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Abstract 24 

An accurate estimation of evapotranspiration (ET) in humid catchments is essential 25 

in water-energy budget research and water resource management. While it remains a 26 

huge challenge and there is no well accepted explanation for the difficulty of annual ET 27 

estimation in humid region so far. Here we present the ET estimation in 102 humid 28 

catchments over China based on the Budyko framework and two hydrological models: 29 

abcd model and Xin’anjiang model, in comparison with ET calculated from the water 30 

balance equation (ETwb) on the ground that the ΔS is approximately zero at multiannual 31 

and annual time scale. And we provide one possible explanation for the poorly annual 32 

ET estimation in humid catchments as well. The results show that the Budyko 33 

framework works fine in ET estimation in humid catchments at multi-annual timescale, 34 

while neither the Budyko framework nor the hydrological models can estimate ET well 35 

at annual timescale. One major cause for this poorly annual ET estimation is the 36 

neglecting of ΔS in ETwb since it enlarges the variability of real actual ET. Much 37 

improvement has been made when comparing estimated ET + ΔS with those ETwb, and 38 

the bigger the catchment area is, the better this improvement can be. This provides an 39 

acceptable explanation for the poorly estimated annual ET and reveals the important 40 

role of annual ΔS in ET estimation and validation in humid catchments. We highlight 41 

that the annual ΔS shouldn’t be taken as zero in water balance equation in humid 42 

catchments. 43 

 44 
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1 Introduction 45 

The evapotranspiration (ET) over terrestrial surface is the second largest 46 

component of the global terrestrial water cycle since it returns about two thirds of 47 

precipitation (P) that falls over the land. The partitioning of P into streamflow (Q) and 48 

ET is captured by the ratio of potential evapotranspiration (PET) to precipitation (49 

=PET/P, dryness index), i.e., the Budyko hypothesis (Milly, 1994;Yang et al., 50 

2006;Donohue et al., 2007;Tekleab et al., 2011), and it is further constrained by physical 51 

limits, namely, the limitation of available water (ET<P) in non-humid catchments and 52 

limitation of available energy (ET<PET) in humid catchments (Fu, 1981;Milly and 53 

Dunne, 2002). In non-humid catchments, the Budyko hypothesis and many other 54 

approaches, e.g., abcd model (Sankarasubramanian and Vogel, 2002;Martinez and 55 

Gupta, 2010) and remote sensing outputs (Zhang et al., 2008b), have been well 56 

proceeded in ET estimation and thus Q prediction and water resource management 57 

around the global (Ukkola and Prentice, 2013;Xu et al., 2013) and regional like 58 

America (Chen et al., 2013), Australia (O'Grady et al., 2011) and China (Yang et al., 59 

2006;Yang et al., 2007). While in humid region, the quantity of research are limited 60 

(Tekleab et al., 2011;Zhang et al., 2012;Carmona et al., 2016). Proportional relationship 61 

is discovered between PET and ET (Wang and Hejazi, 2011;Cong et al., 2008) but the 62 

estimated ET is less well based on the Budyko hypothesis and other models (Wang and 63 

Hejazi, 2011;Zhu et al., 2013). Zhang et al (2012) compared ET based on the PML 64 

model (Leuning et al., 2008;Zhang et al., 2012), products from Jung (Jung et al., 2010) 65 
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and the Budyko framework against ET from water balance equation (ETwb) in 110 66 

humid catchments around the global, but found that their R2 were very small and the 67 

trends didn’t match well, showing that these approaches are, as yet, not sufficiently 68 

accurate to explain ET in humid regions.  69 

However, there is no widely well accepted explanations for the difficulty of annual 70 

ET estimation in humid catchments so far as there are some unknown obstacles exist. 71 

The poorly estimation of ET in humid catchments remains to be a huge challenge for 72 

bridging the important gap in our knowledge of the hydrologic cycle. Hence, 73 

researchers have made their attempts based on the commonly used Budyko framework 74 

with one or more parameters included (Fu, 1981;Wang and Tang, 2014;Peter et al., 75 

2016;Carmona et al., 2016) to better estimate ET in humid catchments, and try to build 76 

some kind of relationship with possible factors, e.g., vegetation (Donohue et al., 77 

2007;Ye et al., 2015), water storage change (Chen et al., 2013;Zeng and Cai, 2015a), 78 

topographic factors (Xu et al., 2013) and integrative of various controls (Ye et al., 79 

2015;Chen et al., 2013) to further investigate the possible explanation. 80 

The water storage change (ΔS), in particular, has been considered to be one 81 

important factor that affects ET estimation in humid catchments. The soil water storage 82 

performs as a filter from P to Q in catchments (Daly and Porporato, 2006), and this 83 

filter effect and water storage change would introduce a bias into ET estimation, 84 

especially in humid catchments. Milly (1994) discussed the effect of soil moisture on 85 

ET theoretically and indicated a mediating effect on ET based on the Budyko 86 
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framework. Sound evidence suggests that the ΔS cannot be neglected at both annual 87 

(Zhang et al., 2008a;Wang, 2012;Bai et al., 2016) and intra-annual (Chen et al., 2013;Ye 88 

et al., 2015) timescales. Liu et al. (2016) specific present a worldwide evaluation of 89 

nine ET products with consideration of ΔS. Mao et al. (2016) found that the ΔS in 90 

reservoirs altered the calculated ET trends of almost zero increase to a 4.2% increase 91 

per decade when not taking ΔS into account over China. Moreover, the ΔS can affect 92 

the variability of ET in humid catchment as well. (Wang and Alimohammadi, 93 

2012;Chen et al., 2013;Ye et al., 2015;Zeng and Cai, 2015a) Zeng and Cai (2015a) 94 

pointed out that the variability of the ΔS made some contribution to the variability of 95 

intra-annual ET in humid catchments, through much smaller than that in non-humid 96 

catchments (Wang et al., 2009;Wang and Zhou, 2015). Wang (2012) concluded that the 97 

inter-annual variability of ET is not strongly correlated with P variability but with the 98 

variations of P-ΔS.  99 

People try their best to improve the models with consideration of ΔS to meet ETwb 100 

so as to reveal the trend and pattern of ET. Specifically, improved version of the Budyko 101 

framework of using P-ΔS as equivalent precipitation has been used and improvement 102 

has been reported in ET estimation in non-humid catchments (Zhang et al., 2008a;Du 103 

et al., 2016). However, there are not much reported in humid catchments based on this 104 

kind of improvement. In addition, one would wonder why the results are always so poor 105 

based on these approaches when compared with ETwb.  106 

From another angle, the ΔS is often taken as zero in ETwb on both multi-annual and 107 
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annual timescales (Donohue et al., 2007;Yang et al., 2007). In detail, the calculated 108 

ETwb works both as real actual ET in hydroclimatology and as the standard actual 109 

evapotranspiration to calibrate/validate ET based on other hydrological models. It 110 

would prone to errors associated with ungauged subsurface runoff transfer and therefore 111 

produce relatively unreliable estimation of ET (Zhang et al., 2008a;Wang, 2012). Hence, 112 

unreliable input of ΔS would probability lead to an unexpected consequence to both 113 

ETwb and modelled ET (Mao et al., 2016;Chen et al., 2013). 114 

Here we are motivated to reveal one possible consequence caused by neglecting 115 

ΔS in annual ETwb in humid catchments over China. The aim of this study is (1) 116 

demonstrating the ET estimation based on the commonly used Budyko framework and 117 

hydrological models, i.e., abcd model and Xin’anjiang model, when compared with 118 

ETwb on the ground that the annual ΔS is approximately zero in 102 humid catchments 119 

over China, and (2) presenting one possible explanation of poorly estimated annual ET 120 

in humid catchments, and (3) revealing the importance of annual ΔS in ETwb calculation 121 

and thus validation. Section 2 provides a brief summary of methods used in ET 122 

estimation for humid catchments, while section 3 documents the data sources and 123 

selected catchments used in this study. Results and discussion are presented in section 124 

4, followed by the conclusion and summary in section 5. 125 

 126 
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2 Methodology 127 

The water balance equation has been widely used in ET calculation and model 128 

calibration/validation at multi-annual and annual timescales, since P and Q are 129 

measured reliably in catchment hydrologic cycle and the ΔS is assumed to be zero 130 

(Yang et al., 2006). For any time period, the water balance equation can be written as: 131 

wbET P Q S           (1) 132 

Here, we first use ETwb as standard ET to validate modelled ET in humid catchments. 133 

 134 

2.1 Hydrological models: abcd and Xin’anjiang models 135 

However, the water balance equation is often limited within observed variables and 136 

related hydrological models have been widely used. The abcd model is chosen for its 137 

simplicity of monthly inputs and 4 parameters only, and Xin’anjiang model is for its 138 

fine runoff simulation in humid catchments. 139 

The abcd model is a well-known conceptual hydrological model with 4 parameters 140 

(a, b, c, and d) developed by Thomas (1981) at annual timescale, and later tested and 141 

recommended by Alley (1984) at monthly time step in water resources assessment 142 

(Martinez and Gupta, 2010) and climate change (Sankarasubramanian and Vogel, 2002). 143 

Compared with other sophisticated water balance models, the abcd model is quite 144 

simple and the inputs are monthly P and PET while outputs include monthly Q, soil 145 

moisture, groundwater storage and ET.  146 
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The partitioning of monthly Pt, which is determined by PETt and the initial storages 147 

in soil moisture and groundwater, St-1 and Gt-1, into Qt, ETt, soil moisture storage St, 148 

and groundwater storage Gt is as follows: 149 

2( ) ( )
2 2

t t t
t t

W b W b W b
Y W

a a a

 
  

     (2) 150 

where Yt is the sum of monthly evapotranspiration and soil moisture storage at the end 151 

of the month, namely evapotranspiration opportunity, and Wt is the sum of monthly 152 

precipitation plus initial soil moisture, named as available water. The soil moisture at 153 

the end of period t is written as: 154 

exp( )t t tS Y PET b 
       (3) 155 

the ET at the period t is the difference between evapotranspiration opportunity and soil 156 

moisture (Yt –St). The Gt and Qt are computed based on: 157 

1 ( )t t t t tG G c W Y dG   
       (4) 158 

(1 )( )t t t tQ c W Y dG   
       (5) 159 

the four parameters: a, the propensity for runoff to occur before the soil is saturated 160 

to capacity, b, the upper bound of Yt. c is equal to the fraction of streamflow, which 161 

arises from groundwater, equivalent to the base flow index and d is proportional to the 162 

base flow recession constant (Thomas, 1981). We adopt the abcd model to provide 163 

monthly ET (hereafter ETabcd) and ΔS (soil moisture change plus groundwater change) 164 

in this study. 165 

The Xin’anjiang model is a widely used lumped rainfall-runoff model developed 166 

by Zhao et al. (1980) and Zhao (1992) consisting three sub-models, a three layer 167 
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evapotranspiration sub-model, a runoff generation sub-model and a runoff routing sub-168 

model (Zhao, 1992). The parameters and schematic diagram can be found in many 169 

references (Li et al., 2009;Zhao, 1992) so we won’t give any unnecessary details. It has 170 

been widely used in runoff simulation and hydrological processes modelling in humid 171 

and semi-humid regions (Rui et al., 2012). Here we use the Xin’anjiang model in ET 172 

estimation in one selected typical humid catchment and in supporting the results from 173 

abcd model.  174 

2.2 The Budyko framework 175 

The widely used Budyko framework, derived by Budyko(1963;1974) based on 176 

findings of Schreiber (1904) and Ol’Dekop (1911), describes the water-energy balance 177 

status of a catchment using the well-known “Budyko curve”, which is empirically 178 

derived based on energy supply (represented by PET) and water availability 179 

(represented by P) on ET. Fu (1981) gave the differential forms and achieved the 180 

analytical solutions of the Budyko hypothesis, providing a theoretical basis for the 181 

Budyko framework. Subsequently analysis on annual water-energy balance have 182 

proofed that the Fu’s equation can be used in both long-term and annual water-energy 183 

balances in non-humid catchments (Yang et al., 2007) and humid catchments as well 184 

(Tekleab et al., 2011;Xu et al., 2013). The Fu’s type of equation is as: 185 

1/( ) 1 (1 ( ) )w wET PET PET PET
f

P P P P
    

     (6) 186 

where w is a dimensionless parameter related to the local factors. PET is estimated 187 
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based on the widely used FAO (Food and Agricultural Organization) Penman-Monteith 188 

reference evaporation (FAO-Penman model) (Allen et al., 1998): 189 

2

2

900
0.408 ( ) (1 /100)

273

(1 0.34 )

n s sR G u e Rh
TPET

u





   


  
   (7) 190 

where Rn is net radiation (MJ/(m2·day)), Δ is slope of the vapor pressure curve in kPa/℃, 191 

Gs is soil heat flux (MJ/(m2·day)), u2 (m/s) is the wind speed at 2 m height,   (kPa/℃) 192 

is the psychometric constant, es (kPa) is saturation vapor pressure at a given air 193 

temperature, Rh is the relative humidity. We apply the standard algorithm to estimate 194 

PET as per recommended by the FAO based on daily meteorological data series, namely, 195 

wind speed, air temperature, sunshine duration and relative humidity. 196 

A more accurate and quantitative understanding of ET variability is essential for 197 

evaluation and validation of climate models and climate change impact assessment 198 

(Zeng and Cai, 2015a ). Zeng and Cai (2015b) extended the theoretical framework, 199 

which was first employed by Koster and Suarez (1999) to derived inter-annual ET 200 

variability from variability of P, and accounted for the effect of the P, PET and ΔS on 201 

intra- and inter-annual ET variability. A detailed annual ET variance based on the Fu’s 202 

type of Budyko framework is decomposed into variance/covariance of P and PET: 203 

2 2 2

, cov( , )ET p P PET PET p PETw w w P PET    
    (8) 204 

where σ and cov represent the standard deviation and covariance, and wp, wPET, and 205 

wp,PET are the weighting factor quantifying the contribution from P, PET and their 206 

interaction to ET variability with analytically calculation as:  207 
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p PET

w f f

w f

w f f f

  


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 


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     (9) 208 

where   is the dryness index calculated based on the multiannual mean of P and 209 

PET in each catchment. 210 

We adopt the Budyko framework as one major approach to estimate ET and to 211 

further analyze the ET variability so as to better understand ET in humid catchments. 212 

3 Data 213 

To demonstrate the ET estimation, existing problems and possible causes in humid 214 

region, we choose 102 humid catchments ( < 1) over southern part of China (Figure 215 

1) with continuous monthly P, PET and observed Q (hereafter Qobs) mainly for 1960-216 

2013 (some catchments miss several years of Qobs during this period while a few others 217 

can trace back to 1950s): P, observed from daily meteorological dataset from China 218 

Meteorological Data Network (http://data.cma.cn/); PET, calculated using equation 7 219 

based on daily meteorological datasets containing the surface air temperature, sunshine 220 

duration, wind speed and the relative humidity from China Meteorological Data 221 

Network as well, and Qobs, obtained from Annual Hydrological Report P. R. China: 222 

hydrological data from Yangtze River Basin, Pearl River Basin and Southeast Rivers 223 

Bain. The ΔS, is obtained from the output of abcd model. Both P and PET are 224 

interpolated and extracted at catchment scale and then form the monthly and annual 225 

time series along with Q and ΔS in the following estimation and analysis. 226 
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What’s more, the daily P, PET and Qobs for the selected typical catchment (black 227 

bold line defined and railed out by hydrological station Dongbei in Figure 1) over 2001-228 

2012 are used for parameters calibration in Xin’anjiang model. And then we simulate 229 

daily Q (hereafter QXAJ) and ET (hereafter ETXAJ) for 1957-2013 (with available 230 

observed monthly Q for this period as validation). The Xin’anjiang model is chosen for 231 

its fine runoff simulation in humid catchment in order to further verify the results from 232 

abcd model, which requires monthly inputs instead of that for the Xin’anjiang model at 233 

daily timescale. 234 

 235 

<Figure 1> 236 

 237 

4 Results and discussion 238 

We adopt the commonly used Budyko framework and hydrological models: abcd 239 

model and Xin’anjiang model in ET estimation in humid catchments. First, we calibrate 240 

the parameter w in Fu’s type of Budyko framework (Figure 1) with annual P, PET, and 241 

Qobs for each catchment, respectively. Then we estimate ET based on these approaches 242 

and make comparison with ETwb on the ground that the ΔS is approximately zero at 243 

both multiannual and annual timescales. The results of ET estimation in humid 244 

catchments in 4.1 and 4.2 are at multiannual and annual time scales, respectively and 245 

possible causes for poorly estimated annual ET is shown in 4.3. 246 
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4.1 ET estimation at multiannual timescale 247 

There is common sense that the ΔS is approximately zero at long term water 248 

balance (Donohue et al., 2007;Tekleab et al., 2011). We adopt the Fu’s type of Budyko 249 

formula and abcd model to estimate ET in 102 humid catchments over China and 250 

compare with the ETwb at multiannual timescale. The relationship between the dryness 251 

index ( ) and the evaporative index (ET/P) based on the Budyko framework for 102 252 

selected humid catchments are plotted in Figure 2a, which fits the Budyko hypothesis, 253 

showing a clear feature of energy control in these humid catchments.  254 

The comparison of estimated ET using the Budyko hypothesis (denoted ETbudyko) 255 

and abcd model against ETwb in humid catchments at multiannual timescale are shown 256 

in Figure 2b. Excellent agreement has achieved with very high determination 257 

coefficient (R2 ≈ 1.0) and slope of 0.95 when using the Budyko framework. However, 258 

the comparison between ETabcd and ETwb shows that the abcd model works less well 259 

with R2 of 0.82 and the slope of 0.57, which underestimate the ET in humid region, 260 

especially in those catchments where the ET are relatively large. As for those 261 

catchments where ET are small, the abcd model works just as fine as the Budyko 262 

framework. The Budyko framework is well recommended in ET estimation in humid 263 

catchments at multiannual time scale since its reliability is greatest when applied using 264 

long-term averages in both non-humid and humid catchments. 265 

 266 

<Figure 2> 267 
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 268 

4.2 ET estimation at annual timescale 269 

ET estimation at annual time scale has drawn more of our attention since it is 270 

closely related to the runoff simulation, water resource management, etc. We adopt the 271 

Fu’s type of Budyko framework and hydrological models, i.e., the abcd model and  272 

Xin’anjiang model in annual ET estimation and make comparison with ETwb on the 273 

ground that the ΔS is zero at annual time scale, which is as common practice. The ET 274 

estimation in humid catchment using the Budyko framework is in 4.2.1 and the results 275 

based on the hydrological models mentioned above are in 4.2.2.  276 

4.2.1 Annual ET estimation based on the Budyko framework 277 

The Budyko framework works very well in ET estimation at multiannual time scale, 278 

while whether it is the same or not at annual time scale remains unknown. Hence, we 279 

adopt the Fu’s type of Budyko framework first to demonstrate the estimation at annual 280 

timescale. The parameter w calibrated in 102 humid catchments are shown spatially in 281 

Figure 1 and statistical in Figure 3a. The results show that the value of w varies greatly 282 

with maxima and minima of 4.16 and 1.33 and the majority distributed around 1.8~2.4 283 

(25%~75% percentile), which indicating more about terrestrial feature (Figure 1). The 284 

R2 between ETwb and ETbudyko (Figure 3b) in more than 90% of the humid catchments 285 

over China are lower than 0.2 at annual time scale. Specifically, the average Root Mean 286 

Square Error (RMSE) for 102 humid catchments is about 20.0% when comparing 287 
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ETbudyko against their multiannual average of ETwb. The ratio (RMSE/ETwb) in about 288 

half of the catchments are greater than 17% and more than 90% of humid catchments 289 

are greater than 12.5% (Figure 3c). Hence, the Budyko framework works poorly in 290 

humid catchments over China at annual timescale as some stressed (Zhang et al., 2012). 291 

 292 

<Figure 3> 293 

 294 

4.2.2 Annual ET estimation based on the hydrological models 295 

The hydrological models provide as a useful tool in runoff simulation, ET, soil 296 

moisture and groundwater storage estimation in both humid and non-humid catchments. 297 

Since the Budyko framework works poorly in annual ET estimation in humid 298 

catchments, we are attempt to present and evaluate how the commonly used 299 

hydrological models work in ET estimation here at annual time scale. 300 

First, we adopt the famous and widely used abcd model in estimating monthly and 301 

thus annual ET in 102 humid catchments. The inputs includes the monthly P, PET and 302 

the outputs are simulated monthly streamflow (Qabcd), ET and ΔS. The Nash-Sutcliffe 303 

efficiency coefficient (NSE) between annual Qabcd and Qobs in these 102 selected humid 304 

catchments are all higher than 0.65 (Figure 4), and mostly are around 0.8. However, the 305 

R2 between ETabcd and ETwb are all almost very small, i.e., smaller than 0.4 in each 306 

corresponding catchments at annual time scale. And the R2 in bout 60% of these humid 307 
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catchments are smaller than 0.1, showing poor ET estimation when using the abcd 308 

model in humid catchments over China. 309 

 310 

  <Figure 4> 311 

  <Figure 5> 312 

 313 

To further verify the results above, we adopt the well-known Xin’anjiang model, 314 

which is famous for its well streamflow simulation in humid catchments, to estimate 315 

ET in the selected catchment governed by hydrological station Dongbei (shown in 316 

Figure 1). The inputs include continuously daily P and PET for 2001-2012, since we 317 

have access to observed daily streamflow in this catchment for model calibration. The 318 

NSE of daily Qobs and QXAJ over this period is 0.786 in this humid catchment. We then 319 

use the calibrated parameters to run Xin’anjiang model for 1957-2013 since monthly 320 

Qobs is available for this period. The NSE of observed and simulated monthly 321 

streamflow is 0.913 based on the Xin’anjiang model (Figure 5b), and 0.890 when using 322 

the abcd model for 1957-2013 (Figure 5c). Strikingly, the NSE are 0.917 and 0.776 323 

based on Xin’anjiang and abcd models in streamflow simulation at annual timescale. 324 

Hence, both two models work fine in streamflow simulation in humid catchments and 325 

the Xin’anjiang model achieve better. However, when it comes to annual ET estimation, 326 

the R2 are very small, 0.056 and 0.002 for ETXAJ and ETabcd against ETwb in this selected 327 

catchment. The two hydrological models can well simulate streamflow while poorly in 328 
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annual ET estimation in this humid catchment. And we can easily speculate that the 329 

Xin’anjiang model wouldn’t work well in annual ET estimation in other humid 330 

catchments as well. From above, the results based on the Xin’anjiang model well 331 

support the estimation using the abcd model, and again verify the poorly ET estimation 332 

in humid catchment at annual time scale. 333 

In summary, both the Budyko framework and the hydrological models work poorly 334 

in ET estimation in humid catchments when compared with ETwb on the ground that 335 

the ΔS is approximate zero at annual time scale. These approaches are, as yet, not 336 

sufficiently accurate in annual ET estimation in humid catchments. This poorly annual 337 

ET estimation remains to be a universal challenge for bridging the important gap in our 338 

knowledge of the hydrologic cycle. 339 

4.3 Potential reason for poorly-estimated annual ET in humid 340 

catchments 341 

The above results at annual timescale is quite confusing. Since the P is observed, 342 

the Q can be well simulated, and ΔS is zero as common practice, how come the annual 343 

ET estimation is that terrible? From another perspective, there may some other not-344 

well-known problems exist in annual ET estimation in humid catchments more than 345 

just the hydrological models. What if the ΔS shouldn’t been seen as zero in water 346 

balance at annual time scale? The unreliable input of ΔS would probability lead to an 347 

unexpected consequence to both ETwb calculation and modelled ET 348 

calibration/validation. Since the majority of catchments in west are distributed in karst 349 
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region with ungauged subsurface runoff transfers (Figure 1), and the catchments in the 350 

east and southeast along the coastal area, where urbanization expansion accompanied 351 

with groundwater extraction, inter-basin water transfer, etc, which would definitely 352 

introduce large bias to annual ΔS. And the unreliable ETwb with assuming zero change 353 

in annual ΔS may thus lead to irresponsible real actual evapotranspiration, and further 354 

poorly modelled ET calibration and validation in humid catchments. Hence, a probable 355 

explanation based on the role of the ΔS in annual ETwb is launched.  356 

4.3.1 Analytical explanation of the effect of neglecting ΔS to annual ETwb 357 

At a given time of a catchment, we estimate the annual ET using annual P and PET, 358 

based on the Budyko framework, and then make comparison against corresponding 359 

ETwb, i.e., P-Q, on the ground that the annual ΔS is zero (Figure 6). Extra deviation 360 

would emerge when annual ΔS is not neglectable, and the comparison made above is 361 

between ETwb and modelled ET+ΔS. Moreover, the larger the ΔS is, the larger this extra 362 

deviation could be. The annual ΔS is often seen as zero in non-humid catchments since 363 

most of P turns into ET (Yang et al., 2007), leaving the majority of the rest P to Q and 364 

very small proportion to ΔS. Therefore it would be acceptable to take ΔS as zero in 365 

ETwb calculation and calibration/validation in non-humid catchments. While it is 366 

uncertain whether taking annual ΔS as zero is applicable in humid catchments. Besides, 367 

the low R2 between ETbudyko and ETwb in humid catchments above can to some extent, 368 

reflect the effect of annual ΔS to ETwb. 369 

 370 
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<Figure 6> 371 

<Figure 7> 372 

 373 

To further explain the effect of ΔS to annual ETwb calculation and thus 374 

calibration/validation, we first make analytical explanation as below. There is no 375 

available observed annual ΔS at catchment scale, and inaccuracy and uncertainty exist 376 

in almost all models to simulate ΔS so far. It would be acceptable to make simple 377 

assumption that annual ΔS is linearly related to annual P as well, since clear linear 378 

relation between annual P and observed annual Q (Figure S1). The R2 in almost all the 379 

humid catchments over China are higher than 0.6 and about 65% of the catchments are 380 

higher than 0.75 (Figure S1). The relation between annual P and ΔS, Q are assumed as, 381 

Q = αP         (10) 382 

ΔS = βP        (11) 383 

where β is a dimensionless parameter, and α is the runoff coefficient. The ratio of 384 

estimated ET against ETwb is as, 385 

𝐸𝑇

𝐸𝑇𝑤𝑏
=

𝐸𝑇

𝐸𝑇+∆𝑆
=

1−α−β

1−α
       (12) 386 

which indicates the effect of ΔS to annual ETwb and thus modelled ET estimation and 387 

calibration/validation. We further set the range of parameter β to be -0.5~0.5 and 388 

runoff coefficient, α, to be 0~1.  389 

Then we plot the change of this ratio in Figure 7a with both the change of parameter 390 

β in the range of (-0.5, 0.5) and parameter α in the range of (0, 1). The range of this 391 
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ratio varies greatly, which indicates the effect of ΔS to ETwb variously. The smaller the 392 

ΔS is, the more approaching to 1.0 this ratio could be, showing more insignificant effect 393 

of ΔS to ETwb estimation and validation.  394 

We choose a few typical value of parameter β, representing different amount of 395 

ΔS. The change of ratio in different partition of P into Q are shown in Figure 7b. Apart 396 

from the various effect of ΔS to ETwb, the runoff coefficient can affect the ratio as well. 397 

We choose two runoff coefficient, 0.57 (average of runoff coefficients over 102 humid 398 

catchments here, blue dash in Figure 7b) and 0.11 (average of runoff coefficients over 399 

108 non-humid catchments in China, red dash, the relevant data are provided by Fubao 400 

Sun (Yang et al., 2007)). The result shows that the larger the runoff coefficient is, the 401 

greater effect of ΔS to ETwb under the same proportional of ΔS from P. Hence, it is 402 

worth noticing that the neglecting of annual ΔS would add more inaccuracy and 403 

uncertainty in ETwb and modelled ET estimation and calibration/validation in humid 404 

catchments than that in non-humid catchments. 405 

4.3.2 The effect of ΔS in ETwb in humid catchments over China 406 

To verify the effect of annual ΔS to ETwb, we adopt the estimated ETbudyko, the ΔS 407 

from abcd output and make the following comparison below. The ΔS here includes the 408 

soil moisture change, groundwater change and other causes that lead to water loss other 409 

than Q and ET. We first use the selected typical catchment mentioned above as case 410 

study and then expand it to all the 102 humid catchments to test the effect of ΔS in 411 

annual ETwb.  412 
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The time series of ETwb, ETbudyko and ETbudyko +ΔS for 1957-2013 in the selected 413 

typical catchment (Figure 8) shows that through the ETwb and ETbudyko are both 414 

fluctuated around their multiannual average (about 761.8 mm/yr, 755.8 mm/yr), the 415 

ETwb fluctuates more severe with variance of about 12518 mm2/yr2 than the variance 416 

of ETbudyko, which is about 745 mm2/yr2. Interestingly, the comparison of the 417 

variabilities of ETwb and ETbudyko+ΔS are quite similar, 12518 mm2/yr2 Versus 10611 418 

mm2/yr2, and so does their multiannual average of about 761.8 mm/yr and 757.2 mm/yr 419 

as well. Furthermore, the R2 of original comparison between ETwb and ETbudyko of 0.02 420 

improves to 0.58 between ETwb and ETbudyko+ΔS when taking the ΔS into consideration. 421 

This shows that the neglecting of ΔS can enlarge the fluctuations of annual ETwb. 422 

Therefore, the ΔS plays an important role in annual ETwb and thus in modelled ET 423 

calibration and validation. 424 

 425 

<Figure 8> 426 

<Figure 9> 427 

 428 

With the same approach, we expand this explanation to all 102 humid catchments 429 

to verify the effect of neglecting annual ΔS, and the results are shown in Figure 9. Much 430 

improvement has been made when taking the ΔS into consideration in annual ET 431 

validation instead of making direct comparison between ETbudyko and ETwb in humid 432 

catchments. For all 102 humid catchments categorized into three categories based on 433 
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their area, the original averaged R2 between ETwb and ETbudyko are smaller than 0.1 for 434 

both small sized (41 catchments with the area all smaller than 5000 km2) and moderate 435 

sized catchments (33 catchments, and the area greater than 5000 km2 but smaller than 436 

10000 km2), and about 0.12 for large sized catchments (28 catchments with area greater 437 

than 10000 km2). As for the R2 within 10%~90% percentile, the small and moderate 438 

sized catchments distribute around 0~0.15, and large catchments varies about 0~0.4. 439 

The newly R2 between ETwb and ETbudyko+ΔS promisingly show that, their average 440 

improve to 0.18, 0.33 and 0.48 for three categories, respectively. In particular, the newly 441 

R2 within 10%~90% percentile, all showing satisfactory improvements with about 442 

0.02~0.38 for small sized catchments, 0.11~0.50 for moderate sized catchments and 443 

0.25~0.65 for large sized catchments. All above indicates that when using annual ETwb 444 

as standard ET and thus assessing modelled ET in humid catchments, the ΔS should not 445 

be seen as zero in water balance equation. Besides, the larger the catchment area is, the 446 

better estimation of ET+ΔS compared with ETwb in annual ET assessment. 447 

 448 

<Figure 10> 449 

 450 

For further interpretation, we present the variabilities of P, PET, ETwb, ETbudyko and 451 

ETBudyko + ΔS using the results of 102 humid catchments (Figure 10a), and variance 452 

decomposition results based on Equation 9 (Figure 10b). The variability of P varies 453 

mainly about 20,845~97,071 mm2/yr2 within 10%~90% percentile for 102 humid 454 
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catchments. While the range is only about 1,465~4,008 mm2/yr2 for the variability of 455 

PET, which shall limit the variability of ET in humid catchments since it is controlled 456 

by PET (Fu, 1981). The variability of ETbudyko meets this limitation with min-max of 457 

186~2,414 mm2/yr2, and 412~1355 mm2/yr2 within 10%~90% percentile for 122 humid 458 

catchments. While the variability of ETwb (min-max of 2,835~50,114 mm2/yr2, and 459 

7,161~26,142 mm2/yr2 within 10%~90% percentile) goes far beyond this limitation of 460 

PET variability (Figure 10a). This may because most of the P variability transfers to the 461 

variability of Q, and the majority of the rest transfers to the variability of ΔS and 462 

covariance between relative components. This is in line with Wang and Alimohammadi 463 

(2012) and very small proportional of P variability is left to the variability of ET, which 464 

is further controlled by the variability of PET. This proves that PET not only controls 465 

how much the ET is in a humid catchment, but also its variability. The annual ETwb 466 

with assuming zero change in ΔS would in fact enlarge the variability of real ET greatly 467 

in humid catchments.  468 

Furthermore, the comparisons of variance of ETwb, ETbudyko (Var(ET) in Figure 10b) 469 

against variance of sum of three components: the decomposed variance of P, PET and 470 

their covariance (Var(ETcal) in Figure 10b) further prove this conclusion. The Var(ETcal) 471 

is almost linearly correlated with variance of ETbudyko with R2 of 0.966 and slope of 472 

almost 1.0 in 102 humid catchments. However, the R2 and the slope become 0.005 and 473 

1.61 when compared Var(ETcal) with the variance of ETwb, showing that the neglecting 474 

annual ΔS changes the variability of ETwb in almost all the humid catchments. In 475 
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summary, the ETwb with assuming that the annual ΔS is zero, is not the accurate actual 476 

evapotranspiration in humid catchments, and thus not suitable for modelled ET 477 

assessment. 478 

5 Conclusion and summary 479 

Attempts on improving the ET estimation in humid catchments based on the 480 

Budyko framework or other hydrological models have been made to meet the ETwb on 481 

the ground that ΔS is zero at multiannual and annual timescales. While not much 482 

improvement has been achieved, and an accurate estimation of annual ET in humid 483 

catchments remains to be a huge challenge. In this research, we adopt the commonly 484 

used Budyko framework and hydrological models, i.e., the abcd model and Xin’anjiang 485 

model in ET estimation in 102 humid catchments over China. We are motivated to 486 

explore the possible explanation of poorly annual ET estimation in humid catchments 487 

from another perspective: the consequence caused by neglecting annual ΔS in ETwb. 488 

We present the estimated ET in humid catchments and make comparison with ETwb 489 

on the ground that the multiannual and annual ΔS are approximate zero, the same as 490 

common practice. At multiannual timescale, the Budyko framework works very well 491 

while the abcd model underestimate the ET to some extent, especially in those 492 

catchments where ET are large (Figure 2). Hence, the Budyko framework is well 493 

recommended in ET estimation in humid catchments at multiannual timescale. While 494 

at annual time scale, both the Budyko framework and two hydrological models work 495 
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poorly, with very small R2 in all cases when compared with ETwb (Figure 3~5), showing 496 

that these approaches are not sufficiently accurate in annual ET estimation in humid 497 

catchments. From another perspective, there may some other not-well-known problems 498 

exist in annual ET estimation in humid catchments more than the models.  499 

To explore the possible explanation for the poorly estimate annual ET in humid 500 

catchments, we set out from the effect of neglecting annual ΔS in water balance 501 

equation and adopt ET from the Budyko framework (ETbudyko) and ΔS from abcd output. 502 

We make comparison of ETbudyko and ETbudyko+ΔS against ETwb and find that much 503 

improvement has been made when comparing ETbudyko+ΔS with ETwb (Figure 8~9). The 504 

larger the catchment area is, the better this improvement could be. The ETwb enlarges 505 

the variability of real actual evapotranspiration due to the variability of the ΔS (Figure 506 

10), since PET controls both the ET and its variability in humid catchments. Hence, the 507 

neglecting of annual ΔS in ETwb leads to the unreliable real ET in humid catchments, 508 

and this is one major reason for the poorly estimated results since they are all validated 509 

against ETwb.  510 

Above all, we are highlighting that the annual ΔS shouldn’t be seen as zero in water 511 

balance equation in humid catchments. The ETwb with original assumption that annual 512 

ΔS is approximate zero is not the accurate ET and thus not suitable for modelled ET 513 

calibration and validation in humid catchments. 514 
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Figure captions 677 

Figure 1 Spatial distribution of humid catchments (  > 1) over southern part of China 678 

along with their corresponding parameter w in Fu’ equation, and one selected typical 679 

catchment used as case study accompanied with its controlling hydrological station: 680 

Dongbei Station. 681 

 682 

Figure 2 The Budyko framework for 102 humid catchments over China in (a), and the 683 

comparison of ETwb (ET calculated based on water balance equation) against ETbudyko 684 

(ET estimated based on Fu’s equation) and ETabcd (ET estimated using abcd model) at 685 

multi-annual timescale for these humid catchments in (b). 686 

 687 

Figure 3 The statistical information for estimated ETBudyko in 102 humid catchments: (a) 688 

the calibrated parameter w in the Fu’s equation, (b) the R2 between annual ETwb and 689 

ETbudyko, and (c) the ratio of their RMSE and ETwb (RMSE/ETwb) in percentage. 690 

 691 

Figure 4 the Nash-Sutcliffe efficiency coefficient (NSE) between observed and 692 

simulated (based on the abcd model) annual Q along with corresponding R2 of annual  693 

ETwb and ETabcd in 102 humid catchments over China.  694 

 695 

Figure 5 The time series of monthly P over 1957-2013 for the selected typical catchment 696 

in (a), and (b) the corresponding observed monthly streamflow (Qobs) and simulated 697 

Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2017-151, 2017
Manuscript under review for journal Hydrol. Earth Syst. Sci.
Discussion started: 5 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



33 

 

one based on the Xin’anjiang model (QXAJ), along with the observed and modelled Q 698 

using the abcd model (Qabcd) in (c). 699 

 700 

Figure 6 The schematic of ΔS in Budyko framework and water balance equation in 701 

humid catchments (energy limited). ET is estimated based on given P and PET, and 702 

validated against ETwb based on P and Qobs on the ground that the ΔS is zero, which can 703 

affect the ET validation to some extent. 704 

 705 

Figure 7 The effect of ΔS to ETwb on various proportion of Q and ΔS. (a) The changes 706 

of ratio (ET/(ET+ΔS)) with the change of parameter p1 in range of (-0.5, 0.5) in vertical 707 

axis, and parameter p2 of (0, 1) in horizontal axis (parameters p1 and p2 are in equations 708 

10 and 11, respectively). The value of ratio (ET/(ET+ΔS)) in range of (0, 2) are colored 709 

as color bar, and value greater than 2 in right-bottom triangle area is set as wine red. (b) 710 

The changes of ratio with the change of runoff coefficient (i.e., parameter p2) in several 711 

selected typical proportion of ΔS (i.e., parameter p1), the red dash is the chosen runoff 712 

coefficient representing the effect of ΔS to ET in non-humid ( >1) region, and blue 713 

dash for humid ( <1) region. 714 

 715 

Figure 8 The annual time series of ETwb, ETbudyko and ETBudyko + ΔS over 1957-2013 716 

for the selected typical catchment. 717 

 718 
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Figure 9 The box plot of comparison of R2 between ETbudyko, ETbudyko+ΔS against 719 

ETwb, categorized by catchment area. 720 

 721 

Figure 10 The statistics of variability of annual P, PET, ETwb, ETbudyko and ETbudyko+ΔS 722 

for 102 humid catchments in (a), and (b) the comparison of calculated variance based 723 

on variance decomposition equation (Var(ETcal)) against the variance calculated from 724 

ETwb and ETbudyko, respectively. 725 

 726 

Figure 727 

 728 

Figure 1 Spatial distribution of humid catchments ( > 1) over southern part of China 729 

along with their corresponding parameter w in Fu’ equation, and one selected typical 730 
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catchment used as case study accompanied with its controlling hydrological station: 731 

Dongbei Station. 732 

 733 

 734 

Figure 2 The Budyko framework for 102 humid catchments over China in (a), and the 735 

comparison of ETwb (ET calculated based on water balance equation) against ETbudyko 736 

(ET estimated based on Fu’s equation) and ETabcd (ET estimated using abcd model) at 737 

multi-annual timescale for these humid catchments in (b). 738 

 739 

740 
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Figure 3 The statistical information for estimated ETBudyko in 102 humid catchments: (a) 741 

the calibrated parameter w in the Fu’s equation, (b) the R2 between annual ETwb and 742 

ETbudyko, and (c) the ratio of their RMSE and ETwb (RMSE/ETwb) in percentage. 743 

 744 

 745 

Figure 4 the Nash-Sutcliffe efficiency coefficient (NSE) between observed and 746 

simulated (based on the abcd model) annual Q along with corresponding R2 of annual 747 

ETwb and ETabcd in 102 humid catchments over China.  748 

 749 
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 750 

Figure 5 The time series of monthly P over 1957-2013 for the selected typical catchment 751 

in (a), and (b) the corresponding observed monthly streamflow (Qobs) and simulated 752 

one based on the Xin’anjiang model (QXAJ), along with the observed and modelled Q 753 

using the abcd model (Qabcd) in (c). 754 

 755 
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 756 

Figure 6 The schematic of ΔS in Budyko framework and water balance equation in 757 

humid catchments (energy limited). ET is estimated based on given P and PET, and 758 

validated against ETwb based on P and Qobs on the ground that the ΔS is zero, which can 759 

affect the ET validation to some extent. 760 

 761 
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 762 

Figure 7 The effect of ΔS to ETwb on various proportion of Q and ΔS. (a) The changes 763 

of ratio (ET/(ET+ΔS)) with the change of parameter p1 in range of (-0.5, 0.5) in vertical 764 

axis, and parameter p2 of (0, 1) in horizontal axis (parameters p1 and p2 are in equations 765 

10 and 11, respectively). The value of ratio (ET/(ET+ΔS)) in range of (0, 2) are colored 766 

as color bar, and value greater than 2 in right-bottom triangle area is set as wine red. (b) 767 

The changes of ratio with the change of runoff coefficient (i.e., parameter p2) in several 768 

selected typical proportion of ΔS (i.e., parameter p1), the red dash is the chosen runoff 769 
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coefficient representing the effect of ΔS to ET in non-humid ( >1) region, and blue 770 

dash for humid ( <1) region. 771 

 772 

 773 

Figure 8 The annual time series of ETwb, ETbudyko and ETBudyko + ΔS over 1957-2013 774 

for the selected typical catchment. 775 

 776 
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777 

Figure 9 The box plot of comparison of R2 between ETbudyko, ETbudyko+ΔS against 778 

ETwb, categorized by catchment area. 779 

 780 

 781 

Figure 10 The statistics of variability of annual P, PET, ETwb, ETbudyko and ETbudyko+ΔS 782 

for 102 humid catchments in (a), and (b) the comparison of calculated variance based 783 

on variance decomposition equation (Var(ETcal)) against the variance calculated from 784 

ETwb and ETbudyko, respectively. 785 

 786 
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List of notations 787 

Variable 

name 

Variable description Units 

water balance components 

P Precipitation mm 

PET Potential evaporation mm 

ET Evapotranspiration mm 

Q Streamflow mm 

ΔS Water storage change mm 

  Dryness index  

α Runoff coefficient  

β Proportional of ΔS to P  

w parameter in Fu’s equation  

abcd model 

a 
Propensity for runoff to occur before the soil is 

saturated to capacity 

 

b Upper bound of Yt  

c Base flow index  

d Proportional to the base flow recession constant  

St Soil moisture storage at the end of period t mm 

Gt Groundwater storage at the end of period t mm 

Yt Evapotranspiration opportunity at the end of period t mm 

Wt Available water at the end of period t mm 

FAO-Penman model 

Rn Net radiation MJ/(m2·day) 

Gs Soil heat flux MJ/(m2·day) 
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Δ Slope of the vapor pressure curve  kPa/℃ 

u2 Wind speed at 2 m height m/s 

  Psychometric constant kPa/℃ 

es Saturation vapor pressure kPa 

Rh Relative humidity  

wp Weighting factor for contribution of P to ET variability   

wPET 
Weighting factor for contribution of PET to ET 

variability 

 

wp,PET 
Weighting factor for contribution of interaction 

between P and PET to ET variability 
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