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Abstract. The partitioning of precipitation into runoff (R)
and evapotranspiration (E), governed by the controlling pa-
rameter in the Budyko framework (i.e., n parameter in the
Choudhury and Yang equation), is critical to assessing the
water balance at global scale. It is widely acknowledged that
the spatial variation in this controlling parameter is affected
by landscape characteristics, but characterizing its temporal
variation remains yet to be done. Considering effective pre-
cipitation (Pe), the Budyko framework was extended to the
annual water balance analysis. To reflect the mismatch be-
tween water supply (precipitation, P ) and energy (potential
evapotranspiration, E0), we proposed a climate seasonality
and asynchrony index (SAI) in terms of both phase and am-
plitude mismatch between P and E0. Considering stream-
flow changes in 26 large river basins as a case study, SAI
was found to the key factor explaining 51 % of the annual
variance of parameter n. Furthermore, the vegetation dynam-
ics (M) remarkably impacted the temporal variation in n,
explaining 67 % of the variance. With SAI and M , a semi-
empirical formula for parameter n was developed at the an-
nual scale to describe annual runoff (R) and evapotranspira-
tion (E). The impacts of climate variability (Pe, E0 and SAI)

and M on R and E changes were then quantified. Results
showed that R and E changes were controlled mainly by the
Pe variations in most river basins over the globe, while SAI
acted as the controlling factor modifying R and E changes
in the East Asian subtropical monsoon zone. SAI, M and E0
have larger impacts on E than on R, whereas Pe has larger
impacts on R.

1 Introduction

Climate variability, vegetation dynamics and water balance
are interactive, and this interaction is critical in the evalua-
tion of the impact of climate change and vegetation dynamics
on water balance at the basin scale and for the management
of water resources (Milly, 1994; Yang et al., 2009; Weiss et
al., 2014; Zhang et al., 2016c). The models that can quan-
tify the climate–vegetation–hydrology interactions without
calibration using observed evapotranspiration or runoff are
particularly needed for hydrological prediction in ungauged
basins (Potter et al., 2005). Furthermore, quantifying the in-
fluence of climate variability and vegetation dynamics on hy-
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drological variability is critical in differentiating the factors
that drive the hydrological cycle in both space and time (Yan
et al., 2014; Dagon and Schrag, 2016; Zhang et al., 2016a).

The Budyko framework was developed to quantify the par-
titioning of precipitation into runoff and evapotranspiration
(Koster and Suarez, 1999; Xu et al., 2013) and was widely
used to evaluate interactions amongst climate, catchment
characteristics and hydrological cycle (Yang et al., 2009; Cai
et al., 2014; Liu et al., 2017b; Ning et al., 2017). How-
ever, the controlling parameter of the Budyko framework
usually needs to be calibrated, based on observed data. If
the controlling parameter can be determined using the avail-
able data, then the Budyko framework can be employed in
modeling the hydrological cycle in ungauged basins (Li et
al., 2013). That is why considerable attention has been de-
voted to quantifying the relationship between the control-
ling parameter and explanatory variables (e.g., Yang et al.,
2009; Abatzoglou and Ficklin, 2017). Most of the relation-
ships were evaluated at a long-term scale (Abatzoglou and
Ficklin, 2017; Gentine et al., 2012; Li et al., 2013; Xu et al.,
2013; Yang et al., 2007, 2009; Zhang et al., 2016c) due to the
steady-state assumption of the Budyko model. However, hy-
drological processes, such as water storage, are usually non-
stationary due to climate change and human activities (Greve
et al., 2016; Ye et al., 2015). It should be noted here that the
variability of controlling parameters from year to year may
be considerably large in a specific river basin, which can be
significantly affected by variations in vegetation cover and
climate conditions. Hence, it is necessary to develop a model
to estimate annual variations in controlling parameters. In a
recent study, Ning et al. (2017) established an empirical re-
lationship of the controlling parameter at the annual scale
in the Loess Plateau of China. However, the annual values
of the optimized controlling parameter in their study were
calibrated with the Fu equation without consideration of the
annual water storage changes (1S). But 1S was identified
as a key factor causing annual variations in water balance in
most river basins, particularly in river basins of arid regions
(e.g., Chen et al., 2013). Therefore, considering water storage
changes, the effective precipitation (Pe), which is the differ-
ence between precipitation and water storage change (Chen
et al., 2013), was used to extend the Budyko framework to
annual-scale water balance analysis and was used to calibrate
n.

Climate seasonality (SI, seasonality index) was identified
to reflect the non-uniformity in the intra-annual distribution
of water and energy, which plays a role in the variation in
controlling parameter in the Budyko model (Woods, 2003;
Ning et al., 2017; Yang et al., 2012; Abatzoglou and Ficklin,
2017). It is noted that distributions of water and energy were
reflected not only by differences of seasonal amplitudes of
P and E0 but also by the phase mismatch between P and
E0. In this case, we proposed a climate seasonality and asyn-
chrony index (SAI) to reflect the seasonality and asynchrony
of water and energy distribution.

Vegetation coverage has also been found to be closely
related to the spatial variation in the controlling parameter
(Yang et al., 2009). Li et al. (2013) and Xu et al. (2013) used
vegetation coverage to model the spatial variation in the con-
trolling parameter in the major large basins over the globe
at a long-term scale. However, the effect of climate variabil-
ity was not considered, and the impact of vegetation dynam-
ics on the temporal variation in the controlling parameter
was not fully investigated. Zhang et al. (2016c) established
the relationship of parameter n with vegetation changes over
northern China and suggested that the relationship needed
to be further assessed in other river basins across the globe.
Also, they confirmed the impact of climate seasonality on
parameter n and suggested future studies on its impacts on
n. Therefore, this study developed a semi-empirical formula
for parameter n with SAI and M as predictor variables at
the annual scale, using meteorological and hydrological data
from 26 large river basins from around the globe with a broad
range of climate conditions.

Much work has been done to address water balance vari-
ations (e.g., Liu et al., 2017a; Zeng and Cai, 2016; Zhang
et al., 2016a, b). For instance, Zeng and Cai (2016) evalu-
ated the impacts of P , E0 and 1S on the temporal variation
in evapotranspiration for large river basins. However, little
is known about the influence of M and SAI on the hydro-
logical cycle, particularly on their contributions to variations
in runoff and evapotranspiration. The impact of M and SAI
on the water balance is critical for water balance modeling.
Therefore, based on the developed semi-empirical formula,
this study further assessed the causes of variation in R and
E. The objectives of this study were (1) to propose a climate
SAI to reflect the mismatch of water and energy; (2) to de-
velop an empirical model for the controlling parameter n at
the annual scale using data from 26 large river basins from
around the globe; and (3) to investigate the impact of SAI
and other factors on the R and E variations.

2 Data

Monthly terrestrial water budget data covering a period of
1984–2006 were collected from 32 large river basins from
around the globe (Pan et al., 2012). The dataset, including
P , E, R and 1S, combined data from multiple sources,
such as in situ observations, remote sensing retrievals, model
simulations and global reanalysis products, which were ob-
tained using assimilation weighted with the estimated error.
For more details on this dataset, reference can be made to
Pan et al. (2012). This dataset, which was deemed to one
of the best water budget estimates, has already been applied
to assess the impact of vegetation, topography, latitude and
terrestrial storage on the spatial variability of the control-
ling parameter in the Budyko framework and the evapotran-
spiration variability over the past several years (Arnell and
Gosling, 2013; Li et al., 2013; Xu et al., 2013; Zeng and Cai,
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2016). The dataset has been designed to explicitly close the
water budget. And that the use of data assimilation might
lead to unphysical variability. As a result, Li et al. (2013)
found that more than 20 % of data in six basins among the
32 global basins were beyond the energy and water limits,
and suggested analysis on water–energy balance using the
remaining 26 basins. Following Li et al. (2013), we evalu-
ated the impact of climate variability and vegetation dynam-
ics on the spatiotemporal variation in the controlling param-
eter and the water balance of the 26 river basins. Detailed in-
formation about the characteristics of the 26 basins is given
in Table 1. Monthly potential evapotranspiration (E0) data
from 1901 to 2015 at a spatial resolution of 0.5◦ were ob-
tained from the Climatic Research Unit of the University of
East Anglia (https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_3.
24.01/cruts.1701201703.v3.24.01/pet/). A monthly normal-
ized difference vegetation index (NDVI) covering a period
of 1981–2006 was obtained from Global Inventory Model-
ing and Mapping Studies (GIMMS) (Buermann, 2002; Li et
al., 2013).

3 Methods

3.1 The Budyko framework at annual scale

The Budyko framework has been widely used in the as-
sessment of impacts of climate and vegetation variations on
the hydrological cycle. There are several analytical equa-
tions proposed under the Budyko framework, among which
the function deduced by Choudhury (1999) and Yang et
al. (2008) has been identified to perform better than other
equations (Zhou et al., 2015). The function can be expressed
as follows:

E =
PE0(

P n+En0
)1/n , (1)

where n is the controlling parameter of the Choudhury–Yang
equation.

The basin stores precipitation first and then releases it as
runoff and evapotranspiration (Biswal, 2016). Affected by
water storage changes, E is never equal to the difference be-
tween P and R for a short time interval. Previous studies
have found that storage changes have impacts on water bal-
ance at the annual scale (Donohue et al., 2012). To consider
the influence of variation in water storage, Wang (2012) sug-
gested to use effective precipitation (Pe), i.e., Pe = P −1S,
to replace precipitation in the water–energy balance. As a re-
sult, using the Pe, the Choudhury and Yang equation can be

extended in a short timescale:

R = Pe−
PeE0(

P ne +E
n
0
)1/n , (2a)

E =
PeE0(

P ne +E
n
0
)1/n . (2b)

Parameter n controls the shape of the Budyko curve and
can be calibrated by minimizing the mean absolute error
(MAE) of runoff (Legates and McCabe, 1999; Yang et al.,
2007). Parameter n is a catchment characteristic parameter
which is mainly related to the underlying conditions (i.e., to-
pography and soil), climate conditions and vegetation cover
(Liu et al., 2017a; Yang et al., 2009; Zhang et al., 2016c).
The underlying characteristics are relatively stable during a
short time interval, while climate and vegetation might un-
dergo considerable variations, which can lead to the change
in parameter n. As a result, vegetation dynamics and climate
variability were applied to simulate n and assess their impact
on runoff and evapotranspiration.

The vegetation coverage (M), which is the fraction of land
surface covered with green vegetation in the region, can be
calculated as follows (Gutman and Ignatov, 1998):

M = (NDVI−NDVImin)/(NDVImax−NDVImin), (3)

where NDVImax and NDVImin represent the dense green veg-
etation and bare soil with NDVImax = 0.80 and NDVImin =

0.05, respectively (Li et al., 2013; Ning et al., 2017; Yang et
al., 2009).

3.2 Seasonality and asynchrony of water and energy

The seasonality of P and E0, which are mainly controlled
by solar radiation, follows a sine distribution (Milly, 1994;
Woods, 2003; Berghuijs and Woods, 2016):

P(t)= P

(
1+ δP sin

(
2π
τ

t

12

))
, (4a)

E0(t)= E0

(
1+ δE0 sin

(
2π
τ

t

12

))
, (4b)

where t is the time (months), and P(t) and E0 (t) are the
monthly P and E0 with the annual mean value of P and of
E0, respectively. The quantities δP and δE0 are dimension-
less seasonal amplitudes, which can be calibrated by mini-
mizing MAE. The quantity τ is the cycle of seasonality, with
6 months in the tropics and 1 year outside the tropics. The
origin of time (t = 0) was fixed in April in the previous stud-
ies (Milly, 1994; Woods, 2003; Ning et al., 2017). As a re-
sult, if the δP (δE0) was positive, the month with maximum
monthly P (E0) would appear in July, which corresponds
to Northern Hemisphere (e.g., Fig. 1a); while the Southern
Hemisphere would show a January maximum with negative
δP (δE0 ). Considering the difference between seasonal P and
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Table 1. Long-term annual mean meteorological and hydrological characteristics and vegetation coverage (1984-2006) for the 26 large river
basins around the world.

Number Basins P E0 1S E R M SAI n

(mm) (mm) (mm) (mm) (mm)

1 Amazon 2173 1284 6 1145 1022 9.2 0.5 2.3
2 Amur 411 756 −5 282 134 3.8 0.9 1.1
3 Aral 255 1129 −22 209 68 2.4 0.8 0.9
4 Columbia 566 916 −20 318 268 4.7 1.9 0.9
5 Congo 1371 1175 9 1008 354 8.8 0.2 3.3
6 Danube 733 742 −14 498 249 6.7 0.7 1.8
7 Indigirka 223 345 6 73 144 2.4 1.5 0.5
8 Indus 450 1315 −6 293 163 2.5 1.3 0.8
9 Kolyma 267 355 6 125 137 2.6 1.2 0.8

10 Lena 352 436 4 180 168 3.6 1.0 0.9
11 Mackenzie 392 462 2 212 178 4.4 1.0 1.0
12 Mississippi 776 1104 −3 578 201 6.1 0.7 1.6
13 Niger 616 1958 −10 423 202 3.2 1.5 0.8
14 Nile 543 1863 −2 421 124 3.7 0.7 1.0
15 Northern Dvina 588 479 −10 267 330 6.3 0.9 1.0
16 Ob 474 597 −2 275 200 4.7 1.1 1.1
17 Olenek 277 370 −2 113 166 2.5 1.3 0.7
18 Parana 1242 1307 −14 982 274 8.4 0.5 2.6
19 Pearl 1424 967 −7 627 804 6.1 0.7 1.2
20 Pechora 544 394 2 186 356 3.8 0.8 0.8
21 Senegal 318 2014 −8 284 41 2.0 2.2 1.0
22 Volga 568 651 −11 354 225 5.6 1.2 1.3
23 Yangtze 1000 857 −3 378 625 5.4 0.5 0.8
24 Yellow 424 919 −5 324 105 3.4 0.8 1.2
25 Yenisei 430 468 −6 227 209 4.3 0.8 1.0
26 Yukon 268 383 16 86 166 3.7 1.1 0.5

Figure 1. Two examples showing the mismatch between long-term monthly precipitation (P ) and potential evapotranspiration (E0), in terms
of (a) seasonal amplitudes (δP , δE0 ) and (b) phase shift (SP , SE0 ).
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E0, Wood et al. (2003) defined a climate seasonality index
by combining Eq. (4):

SI= |δP − δE0DI|, (5)

where DI is the dryness index
(
E0
P

)
.

Equations (4)–(5) were applied to represent the mismatch
between water and energy (e.g., Ning et al., 2017). How-
ever, the following two issues still need to be considered:
(1) the effect of local climate and catchment characteristics
– the phase of seasonal P and E0 may be not entirely con-
sistent with that of solar radiation – and (2) the phases be-
tween seasonal P and E0 cannot always be consistent in a
specific basin, such as the Northern Dvina basin (Fig. 1b).
The values of E for two basins with the same annual mean
P , E0, δP and δE0 can be different if the phases of seasonal
P and E0 are in mismatch. As a result, the phase shifts of
P (SP ) and E0 (SE0 ) should be considered in the sine func-
tion (Berghuijs and Woods, 2016):

P(t)= P

(
1+ δP sin

(
2π
τ

t − SP

12

))
, (6a)

E0(t)= E0

(
1+ δE0 sin

(
2π
τ

t − SE0

12

))
. (6b)

As shown in Fig. 2, Eq. (6) with a fitted phase performed
much better in simulating monthly P and E0 than Eq. (4)
with a fixed phase, with R2 larger than 0.89 for the former
but smaller than 0.64 for the latter.

To fully reflect the difference between water and energy, it
is necessary to consider not only the seasonal amplitude dif-
ference between P andE0, but also the phase difference (i.e.,
asynchrony) between them (Fig. 1b). Therefore, an improved
climate index describing the difference between water and
energy needs to be developed with the consideration of sea-
sonality and asynchrony of P and E0. Based on Eq. (6), we
further deduced the following equations to express the differ-
ence between P and E0:

P (t)−E0(t)

P
= (1−DI)+

(
δP sin

(
2π
τ

t − SP

12

)
−DIδE0sin

(
2π
τ

t − SE0

12

))
= (1−DI)+

(
a2
+ b2

)1/2
sin

(
2π
τ

t

12
+ϕ

)
(7)

where a = δP cos 2π
τ
SP
12 −DIδE0cos 2π

τ

SE0
12 , b =

−δP sin 2π
τ
SP
12 +DIδE0sin 2π

τ

SE0
12 , ϕ = arctan (b/a). Similar

to Milly (1994), we defined a SAI to reflect the mismatch
between water and energy in terms of the magnitude and

phase difference between P and E0:

SAI=
(
a2
+ b2

)1/2

=

(
δ2
P − 2δP δE0DIcos

(
2π
τ

SP − SE0

12

)
+ (δE0DI)2

)1/2
. (8)

The SI value calculated by Eq. (5) was an exceptional case
for P and E0 in the same phase shifts. A larger SAI implies
a greater difference between P and E0 in the year. Besides,
SAI followed the following three scenarios: (1) SAI<1−DI,
given a wet climate with P(t)>E0 (t) across the whole sea-
sonal cycle (Fig. 3a); (2) SAI<DI− 1, given a dry climate
with P(t)<E0 (t) across the whole seasonal cycle (Fig. 3b);
(3) SAI≥ |DI−1|, given that a larger SAI implies more sur-
plus of P for the wet season with P(t)>E0 (t) (Fig. 3c).

3.3 Contributions of SAI and other factors to R and E

From Eq. (2), using a total differential method, we can re-
define the total differential of R and E for any timescale by
introducing effective precipitation (Pe):

dR ≈
∂R

∂Pe
dPe+

∂R

∂E0
dE0+

∂R

∂n
dn, (9a)

dE ≈
∂E

∂Pe
dPe+

∂E

∂E0
dE0+

∂E

∂n
dn. (9b)

The climatic elasticity of evapotranspiration changes to
the changes in precipitation, potential evapotranspiration
and n can be separately be expressed as εPe =

Pe
E

∂f
∂Pe

,

εE0 =
E0
E

∂f
∂E0

, εn = n
E
∂f
∂n

. The climatic elasticity of runoff
changes is similar to the climatic elasticity evapotranspira-
tion changes. The difference operator (d) in Eqs. (9a) and
(9b) refers to the difference of a variable before and after
change points ofR andE, respectively. It is worth noting that
Eq. (9) is derived by the first-order approximation of Taylor
expansion. When the changes in dPe, dE0 and dn are small,
the error from approximation can be ignored. However, due
to ignoring the higher orders of the Taylor expansion, the er-
ror will increase as the changes increase (Yang et al., 2014a,
b; Zhou et al., 2016).

The relative contribution (C) of Pe, E0 and n to the R and
E changes can be obtained as follows:

CPe =
Ipe

|IP | + |IE0 | + |In|
,CE0 =

IE0

|IP | + |IE0 | + |In|
,

Cn =
In

|IP | + |IE0 | + |In|
(10)

Ipe ,IE0 and In denote, respectively, the impacts of Pe, E0
and n onR orE, which can be expressed by ∂E

∂Pe
dPe, ∂E

∂E0
dE0

and ∂E
∂n

dn. After getting the contribution of n to the R and E
variations, we can further assess the impacts ofM and SAI on
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Figure 2. Comparing the observed and simulated monthly precipitation and potential evapotranspiration, using the sine function with a fixed
phase (i.e., Eq. 4) and fitted phase (i.e., Eq. 6). Note that each point represents 1-month data based on the combined dataset from 26 global
large basins.

the variation in R and E, based on the semi-empirical model
of n in terms of M and SAI. Following Ning et al. (2017),
using the total differential method, the changes in parameter
n can be expressed as follows:

dn≈
∂n

∂SAI
dSAI+

∂n

∂M
dM. (11)

Then, the relative contributions of SAI (C_SAI) and M
(C_M) to the changes in parameter n can be obtained. Com-
bining with the contribution of n to the R and E changes,
the relative contributions of SAI and M to the variations in
R and E can be obtained:

CSAI = Cn×C_SAI, CM = Cn×C_M. (12)

4 Results

4.1 Performance of the proposed SAI in the Budyko
framework

Figure 2 shows that Eq. (6) with SAI has a better perfor-
mance in simulating P and E0 than Eq. (4) with SI. Here
we further assessed the performance of these two indices, by
comparing with the controlling parameter n in the Budyko
framework. Parameter n for each year was first calibrated by
Eq. (2). The calibrated parameter n was called optimized n.
For the representativeness of the relation between n and other
factors, analysis was done at a larger spatial scale with dif-
ferent climate conditions by combining data from 26 global
large basins (Fig. 4).

The correlation coefficient (r) between SI and optimized
n was −0.34 (Fig. 4a). If the asynchrony of seasonal P and
E0 was considered in SI, i.e., SAI, the correlation coefficient
increased noticeably with r of −0.51 (Fig. 4b). To further

assess the impact of SAI on the fluvial water balance, we
also analyzed the roles of SAI in the Budyko framework. As
shown in Fig. 4e, a larger n value was related to a higher
evapotranspiration ratio for a given aridity index, and as SAI
increased, the value of controlling parameter n tended to de-
crease. In other words, catchments with a larger SAI had a
lower evapotranspiration ratio given the same aridity index.
This result is similar to the finding by Zhang et al. (2015),
who found that a larger snow ratio caused a higher runoff in-
dex given the same dryness index. In contrast, this relation-
ship is not distinct for SI (Fig. 4d). In addition, the SAI can
explain 51 % of the annual variance of parameter n, while
the SI just explains 22 % (Fig. 4a and b). In short, although
SI showed a significant relationship with n, SAI considering
both seasonality and asynchrony of P and E0 was more ap-
plicable to represent the difference between water and energy
and performed better in the simulation of n in the Budyko
model.

The variation in SAI is also sensitive to climate variabil-
ity. As shown in Fig. 6, the climate elasticities of evapo-
transpiration to precipitation and parameter n increased with
SAI, whereas the elasticity of evapotranspiration to potential
evapotranspiration decreased with SAI, which implies that
the variation in evapotranspiration in the catchments with a
higher SAI were more sensitive to the changes in precipi-
tation and parameter n, but less sensitive to the changes in
potential evapotranspiration.

4.2 A semi-empirical formula for parameter n

Previous studies have found that vegetation cover is closely
related to the spatial variation in n in different regions (e.g.,
Li et al., 2013). However, the new finding in this study is
that vegetation dynamics (M) also have a significant impact
on the temporal variation in annual values of the parame-
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Figure 3. Examples of three scenarios for the mismatch between water and energy in terms of the relationship of SAI to 1-DI. (a) SAI smaller
than 1-DI, implying P larger than PET for the whole year. (b) SAI smaller than DI-1, implying P smaller than PET for the whole year.
(c) SAI smaller than 1-DI, implying a larger SAI means more surplus of P . The shaded areas represent the difference between precipitation
and potential evapotranspiration, which is equal to (1−DI)+SAI sin

(
2π
τ

t
12 +ϕ

)
.

ter n (Figs. 4c and 5c) and evapotranspiration ratio (Fig. 4f).
Nevertheless, the simulation accuracy of n can be further im-
proved, particularly at the high end. As mentioned above,
SAI has a significant impact on the variation in n. Therefore,
based on the results obtained by Li et al. (2013), it is possible
to develop a more dynamic model to capture the spatiotem-
poral variation in parameter n and improve the simulation of
n by incorporating SAI into the empirical model.

Following the phenomenological considerations and the
relationships demonstrated in Fig. 4b and c, the limiting con-
ditions of SAI and M were achieved: (1) if SAI→+∞,
which indicates that the match of P and E0 tends to be the
worst, and thus R→ P and E→ 0, i.e., n→ 0; (2) when
M ↑, then E ↑, which has been demonstrated by previous
studies (i.e., Yang et al., 2009; Li et al., 2013), and thus n ↑,
which can also be found in Fig. 4c and f. Based on these
limiting conditions, a semi-empirical formula (SEF) for pa-
rameter n was obtained as follows:

n= aSAIbMc, (13)

where a and c are positive regression coefficients and b is
negative. Nonlinear least squares can be used to estimate the
values of a, b and c, based on n calibrated from measured
data. Then, the final equation was as follows:

n= 0.27SAI−0.30M0.90. (14)

As shown in Fig. 5d, the simulated n calculated by SEF
match well with the optimized n with R2 of 0.75 and MAE
of 0.24. In addition, the Eq. (13) has also been verified in
each catchment among the 26 basins (Table S1 in the Supple-
ment). The RMSE and MAE for each catchment is relatively
small, with mean values of 12.0 and 14.8 mm, respectively.
Except for basins 3, 5 and 26, the R2 values for simulation
of R in each catchment are larger than 0.5. These results in-
dicated that the M and SAI as well as the semi-empirical
formula can explain well the variability of the controlling pa-
rameter n.

In addition to the SEF, linear regression is often applied
to simulate n. For example, taking NDVI, latitude and topo-
graphic index as explanatory variables, Xu et al. (2013) ap-
plied multiple linear regression to estimate the spatial vari-
ation in n for the global large river basins. Considering the
multicollinearity issue, the partial least square regression
(PLSR) was used in this study. As shown in Fig. 5e, the val-
ues of Nash–Sutcliffe efficiency (NSE) and mean absolute er-
ror (MAE) of the simulated n by using PLSR were 0. 65 and
0.27 respectively, which was not as good as the performance
of the semi-empirical formula. Therefore, the SEF was a bet-
ter choice not only for simulation but also for explaining the
physical meaning.

Cross-validation was used to validate the semi-empirical
equation. The dataset for one basin was used for validation,

www.hydrol-earth-syst-sci.net/22/4047/2018/ Hydrol. Earth Syst. Sci., 22, 4047–4060, 2018
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Figure 4. Relationship between optimized n and (a) SI, (b) SAI and (c) M . (d–f) Distribution of evapotranspiration ratio (E /Pe) as a
function of the aridity index (E0 / Pe), classified by 26 global large river basins at annual scale. The Budyko curves from the top down are
derived from Eq. (2b) with n=∞, n= 5, n= 2, n= 1, n= 0.6 and n= 0.4, respectively. Note that each point represents 1 year based on
the combined dataset from 26 global large basins.

and the datasets for the remaining 25 basins were used for
calibration. Then the cross-validation process is repeated 26
times, with each of the 26 basins used once as validation. Pa-
rameter n for the validation basin was simulated by the semi-
empirical formula obtained from the other 25 basins. The cal-
ibrated parameters for each basin can be found in Table S2.
Subsequently, based on annual Pe, E0 and simulated annual
parameter n, simulated annual R and E were calculated us-
ing Eq. (2). The simulated annual R and E for each validated
basin were combined to compare with the observed R and
E, respectively (Fig. 7). As shown in Fig. 7a and b, the sim-
ulated annual R and E that estimated by Budyko model with
cross-validation parameter n showed a remarkable agreement
with the observed ones, with NSE larger than 0.89 and MAE
smaller than 50.52 mm, which is close to the simulation accu-
racy of these estimated by Budyko model with simulated pa-
rameter n by using the semi-empirical formula (i.e., Eq. 14,
Fig. 7c and d). These results indicated that the semi-empirical
formula expressed the spatiotemporal variation in parameter
n, and the proposed Eq. (2) with simulated parameter n was
reliable for the simulation of annual R and E.

4.3 Contributions of SAI and other factors to R and E

changes

To further assess the impact of SAI on the water balance, here
we quantified the contributions of SAI and other factors, i.e.,

Pe, E0 and M , on the changes in R and E before and after
change point. We used an ordered clustering test, a Pettitt test
method and a change point analysis method for the “at most
one change” (AMOC) method to detect the change points of
R. To avoid possible uncertainty within results based on the
individual method, the assembled change points were con-
firmed with more than one method. If the results for all the
three methods are different, the median change point would
be selected (Liu et al., 2017a). Based on the change points
of R and the changes rates of Pe, E0, M and SAI before and
after change points (Table S3), the contributions of these four
factors to R and E were assessed (Figs. 8 and 9; Table S3).

As can be seen from Fig. 8a and c, the Pe changes con-
trolled the variation in R in most basins, with 18 of the 26
selected basins. The absolute value of contributions of Pe
changes to R changes ranged from 11 % to 96 %, with the
median value at 61 % for the 26 basins (Fig. 8b). In addition
to the Pe changes, the SAI change was also an important fac-
tor for the R change with the median absolute contribution at
16 %. SAI was the dominant factor with the maximum con-
tribution to R changes in six rivers, such as Yangtze, Yellow,
Aral, Northern Dvina, Congo and Mississippi basins. TheE0
changes reduce the R in 24 of the 26 basins (Table S4). The
E0 changes had a limited impact on the R changes with the
median absolute contribution of 8 %. However, it is the dom-
inant factor for R changes in Parana River basins.

Hydrol. Earth Syst. Sci., 22, 4047–4060, 2018 www.hydrol-earth-syst-sci.net/22/4047/2018/
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Figure 5. Optimized (calibrated) n versus simulated n modeled by (a) SI, (b) SAI, (c) M , (d) M and SAI using the semi-empirical formula
(SEF, Eq. 14), and (e) M and SAI using the partial least square regression (PLSR). Note that each point represents one year based on the
combined dataset from 26 global large basins.

The dominant factors of E changes were different from
those ofR changes (Fig. 9). Both the SAI andM changes had
remarkable impacts on the E changes, which were the dom-
inant factors for the E changes within eight and five basins,
respectively. Also, the contributions of SAI andM changes to
E changes were larger than those to R changes with the me-
dian absolute contributions of 21 % and 28 %, respectively.
Accordingly, the contribution of Pe toE changes was weaker
than that to R changes, the median of which dropped from
61 % to 32 %.

In summary, Pe was the key controlling factor for R and
E in most river basins. SAI was the dominant factor for both
R and E mainly in East Asian subtropical monsoon zones
because of the monsoon variability (Cook et al., 2010), such
as Yangtze and Yellow River basins. SAI, M and E0 have
larger impacts on the E changes than R changes do, while P
has stronger impacts on R changes than E changes do.

5 Discussion

It has been found that both vegetation coverage and climate
seasonality have impacts on water balance (Chen et al., 2013;
Li et al., 2013; Zeng and Cai, 2016; Abatzoglou and Ficklin,
2017; Ning et al., 2017; Zhang et al., 2016a). Li et al. (2013)

found that long-term vegetation coverage was closely related
to the spatial variation in the calibrated parameter of the
Budyko model in global river basins. However, vegetation
dynamics also influenced the temporal variation in parame-
ter n, but the relationship is yet to be verified over a larger
spatial range (Zhang et al., 2016c; Ning et al., 2017). Results
of this study confirmed that the vegetation dynamics had a
significant impact on both spatial and temporal variations in
the controlling parameter n at the global scale.

The seasonality index represents the amplitude difference
of seasonal P and E0, but does not include the phase differ-
ence of seasonal P and E0. Investigating the water balance
across the Loess Plateau in China, Ning et al. (2017) found
that the seasonal index was closely related to the controlling
parameter. In this study, however, SI showed a worse cor-
relation with the variation in n in the 26 large global river
basins than those in Loess Plateau. All catchments selected
by Ning et al. (2017) were in the monsoon climate zone,
where water and energy are strongly coupled, so the season-
ality of P and E0 in most catchments was in the same phase.
Hence, the asynchrony of water and energy was nonexistent
and had a limited impact on the variation in n. In contrast,
the basins selected in this study covered a large spatial scale
with a wide range of climate types. Most basins had differ-

www.hydrol-earth-syst-sci.net/22/4047/2018/ Hydrol. Earth Syst. Sci., 22, 4047–4060, 2018
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Figure 6. The climatic elasticity of evapotranspiration to the changing precipitation, potential evaporation and other factors represented by
controlling parameter n in the 26 global large river basins, and its relations with the climate seasonality and asynchrony index (SAI). Note
that each point represents one of the 26 global large basins.

ent phases between seasonal P and E0, such as the North-
ern Dvina, with the phase differences larger than 2 months.
The amplitude difference between seasonal P and E0 can-
not adequately represent the difference between water and
energy in the basins with out-of-phase P and E0 (Hickel
and Zhang, 2006). In this case, SAI, considering both am-
plitude and phase differences between seasonal of P and E0,
was proposed to reflect the difference between water and en-
ergy. Results showed that the proposed SAI had a signifi-
cant impact on n and evapotranspiration radio, as well as the
sensitively of evapotranspiration to the variation in precipita-
tion, potential evapotranspiration and catchment characteris-
tics. SAI can also be applied to other studies on water–energy
balance.

In small-size catchments, interactions amongst climate
variability, vegetation dynamics and water balance are more
complex (Li et al., 2013). Many other factors, such as basins
area, latitude, slope gradient, compound topographic index,
and so on (Abatzoglou and Ficklin, 2017; Xu et al., 2013;
Yang et al., 2009), have been identified as playing a role in
the spatial distribution of n for small-size catchments. How-
ever, in this study, these factors had few changes at the annual
timescale, so they were not considered in determining the an-

nual variation in n. This study demonstrated that SAI and M
play an important role in the spatiotemporal variation in n
in large river basins, nevertheless, other factors should also
be considered in the simulation of spatial variation in n for
small-size catchments.

SAI was identified to have a great influence on the changes
in R and E. In particular, the changes in both R and E for
the two major rivers (i.e., Yangtze and Yellow River basins)
in East Asian monsoon zones is mainly controlled by SAI.
Hoyos and Webster (2007) found that the variation in mon-
soon systems has a remarkable effect on the climate seasonal
pattern (Hoyos and Webster, 2007). Using the covariance of
P and E0 as an explanatory variable, Zeng and Cai (2016)
indicated that the seasonality of P and E0 had a significant
impact on theE variation, such as in the Yangtze River basin.
Their results are generally consistent with ours. To assess
the impact of ecological restoration on runoff in the Loess
Plateau of China, Liang et al. (2015) regarded the ecological
restoration, i.e., vegetation dynamics, as the cause of changes
in n. However, our results showed that SAI also played an
important role in the changes in n, particularly for the East
Asian subtropical monsoon zone.
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Figure 7. The observed E and R vs. the simulated E and R estimated by Budyko model with simulated parameter n by (a–b) Eq. (13) with
cross-validation method and (c–d) semi-empirical formula (SEF, Eq. 14).

Figure 8. Absolute value of contributions to the long-term mean changes in runoff (before and after change point of R) from Pe, SAI,M and
E0 changes. The distribution ranges of absolute values of contribution for each factor are shown in (b) and the number of basins dominated
by each factor with the largest relative contribution is summarized in (c).
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Figure 9. The same as Fig. 8 but for relative contribution to the changes in evapotranspiration.

Although SAI combined with M can capture the changes
in n well (Fig. 5d), the impact of other factors represented by
parameter n on the water balance not only includes SAI and
M, but also the human influence, which has been verified by
our previous study (Liu et al., 2017a). As a result, this may
cause uncertainty in our findings. The human influences on
R and E need to be further investigated.

6 Conclusions

In this study, a semi-empirical formula was developed to sim-
ulate the spatiotemporal variation in the controlling parame-
ter n in the Budyko model. Influences of climate–vegetation
factors on water balance were evaluated. The Choudhury–
Yang equation modified by the effective precipitation is rec-
ommended to calibrate the controlling parameter n and to
simulate evapotranspiration (E) and runoff (R), as well as
their variation.

A climate seasonality and asynchrony index, i.e., SAI, is
proposed to reflect the difference between water and energy.
Results show that the optimized n has a much higher corre-
lation with SAI than the existing SI, implying that the phase
mismatch between seasonal water and energy should be con-
sidered in the impact assessment of water balance. In general,
our results suggest that the catchments with a larger SAI usu-
ally have a larger evapotranspiration ratio given the same cli-
matic and underlying condition, and the variation in evapo-
transpiration tends to be more sensitive to the changes in pre-
cipitation and landscape properties (parameter n), whereas
it is less sensitive to the potential evapotranspiration in the
catchments with larger SAI. Furthermore, this study confirms
that vegetation dynamics (M) also play an important role in
modifying the temporal variation in n at the annual scale.

Based on SAI and M , a semi-empirical formula for the spa-
tiotemporal variation in parameter n has been developed, and
it performs well in the prediction of annual evapotranspira-
tion and runoff.

Employing the developed semi-empirical formula, the
contributions of SAI and M , as well as Pe and E0, to the
variation in E and R were assessed. Results show that pre-
cipitation is the first-order control on the R and E changes,
and, secondly, SAI was found to control the changes inR and
E in the subtropical monsoon regions of East Asia. SAI, M
and E0 have larger impacts on E than on R, whereas Pe has
larger impacts on R.

The study assesses the influence of climate variability and
vegetation dynamics on water balance, which highlights the
role of climate seasonality and asynchrony as well as veg-
etation dynamics in the annual variation in n, and sheds
new light on the difference in the contributions of climate–
vegetation factors to the changes in R and E. This study can
be useful for water–energy modeling, hydrological forecast-
ing and water management.

Data availability. The monthly potential evapotranspiration data
are available free of charge through the Climatic Research Unit,
University of East Anglia (UEA, 2017) (https://crudata.uea.ac.uk/
cru/data/hrg/cru_ts_3.24.01/). The monthly normalized difference
vegetation index (NDVI) data are available at free of charge through
the Ecological Forecasting Lab at Ames Research Center, National
Aeronautics and Space Administration (NASA, 2014) (https://nex.
nasa.gov/nex/projects/1349/).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/hess-22-4047-2018-supplement.
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