subsurface, where "P is close to 1
(i.e., 1% precipitation change leading to 1% runoff change)
and "2 is close to 0. The curve (with large n) describes the
relationship of "P and "2 with E0/P in the catchments with
a very high water storage in the subsurface, such as the
plain catchments with a deep quaternary soil layer, where
there are large "P and "2 (i.e., 1% precipitation or potential
evaporation change resulting in a volume several times
larger than the 1% runoff change).

4.2. Climate Elasticity in the Northern Part of China
[27] In this study, we analyzed the elasticity of runoff to

precipitation, net radiation, temperature, wind speed, and
relative humidity in 89 catchments in the semiarid and
semihumid regions of China located in the northern part,

Table 3. Formulas for Estimating Atmospheric Emissivity Under
Clear Skies

Formulas for Clear-Sky Emissivity Reference

"ac ¼ 0:5893þ 5:351� 10�2 ffiffiffiffiffi
ea
p

Marshunova [1966]
"ac ¼ 9:294� 10�6T2 Swinbank [1963]

"ac ¼ 1� 0:26 exp �7:77� 10�4 273� Tð Þ2
h i

Idso and Jackson [1969]

"ac ¼ 1:24
ea

T

� �1=7
Brutsaert [1975]

"ac ¼ 1:08 exp �ea
T=2016

� �
Satterlund [1979]

"ac ¼ 0:23þ 0:848
ea

T

� �1=7
Konzelmann et al. [1994]

Table 4. Effect of Air Temperature on Net Long-Wave Radiation
Estimated by Different Formulas (MJ m�2 d�1 �C�1)

Formulas for Clear-Sky Emissivity �Rnl=�T

Marshunova [1966] �0.02
Swinbank [1963] �0.03

Idos and Jachson [1969] 0.01
Brutsaert [1975] �0.05
Satterlund [1979] �0.02

Konzelmann et al. [1994] �0.01
Average �0.02

W07526 YANG AND YANG: DERIVATION OF CLIMATE ELASTICITY OF RUNOFF W07526

7 of 12



including the Yellow River Basin and the Hai River Basin.
Figure 4 shows the distribution of the 89 study catchments,
the basic characteristics of which are listed in Table 5. For
more details about the catchments characteristics and data
processing see Yang et al. [2007]. According to the method
proposed in section 2, we calculated the elasticity of runoff
to precipitation, net radiation, temperature, wind speed, and
relative humidity (Figure 5).

[28] In the 89 catchments, precipitation elasticity "P
ranged from 1.6 to 3.9 (2.6 on average), indicating that a
1% P change causes 1.6% to 3.9% change in runoff. The
high values of "P > 2.6 occurred in the middle stream of
the Yellow River basin, and the catchments in the Hai
River basin and the upstream of the Yellow River basin
had relatively small values of "P < 2.6. Some previous
studies show similar results. For example, Ma et al. [2010]
estimated "P ¼ 2:4 in the Miyun catchment of the Hai
River basin using a multiple regression method, and Zheng
et al. [2009] calculated "P ¼ 2:1 in the headwater catch-
ments of the Yellow River basin. However, Rose [2009]

detected the rainfall-runoff trends in 10 subregions of a
482,000 km2 in southeastern United States in 1938–2005.
The results of his study showed that a 1% change in precip-
itation results in a 1.2%–2.3% (1.8% on average) change in
runoff. Apparently, "P for the 10 subregions is statistically
less than that for the 89 catchments. The possible reason
for this is that the former study regions are in humid
regions (P of approximately 1200 mm/a), and the latter are
in semihumid and semiarid regions (with P ranging from
100 to 630 mm/a). Sankarasubramanian et al. [2001]
revealed the phenomenon that larger values of "P occur in
more arid regions.

[29] In the 89 catchments, a 1�C increase in temperature
produced a 2%–11% (5% on average) decrease in runoff.
The large values of "T < �7% �C�1, mainly occurred in
the middle stream of the Yellow River basin, and the catch-
ments of the Hai River basin had 0 > "T > �7% �C�1 (Fig-
ure 5c). Ma et al. [2010] estimated "T ¼ �4% �C�1 in the
Miyun catchment of the Hai River basin using a multiple
regression method. The Hanjiang basin, adjacent to the

Figure 3. Relationship of the precipitation elasticity "P and potential evaporation elasticity "2 with the
arid index E0/P and the parameter n.

Figure 4. The 89 catchments across the arid regions of Northern China (the triangle placed in the outlet
of each catchment).
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Table 5. Basic Characteristics of the 89 Catchments in the Northern Part of China

No. Latitude (�N) Longitude (�E) Area (km2) P (mmol a�1) Ep (mmol a�1) n Rn (W m�2) T (�C) U2 (m s�1) RH (%)

1 117.3 41.12 59.0 484 1187 1.6 100.9 5.91 2.18 55
2 117.74 40.6 127.6 607 1098 1.5 92.2 8.10 1.97 58
3 118 40.37 131.1 622 1060 1.5 86.3 8.43 1.95 59
4 117.76 41.96 42.7 422 1138 1.6 92.3 3.94 2.38 54
5 118.17 40.76 82.1 564 1078 1.8 89.5 7.67 1.72 56
6 117.68 41.3 40.6 452 1149 1.8 98.5 4.89 2.23 55
7 118.49 40.62 117.4 591 1061 1.6 86.1 8.10 1.83 57
8 119.2 40.46 126.6 597 1081 1.5 85.2 8.21 1.98 58
9 118.68 40.98 77.6 551 1050 1.8 83.8 7.24 1.84 55
10 119.04 40.13 143.1 627 1102 1.4 86.2 8.82 2.19 60
11 117.03 40.07 95.6 581 1180 1.6 91.6 9.72 2.17 58
12 116.68 41.2 52.7 443 1234 1.5 98.8 5.30 2.52 55
13 114.42 40.63 28.5 399 1294 1.7 94.9 5.07 3.10 54
14 115.26 40.96 47.6 407 1259 1.5 93.4 3.86 3.06 54
15 114.88 40.82 32.6 396 1295 1.7 92.0 4.51 3.13 53
16 114.73 40.25 16.1 442 1279 2.3 95.3 5.15 3.19 56
17 115.15 40.5 24.4 375 1313 1.7 95.2 4.93 3.14 53
18 114.63 39.08 76.4 495 1323 1.4 96.7 6.05 3.42 58
19 114.88 38.89 59.6 521 1331 1.6 94.1 8.78 3.08 60
20 114.18 38.85 68.1 532 1394 1.5 98.6 7.07 3.67 59
21 113.71 38.39 45.5 518 1310 1.8 93.6 6.30 3.46 58
22 114.13 38.04 60.8 531 1203 1.8 92.0 9.11 2.49 59
23 114.2 38.25 75.4 544 1339 1.5 92.4 10.70 2.92 60
24 115.18 38.16 31.8 548 1365 2.2 93.5 10.75 3.05 61
25 113.5 36.75 59.0 524 1064 1.9 90.7 8.29 1.83 60
26 113.75 36.47 78.4 539 1080 1.7 76.1 10.71 1.87 61
27 98.16 34.89 34.6 346 1137 1.5 116.8 �1.64 2.69 54
28 99.65 33.75 76.2 465 1035 1.5 114.8 �1.86 2.57 60
29 100.64 34.68 183.5 543 1016 1.0 112.1 0.34 2.29 62
30 101 36.91 61.5 365 1109 1.2 107.8 1.56 2.35 54
31 101.36 36.67 87.5 300 1175 0.8 114.1 0.41 2.50 50
32 101.79 36.64 95.4 364 1103 1.0 102.4 2.97 2.23 55
33 102.42 36.48 96.2 359 1098 1.0 100.8 3.88 2.20 56
34 102.48 34.6 197.7 590 972 1.1 109.2 0.85 2.06 64
35 103.44 36.19 25.9 321 1158 1.6 89.8 4.82 2.59 56
36 105.05 35.68 16.1 429 1132 2.4 95.9 6.55 2.70 64
37 104.9 36.2 12.6 395 1152 2.4 91.2 6.61 2.52 62
38 104.69 36.56 11.3 392 1109 2.5 88.2 6.76 2.20 62
39 111.09 39.28 49.9 394 1241 1.4 90.2 6.65 2.41 54
40 111.22 39.17 13.0 441 1182 2.5 90.9 5.40 2.58 56
41 111.03 39.05 64.0 409 1226 1.3 89.6 7.00 2.40 54
42 111.14 38.95 7.9 451 1170 3.0 91.1 5.24 2.62 56
43 111.22 38.47 49.6 450 1147 1.6 94.5 6.03 2.24 56
44 110.4 39.07 55.9 375 1303 1.2 92.7 6.71 2.70 52
45 110.74 38.49 69.0 423 1239 1.3 90.9 8.01 2.37 55
46 110.48 38.03 63.9 428 1216 1.4 91.8 8.28 2.29 55
47 110.74 37.8 48.8 454 1181 1.6 90.7 8.42 2.27 56
48 110.75 37.42 60.7 469 1135 1.6 94.2 7.50 2.15 57
49 109.73 38.03 32.2 349 1267 1.5 92.0 7.80 2.47 53
50 110.42 37.24 35.6 380 1272 1.5 90.3 7.66 2.54 53
51 109.28 37.97 31.5 416 1150 1.8 81.0 7.68 2.19 56
52 109.48 37.93 45.0 425 1205 1.6 84.0 8.30 2.23 55
53 109.7 37.15 43.5 471 1095 1.8 79.5 8.31 2.05 57
54 110.19 36.89 42.6 480 1120 1.9 80.1 9.13 2.06 58
55 110.72 36.47 37.3 502 1090 2.2 86.1 8.93 2.00 60
56 109.81 36.7 37.4 502 1080 2.2 80.0 8.86 1.98 59
57 109.45 36.63 40.9 475 1086 2.0 79.7 8.32 2.02 58
58 109.33 36.63 33.3 496 1080 2.2 80.3 8.56 1.98 59
59 109.99 36.34 19.4 531 1103 3.0 85.1 9.12 1.96 60
60 110.26 36.24 23.7 529 1098 2.8 81.4 9.91 2.01 60
61 110.28 36.08 35.0 554 1139 2.4 87.0 9.35 2.15 61
62 110.65 36.08 43.1 518 1095 2.2 87.1 9.38 2.04 60
63 108.19 36.9 29.3 423 1123 2.0 80.6 7.52 2.15 57
64 108.74 36.84 44.7 458 1081 1.8 79.2 7.63 2.05 58
65 109.34 35.7 27.3 576 1107 2.9 81.8 9.75 2.16 63
66 109.13 35.89 21.2 534 1078 3.0 82.2 8.60 2.03 62
67 109.29 35.61 45.8 579 1099 2.4 84.3 9.34 2.18 64
68 104.22 35.14 38.5 486 965 2.3 84.9 5.77 1.84 66
69 106.43 34.53 19.5 524 1061 3.0 106.4 8.70 1.99 66
70 107.7 34.3 85.1 637 1015 2.2 103.2 10.67 1.65 69

W07526 YANG AND YANG: DERIVATION OF CLIMATE ELASTICITY OF RUNOFF W07526

9 of 12



Yellow River basin, had a value of "T ¼ �4% �C�1 [Chen
et al., 2007]. They agree with our results. A 1% Rn change
produced between �0.3% and �1.9% (�1.0% on average)
runoff. Relatively small values of �0.7 < "Rn < �1.0
occurred in the catchments in the Hai River basin, and the
smallest values occurred upstream of the Yellow River ba-
sin. The values of "U and "RH ranged from �0.1 to �0.8
(�0.4 on average) and from 0.2 to 1.9 (1.0 on average),
respectively.

[30] The relatively small values of elasticities primarily
occurred upstream of the Yellow River basin and the Hai
River basin, whereas the relatively larger values primarily
occurred in the middle stream of the Yellow River basin.
Wang et al. [2002] analyzed the effects of climate change
on runoff in the Yellow River basin using a monthly hydro-
logical model ; their results showed smaller elasticities
("P ¼ 1:2 and "T ¼ �4:0% �C�1) in the upstream and
larger ones ("P ¼ 1:9 and "T ¼ �5:2% �C�1) in the middle
stream, consistent with ours.

[31] In addition, eight catchments, where the runoff data
length is more than 35 years and the annual runoff (p <
0.05) has significant trends, were chosen to analyze the
attribution of runoff change. Similar to section 3.2, trends
in annual climatic variables and runoff series were detected
using linear regression. The contributions of climatic varia-
bles to runoff change P�, R�n, T�, U�2, RH� were estimated,
the sum of which was the calculated runoff change
dR
	

R
��
cal. The observed runoff change dR

	
R
��
obs was

detected using linear regression, which was close to
dR
	

R
��
cal (Table 6). However, the differences between

dR
	

R
��
obs and dR

	
R
��
cal are notable. The possible causes are

the following: (1) dR
	

R
��
cal was calculated when the impact

of land cover change was ignored and (2) some climatic
variables have relatively large variabilities but no signifi-
cant trends. As shown in Table 6, P decrease was primarily
responsible for the runoff change in the eight catchments,
and its effect was much larger than that of the other varia-

bles. In these catchments, the effect of increasing T on
runoff was negative, which was fortunately compensated
by the decrease in wind speed and net radiation. However,
‘‘global brightening’’ has been apparent since the 1980s, as
revealed in many studies [e.g., Wild, 2009]. This implies a
negative effect on runoff and aggravation of the shortage of
water resources.

5. Conclusion
[32] Climate elasticity is widely used to assess the

response of runoff to climate change. In this study we ana-
lytically derived climate elasticity to assess hydrologic
response to climate change by expanding the first-order dif-
ferential of the mean annual water-energy balance equation
[Choudhury, 1999; Yang et al., 2008] and the Penman
equation [Penman, 1948]. Based on the mean annual values
of the climatic variables, the climate elasticity of runoff
can be estimated to separate the effects of climatic varia-
bles (i.e., P, T, Rn, U2, and RH) on runoff. The effect of
catchment characteristics on climate elasticity can be
described by adjusting the parameter n. Climate elasticity
is sensitive to the parameter n (representing the catchment
characteristics).

[33] The Futuo River Basin, located in the Hai River
Basin of Northern China, has significant changes in
climatic variables, namely, P decreasing at 26.7 mm a�1

decade�1, Rn decreasing at �1.4 W m�2 decade�1, T
increasing at 0.37�C decade�1, U2 declining at �0.14
m s�1 decade�1, and RH decreasing at �0.7% decade�1,
which lead to a �10% decade�1 runoff change. The 1%
increase in P, Rn, U2, and RH results in a 2.4% increase,
0.8% decrease, 0.3% decrease, and 0.8% increase in runoff,
respectively. A 1�C T increase produces a 5% runoff
decrease. In this catchment, P decrease is the main cause of
the runoff decline; U2 decline has the second greatest effect.

Table 5. (continued)

No. Latitude (�N) Longitude (�E) Area (km2) P (mmol a�1) Ep (mmol a�1) n Rn (W m�2) T (�C) U2 (m s�1) RH (%)

71 108.7 34.31 75.9 680 1014 2.6 83.6 12.44 1.71 70
72 105.37 34.77 22.1 478 1063 2.5 107.0 7.06 2.32 66
73 105.67 34.9 32.4 471 1106 2.1 101.2 7.06 2.50 65
74 105.69 34.57 43.4 534 1062 2.3 106.3 8.84 1.93 66
75 108.59 34.8 46.4 599 1041 2.6 82.3 9.79 2.17 66
76 107.32 35.32 51.6 512 1071 2.0 94.2 7.85 2.16 65
77 108.14 35.01 38.6 516 1085 2.2 90.0 8.67 2.19 64
78 107.18 36.77 15.7 377 1224 2.0 95.8 7.49 2.43 56
79 107.88 36 21.0 454 1132 2.3 92.1 8.03 2.25 60
80 107.9 36.08 28.9 480 1086 2.3 84.6 8.06 2.08 61
81 107.88 35.33 24.8 540 1088 2.8 86.6 8.88 2.12 63
82 107.39 35.02 39.0 564 1066 2.5 102.6 9.45 1.90 66
83 112.15 34.52 122.5 645 1131 1.6 85.9 12.76 2.19 65
84 112.15 34.72 94.1 605 1149 1.7 85.2 13.08 2.19 64
85 112.52 35.47 77.0 537 1086 1.7 89.2 9.60 1.94 61
86 113.2 35.1 38.0 609 1210 2.5 86.5 14.24 2.36 65
87 112.98 35.25 67.8 580 1081 2.0 82.2 10.72 2.13 64
88 116.45 35.9 81.2 700 1353 2.0 86.2 13.11 3.34 65
89 116.62 36.19 59.9 712 1374 2.3 86.1 12.88 3.45 64

Mean 110.55 37.32 55.9 493 1150 1.9 91.6 7.5 2.34 59
Min. 98.16 33.75 7.9 300 965 0.8 76.1 �1.9 1.65 50
Max. 119.20 41.96 197.7 712 1394 3.0 116.8 14.2 3.67 70
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[34] Precipitation elasticity "P and potential evaporation
elasticity "2 are sensitive to catchment characteristics and
relatively insensitive to climate (the arid index E0/P), espe-
cially when E0/P > 2. "P and "2 increase with E0/P under
similar catchment characteristics. By holding the arid index
constant, the absolute values of both "P and "2 increase
with the increasing parameter n (e.g., the capacity holding
water increasing).

[35] In the 89 catchments across the Hai River and
the Yellow River basins of Northern China, a 1% P
change leads to a 1.6%–3.9% runoff change, and a 1�C
T increase produces a 2%�11% runoff decrease. A 1%

change in Rn, U2, and RH causes �0.3% to �1.9%,
�0.1% to �0.8%, and 0.2%–1.9% change in runoff,
respectively. Among the 89 catchments, eight catchments
were chosen to analyze the attribution of runoff change,
where precipitation decrease was primarily responsible
for the runoff change, and the effect of increasing T on
runoff was negative, which was fortunately compensated
by the decrease in U2 and Rn. However, ‘‘global bright-
ening’’ has been apparent since the 1980s, as revealed in
many studies [e.g., Wild, 2009]. This implies a negative
effect on runoff and aggravation of the shortage of water
resources.

Figure 5. Elasticity of annual runoff to (a) precipitation, (b) net radiation, (c) air temperature, (d) wind
speed, and (e) relative humidity in the 89 catchments.
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Table 6. Attribution of Annual Runoff Change in Eight
Catchmentsa

No. P� R�n T� U�2 RH� dR
�R

��
cal

dR
�R

��
obs

37 �17.5 0.6 �1.3 0.3 0.0 �18 �27
38 �13.9 0.5 �1.3 0.3 0.1 �14 �12
39 �14.3 0.6 �1.4 0.4 0.0 �15 �11
45 �7.2 0.5 �0.2 1.3 0.0 �6 �7
49 �10.1 0.8 �1.3 0.4 �1.2 �11 �10
70 �12.2 1.7 �0.8 0.6 �0.4 �11 �27
75 �17.9 2.0 �1.4 2.0 �0.9 �16 �8
77 �13.2 1.2 �1.6 2.0 �0.5 �12 �19

aIn the eight catchments, length of runoff data time series was more than
36 years, and annual runoff with a significant trend a ¼ 0.05. Unit: %
decade�1.
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