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Abstract

Budyko’s framework has been widely used to study basin-scale water balance. In this
study, we focus on the extended application of Fu’s equation (one formulation of the Budyko-
type curves) to 371 large irrigation districts in China over a period of 2010-2017. Water balance
method was used to estimate actual evapotranspiration (ET) in the irrigated areas. Considering
the contribution of shallow groundwater to ET, the water availability in the Budyko framework
defined as equivalent precipitation (P,) for irrigation areas is the sum of irrigation water (1),
precipitation (P) and groundwater evaporation (ETy,,). Results showed that the relationships
between evapotranspiration (ET), water availability (P,) and energy supply (ET,) can be
accurately described by the Budyko’s curves. The Fu’s equation performed better in humid and
semi-humid regions than arid and semi-arid regions. The comparison between dET /9P, and
OET/OET, confirmed the relative effect of water availability and energy supply on ET
according to the variation of climatic conditions. The optimal values of Budyko parameter o
for each irrigation district was obtained with multi-annual data using least square method.
Normalized Difference Vegetation Index (NDVI) and soil property (denoted by the proportion
of clay and sand) were selected to develop empirical equation for parameter ® using multiple
linear regression analysis method. This study showed that the Budyko framework can be
extended to irrigation areas and provide useful information on evapotranspiration to assist in

water management in irrigation areas.

Keywords: Budyko hypothesis; irrigation districts; NDVI and soil property; empirical

equation
1. Introduction

Quantifying the partitioning of precipitation (P) at land surface into evapotranspiration

(ET) and runoff (R) is of great importance in hydrology and water resources management.

2
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Serving as an effective tool to assess the partitioning, the Budyko framework proposed by
Budyko (1974) has been widely used in global and regional scales within the past several
decades (Caracciolo et al., 2018; Gerrits et al., 2009; Moussa and Lhomme, 2016; Roderick
and Farquhar, 2011; Troch et al., 2013; Wang and Hejazi, 2011). The original Budyko
formulation without parameters was assumed to be used in large basins at time scale
significantly longer than 1 year (Gentine et al., 2012; Roderick and Farquhar, 2011), in which
the evapotranspiration is dependent on the balance between energy supply and water
availability. With the emergent deviation of measured data from the Budyko curve, however,
more attention has been recently focused on the influence of catchment features or scales
analysis on ET (Donohue et al., 2007). In this context, many studies subsequently derived
Budyko-type formulations are parametric. For example, by building on the water balance for
soil vadose zone, Milly (1994) developed one-parameter model to evaluate the dependence of
water balance on water storage variation. Using the field observation data, Choudhury (1999)
evaluated the performance of an empirical Budyko-based equation for estimating annual ET
with precipitation, net radiation, and an adjustable parameter n, which was found to be fairly
effective in explaining the ET variation. On the basis of previous works, Zhang et al. (2001)
introduced a plant-available water coefficient (w) with a range of 0.5-2.0 to assess the long-
term average effect of vegetation changes on catchment evapotranspiration. Based on a
generalization of proportionality hypothesis of the Soil Conservation Service model, Wang and
Tang (2014) derived a single-parameter Budyko-type model for mean annual water balance.
The equations mentioned above work better to control the partition of water availability and
determine the shape of Budyko curves by incorporating the influence of specific catchments

characteristics on regional hydrological cycles (Xiong and Guo, 2012; Xu et al., 2013).
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Among the equations proposed for the Budyko framework, Fu’s equation (Fu, 1981) with
an empirical parameter o introduced has been used worldwide since recommended by Zhang

et al. (2004):

—[1+ EYe Ve @

P

ET ET,
o142
P P

where ET is the actual evapotranspiration, mm; ET, is the potential evapotranspiration, mm; P
is the precipitation, mm; © is a dimensionless empirical parameter that determines the shape of
the Budyko curve. Interestingly, parameter » was found to be closely related to parameter n of

Choudhury’s method through w = n + 0.72 (Yang et al., 2008).

Previous studies showed that the variation of parameters in the Budyko-type equations
can be influenced by catchment characteristics (Berghuijs et al., 2014; Gentine et al., 2012;
Potter et al., 2005; Shao et al., 2012; Williams et al., 2012; Yang et al., 2009; Yokoo et al.,
2008). The consideration of vegetation can improve the performance of the Budyko framework
when extended into small regions (Donohue et al., 2007). Soil texture affects the vegetation
growth through the water-holding capacity (Porporato et al., 2004; Yang et al., 2007). The
shallow groundwater that contributes to ET, especially in arid and semi-arid areas, is taken as
potential water resource for water availability (Istanbulluoglu et al., 2012; Wang, 2012; Wang
and Zhou, 2016); and topography embedded its influence in hydrological cycle by regulating
the partition of precipitation into runoff (Yao et al., 2016; Zhang et al., 2004). For agricultural
areas with increasing food demand, the wide range of human activities including irrigation
events have already altered land cover and regional ET (Xing et al., 2018), and half of the
irrigation water is consumed through evaporation globally (Jackson et al., 2001). In China, 40%
of total arable lands rely on irrigation events (Jin and Young, 2001). The application of water
diversion for irrigation districts has transferred the local natural hydrological processes to a

new water balance. For the areas with shallow groundwater, the groundwater evaporation also
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contributes to crop growing. Thus, the hydrological impact of irrigation events and shallow
groundwater should be taken into account while the Budyko framework is used to regulate
precipitation partitioning in irrigation districts. In this study, using the data collected from 371
large-sized irrigation districts under various climatic conditions across China, we aim 1) to
assess the performance of Fu’s equation in the irrigation districts in China by including external
water resource into water availability; then 2) to evaluate which factors affect the variation of
Fu’s parameter ®; and 3) to develop an empirical relationship for estimating model parameter

® using readily available data from irrigation areas in China.
2. Materials and methods
2.1 Study area and data processing

A total of 371 large-sized artesian diversion irrigation districts with designed irrigation
area covering from 200 to 10000 km? across China were selected in this study (Fig.1A). The
irrigation areas are classified as arid, semi-arid, semi-humid and humid areas according to the
values of aridity index (Tab.1). The information about each irrigation district including the
location of centre (longitude and latitude), irrigation area, groundwater depth, annual gross
irrigation water (I), and irrigation water use efficiency () over the period of 2010-2017 were
measured and provided by China Irrigation and Drainage Development Centre. The detailed
measurement processes and methods of net irrigation water and irrigation water use efficiency
are shown in Fig.B1 and Tab.C1l. Daily precipitation and monthly meteorological data
including wind speed, air temperature, and relative humidity from weather stations on or
around the selected irrigation districts covering the same period were downloaded from China

meteorological data network (http://data.cma.cn/) (Fig.1A). The potential evapotranspiration

(ET,) is estimated as suggested by Shuttleworth (1993):
ET, = A%V(Rn -6+ AVTyo.26(1 +0.54u,) (s — e4) )

5
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where A is the slope of the saturation vapor pressure curve, kPa°C™1; y is the psychometric

constant (approximately 0.067 kPa°C™1); R,, and G are the net radiation and ground heat,

MJm~2day~!; u, is the mean wind speed at 2 m height above the ground, m/s; e; is the

saturated water vapor pressure and e, is the actual saturated water vapor pressure, kPa. The

estimated mean monthly values of ET, were accumulated into annual values.

Tab.1 Climatic diversion according to aridity index

Aridity condition | Aridity index Aridity condition | Aridity index
Humid ET,/P<1.0 Semi-humid 1.0<ET,/P<1.5
Semi-arid 1.5<<ET,/P<4.0 | Arid ET,/P>4.0

Due to the lack of shape maps of each irrigation district, the circles with same area as

irrigation districts were used to locate the irrigation districts on map in present study. The

values of NDVI (Normalized Difference Vegetation Index) were extracted from MOD13A1l

products with spatial-temporal resolution of 500 m and 16 d (Fig.1B), which were available to

download from the NASA Data Centre at https://reverb.echo.nasa.gov. All original images

were pre—projected in a Universal Transverse Mercator (UTM) projection by Modis

Reprojection Tool (MRT). The Digital Elevation Model (DEM) data with a spatial resolution

of 1 km were downloaded at http://srtm.csi.cgiar.org/. The distribution map of soil texture

denoting the proportion of sand and clay was provided by Data Centre for Resources and

Environmental Sciences, Chinese Academy of Sciences (RESDC) (http://www.resdc.cn)

(Fig.1CD).
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Fig.1 Location of the selected irrigation districts in this study (A) and the distribution map of

mean values of NDVI (B), proportion of clay (C) and sand (D) in China

2.2 Theoretical framework

Precipitation is taken as water availability in original Budyko framework when applied in
natural and closed catchments (Budyko, 1974). When extended into areas with irrigation
activities, however, precipitation is no longer the only water source for evapotranspiration. For
irrigation districts in arid and semi-arid regions, the agricultural productivity relies heavily on
the irrigation events. For humid and semi-humid regions, most of the concentrated rainfall
leaves irrigation districts by runoff and is not consumed for crop growth. A certain amount of
water is still employed to achieve the optimal agricultural productivity. In addition to providing
water for crop growth in arid and semi-arid regions, the irrigation events are also responsible

to offset water deficit caused by the unevenly distributed rainfall in humid and semi-humid

s$s900y UadQ
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regions. Thus, the irrigation water should be included in water availability when the Budyko
framework is applied in agricultural irrigation districts (Han et al., 2011). In addition, the
groundwater evaporation consumed for crop growth, especially in arid and semi-arid areas with
shallow groundwater depth, contributes to the water availability. According to our previous
study (Chen et al., 2020), the modified Aver’yanov’s phreatic equation is applicable to estimate
the groundwater consumption for the irrigation districts with shallow groundwater depths

lower than 3 m:

H;
ETgwi = K¢ X Epani x(1- _)n (3)

max

where K is crop coefficient related to the crop growth and root length (Cheng, 1993);

E

pani 1S the monthly water surface evaporation measured by pan evaporation, (mm); H; is the

mean annual groundwater depth, (m); H,,4, IS the critical groundwater depth at which the
phreatic evaporation will vanish (m); and n is a dimensionless empirical coefficient related to
soil texture ranging from 1 to 3. Since the irrigation districts with groundwater depth less than
3 m only make up 1/5 of the total, the annual change of water storage were assumed to be
negligible, the sum of irrigation water, precipitation, and groundwater consumption can be used
as water availability for upper soil layers based on water balance in large irrigation districts
(refer to Fig.3B in study of Chen et al. (2020)), similar to the equivalent precipitation P,

defined by Wang (2012):

P,=1+P+ETy,, 4

where ETg, is groundwater evaporation, indicating the contribution of shallow
groundwater to ET . When the groundwater depth is larger than 3 m, no groundwater
contributes to evaporate any more, i.e., ETy,, = 0. With the newly defined F,, the Fu’s equation

can be expressed as:
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ET _ Eo _ Elywy1/w
167 PE—1+Pe [1+(PE) ] (5)
168 Affected by the natural factors, the variation of ET can be determined by the variation in
169  water availability and energy supply while the land surface conditions for given districts are
. . OET OET
170  assumed to be constant (YYang et al., 2006). The relative magnitude of T and S can reflect
e 0
171 the relative effect of P, and ET, on ET variation, respectively (Han et al., 2011):
OET OET
172 OET = 6_1396Pe + 6E_T06ETO (6&)
wq=—1 w-1
OET Pe » Pe \®~
173 o=+ (&) () (6b)
w1 w-1
OET __ _ ﬂ % ﬂ -
-+ GO () ()
175  where SET, 6P, and §ET, are the variability in actual evapotranspiration, water availability
176  and energy supply. The elasticity, defined as the indicator to reflect the sensitivity of
177  dependent variable to the change in other variables, is further applied to separate and evaluate
178  the influence of irrigation water, precipitation, and energy supply on the variation of ET:
OET 1
179 SI =3 Er (7&)
OET P
180 Sp = 2P BT (7b)
_ OET ETo
182  where S;, Sp, and Sgp are the elasticities of evapotranspiration to irrigation water,
183  precipitation and energy supply, respectively. According to the definition, a positive elasticity
184  indicates that an increase in the independent variables will bring an increase in ET. The impact
185  of groundwater variation on ET is not discussed in this study as the groundwater evaporation
186  in most of irrigation districts were out of consideration.
187 2.3 Methodology for estimating actual evapotranspiration

9
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According to the report released by China Irrigation and Drainage Development Centre
(Dang and Feng, 2016), the measured net irrigation water denotes the fraction of total irrigation
water that stored in soil layers and available for crop growth, which is divided by the gross
irrigation water to obtain the irrigation water use efficiency (Dang and Feng, 2016). The
remaining serves to leach accumulated salt from soil surface, leaks or evaporates
unproductively. Similarly, the fraction of precipitation actually used by plants or
evapotranspiration can be approximately estimated following the U.S. Department of
Agriculture Soil Conservation Method (Smith, 1992), as widely used by numerous study and

crop models including in China (Cao et al., 2014a; Cao et al., 2014b):
Pefra = Pq(4.17 — 0.2P;) /4.17 for P;<<8.3 mm/d
where P4 is the daily effective precipitation, mm/d; P, is the actual daily precipitation,

mm/d. The sum of daily values is regarded as annual values. Assuming the variation of soil
water storage is negligible, the water balance equation at annual scale for irrigation district is

expressed as follow:
ET =1+ P —D; ©)

where D; is the outflow of irrigation districts that cannot be used as crop water consumption,
including deep seepage, runoff and drainage through ditches. The actual evapotranspiration
can be further approximated as the sum of net irrigation water and effective precipitation (DAl

and Siebert, 2002; Smith, 1992):

ET = Lyt + X Pesra =N X1+ XPeffq (10)
where I, is net irrigation water, mm; P4 is the annual effective precipitation calculated

as the sum of daily values, mm.

10
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3. Results
3.1 Validation of water balance equation

The values of annual ET derived from MOD16 products from the year of 2010-2017 are
used to validate the accuracy of water balance equation. As shown in Fig.2, the water balance
equation performed well in estimating the values of ET compared with that of MOD16
products with RMSE of 124.4 mm, MRE of 18.6%, and R? of 0.6. It’s reasonable to believe

that the simulated results of water balance equations were accurate in the following study.
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|

800 -
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400 -

Water balancd ET (mm/yr)

200 -

0 T T T T T T
0 200 400 600 800 1000 1200 1400
MOD16-ET (mm/yr)

Fig.2 Comparison of annual ET between water balance equation and MOD16 products

3.2 Analysis of annual Budyko curves

With the use of equivalent precipitation, the ratio of evapotranspiration to the water
availability for the irrigation districts is plotted against the ratio of potential evapotranspiration
to the water availability as shown in Fig.3. The discrete data were observed in arid and semi-
arid regions contrasted to relatively convergent data in the humid and semi-humid regions. The
ranges of o values derived from the data scatted in arid and semi-arid areas varied from 1.25
to 2 and 1.4 to 2 respectively, while those in humid and semi-humid areas were relatively stable.

The distinguishing performances of data in various climatic regions are mainly attributed to

11
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the different dominant roles on evapotranspiration under various climatic conditions. The
dominant role of energy supply in evapotranspiration variation in humid and semi-humid
regions was highlighted via the form of ET /P, ~ ET, /P, since ET, was placed in the position
of numerator, leading to the convergently distributed data trend with unfluctuating values of o.
Similarly, the control role of water availability on ET in arid and semi-arid regions was
weakened by the exaggerated influence of catchment characteristics through the form of
ET/P, ~ET,/P., as P, was placed in the position of denominator, mainly reflected in the

different values of @ and dispersion of data points (Yang et al., 2007).

1.2 1.2
1 Arid areas 1 Semi-arid areas
L R L
0.8 Q 0.8
& 0.6 & 0.6
e oL R E '
04 | % O W 0.4
[6)
02 [/ —Lw=1.25 0.2
0 m=1.6 —‘w=2 0
0 1 2 3 4 0 1 2 3 4
ETO/Pe ETO/(1+P)
12 - - 12 X
Semi-humid areas Humid areas
1 L
0.8
[«5) [}
o [a N
= =06
L w
04 | MPF
0.2
®=2.42
0 L L L
0 1 2 3 4
ETO/Pe ETO/Pe

Fig.3 Mean annual values of actual evapotranspiration, potential evapotranspiration, and
equivalent precipitation data plotted in Fu’s equation over 2010-2017 for irrigation areas

under various climate conditions

3.2 Controlling factors on the variation of ET
12
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Fig.4 shows the relationship between dET /OET, and ET,/P,, as well as the relationship
between GET /0P, and ET,/P, under various climatic conditions, respectively. All the
irrigation districts are further classified into three climate conditions as follows: water-limited

condition (ET,/P, > 1.35), equitant condition (0.76 <ET,/P, < 1.35), and energy-limited
condition (ET,/P,<0.76) (McVicar et al., 2012). Under the water-limited condition, the values

of OET /OET, are smaller than 0ET /0P, and insensitive to the variation of ®, highlighting the
dominant role of water availability on evapotranspiration; under energy-limited condition, the
values of 0ET /0P, are smaller than 0ET/JET, and insensitive to the variation of w,
highlighting the dominant role of energy supply; under equitant condition, the overlaps of
plotted points are observed and emphasize the combined effect of water availability and energy
supply on ET variation. These results are consistent with original Budyko hypothesis

(Carmona et al., 2016; Fu, 1981; Zhang et al., 2001; Zhang et al., 2004).

1.2
AETIOETO
© 10
= AET/Pe
§=)
= 0.8
23]
ge
Q
29
NS
=
S8}
[y
4
ET,/Pe
Fig.4 Plot of % and ;ELTT with aridity index (?) for the large irrigation districts in China
e 0 e

3.3 Sensitivity of ET to I, P and ET,

Fig.5 shows the variation of elasticities among 371 irrigation districts and the statistical
results are grouped by arid, semi-arid, semi-humid and humid conditions. The larger values of

Sgr, and Sy, p occurred respectively in non-arid (humid and semi-humid) areas and non-humid

13
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(arid and semi-arid) areas, suggesting that the variation of ET is more sensitive to energy
supply in humid and semi-humid areas or water availability in arid and semi-arid areas. Except
in arid areas, the values of S; is generally smaller than Sp. This is because the irrigation water
serves as the main water resource for crop growth in arid areas due to the severe water shortage
(the mean annual precipitation is 95.6 mm/yr) but supplemental water of precipitation in other
climatic conditions. The mean values of S; for four climatic conditions are 0.529, 0.350, 0.118,
and 0.038; and the mean values of Sp are 0.097, 0.290, 0.216, and 0.111. These results indicate
that a 10% increase in irrigation water could cause evapotranspiration increase by 5.29%,
3.50%, 1.18%, and 0.38% in arid, semi-arid, semi-humid and humid areas; a 10% increase in
precipitation could cause evapotranspiration increase by 0.97%, 2.90% 2.16%, and 1.11%.
Similarly, a 10% increase in potential evaporation could cause evapotranspiration increase by

3.93%, 3.83%, 6.79%, and 8.61%, respectively.

14
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Fig.5 Comparison between elasticities of irrigation water (S;), precipitation (Sp) and energy

supply (Sgro) for arid, semi-arid, semi-humid and humid regions in China
3.4 Characteristics of @ and influence factors

As a parameter to represent the integrated effects of catchment characteristics on ET
variation, the optimal values of o for all irrigation districts were obtained by minimizing the
values of RMSE between the Budyko modelled annual ET /ET, and the estimated ones using
the data from 2010-2017. The values of ® in humid and semi-humid regions are generally
larger than those in arid and semi-arid regions (Fig.6). Range of the  values obtained from
this study (1.24-3.34) compares favourably with the results from previous studies. Applying a

neural network model in 224 small basins (ranging from ~100 to 10000 km?) with the data

15
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from MOPEX, Xu et al. (2013) observed that the values of o varied from 1.0 to 4.9 with a
median value of 2.6. Based on the features of vegetation cover, Zhang et al. (2004) selected
forested and grassed catchments as two typical types and found the averaged w values for the
two catchments were 2.84 and 2.55 with data ranging between 1.7 to 5.0. In China, the range
of o obtained from 108 arid and semi-arid basins varied from 1.3 to 4.6 (Yang et al., 2007), a
little higher than the results from 97 basins in Australia (1.8-3.8) using Murray Darling Basin

data (Donohue et al., 2011).

4
| I
g
T T
- T
1k

Arid Semi-arid Semi-humid Humid
Fig.6 Distribution of the optimal ® values grouped by four climate conditions

Besides the water availability and energy supply, the catchments characteristics also play
a significant role in determining the shape of Budyko curves (Potter and Zhang, 2009; Roderick
and Farquhar, 2011; Woods, 2003; Yuan et al., 2010). Since more than 95% of irrigation
districts locate in plain areas with slopes ranging from 1 to 5 degree, the influence of terrestrial
slope on w is neglected in this study. The mean values of NDVI were selected to represent the
differences in vegetation cover across the irrigation districts. The vegetation coverage in
southeast of China is significantly higher than that in northwest with mean NDVI values of

0.51 and 0.17, respectively (Fig.1B). Meanwhile, the proportion of clay and sand is supposed

16
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to be another influence factor on ET variation owing to the different water-holding capacities
(Fig.1CD). For dimensional analysis, the ratio of clay to sand content expressed as P,; /P, is
used to represent the soil property. As shown in Fig.7, the parameter ® in Fu’s equation is
closely correlated with the long-term vegetation coverage and soil property. Using the multiple
linear regression analysis method (MLRA), the empirical equation of parameter ® can be

determined as follows:

= 0.537exp (2.08NDVI) (22028 4 1 (11)
sand

As shown in Fig.8A, the model explains 48% of the observed variance with R of 0.693 and

RMSE of 0.315.
5 5
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Fig.7 Relationships between @ and NDVI and soil texture

Various models have been proposed to establish relationship between ® and influence
factors, including soil hydrological features, terrestrial slope, vegetation coverage and climatic
factors (Donohue et al., 2012; Li et al., 2013; Shao et al., 2012; Yang et al., 2009; Yang et al.,
2007). However, in the view of the consideration of climatic conditions in the original Budyko
framework, it’s better to estimate » with climate factors excluded to avoid cross-correlation
issues (Xu et al., 2013). Also, the expression of soil texture denoted by the ratio of clay and
sand content is more accessible than other soil properties such as relative infiltration capacity

and relative soil water storage (Yang et al., 2009). With the estimated values of parameter ®,
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Fu’s equation reproduced mean annual ET well for irrigation districts with R? of 0.74 and

RMSE of 63.08 mm/yr (Fig.8B).
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Fig.8 A: Comparison between optimal values of ® and estimated ones from multiple linear
regression analysis; B: Relationship between actual ET and estimated ET using o calculatd by

Equation (11)
4. Discussion
4.1 Uncertainty about the annual water balance and influence factors on @

For long-term water balance in large natural catchments, evapotranspiration can be
regarded as the partitioning of precipitation which is serving as water availability in Budyko
formulations (ET = P — R) while water storage is assumed to be negligible (Donohue et al.,
2010; Hobbins et al., 2001; Rodell, 2004; Xue et al., 2013). Recently, the estimation of water
balance at finer time scales has attracted more attentions in many studies and these studies
showed that the water storage change (including soil moisture and groundwater) played a
significant role in annual water balance and made a great contribution to meet the deficit of
water supply for crop water demand (Chen et al., 2018; Flerchinger and Cooley, 2000;
Ghamarnia et al., 2013; Leblanc et al., 2009; Namuburg et al., 2005; Valayamkunnath et al.,
2019). The application of equivalent precipitation incorporating water storage change is able
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to work better at improving the performance of Budyko predictions in annual scale (Chen et
al., 2013; Istanbulluoglu et al., 2012; Wang, 2012; Wang and Zhou, 2016), especially for basins
in arid and semi-arid regions (Du et al., 2016; Milly and Dunne, 2002; Xing et al., 2018). In
this study, we assume the water storage changes at annual scale are negligible, which may lead
to errors in accurate estimation of water availability, and then influence the analysis about the
shape of Budyko curves and the variation of ® values. Furthermore, the uncertainty of the
influence factors on the variation of ® should be recognized as well. The variation of @ in
irrigation districts is associated with NDVI and soil property. Due to the differences in water
requirement between crop types, however, the evapotranspiration from the pixels with same
NDVI differs as a response to crop planting patterns (Bai et al., 2017; Eichelmann et al., 2018;
Mo et al., 2015). Thus, the influence of water storage change and crop planting patterns (i.e.,
the fraction of each crop type) on the allocation of water availability should be accommodated

for detailed analysis in further study.
4.2 Water use efficiency in irrigation districts

By selecting 108 arid and semi-arid catchments and 102 humid catchments in China,
Wang et al. (2018) estimated that the mean values of ® for normal and karst humid catchments
are 2.23 and 2.03, while for arid and semi-arid catchments is 3.18. In present study, however,
the results shown in Fig.6 indicate that the values of ® increased from arid to humid regions.
The smaller values of @ in arid and semi-areas produced smaller values of ET /P, varying from
0.4 to 0.6. In this context, ET is hardly approaching to the total water availability even under
extremely arid condition. As shown in Fig.9, only 30% to 70% of rainfall are consumed for
crop use and the effective precipitation efficiency in arid and semi-arid regions are generally
larger than those in humid and semi-humid regions. The arid and semi-arid regions are
generally suffering from severe soil salinization (Jiang and Shu, 2018; Peng et al., 2019; Qian

et al., 2019) and a series of ecological environment problems caused by it (Besser et al., 2017;
19
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363  Haj-Amor et al., 2017) owing to the scarcity of rainfall and high potential evaporation. To
364 alleviate the negative influence of soil salinization on crop yield, part of irrigation water is
365 applied to flush accumulated salt from soil surface to prepare for the next season’s crop (Tang,
366 2018; Wei and Xu, 2005; Zhang, 1993), finally resulting in small fraction of water availability
367 used by ET. The amount of irrigation water used to leach salt mainly depends on local irrigation
368 technology and water management. In semi-humid and humid areas with relatively abundant
369  precipitation, the application of irrigation events aims to regulate the unevenly distributed
370 rainfall in a year. The small values of ET /P, reflect the generally low water use efficiency of
371 irrigation districts in China and indicate the significance of water saving measurements. For
372 arid and semi-arid areas with relatively higher rainwater utilization, the improvement of
373  drainage systems can effectively remove the accumulated salt from soil surface, further
374  reducing the fraction of irrigation water used to alleviate soil salinization. For semi-humid and
375  humid areas with enough precipitation, the judicious regulation of rainfall including the
376  effective rainwater harvesting and reuse is expected as helpful way to improve water use
377  efficiency. Reducing unproductive evapotranspiration through canal lining or drip irrigation is

378  applicable to improve water use efficiency as well.
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5. Conclusions

This paper aims to examine the performance of Budyko framework in agricultural
irrigation regions using Fu’s equation. A total of 371 large irrigation districts across China were
selected as study areas, which were grouped by arid, semi-arid, humid and semi-humid areas.
With the precipitation replaced by equivalent precipitation (P — P, = (I + P + ET,,)), the
data of ET /P,~ET, /P, were plotted well in Budyko areas. The values of ® increased from arid
and humid regions. Smaller values in arid and semi-arid regions were attributed to the low
water use efficiency. Part of irrigation water is not consumed by crop growth but serving to
leach salt to alleviate salinization. Surface runoff or deep seepage caused by concentrated
rainfall in humid and semi-humid regions is invalid for crop growth and irrigation is still
applied to regulate water deficit caused by it. Corresponding water-saving measures should be
taken to improve water use efficiency in different climatic areas. In this study, the variation of
o was found to be closely related with NDV1 and soil texture (denoted by the ratio of clay and
sand content, P.;/P;,). The simple empirical model of o developed using NDVI and soli

properties performed well in reproducing ET in irrigation districts.
Appendix
Section 1 Estimation of irrigation water use efficiency »

Irrigation water use efficiency » denotes the fraction of the total irrigation water actually
used by crop growth, i.e., the ratio of net irrigation water to total irrigation water. Referring to
the report released by China Irrigation and Drainage Development Centre, two methods are
alternative in large irrigation districts to estimate the irrigation water use efficiency when
applied to at least three selected typical patches of each crop type: direct measurement method
and head-end measurement method (Fig.B1). For direct measurement, the increase in the depth

of water surface or in soil water content in soil moist layer (the applicability of methods

21



https://doi.org/10.5194/hess-2021-80 Hydrology and
Preprint. Discussion started: 22 April 2021 Earth System
(© Author(s) 2021. CC BY 4.0 License. Sciences

Discussions
oY

405  depends on crop types, i.e., dry farming or rice) after irrigation events is measured as the net
406  irrigation water; for head-end measurement, the difference between inflow to and outflow from
407  irrigation districts is regarded as the amount of net irrigation water. Details of the measurement

408 methods are shown in Tab.C1.

Select at least three typical field patches for each crop from irrigation districts ’

Direct measurement ‘

method

Head-end measurement ‘

method

H

Estimate net Estimate net irrigation

Estimate the net

irrigation quota (M;)

water (I',,.¢) using the

irrigation water (yet:) difference between water
using the variation of .
- flowing in and out of field

soil moisture content or

Mr <1 ner?_____..---"'

Yes

depth of water surface No

before and after every

-

irrigation event Ineti = M; ‘ { Ineti = 1" net ’

{ Estimate the net irrigation water and total planting area for each crop ’

‘ Estimate the weighted average of net irrigation water for each irrigation district 1

409
410 Fig.B1 Calculation process of net irrigation water for field patches and large irrigation

411  districts

412 Tab.C1 Methods for calculating irrigation water use efficiency for irrigation districts
Direct measurement method Head-end measurement method
Dry farming Ineti = H(8y — 6y1)
L. — D:
?rog ) S_ub_me(ged Inetin = H; — Hy Inet; = min (%'Mi)
yp Rice irrigation ;
Damp irrigation| I,eri» = H(0y2 — 0,1)

22



https://doi.org/10.5194/hess-2021-80
Preprint. Discussion started: 22 April 2021
(© Author(s) 2021. CC BY 4.0 License.

413
414
415
416
417
418
419
420
421
422

423
424

425
426

427
428

429

430
431
432

433

Hydrology and
Earth System

Sciences

Discussions
o S foppings _ Xl Ineti-Ai Higati iniantt 1 — Inet
Net irrigation water of irrigation district: I,,,, = “Sa Utilization coefficient: n = n

Note: I,,.; is the net irrigation water amount for each crop estimated from selected typical field
patches, mm; i denotes the crop type; I,,.; is the weighted average of net irrigation water for
the whole irrigation districts, mm; [ is the total irrigation water diverted from water-supplying
area for irrigation districts, mm. For dry farming and damp irrigation stage of rice fields, H is
the depth of moist soil layer, mm; 6,,; and 6,,, are the soil volumetric water content before and
after irrigation events, %. For the submerged irrigation stage of rice fields, H; and H, are the
depth of water surface before and after irrigation events, mm. When applying the head-end
measurement method, the judgement of whether sufficient irrigation is the premise for accurate
estimation of net irrigation water. I;,,; and D; are the water amount flowing in and out of fields,
mm; M; is the estimated net irrigation quota for each crop, mm; and 4; is the total cover area

of each crop. Notably, rice fields have no drainage during crop growth period.

Data availability

The observed data used in this study are not publicly accessible. These data have been collected
and supported by China Irrigation and Drainage Development Centre. Anyone who would like

to use these data should contact Hang Chen and Zailin Huo to obtain permission.

Author contributions

JC, YS and ZH provided the data. HC and ZH contributed to the development of the model.

Preparation and revision of the paper were done by ZH, under the supervision of LZ.

Competing interests

The authors declare that they have no conflict of interest.

Acknowledgments

23



https://doi.org/10.5194/hess-2021-80
Preprint. Discussion started: 22 April 2021
(© Author(s) 2021. CC BY 4.0 License.

434
435

436
437

438
439

440
441

442
443
444
445
446
447
448
449
450
451
452
453
454
455
456

457

Hydrology and
Earth System
Sciences

Discussions

We appreciate the contributions of the editor and anonymous reviewers whose comments and
suggestions significantly improve this article. Special thanks go to China Irrigation and

Drainage Development Centre for their support and providing information and data.
Financial support

This research has been supported by the National Key Research and Development Program of
China (2018YFC0407703; 2016 YFC0400107) and the National Natural Science Foundation

of China (51639009; 51679236).
Reference

Bai, L.L., Cai, J.B., Liu, Y., Chen, H., Zhang, B.Z. and Huang, L.X.: Responses of field
evapotranspiration to the changes of cropping pattern and groundwater depth in large
irrigation district of Yellow River basin, Agricultural Water Management, 188, 1-11,
10.1016/j.agwat.2017.03.028, 2017.

Berghuijs, W.R., Woods, R.A. and Hrachowitz, M.: A precipitation shift from snow towards
rain leads to a decrease in streamflow, Nature Climate Change, 4, 583-586,
10.1038/nclimate2246, 2014.

Besser, H., Mokadem, N., Redhouania, B., Rhimi, N., Khlifi, F., Ayadi, Y., Omar, Z., Bouajila,
A. and Hamed, Y.: GIS-based evaluation of groundwater quality and estimation of soil
salinization and land degradation risks in an arid Mediterranean site (SW Tunisia),
Arabian Journal of Geosciences, 10, 10.1007/s12517-017-3148-0, 2017.

Budyko, M.1., 1974. Climate and life. Academic, San Diego, California, 508 pp.

Cao, X.C., Wu, P.T., Wang, Y.B. and Zhao, X.N.: Assessing blue and green water utilisation
in wheat production of China from the perspectives of water footprint and total water
use, Hydrology and Earth System Sciences, 18, 3165-3178, 10.5194/hess-18-3165-
2014, 2014a.

24



https://doi.org/10.5194/hess-2021-80 Hydrology and
Preprint. Discussion started: 22 April 2021 Earth System
(© Author(s) 2021. CC BY 4.0 License. Sciences

458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481

482

Discussions

Cao, X.C., Wu, P.T., Wang, Y.B. and Zhao, X.N.: Water footprint of grain product in irrigated
farmland of China, Water Resources Management, 28, 2213-2227, 10.1007/s11269-
014-0607-1, 2014b.

Caracciolo, D., Pumo, D. and Viola, F.: Budyko’s based method for annual runoff
characterization across cifferent climatic areas: an application to United States, Water
Resources Management, 32, 3189-3202, 10.1007/s11269-018-1984-7, 2018.

Carmona, A.M., Poveda, G., Sivapalan, M., Vallejo-Bernal, S.M. and Bustamante, E.: A
scaling approach to Budyko's framework and the complementary relationship of
evapotranspiration in humid environments: case study of the Amazon River basin,
Hydrology and Earth System Sciences, 20, 589-603, 10.5194/hess-20-589-2016, 2016.

Chen, H., Huo, Z.L., Dai, X.Q., Ma, S.Y., Xu, X. and Huang, G.H.: Impact of agricultural
water-saving practices on regional evapotranspiration: The role of groundwater in
sustainable agriculture in arid and semi-arid areas, Agricultural and Forest Meteorology,
263, 156-168, 10.1016/j.agrformet.2018.08.013, 2018.

Chen, H., Huo, Z.L., Zhang, L. and White, I.: New perspective about application of extended
Budyko formula in arid irrigation district with shallow groundwater, Journal of
Hydrology, 582, 10.1016/j.jhydrol.2019.124496, 2020.

Chen, X., Alimohammadi, N. and Wang, D.B.: Modeling interannual variability of seasonal
evaporation and storage change based on the extended Budyko framework, Water
Resources Research, 49, 6067-6078, 10.1002/wrcr.20493, 2013.

Cheng, X.J.: Study on groundwater evaporation under bare and crop-coverd land (in Chinese),
Journal of Hydraulic Engineering, 6, 37-42, 1993.

Choudhury, B.J.: Evaluation of an empirical equation for annual evaporation using field
observations and results from a biophysical model, Journal of Hydrology, 26, 99-110,

1999.

25



https://doi.org/10.5194/hess-2021-80 Hydrology and
Preprint. Discussion started: 22 April 2021 Earth System
(© Author(s) 2021. CC BY 4.0 License. Sciences

483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506

507

Discussions

Dang, P. and Feng, B.Q., 2016. Technical guidelines for calculating and analyzing the
irrigation water use efficiency of irrigation districts in China. In: C.l.a.D.D. Centre
(Editor), Beijing, pp. 1-41.

Ddl, P. and Siebert, S.: Global modeling of irrigation water requirements, Water Resources
Research, 38, 8-1-8-10, 10.1029/2001wr000355, 2002.

Donohue, R.J., Roderick, M.L. and McVicar, T.R.: On the importance of including vegetation
dynamics in budyko hydrological model, Hydrology and Earth System Sciences, 11,
983-995, 2007.

Donohue, R.J., Roderick, M.L. and McVicar, T.R.: Can dynamic vegetation information
improve the accuracy of Budyko's hydrological model?, Journal of Hydrology, 390, 23-
34, 2010.

Donohue, R.J., Roderick, M.L. and McVicar, T.R.: Assessing the differences in sensitivities of
runoff to changes in climatic conditions across a large basin, Journal of Hydrology, 406,
234-244, 10.1016/j.jhydrol.2011.07.003, 2011.

Donohue, R.J., Roderick, M.L. and McVicar, T.R.: Roots, storms and soil pores: Incorporating
key ecohydrological processes into Budyko’s hydrological model, Journal of
Hydrology, 436-437, 35-50, 10.1016/j.jhydrol.2012.02.033, 2012.

Du, C., Sun, F., Yu, J., Liu, X. and Chen, Y.: New interpretation of the role of water balance
in an extended Budyko hypothesis in arid regions, Hydrology and Earth System
Sciences, 20, 393-409, 2016.

Eichelmann, E., Hemes, K.S., Knox, S.H., Oikawa, P.Y., Chamberlain, S.D., Sturtevant, C.,
Verfaillie, J. and Baldocchi, D.D.: The effect of land cover type and structure on
evapotranspiration from agricultural and wetland sites in the Sacramento—San Joaquin
River Delta, California, Agricultural and Forest Meteorology, 256-257, 179-195,

10.1016/j.agrformet.2018.03.007, 2018.

26



https://doi.org/10.5194/hess-2021-80
Preprint. Discussion started: 22 April 2021
(© Author(s) 2021. CC BY 4.0 License.

508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530

531

Hydrology and
Earth System
Sciences

Discussions

Flerchinger, G.N. and Cooley, K.R.: A ten-year water balance of a mountainous semi-arid
watershed, Journal of Hydrology, 237, 86-99, 2000.

Fu, B.P.: On the calculation of the evaporation from land surface (in Chinese), Scientia
Atmospherica Sinica, 5, 23-31, 1981.

Gentine, P., D'Odorico, P., Lintner, B.R., Sivandran, G. and Salvucci, G.D.: Interdependence
of climate, soil, and vegetation as constrained by the Budyko curve, Geophysical
Research Letters, 39, 10.1029/201291053492, 2012.

Gerrits, A.M.J., Savenije, H.H.G., Veling, E.J.M. and Pfister, L.: Analytical derivation of the
Budyko curve based on rainfall characteristics and a simple evaporation model, Water
Resources Research, 45, 10.1029/2008wr007308, 2009.

Ghamarnia, H., Golamian, M., Sepehri, S., Arji, I. and Norozpour, S.: The contribution of
shallow groundwater by safflower (Carthamus tinctorius L.) under high water table
conditions, with and without supplementary irrigation, Irrigation Science, 31, 285-299,
2013.

Haj-Amor, Z., T&h, T., Ibrahimi, M.K. and Bouri, S.: Effects of excessive irrigation of date
palm on soil salinization, shallow groundwater properties, and water use in a Saharan
oasis, Environmental Earth Sciences, 76, 10.1007/s12665-017-6935-8, 2017.

Han, S.J., Hu, H.P., Yang, D.W. and Liu, Q.C.: Irrigation impact on annual water balance of
the oases in Tarim Basin, Northwest China, Hydrological Processes, 25, 167-174,
10.1002/hyp.7830, 2011.

Hobbins, M.T., Ramirez, J.A., Brown, T.C. and Claessens, L.: The complementary relationship
in estimation of regional evapotranspiration: the complementary relationship areal
evapotranspiration and advection-aridity models, Water Resources Research, 37, 1367-

1387, 2001.

27



https://doi.org/10.5194/hess-2021-80
Preprint. Discussion started: 22 April 2021
(© Author(s) 2021. CC BY 4.0 License.

532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554

555

Hydrology and
Earth System
Sciences

Discussions

Istanbulluoglu, E., Wang, T.J., Wright, O.M. and Lenters, J.D.: Interpretation of hydrologic
trends from a water balance perspective: The role of groundwater storage in the Budyko
hypothesis, Water Resources Research, 48, 10.1029/2010wr010100, 2012.

Jackson, R.B., Carpenter, S.R., Dahm, C.N., McKnight, D.M. and Naiman, R.J.: Water in a
Changing World, Ecological Application, 11, 1027-1045, 2001.

Jiang, H.N. and Shu, H.: Optical remote-sensing data based research on detecting soil salinity
at different depth in an arid-area oasis, Xinjiang, China, Earth Science Informatics, 12,
43-56, 10.1007/s12145-018-0358-2, 2018.

Jin, L.S. and Young, W.: Water use in agriculture in China: importance, challenges, and
implications for policy, Water Policy, 3, 10.1016/S1366-7017(01)00015-0, 2001.

Leblanc, M.J., Tregoning, P., Ramillien, G., Tweed, S.0O. and Fakes, A.: Basin-scale, integrated
observations of the early 21st century multiyear drought in southeast Australia, Water
Resources Research, 45, 10.1029/2008wr007333, 2009.

Li, D., Pan, M., Cong, Z.T., Zhang, L. and Wood, E.: Vegetation control on water and energy
balance within the Budyko framework, Water Resources Research, 49, 969-976,
10.1002/wrcr.20107, 2013.

McVicar, T.R., Roderick, M.L., Donohue, R.J. and Van Niel, T.G.: Less bluster ahead?
Ecohydrological implications of global trends of terrestrial near-surface wind speeds,
Ecohydrology, 5, 381-388, 10.1002/ec0.1298, 2012.

Milly, P.C.D.: Climate, soil water storage, and the average annual water balance, Water
Resources Research, 30, 2143-2156, 1994.

Milly, P.C.D. and Dunne, K.A.: Macroscale water fluxes 2. Water and energy supply control
of their interannual variability, Water Resources Research, 38, 24-1-24-9,

10.1029/2001wr000760, 2002.

28



https://doi.org/10.5194/hess-2021-80
Preprint. Discussion started: 22 April 2021
(© Author(s) 2021. CC BY 4.0 License.

556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578

579

Hydrology and
Earth System
Sciences

Discussions

Mo, X., Liu, S., Lin, Z., Wang, S. and Hu, S.: Trends in land surface evapotranspiration across
China with remotely sensed NDVI and climatological data for 1981-2010,
Hydrological Sciences Journal, 60, 2163-2177, 10.1080/02626667.2014.950579, 2015.

Moussa, R. and Lhomme, J.P.: The Budyko functions under non-steady-state conditions,
Hydrology and Earth System Sciences, 20, 4867-4879, 10.5194/hess-20-4867-2016,
2016.

Namuburg, E., Mata-gonzalez, R., Hunter, R.G., McLendon, T. and Martin, D.W.:
Phreatophytic vegetation and groundwater fluctuations: a review of current research
and application of ecosystem response modeling with an emphasis on great basin
vegetation, Environmental Management, 35, 726-740, 2005.

Peng, J., Biswas, A., Jiang, Q.S., Zhao, R.Y., Hu, J., Hu, B.F. and Shi, Z.: Estimating soil
salinity from remote sensing and terrain data in southern Xinjiang Province, China,
Geoderma, 337, 1309-1319, 10.1016/j.geoderma.2018.08.006, 2019.

Porporato, A., Daly, E. and Rodriguez-Iturbe, I.: Soil water balance and ecosystem response to
climate change, The American Naturalist, 164, 625-632, 2004.

Potter, N.J. and Zhang, L.: Interannual variability of catchment water balance in Australia,
Journal of Hydrology, 369, 120-129, 10.1016/j.jhydrol.2009.02.005, 2009.

Potter, N.J., Zhang, L., Milly, P.C.D., McMahon, T.A. and Jakeman, A.J.: Effects of rainfall
seasonality and soil moisture capacity on mean annual water balance for Australian
catchments, Water Resources Research, 41, 10.1029/2004wr003697, 2005.

Qian, T.N., Tsunekawa, A., Peng, F., Masunaga, T., Wang, T. and Li, R.: Derivation of salt
content in salinized soil from hyperspectral reflectance data: A case study at Mingin
Oasis, Northwest China, Journal of Arid Land, 11, 111-122, 10.1007/s40333-019-

0091-9, 20109.

29



https://doi.org/10.5194/hess-2021-80
Preprint. Discussion started: 22 April 2021
(© Author(s) 2021. CC BY 4.0 License.

580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601

602

Hydrology and
Earth System
Sciences

Discussions

Rodell, M.: Basin scale estimates of evapotranspiration using GRACE and other observations,
Geophysical Research Letters, 31, 10.1029/2004g1020873, 2004.

Roderick, M.L. and Farquhar, G.D.: A simple framework for relating variations in runoff to
variations in climatic conditions and catchment properties, Water Resources Research,
47, 10.1029/2010wr009826, 2011.

Shao, Q.X., Traylen, A. and Zhang, L.: Nonparametric method for estimating the effects of
climatic and catchment characteristics on mean annual evapotranspiration, Water
Resources Research, 48, 10.1029/2010wr009610, 2012.

Shuttleworth, W.J., 1993. Evaporation. In: D.R. Maidment (Editor), Handbook of hydrology.
McGraw-Hill, New York, pp. 4.1-4.53.

Smith, M., 1992. CROPWAT - A computer program of irrigation planning and management.
Irrigation and Drainage Paper 46. Food and Agriculture Organization of the United
Nations, Rome, 128 pp.

Tang, H.H.: Analysis on the cause of soil salinization and discussion on the remediation and
improvement measures (in Chinese), Gansu Science and Technology, 34, 41-43, 2018.

Troch, P.A., Carrillo, G., Sivapalan, M., Wagener, T. and Sawicz, K.: Climate-vegetation-soil
interactions and long-term hydrologic partitioning: signatures of catchment co-
evolution, Hydrology and Earth System Sciences, 17, 2209-2217, 10.5194/hess-17-
2209-2013, 2013.

Valayamkunnath, P., Sridhar, V., Zhao, W. and Allen, R.G.: A comprehensive analysis of
interseasonal and interannual energy and water balance dynamics in semiarid shrubland
and forest ecosystems, Science of The Total Environment, 651, 381-398,

10.1016/j.scitotenv.2018.09.130, 2019.

30



https://doi.org/10.5194/hess-2021-80
Preprint. Discussion started: 22 April 2021
(© Author(s) 2021. CC BY 4.0 License.

603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624

625

Hydrology and
Earth System
Sciences

Discussions

Wang, D.B.: Evaluating interannual water storage changes at watersheds in Illinois based on
long-term soil moisture and groundwater level data, Water Resources Research, 48,
10.1029/2011wr010759, 2012.

Wang, D.B. and Hejazi, M.: Quantifying the relative contribution of the climate and direct
human impacts on mean annual streamflow in the contiguous United States, Water
Resources Research, 47, 10.1029/2010wr010283, 2011.

Wang, D.B. and Tang, Y.: A one-parameter Budyko model for water balance captures
emergent behavior in darwinian hydrologic models, Geophysical Research Letters, 41,
4569-4577, 10.1002/201491060509, 2014,

Wang, T.T., Sun, F.B., Lim, W.H., Wang, H., Liu, W.B. and Liu, C.M.: The Predictability of
Annual Evapotranspiration and Runoff in Humid and Nonhumid Catchments over
China: Comparison and Quantification, Journal of Hydrometeorology, 19, 533-545,
10.1175/jhm-d-17-0165.1, 2018.

Wang, X.S. and Zhou, Y.X.: Shift of annual water balance in the Budyko space for catchments
with groundwater-dependent evapotranspiration, Hydrology and Earth System
Sciences, 20, 3673-3690, 10.5194/hess-20-3673-2016, 2016.

Wei, Y.J. and Xu, M.: Study on soil salinization and countermeasures of its prevention in
XinJiang, Earth and Environment, 33, 593-597, 2005.

Williams, C.A., Reichstein, M., Buchmann, N., Baldocchi, D., Beer, C., Schwalm, C.,
Wohlfahrt, G., Hasler, N., Bernhofer, C., Foken, T., Papale, D., Schymanski, S. and
Schaefer, K.: Climate and vegetation controls on the surface water balance: Synthesis
of evapotranspiration measured across a global network of flux towers, Water

Resources Research, 48, 10.1029/2011wr011586, 2012.

31



https://doi.org/10.5194/hess-2021-80
Preprint. Discussion started: 22 April 2021
(© Author(s) 2021. CC BY 4.0 License.

626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649

650

Hydrology and
Earth System
Sciences

Discussions

Woods, R.: The relative roles of climate, soil, vegetation and topography in determining
seasonal and long-term catchment dynamics, Advances in Water Resources, 26, 295-
309, 2003.

Xing, W.Q., Wang, W.G., Shao, Q.X. and Yong, B.: Identification of dominant interactions
between climatic seasonality, catchment characteristics and agricultural activities on
Budyko-type equation parameter estimation, Journal of Hydrology, 556, 585-599,
10.1016/j.jhydrol.2017.11.048, 2018.

Xiong, L.H. and Guo, S.L.: Appraisal of Budyko formula in calculating long-term water
balance in humid watersheds of southern China, Hydrological Processes, 26, 1370-
1378, 10.1002/hyp.8273, 2012.

Xu, X.L., Liu, W., Scanlon, B.R., Zhang, L. and Pan, M.: Local and global factors controlling
water-energy balances within the Budyko framework, Geophysical Research Letters,
40, 6123-6129, 10.1002/2013g1058324, 2013.

Xue, B.L., Wang, L., Li, X.P.,, Yang, K., Chen, D.L. and Sun, L.T.: Evaluation of
evapotranspiration estimates for two river basins on the Tibetan Plateau by a water
balance method, Journal of Hydrology, 492, 290-297, 10.1016/j.jhydrol.2013.04.005,
2013.

Yang, D.W., Shao, W.W., Yeh, P.J.F., Yang, H.B., Kanae, S. and Oki, T.K.: Impact of
vegetation coverage on regional water balance in the nonhumid regions of China, Water
Resources Research, 45, 10.1029/2008wr006948, 2009.

Yang, D.W., Sun, F.B., Liu, Z.Y., Cong, Z.T. and Lei, Z.D.: Interpreting the complementary
relationship in non-humid environments based on the Budyko and Penman hypotheses,
Geophysical Research Letters, 33, 10.1029/2006g1027657, 2006.

Yang, D.W., Sun, F.B., Liu, Z.Y., Cong, Z.T., Ni, G.H. and Lei, Z.D.: Analyzing spatial and

temporal variability of annual water-energy balance in nonhumid regions of China

32



https://doi.org/10.5194/hess-2021-80
Preprint. Discussion started: 22 April 2021
(© Author(s) 2021. CC BY 4.0 License.

651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672

673

Hydrology and
Earth System
Sciences

Discussions

using the Budyko hypothesis, Water Resources Research, 43, 10.1029/2006wr005224,
2007.

Yang, H.B., Yang, D.W., Lei, Z.D. and Sun, F.B.: New analytical derivation of the mean annual
water-energy ~ balance  equation, Water  Resources Research, 44,
10.1029/2007wr006135, 2008.

Yao, J.Q., Mao, W.Y., Yang, Q., Xu, X.B. and Liu, Z.H.: Annual actual evapotranspiration in
inland river catchments of China based on the Budyko framework, Stochastic
Environmental Research and Risk Assessment, 31, 1409-1421, 10.1007/s00477-016-
1271-1, 2016.

Yokoo, Y., Sivapalan, M. and Oki, T.: Investigating the roles of climate seasonality and
landscape characteristics on mean annual and monthly water balances, Journal of
Hydrology, 357, 255-269, 10.1016/j.jhydrol.2008.05.010, 2008.

Yuan, W.P., Liu, S.G,, Liu, H.P., Randerson, J.T., Yu, G.R. and Tieszen, L.L.: Impacts of
precipitation seasonality and ecosystem types on evapotranspiration in the Yukon River
Basin, Alaska, Water Resources Research, 46, 10.1029/2009wr008119, 2010.

Zhang, B.Q.: Soil salinization and its prevention in XinJiang (in Chinese with English abstract),
Arid Zone Research, 1, 55-61, 1993.

Zhang, L., Dawes, W.R. and Walker, G.R.: Response of mean annual evapotranspiration to
vegetation changes at catchment scale, Water Resources Research, 37, 701-708, 2001.

Zhang, L., Hickel, K., Dawes, W.R., Chiew, F.H.S., Western, A.W. and Briggs, P.R.: A rational
function approach for estimating mean annual evapotranspiration, Water Resources

Research, 40, 10.1029/2003wr002710, 2004.

33



