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Abstract:  10 

The Budyko hypothesis (BH) is an effective approach to investigating long-term water balance at 11 

large basin scale under steady state. The assumption of steady state prevents applications of the 12 

BH to basins, which is unclosed, or with significant variations in root zone water storage, i.e., 13 

under unsteady state, such as in extremely arid regions. In this study, we choose the Heihe River 14 

Basin (HRB) in China, an extremely arid inland basin, as the study area. We firstly use a 15 

calibrated and then validated monthly water balance model, i.e., the abcd model to quantitatively 16 

determine annual and monthly variations of water balance for the sub-basins and the whole 17 

catchment of the HRB and find that the role of root zone water storage change and that of inflow 18 

from upper sub-basins in monthly water balance are significant. With the recognition of the inflow 19 

water from other regions and the root zone water storage change as additional possible water 20 

sources to evapotranspiration in unclosed basins, we further define the equivalent precipitation (Pe) 21 

to include local precipitation, inflow water and root zone water storage change as the water supply 22 

in the Budyko framework. With the newly defined water supply, the Budyko curve can 23 

successfully describe the relationship between the evapotranspiration ratio and the aridity index at 24 

both annual and monthly timescales, whilst it fails when only the local precipitation being 25 

considered. Adding to that, we develop a new Fu-type Budyko equation with two non-dimensional 26 

parameters (ω and λ) based on the deviation of Fu's equation. Over the annual time scale, the new 27 

Fu-type Budyko equation developed here has more or less identical performance to Fu's original 28 

equation for the sub-basins and the whole catchment. However, over the monthly time scale, due 29 

to large seasonality of root zone water storage and inflow water, the new Fu-type Budyko equation 30 

generally performs better than Fu's original equation. The new Fu-type Budyko equation (ω and λ) 31 
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developed here enables one to apply the BH to interpret regional water balance over extremely dry 32 

environments under unsteady state (e.g., unclosed basins or sub-annual timescales).  33 
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1. Introduction 34 

The Budyko Hypothesis (hereafter BH) was postulated by a Russian climatologist Mikhail 35 

Ivanovich Budyko to analyze regional differences in long-term annual water and energy balance 36 

(Budyko, 1948). The BH’s mean annual water balance is described by the evapotranspiration ratio 37 

and the climate aridity index. The BH becomes an effective approach to investigating the 38 

influence of climate change on mean annual runoff and evapotranspiration (Donohue et al., 2011; 39 

Xiong et al., 2014). There are various equations to describe the BH. Some empirical equations 40 

without parameters were proposed by Schreiber (1904), Ol'dekop (1911), Budyko (1948) and Pike 41 

(1964) (see Table 1). These equations explicitly include climate variations (radiation, precipitation, 42 

evapotranspiration and air temperature) and do not deal with recently recognized important 43 

catchment properties, such as characteristics of groundwater system, vadose zone properties, 44 

vegetation. Hence, attempts have been made to introduce physical parameters in these empirical 45 

equations (Mezentsev, 1955; Fu, 1981; Milly, 1993; Zhang et al., 2001; Yang et al., 2007; Yang et 46 

al., 2008). These physical parameters are a collection of myriad catchment characteristics 47 

(topography, vegetation, soil, and groundwater etc.) and are therefore difficult to measure (Gerrits 48 

et al., 2009). These equations with a single parameter, however, provide the flexibility of using the 49 

BH over long-term time-scales. 50 

The BH assumes steady state conditions. Firstly, the studied basin must be natural and closed, 51 

which means that the local precipitation is the only water source to the evapotranspiration. 52 

Recently, the BH has been widely used to investigate the interannual variability of precipitation 53 

partitioning (Gerrits et al., 2009), separation of runoff trends (Li et al., 2014; Xiong et al., 2015), 54 

evapotranspiration change (Savenije, 1997) and water storage change (Istanbulluoglu et al., 2012; 55 
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Gao et al., 2014). These studies show that hydrological processes have been greatly affected by 56 

the climate change and intensive change of land cover owing to human activities. These human 57 

activities such as urbanization, withdrawing groundwater, hydraulic engineering, deforestation etc. 58 

are significantly changing natural hydrological cycle and breaking the original water balance to 59 

form a new balance under the new hydroclimatic conditions. For example, the transferring water 60 

becomes the new water source of the basin to evapotranspiration due to the implemented 61 

inter-basin water transfer project (Bonacci and Andric, 2010). In dry regions, croplands expanded 62 

with irrigation, which increased water availability for evapotranspiration (Gordon et al., 2005). 63 

Land use/cover changes have also caused the change of runoff (Li et al., 2014). Nowadays, most 64 

of the inhabited basins have been developed or disturbed by large-scale human actives. Therefore, 65 

lots of basins were no longer closed or natural and the relationship between annual 66 

evapotranspiration ratio and potential evapotranspiration ratio hardly meet the first condition of 67 

the BH, which presents great challenge in applying the BH in unclosed basins. 68 

Secondly, water storage change can be assumed to be negligible at the basin scale and at long-term 69 

time scale. However, over finer temporal scales, it becomes increasingly concerned of the 70 

importance of water storage in water balance in the Budyko framework. For example, Wang et al., 71 

(2009) found that the inter-annual water storage change should be considered due to the hysteresis 72 

response of the base flow to the inter-annual precipitation change in Nebraka Sand Hills. Zhang et 73 

al. (2008) considered the impacts of soil water and groundwater storage and developed a monthly 74 

water balance model based on the BH with application in 265 catchments in Australia. Yokoo et al. 75 

(2008) highlighted the importance of soil water storage change in determining both annual and 76 

seasonal water balances. Wang (2012) evaluated changes in inter-annual water storage at 12 77 
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watersheds in Illinois using the field observation of long-term groundwater and soil water and 78 

found that the impact of inter-annual water storage changes on the water supply in the BH need to 79 

be considered. Chen et al. (2013) defined the difference between rainfall and storage change as 80 

effective precipitation to develop a seasonal model for construction long-term evapotranspiration. 81 

Therefore, water storage change should be taken into account as the important part of the steady 82 

state assumption of the BH (Zhang et al., 2008). 83 

(Table 1 here) 84 

In summary, it has been more and more recognized that water systems are no longer natural to 85 

different extents (Sivapalan et al., 2011). Hence, it presents a grand challenge to apply the BH to 86 

unsteady state conditions (unclosed basins or intense water storage changes). The BH has been 87 

widely applied to mild arid basins with precipitation of 300-400 mm and aridity index of less than, 88 

for example, five, such as over northern China (Yang et al. 2007), the southwest regions of 89 

MOPEX catchments (Gentine et al., 2012; Carmona et al., 2014) and the west of Australia (Zhang 90 

et al., 2008). However, it is rare of applying the BH in extremely arid environments (say, the 91 

aridity index over five), where water systems are typically unclosed with intense human 92 

interference and irrigation. For example, rivers in the arid region of Northwestern China are 93 

typically from upper mountains with little human interference, and flow through middle regions 94 

with intensive irrigation and human interferences and finally into extremely dry desert plains. To 95 

investigate it in more detail, we choose the Heihe River Basin (HRB), the second largest arid 96 

inland basin in northwestern China (mean annual aridity index =10). Being an inland basin, the 97 

HRB consists of six sub-basins with different landscapes and climate conditions, where the upper 98 

mountainous basins are closed and natural with little human interference (long term mean annual 99 
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water storage change approaches zero), the middle basins are arid and intensively irrigated plain 100 

with strong human interference (mean annual evapotranspiration is higher than the local 101 

precipitation), and the lower basin is extremely dry Gobi desert plain without any runoff flowing 102 

out (evapotranspiration is mainly the local precipitation, mean annual evapotranspiration 103 

approaches to mean annual precipitation). In this study, our aim is threefold. (1) We first test 104 

whether the BH is applicable to the unsteady state condition in extremely arid basins. (2) If not, 105 

we in further improve the original BH by including observed water balance. (3) We finally extend 106 

the applicability of the BH at unclosed basins scale and annual or monthly time scales. 107 

2 Theory and Method 108 

2.1 Annual and monthly water balance analysis 109 

In the original BH, the basin is a natural hydrologic unit, and the only possible water source to 110 

evapotranspiration is the local precipitation. Annual or monthly water balance equation can be 111 

written as. 112 

GSQQETP inout                                                 (1) 113 

where P is the annual or monthly precipitation (mm); ET is the sum of soil evaporation and 114 

vegetation transpiration (mm); Qout is the outflow away from a basin (mm); Qin is the channel 115 

inflow that is from the upper basin and/or inter-basin water transfer (mm); ΔS is the root zone 116 

water (namely, soil water) storage change, (mm); ΔG is the groundwater storage change (mm). 117 

Because of human interferences (land cover change, dams, irrigation and other withdrawals) to the 118 

hydrologic system worldwide, the water supply to evapotranspiration in a basin has changed. 119 

Local groundwater and root zone water and external water transfer also become new possible 120 

water sources. However, that new non-ignorable part of available water for evapotranspiration has 121 
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yet been explicitly considered in the Budyko framework in an unclosed basin. More specifically, 122 

the inflow or/and inter-basin water transfer may affect the available water for evapotranspiration 123 

largely. By considering that, here we rearrange Eq. (1) as GQETSQP outin  the 124 

available water for evapotranspiration in Eq. (1) as  125 

SQPP ine                                                             (2) 126 

where the total water supply to evapotranspiration in an unclosed basin is denoted as eP  and for 127 

simplicity, eP
 

hereafter is defined as the equivalent precipitation of the BH at finer time scales. 128 

If S  is more than zero, it means the surplus water is stored in the vadose zone, which should be 129 

deducted from the water sources. If S  is less than zero, it means root zone water contributes to 130 

the evapotranspiration consumption. Note that the change of groundwater storage ( G ) is the 131 

result of the exchange between groundwater and baseflow and is not directly interacted with 132 

evapotranspiration, so that G  is not included into the defined eP
 

in Eq. (2). It will be 133 

discussed in the results section. 134 

2.2 Budyko hypothesis model at annual and monthly scale 135 

As discussed above, in the original Budyko framework, the water supply to land 136 

evapotranspiration is mean annual precipitation, and the energy supply to land evapotranspiration 137 

is estimated by mean annual potential evapotranspiration. The general Budyko equation can be 138 

written as. 139 

)( 0

P

ET
F

P

ET
                                                               (3) 140 

where 
P

ET
is the evapotranspiration ratio; 

P

ET0
is the aridity index. F() is the function to be 141 

determined. The general analytical solution to Eq. (3) over mean annual timescales is derived by 142 
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Fu (1981) and is written as follows: 143 

 1
00 )( CPETPETET                                              (4) 144 

where ω is the parameter, which reflects the integrated effects of soil, vegetation and topography 145 

on separating the ET from the local precipitation (Sun, 2007). If the local precipitation is zero, 146 

evapotranspiration approaches to zero due to no available water, C is zero constant. Note that 147 

another form of the BH is also given by Mezentsev (1955) (later, Choudhury (1999) and Yang et 148 

al. (2008)), which is, in fact, identical to Fu's equation (Zhou et al., 2015) with the parameters 149 

linearly related (R
2
=0.9997) (Sun, 2007). 150 

Water balance analysis in Sect. 2.1 concludes that the water supply in the BH under the unsteady 151 

state condition is the equivalent precipitation instead of the local precipitation. So the annual (or 152 

monthly) evapotranspiration ratio is redefined as the ratio of annual (or monthly) 153 

evapotranspiration and equivalent precipitation, and the annual (or monthly) aridity index is 154 

redefined as the ratio of annual (or monthly) potential evapotranspiration and equivalent 155 

precipitation. They are described as follows: 156 

SQP

ET

P

ET

ine 
                                                           (5) 157 

SQP

ET

P

ET

ine 
 00                                                          (6) 158 

If the equivalent precipitation can be evaporated by enough available energy ( ePET0 ), 159 

then annual (or monthly) evapotranspiration may approach annual (or monthly) precipitation 160 

( 1ePET ). Such condition is moisture-constrained. While, if the available energy to 161 

evaporate the annual (or monthly) precipitation is limited ( 00 ePET ), the annual (or monthly) 162 

evapotranspiration may approach annual (or monthly) potential evapotranspiration 163 
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( 10 ETET ). Such condition is energy-constrained. Fig. 1 describes partitioning of the 164 

equivalent precipitation into evapotranspiration, streamflow and groundwater storage change, 165 

which follows the BH. The Budyko equation under unsteady state assumption can be written as,  166 

)( 0

ee P

ET
F

P

ET
                                                                (7) 167 

(Fig.1 Here) 168 

Under the unsteady state conditions for a region, when the local precipitation in the origin Fu’s 169 

equation is zero, evapotranspiration may not be zero due to other water sources (e.g. inter-basin 170 

water transfer), so following the derivation of Fu, 1981. Eq. (4) can be rewritten as, 171 






1

00 11


























eee P

ET

P

ET

P

ET
                                          (8) 172 

where ω and λ are two fitting parameters and both non-dimensional. ω has been widely discussed 173 

and is greater than 1 (Fu, 1981; Yang et al., 2007). By meeting the constraints formed by the BH, 174 

we can derive that 1  (see the Appendix A). When 0  (Fig. 2a), Eq. (8) is the same as 175 

the Fu’s Equation in its original form (Fu, 1981; Zhang et al., 2004; Yang et al., 2007). For   176 

becomes positive, e.g., 1, the lower end of the Budyko curve adjusts to the right (Fig.2b, c). And 177 

1  sets up the upper theoretical constraint of the Budyko curve (Fig.2c, d). We speculated 178 

that   may be related to rainfall intensity or hydraulic conductivity of soil. 179 

(Fig.2 Here) 180 

2.3 A monthly water balance model: abcd model 181 

Regional evapotranspiration and soil water cannot be measured directly and they are usually 182 

provided by monthly water balance models. Monthly water balance models were first developed 183 

in the 1940s. From that, many models have been developed in hydrological studies, such as T 184 
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model, Tα model, P model, abc model and abcd model are often popular due to relatively simple 185 

structure and fewer parameters (Fernandez et al., 2000).  186 

Among these monthly models, the abcd model was proposed by Thomas (1981) has been widely 187 

applied to assess regional water resources due to its explicit model structure and only four 188 

parameters, of which two parameters pertain to runoff characteristics and the other two relate to 189 

groundwater sound physical meanings. Actually, the abcd model water originally developed and 190 

applied for monthly water balance instead of annual (Alley, 1984). Moreover, Savenije (1997) has 191 

verified that the abcd model to derive expressions for the evapotranspiration ratio has better 192 

agreement with observations than Budyko-type curves. Inputs to the abcd model are monthly 193 

precipitation and potential evapotranspiration. Outputs include monthly runoff (direct and 194 

indirect), soil water storage, groundwater storage and actual evapotranspiration. Therefore, this 195 

study employs the abcd model to provide monthly actual evapotranspiration and soil water 196 

storage. 197 

The partitioning of monthly precipitation tP  in the model is as follows: runoff tQ  (direct and 198 

indirect), evapotranspiration tET , soil water storage tS , and groundwater storage tG . The 199 

partitioning is controlled by the magnitude of precipitation tP , potential evapotranspiration 200 

ptET , and the initial storages in soil 1tS  and groundwater 1tG . The following equation 201 

controls the partitioning: 202 

a

bW

a

bW

a

bW
WY ttt

tt 






 





2

22
)(                                           (9) 203 

where tY
 

is the sum of monthly evapotranspiration and soil water storage at the end of the month, 204 

namely evapotranspiration opportunity. tW
 

is the sum of monthly precipitation and initial soil 205 

moisture, named as available water. The parameter a (0~1) means the propensity in a catchment 206 
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for runoff to occur before the soil becomes saturated. The parameter b is the maximum value of 207 

tY . Wand and Tang (2014) demonstrated that Eq. (9) can be derived from the generalized 208 

proportionality hypothesis and is an equivalent Budyko type equation. Available water partitioning 209 

between tET
 

and tS
 

is controlled by the assumption that the loss rate of actual evaporation 210 

from soil water storage is proportional to the evapotranspiration capacity. So the soil water storage 211 

at the end of period t is written as: 212 

)exp( bETYS pttt                                                         (10) 213 

The actual evapotranspiration at the period t is the difference between evapotranspiration 214 

opportunity and soil water storage ( tt SY - ). The streamflow, including direct runoff and 215 

groundwater recharge, is determined by the difference between available water and 216 

evapotranspiration opportunity ( tt YW  ). The parameter c  separates the direct runoff 217 

))(1( tt YWc  and groundwater recharge c ( tt YW  ). Groundwater discharge tdG
 

as the 218 

base flow is determined by the parameter d  and groundwater storage at the end of period t . 219 

The streamflow is sum of direct runoff and the base flow. For a given set of a , b , c  and d  220 

and initial soil water storage and groundwater storage, the allocation of monthly precipitation can 221 

be computed one by one. 222 

3 Study area and data 223 

3.1 Study area 224 

The HRB, originating from Qilian Mountains, is the second largest inland river basin in the arid 225 

area of the northwestern China (Fig. 3). The drainage map and the basin border are extracted using 226 

a 90 m resolution digital elevation model (DEM) data from the Shuttle Radar Topography Mission 227 

(SRTM) website of the NASA (http://srtm.csi.cgiar.org/SELECTION/inputCoord.asp) (basin 228 
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length: 820 km; total area: 143,044 km
2
; elevation: 870-5545 m). The HRB is in the middle of 229 

Eurasia and away from oceans, characterized with dry and windy climate, and very limited 230 

precipitation (mean annual precipitation: 126 mm yr
-1

) but plentiful radiation (mean annual solar 231 

radiation: 1780 MJ m
-2

 yr
-1

, ~660 mm yr
-1

 in the unit of evaporation). 232 

The HRB is divided into six sub-basins according to basin characteristics, distributing along 233 

eastern and western tributaries, shown in Fig. 3. Regions I and II are upper mountainous regions 234 

with the elevation of 3000-5500m and belong to the cold and semiarid mountainous zone 235 

dominated by shrubs and trees with mean annual temperature of less than 2ºC and annual 236 

precipitation of 200-400 mm. And these two sub-basins are the water source area to the middle 237 

and lower reaches and have little interference of human activities. Regions III and V with annual 238 

precipitation of 100-250 mm are the main irrigation zone and residential area with more than 90% 239 

of total population of the HRB. The two sub-basins are the main water - consuming regions and 240 

largely disturbed by human activities. Regions IV and VI located at lower reaches are extremely 241 

arid and the mean annual precipitation is less than 100 mm. 242 

(Fig. 3 Here) 243 

3.2 Data 244 

The required data for Eq. (8) and the abcd model include monthly precipitation, potential 245 

evapotranspiration and runoff from those sub-basins in the HRB. 246 

The daily precipitation data of all stations during1978-2012 are obtained from the year book 247 

hydrology of China including 28 rainfall stations and the China Administration of Meteorology 248 

including 19 meteorological stations (Fig. 3). The monthly precipitation of each station is 249 

calculated by summing daily precipitation. The gridded data set with 1 km resolution across the 250 
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whole basin is obtained by interpolation of the site data. The monthly precipitation of the six 251 

sub-basins is obtained by the extraction from the monthly precipitation in the whole basin. Daily 252 

meteorological data of 19 stations during 1978-2012 are also available. Daily potential 253 

evapotranspiration is estimated in each station using the FAO Penman-Monteith equation 254 

recommended by Allen et al. (1998). The monthly ET0 at each station is the sum of the daily ET0 255 

and then interpolated to the whole basin. Finally, annual runoff, precipitation and potential 256 

evapotranspiration are obtained by summing monthly data. 257 

The red points in Fig. 3 are the location of hydrological stations. For the two upper streams, Gauge 258 

#S1 controls Region I and Gauge #S2 controls Region II. For the two middle streams, Gauge #S1 259 

and #S3 control Region III and Gauge #S3 and #S4 control Region IV. For the two down streams, 260 

Regions V and VI without any runoff flowing out, Gauge #S2 and #S4 control their inflow 261 

respectively (Fig. 3). Monthly runoff data are obtained from the year book of hydrology of China 262 

and are intended for calibrating the abcd model. The annual runoff is obtained by summing 263 

monthly runoff. The data time series for Regions I and III are from 1978 to 2012. The same period 264 

is for Regions II and V but with the period of 1998-2006 missing. The length of data time series 265 

for Regions IV and VI is from 1988 to 2012.  266 

The natural runoff in Regions III and IV were strongly disturbed by human activities and there is 267 

no runoff for the Regions V and VI and the whole basin. To validate the outputs of the abcd model 268 

for those regions, this study employs the evapotranspiration of remote sensing products from 269 

Heihe Plan Science Data Center (Wu et al., 2012) as a reference. The same data have been widely 270 

used as a reference for modeling evaluations and is supported by a State Key Research 271 

Program-Heihe Eco-hydrological Research Project of National Natural Science Foundation of 272 
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China (Yan et al., 2014; Yao et al., 2014). The monthly evapotranspiration datasets (2000-2012) 273 

with 1km spatial resolution over the HRB (http://westdc.westgis.ac.cn), are estimated by ETWatch 274 

model based on multi-source remote sensing data (Wu et al., 2012). 275 

4 Results 276 

4.1 Calibration of the abcd model 277 

In extremely dry basins like the HRB, the lack of observed hydro-climatic data presents great 278 

challenge. A monthly water balance model becomes an effective tool to estimate actual 279 

evapotranspiration, change of soil water storage and change of groundwater storage. This study 280 

employs the abcd water balance model due to its simple and sound physical structure tested and 281 

recommended by Alley (1984) and Fernandez et al. (2000). We calibrate and validate the abcd 282 

model using monthly time series of precipitation, potential evapotranspiration and runoff at each 283 

of the seven regions (the six sub-basins and the whole basin) and using the generalized pattern 284 

search optimization method. Nash-Sutcliffe efficiency (NSE) is used to assess the goodness of fit 285 

of the monthly water balance for the seven regions.  286 

Fig. 4 shows the results of the modeled streamflow at monthly time scale in Regions I and II. 287 

Regions I and II are the water source area of the whole basin with little interference of human 288 

activities and both keep relatively natural steady state. The NSE for the Regions I and II is for 0.92 289 

and 0.83, respectively. The results illustrate that the simulated monthly streamflow agrees well 290 

with the observation and other modeled components can be reasonable estimates, for instance, 291 

monthly actual evapotranspiration, soil water storage change and groundwater storage change in 292 

the two sub-basins. 293 

(Fig.4 Here) 294 
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The outputs from the abcd model being used include soil water storage and actual 295 

evapotranspiration. Only over the two upper sub-basins (Regions I and II), the streamflow is used 296 

for the calibration and validation purpose.  297 

Over the middle sub-basins (Regions III, IV and also V), large areas of artificial oasis (cropland) is 298 

distributed and the streamflow water intensely disturbed by hydraulic engineering. Hence it 299 

becomes almost impossible to validate the abcd model by directly comparing the simulated and 300 

observed streamflow. Instead, we used the actual evapotranspiration by remote sensing to calibrate 301 

and validate the abcd model. For the new BH over Regions III, IV and V, we use the observed Qin 302 

from the upper sub-basin as the input. That is to be consistent with the remote sensing data, which 303 

are observed and hence human disturbed. 304 

(Fig.5 Here) 305 

4.2 Annual and monthly water balance analysis 306 

To test the "steady state" assumption of the Budyko framework, it is vital to examine whether 307 

changes in mean annual soil water storage in water balance approach to zero. By using the 308 

monthly runoff, evapotranspiration, soil water and groundwater storage change from the abcd 309 

model and the observed monthly precipitation, the mean annual water balance of all regions are 310 

summarized in the Table 2. Region I and Region II are located in mountainous area, where the 311 

mean annual soil water storage changes are almost zero with both 0.0% of the corresponding 312 

precipitation. The mean annual soil water storage change in Regions III and IV are relatively 313 

significant. For Region V, Region VI and the whole basin without any outflow, the mean annual 314 

soil water storage and groundwater storage changes both approach zero. In conclusion, the mean 315 

annual soil water storage changes for all regions are very small and can be ignored in mean annual 316 
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water balance. These sub-basins and the whole basin keep natural basin characteristics and meet 317 

the second assumption of the BH that mean annual soil water storage can be ignored. However, no 318 

inflow only exists in Regions I and II, which meets the first assumption of the BH that the local 319 

precipitation is the only potential water source to evapotranspiration. In other regions, water 320 

supply conditions have been changed by considerable inflow generally from upper sub-basins. 321 

(Table 2 Here) 322 

Because this study focuses on the application of the BH at the annual and monthly time scales, the 323 

annual and monthly water balance analysis is very critical to understanding the role of water 324 

storage and water source change in the BH. Fig. 6 describes the variation of annual water balance 325 

for the six sub-basins and the whole basin. The most obvious in Fig. 6 is that the proportion of soil 326 

water storage change in annual water balance is small compared with the annual precipitation. So 327 

the impact of soil water storage change on annual water balance is insignificant and can be also 328 

neglected. Moreover, annual evapotranspiration is higher than annual precipitation in the Regions 329 

III-VI and approaches to annual precipitation over the whole basin. For water-limited regions, 330 

when inflow from other regions is available, the actual evapotranspiration increases with the 331 

increased water supply so that the actual evapotranspiration is more than the local precipitation. 332 

For the whole basin of the inland HRB, there is no water transferring with other basins, so the 333 

evapotranspiration almost approaches to the precipitation at the annual time scale due to little 334 

variations in the soil water storage changes. In conclusion, the facts that soil water storage change 335 

in all basins can be ignored in annual water balance meet the second assumption of the BH, and 336 

the results that the annual water balance in Regions III-VI and the whole basin have been 337 

disturbed do not meet the first assumption of the BH. Therefore, except for the Regions I and II, 338 
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the original BH cannot be directly used for those sub-basins and the whole basin. 339 

(Fig.6 Here) 340 

Different from the annual timescale, the impacts of monthly changes of soil water storage and 341 

groundwater storage behave differently (Fig. 7). The variations of monthly groundwater storage 342 

change for all regions are similar to those of runoff (Fig. 7). For those regions with no runoff 343 

(Regions V, VI and the whole basin), the modeled groundwater storage change is almost zero. This 344 

means that the groundwater storage can hardly contribute to the evapotranspiration while the 345 

variation of soil water storage is tightly coupled with the evapotranspiration (Fig.7). For Regions I 346 

and II and during the winter season, the evapotranspiration is more than the precipitation; the extra 347 

water source required by the evapotranspiration is from root zone water storage. After the summer 348 

season, the precipitation sharply decreases, but the evapotranspiration slowly decreases by 349 

consuming the root zone water storage recharged during the summer season. For Regions III-VI, 350 

the water supply is more complicated by the interference of monthly inflow water, and the 351 

monthly variations of root zone water storage. As shown in Fig.7, it can be concluded that both the 352 

soil water storage change and inflow water have obvious effect on the monthly water balance, 353 

whilst the impact of monthly groundwater storage change is negligible. 354 

In summary, due to the complications of the water transfer and soil water storage change, the two 355 

assumption conditions for applying the original BH are difficult to meet for the sub-basins and the 356 

whole HRB on the monthly timescales, which in turn requires new treatments in the BH as further 357 

investigated in following sections. 358 

(Fig.7 Here)  359 
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4.3 The annual Budyko curve analysis 360 

Fig. 8 (Left panel) plots the original Budyko curves for the six sub-basins and the whole basin. For 361 

Regions I and II, the points of annual evapotranspiration ratio and aridity index fall in the domain 362 

of water and energy limit boundary and they can be well fitted by Fu’s equation. The relationship 363 

between water and energy in Regions I and II can be described by the original BH as expected in 364 

the section above. However, the points of evapotranspiration ratio and aridity index for other 365 

regions exceed the water limit boundary. And the results show the relationship of water and energy 366 

in Regions III-VI and the whole basin is inconsistent with the original BH. After using the 367 

equivalent precipitation instead of the local precipitation, the new Fu-type Budyko curves (Eq. (8) 368 

with λ = 0) for all regions are shown in Fig. 8 (middle panel). Compared with the original Budyko 369 

curve, the new curves for Regions I and II did not behave differently, because the two basins are 370 

natural and closed. The obvious change between the improved and original Budyko curves are for 371 

the Regions III and IV. For the whole basin and Regions V and VI, the new curves fall on the 372 

upper limit of 1ePET  due to no runoff flowing out. These improved Budyko curves can be 373 

fitted using Fu’s equation and the parameters are listed in Table 3. Interestingly for the annual time 374 

scale, the fitted performances of Fu’s equation and Eq. (8) are almost identical. Therefore, the new 375 

Fu-type Budyko curves (Eq. (8)) with fitted values of λ (Right panel, Fig.8) do not show much 376 

difference from those curves with λ set zero. 377 

In summary, if a basin (sub-basin) is closed, the original BH can be applicable at the annual time 378 

scale. However under unsteady state, the new Fu-type BH, instead of the original BH is more 379 

applicable to describe the annual water balance. 380 

(Table 3 Here) 381 
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(Fig. 8 here) 382 

4.4 The monthly Budyko curves analysis 383 

Again as expected based on the monthly water balance analysis, the points of monthly 384 

evapotranspiration ratio and aridity index exceed the water limit boundary for all the basins (Fig. 9, 385 

left panel). The value of evapotranspiration ratio can be up to 40, which means that the local 386 

precipitation in original water balance is well below the actual water supply to the 387 

evapotranspiration. The new Fu-type Budyko curves at the monthly timescale are shown in Fig. 9 388 

on the middle panel (Eq. 8 with setting λ = 0) and on the right panel (Eq. 8 with calibrated λ). It is 389 

remarkable that the points of monthly evapotranspiration ratio and aridity index distribute 390 

regularly in the Budyko framework (in Fig.9, middle panel and right panel). The improved 391 

Budyko curves with calibrated λ perform better than Fu’s original equation (i.e., ) by 5-10% 392 

in terms of NSF. The fitting parameter λ introduced in this study (Eq. 8) can add further 393 

improvement to the BH, in despite of obviously deserving further investigations.  394 

The fitted values of the parameters in the Budyko curves for Regions I to VI are listed in the Table 395 

4. These curves and the parameters have significantly seasonal characteristics. For example, the 396 

Budyko curves in Regions I and II can be divided to five groups (Fig. 9). The values of the 397 

integrated parameter ω in Eq. (8) gradually decrease from the summer months to winter months. 398 

The absolute values of parameters λ gradually increase, which illustrates that the points in summer 399 

months are more centralized than those in winter months. Moreover, in Regions V and VI and the 400 

whole basin, all the equivalent precipitation is consumed by evapotranspiration, and therefore the 401 

ratio of evapotranspiration to the equivalent precipitation is almost one. 402 

(Fig.9 Here) 403 

0
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(Table 4 Here) 404 

4.5 Storage change and inflow water impact on the BH 405 

In this study, we intended to extend the BH to the annual and sub-annual time scales by explicitly 406 

considering the root zone water storage and new water source from other regions. To further 407 

investigate it, we choose Region I and Region III as typical cases in Fig.10. In Region I, as there is 408 

no inflow into the region, we can separate the impact of soil water storage and groundwater 409 

storage on the BH (Fig.10a). With subtle difference, the impacts of changes in root zone water 410 

storage and groundwater storage on water balance can be almost ignored at annual scales. Region 411 

III is another extreme case where only if the role of the inflow water being considered, the BH can 412 

perform well under unsteady state (Fig.10b). 413 

(Fig.10 Here) 414 

In Fig. 11, we further adopted the approach presented by Chen et al. (2013) to examine the 415 

impacts of soil water storage, groundwater storage and inflow water on monthly water balance. 416 

We test different combinations in monthly water balance in Region III, a midstream sub-basin of 417 

the HRB (Fig. 11a-c) and found that when the equivalent precipitation includes the root zone 418 

water storage change the BH performs well at the monthly scale. However, the inclusion of the 419 

groundwater storage change into the equivalent precipitation does not improve as much (Fig.11b, 420 

c). By examining the impact of monthly inflow water on the BH in Region III (Fig. 11d, f), we 421 

find that inflow water at the monthly scale has as much impact as that at annual scale. The results 422 

presented above highlight the fact that the water supply cannot be the local precipitation only, but 423 

should have included root zone water storage change and inflow water. 424 

(Fig.11 Here) 425 
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5 Conclusions 426 

The Budyko Hypothesis (BH) is a useful approach to depicting and understanding the long term 427 

mean water balance at large basin scale under steady state condition. However, river systems 428 

worldwide have in fact been disturbed by human activities to different extents. That is important 429 

for extremely arid environments (say, the aridity index over five) especially in China, where water 430 

systems are typically unclosed with intense human inference and irrigation. That presents grand 431 

challenge if one is applying the BH to those regions under unsteady state e.g., unclosed or 432 

significant variation in soil water storage, or those time scales finer than a year.  433 

To investigate it, we choose an extremely arid inland basin, the Heihe River Basin in China as the 434 

study area, which is divided into six sub-basins based on catchment hydrologic characteristics. We 435 

first calibrate and validate a widely used monthly water balance model, i.e., the abcd model. For 436 

the two upper sub-basins, the simulated monthly water balance is compared against monthly 437 

streamflow from hydrological gauges, and for the other sub-basins and the whole catchment, the 438 

simulated evapotranspiration is compared with widely used remote sensing ET products in the 439 

HRB. The abcd model can successfully simulate the monthly water balance and capture the 440 

inter-annual variations (NSE over 0.85). Based on that, we find that the role of root zone water 441 

storage change in monthly water balance is significant but almost negligible over timescales 442 

longer than a year. And the impact of inflow water from upper sub-basins is also significant and 443 

does not rely on the timescale. We conclude that the upstream basin in the HRB are almost closed 444 

basins, which meet the two steady state conditions of the BH and other sub-basins become an 445 

unclosed basin due to impact of the inflow water and human interference. 446 

With the recognition that the inflow water from other regions and the water storage change are 447 
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both new possible water sources to evapotranspiration in unclosed basins, we define the equivalent 448 

precipitation (Pe) including the local precipitation, inflow water and water storage change as the 449 

water supply, instead of just the local precipitation, in the Budyko framework. (The 450 

evapotranspiration ratio and the aridity index are also redefined using the equivalent precipitation.) 451 

In addition to the new definition of the water supply, we develop a new Fu-type Budyko equation 452 

with two non-dimensional parameters (ω and λ) based on the deviation by Professor Baopu Fu, 453 

i.e., Fu's equation to consider the effect of the change of root zone water storage and the inflow 454 

water on the water and energy constraints. Over the annual time scale, the new Fu-type Budyko 455 

equation developed here has more or less identical performance to the Fu's equation for the 456 

sub-basins and the whole catchment. However, for the monthly time scale, the new Fu-type 457 

Budyko equation performs better than Fu's original equation when the ratio of evapotranspiration 458 

to equivalent precipitation less than one, and performs the same when the evapotranspiration ratio 459 

is very close to one. The new Fu-type Budyko equation (ω and λ) developed in this study enables 460 

one to apply the BH to interpret regional water balance over extremely dry environments under 461 

unsteady state (e.g., unclosed basins or sub-annual timescales).  462 

Appendix: 463 

For an unclosed basin or region, the water supply to evapotranspiration is defined as equivalent 464 

precipitation ( SQPP ine  ). Evapotranspiration ratio: ePET  and aridity index: 465 

ePET0 . The Budyko equation is written the same as Eq. (8)   466 

  /1)1(1                                 (A1) 467 

According to the constrained boundary of the BH, (1) evapotranspiration ratio is less than or equal 468 

to aridity index, namely   , and (2) the evapotranspiration ratio is no more than 1, i.e., 1 , 469 
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With   , we can have, 470 

   /1)1(1                              (A2) 471 

Therefore, 472 

0
                                    (A3) 473 

where 0  and 1 . 474 

For the other constraint, 1  we can derive,  475 

01                               (A4) 476 
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Table 1. Different Budyko equations for mean annual water-energy balance 592 

Number Equation Parameter Reference 

1 )exp(  1  none Schreiber (1904) 

2 )/tanh(  1  none Ol’dekop (1911) 

3   50
11

.
)/tanh()]exp([    none Budyko (1958, 1974) 

4 
5021 .)(    none Pike (1964) 

5 
 /)( 11   α - calibration factor 

Mezentsev (1955); 

Chouldhury (1999); 

Yang et al.,(2008) 

6 11

1








  

ω - Coefficient of 

vegetation and water supply 
Zhang et al., (2001) 

7 111

111










)]/(exp[

)]/(exp[
 

γ - the ratio of the soil water 

storage capacity to 

precipitation 

Milly (1993); Porporato 

et al., (2004) 

8  /1)1(1   ω - a constant of integration 
Fu (1981); Zhang et al. 

(2004); Yang et al. (2007) 

Note: PET / evapotranspiration ratio (the ratio of mean annual evapotranspiration to mean 593 

annual precipitation); PET /0 , aridity index (the ratio of mean annual potential 594 

evapotranspiration to mean annual precipitation). 595 
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Table 2. The mean annual water balance of all regions 596 

Region P(mm) Qin(mm) ET(mm) Qout(mm) ΔS(mm) PWS(%) 

I 351.9 - 165.3 169.3 0.0 0.0 

II 220.7 - 143.9 85.2 0.1 0.0 

III 223.6 66.1 253.2 37.5 -2.1 -0.9 

IV 73.5 74.0 103.4 47.5 1.0 1.3 

V 117.3 39.6 156.7 - 0.2 0.1 

VI 66.8 7.9 74.7 - 0.0 0.0 

whole basin 125.8 - 125.5 - 0.2 0.2 

“-” means no runoff; PWS represents the proportion of the root zone water storage change in the 597 

total precipitation.598 



32 

Table 3. The fitting parameters of Fu’s equation at annual scales 599 

Region I II III IV V VI whole basin 

ω* 1.34 1.45 2.05 1.42 20.28 13.05 17.60 

ω** 1.45 1.69 2.34 1.44 1.07 10.8 1.09 

λ** 0.25 0.67 0.62 0.08 -1 -1 -1 

* means the calibrated values of ω in Fu’s equation; Eq. (8) when λ = 0; ** means the calibrated 600 

values of ω and λ in Eq. (8).601 
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Table 4. The fitting parameters of the improved Budyko equation at the monthly scales 602 

Region Parameter May-Aug Apr & Sep Mar & Oct Feb & Nov Jan & Dec 

I 

ω* 1.40 1.39 1.35 1.28 1.22 

ω** 1.50 1.51 1.48 1.40 1.33 

λ** 0.16 0.24 0.31 0.32 0.28 

II 

ω* 1.54 1.53 1.47 1.37 1.29 

ω** 1.70 1.72 1.67 1.57 1.48 

λ** 0.34 0.54 0.63 0.66 0.60 

Region Parameter Apr-Sep Mar & Oct Feb & Nov Jan & Dec 
 

III 

ω* 2.20 2.05 1.86 1.71 
 

ω** 2.31 2.15 1.97 1.90  

λ** 0.18 0.19 0.22 0.39 
 

IV 

ω* 1.51 1.42 1.33 1.25 
 

ω** 1.75 1.59 1.51 1.41  

λ** 0.92 0.53 0.56 0.41 
 

Region Parameter May-Aug Apr & Sep Mar & Oct Feb & Nov Jan & Dec 

V 

ω* 35.5 29.8 28.0 22.5 23.7 

ω** 1.02 1.03 1.03 1.04 1.04 

λ** -1 -1 -1 -1 -1 

VI 

ω* 17.3 18.9 15.5 12.7 13.1 

ω** 1.02 1.02 1.03 1.03 1.04 

λ** -1 -1 -1 -1 -1 

The whole  

basin 

ω* 28.5 22.4 18.8 16.3 15.7 

ω** 1.02 1.02 1.04 1.04 1.03 

λ** -1 -1 -1 -1 -1 

* means the calibrated values of ω in Fu’s equation; Eq. (8) when λ = 0; ** means the calibrated 603 

values of ω and λ in Eq. (8).604 
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 605 

Figure 1. A schematic diagram of the BH under the unsteady state condition.606 
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 607 

Figure 2. The Budyko curves in Eq. (8) with different combinations of parameters ω and λ.608 
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 609 

Figure 3. Location of study area and the distribution of hydrological stations and meteorological 610 

stations. 611 
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 612 

Figure 4 Time series of observed and simulated monthly streamflow using the abcd model in the 613 

Region I (a) and Region II (b) during 1978-2012.614 
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 615 

Figure 5. Comparison between ET simulated by the abcd model and ET calculated by remote 616 

sensing data for Regions III – VI and the whole basin during 2000-2012. “WBM” denotes the 617 

abcd water balance model.618 
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 619 

Figure 6. Variation of annual water balance for all the regions simulated using the abcd model.620 
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 621 

Figure 7. Variation of average monthly water balance for all regions using the abcd model.  622 
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 623 

Figure 8. Comparison of the original Budyko curves (left panel) and the new Fu-type Budyko 624 

curves (middle panel, with λ=0) and the new Fu-type Budyko curves (Right panel, with λ> 0) for 625 

Regions I - VI and the whole basin at the annual time scale.626 
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 627 

Figure 9. Comparison of the original Budyko curves (left panel) and the new Fu-type Budyko 628 

curves (middle panel, with λ=0) and the new Fu-type Budyko curves (Right panel, with λ> 0) for 629 

Regions I - VI and the whole basin at monthly time scale.630 
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 631 

Figure 10. Different presentations of annual water balance for (a) Region I and (b) Region III.  632 
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 633 

Figure 11. Five presentations of monthly water balance for Region III considering different 634 

combinations in the water supply to evapotranspiration. 635 


