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Abstract  1 

Long-term scheduling and short-term decision-making for water resources 2 

management often require understanding the relationship of water yield pattern 3 

between the annual and monthly scales. As the water yield pattern mainly depends on 4 

land cover/use and climate, a unifying catchment water balance model with factors 5 

has been adopted to derive a theoretical water yield pattern with annual and monthly 6 

scales. Two critical values at the parameters ε=1-√2/2 and ϕ=1.0 are identified. The 7 

parameter ε referring to the water storage (land use/cover) and evaporation (climate) 8 

changes can make more contribution than ϕ for water yield when ϕ>1.0, especially 9 

with ε<1-√2/2. But there is less contribution made by ε when ϕ<1.0. The derived 10 

theoretical water yield patterns have also been validated by the observed data or the 11 

simulated data through the hydrological model. Due to the bias of the soil moisture 12 

data, a lot of the estimated parameter ε values are over its theoretical range, especially 13 

for the monthly scale in humid basins. The performance of the derived theoretical 14 

water yield pattern at annual scale is much better than that at monthly scale while 15 

there are only a few data sets from the arid basin at every months fall within their 16 

theoretical ranges. Even the relative contributions of ε is found to be bigger than those 17 

of ϕ due to ε<1-√2/2 and ϕ>1.0, there are no significant linear relationships between 18 

annual and monthly parameters ε and ϕ. Our results not only validate the derived 19 

theoretical water yield pattern with the estimated parameter directly by the observed 20 

or simulated data rather than the calibrated parameter, but also can guide for further 21 

understanding physical of water balance to conversion time scales for the combing 22 
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long-term and short-term water resources management.  23 

Key words: water yield pattern; a unifying catchment water balance model; multi-24 

time scales; land use/cover; water resources management; Global Runoff Data Centre 25 
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 1. Introduction 26 

Water yield pattern mainly depends on land cover/use and climate (Legesse et al., 27 

2003, Zahabiyoun et al., 2013; Kirby et al., 2016; Belay and Mengistu, 2019; Gusarov, 28 

2020). Numerous studies through the paired-watershed experiment method (Bosch 29 

and Hewlett, 1982; Zhang et al., 2003; Brown et al., 2005; Monteith et al., 2006) or 30 

especially the hydrological model (Nyatuame et al., 2020; Hu et al., 2020) have been 31 

done to figure out the effects of land cover/use and climate on water yield pattern. 32 

However, there is highly variable and inconsistent results of the effects of the changes 33 

from land use/cover and climate on the water yield pattern (e.g. limited effects (Buttle, 34 

et al., 2000; Galleguillos et al., 2021), no effects (Antonio, et al., 2008), or positive 35 

effects (Wang et al., 2011; Getachew, et al., 2021)), which have led to debates in water 36 

resources management communities (Andréassian et al., 2004), especially the results 37 

at different time scales in a place can bring confusing. Land cover/use varies with the 38 

interaction between the geology, soils, vegetation and meteorological factors (e.g. 39 

precipitation, evaporation) while fluxes of energy and water are always complex with 40 

nonstationary properties (Wood, 1995). As the fluxes have different time scales, their 41 

interactions at the different scales emerge as the time-scales effects for hydrological 42 

simulation (Sivapalan 2006; Foster et al., 2021). Understanding the interaction 43 

between scales not only parameterize longer time scale model from shorter time scale 44 

(and vice versa) for improving the transfer ability of hydrological model but also help 45 

figure out the dominant factors of water yield pattern for long-term scheduling and 46 

short-term decision-making of water resources management. Therefore, a unifying 47 
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method for different time scales that describes the contribution or influence of climate 48 

and land cove/ use on water yield can improve the understanding on this interaction 49 

across time scales. 50 

Due to the controlling factors on rainfall-runoff process varying with temporal scale, 51 

identifying the water balance behavior over various temporal scales remains a 52 

challenging research task (Zhang, et al., 2008; Vinogradov et al., 2011; Wang and 53 

Tang, 2014; Ning et al., 2019). Various hydrologic models have been independently 54 

developed at annual and monthly scales for capturing the dominant factors on their 55 

processes (Beven and Moore, 1993; Blöschl and Sivapalan, 1995; Beven, 1998; Dutta 56 

et al., 2000; Beven, 2004). For instance, Budyko-type models at the annual scale and 57 

the “abcd” model at the monthly scale. And the longer water balance is cumulated by 58 

shorter ones. There should be a common organizing principle that link between the 59 

longer and shorter water balance. Wang et al. (2015) had discovered a possible link 60 

between the Maximum Entropy Production (MEP) principle and annual Budyko-type 61 

model and inter-annual L’vovich-type formulation (L’vovich, 1979). Based on the 62 

MEP principle and the proportionality hypothesis proved by Wang and Tang (2014), 63 

Zhao et al. (2016) had derived a unifying catchment water balance model for 64 

connecting the long term scale Budyke-type mode and monthly “abcd” model. The 65 

validity of the unifying catchment water balance model has been demonstrated in a lot 66 

of catchments in contiguous United States (Zhang
a
, et al., 2020; Zhang

b
, et al., 2020; 67 

Deng and Wang, 2021). However, these validation or verification studies have been 68 

done by calibrating of the unifying water balance model in United States. If the 69 
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parameters of the unifying water balance model are directly estimated by the observed 70 

data or the data resulted from hydrologic model with a specific time scale, the 71 

application of the unifying model, especially in ungauged basin, will be extended and 72 

the water yield pattern depended on the parameters of the unifying water balance 73 

model will guide for further improvements and understanding physical of water 74 

balance.  75 

The water yield pattern has been theoretically recognized as depending on the ratio of 76 

precipitation on wetness and on the watershed characteristics through Fuh’s equation. 77 

Its global pattern has been comprehensively analyzed using a global data set and the 78 

possible mechanisms have been explained through the ratio of precipitation on 79 

wetness and the watershed characteristics (Zhou, et al., 2015). However, there have 80 

only been studies from the annual scale aspect. In this study, a theoretical water yield 81 

pattern based on the unifying catchment water balance model for the annual and 82 

monthly scales, is analyzed and validated using the global publishing data set.  83 

The aim of this paper is therefore: ① to derive theoretical water yield pattern for 84 

annual and monthly time scales based on a unifying catchment water balance model, 85 

and ② to validate the water yield pattern directly through the observed data or the 86 

data resulted from hydrologic model with a specific time scale rather than the 87 

calibrated parameters, and ③ to quantify the relative contributions of factors to the 88 

water yield pattern. Therefore, in the remainder of the paper, the theoretical deviation 89 

of water yield pattern is shown in the methodology section.  Study area and global 90 

data for validating the water yield pattern are described in the third section. The global 91 
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water yield pattern and its validation are presented and discussed in the fourth section. 92 

Finally, conclusions and discussion on possible research forward are stated in the fifth 93 

section. 94 

 95 

2. Methodology 96 

2.1 A unifying catchment water balance model for monthly and annual time 97 

scales 98 

Application of the optimal principle of maximum entropy production, a unifying 99 

catchment water balance model has been derived to draw connections between the 100 

widely used water balance models at different time scales, i.e. the long time scale 101 

(annual is taken as long time scale in this study) Budyko-type model and the monthly 102 

“abcd” model (Zhao et al., 2016).  103 
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, ΔW is the water storage change held in soil and vegetation (mm); 105 

ΔWp is the storage capacity change (mm); ΔW0 is the initial water storage change 106 

(mm). Evapotranspiration to air (E, mm) is subdivided into initial evapotranspiration 107 

(E0, mm) and continuing evapotranspiration (Ec, mm); Ep is the potential 108 

evapotranspiration (mm); P is precipitation (mm), R is the runoff depth to river (is 109 

also taken as the water yield, mm). If the (Ep+ΔWp)/P= ϕ, the equation (1) can be 110 

transformed as: 111 
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If letting a=ε(2-ε) and b=Ep+ΔWp, the equation (1) is the identical to the monthly 113 

“abcd” water balance mode (Thomas, 1981; Zhao et al., 2016). At the annual scale, if 114 

the storage changes are assumed to be neglectable, the ε=E0/E and the equation (1) 115 

can be transformed into  116 
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And the equation (3) is an equivalent form of the Budyko-type model (Wang et al., 118 

2015). The R/P is a dimensionless annual or monthly water yield coefficient; 119 

ϕ=(Ep+ΔWp)/P is a dimensionless variable, which means the relative potential loss 120 

comparing to the precipitation. ε is a constant parameter that is dependent on the ratios 121 

of ΔW0/ΔW(λ1) and E0/E(λ2), and min{λ1, λ2}≤ ε ≤ max{λ1, λ2}. λ1, λ2 are the 122 

parameters standing for the marginal contribution of input resource P into ΔW and E 123 

in a catchment, respectively. The initial evaporation (E0) is from direct evaporation 124 

occurring due to vegetation interception and water storage in top soils (Wang and 125 

Yang, 2014), the value of ε represents watershed characteristic including land cover 126 

and land use. One extreme case occurs when ε=1.0, R/P=0 (Ep ≥ P) or R/P=1-(Ep/P) 127 

(Ep<P) where all precipitation remains in watershed for the initial evaporation (E0) 128 

and the initial soil storage changes (ΔW0). The opposite extreme case occurs when ε is 129 

approaching 0, R/P=1/(1+Ep/P). The relationships between the ratio R/P and the factor 130 

ϕ with different ε are shown in Figure 1. The range of the relationship are defined by 131 

the boundaries of ε=1.0, (R/P=0, Ep ≥ P or R/P=1-ϕ, Ep<P) and ε=0, (R/P=1/(1+ϕ)). 132 
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The contributions of ϕ to the R/P are different with the different ε values. As the 133 

factors ϕ and ε are dominated by different factors at different time scales, such as the 134 

climate factor Ep for long time period, and the watershed characteristics Wp for short 135 

time period, the effects of the climate and watershed characteristics on the ratio R/P 136 

varied with the time scales.  137 

 138 

2.2 Derivation of the water yield patterns 139 

The efficient index of water yield can be described by the ratio of R/P. The water 140 

yields patterns can be derived from the sensitivity functions of R/P to ϕ and ε in the 141 

unifying catchment water balance model as shown in the equation (2).  142 
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The equations (4) - (5) can be described as Figure 2. R/P decreases with ϕ for all ε (0, 145 

1] shown in Figure 1 and Figure 2(a) where all the ∂(R/P)/∂ϕ are negative.  146 

There are two type patterns of ∂(R/P)/∂ϕ in figure 2(a): one is the only convex 147 

parabolic curve, the other one is “S” shape curve. As the second derivative of the 148 

equation (4) equals to    
   

2

2

5/2
2

+2 1 1
6 1

1 4 2

 


   

 
 

    

, a mathematical theorem 149 

guarantees the convex parabolic curve when ϕ>-2(1-ε)
2
+1.0, and ε≤1-√2/2 can be 150 

obtained for ϕ≤1. When ε=1-√2/2, the equation (1) is the same as Fu’s equation with 151 
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the parameter ω=2 (Wang and Tang, 2014; Fu, 1981). When ε ≥1-√2/2, it can be 152 

found that the “S” shape curve in Figure 2(a). All value of ∂(R/P)/∂ε in Figure 2(b) are 153 

below 0 for all ϕ(0,∞), showing that the R/P is decreasing with ε. The second 154 

derivatives of the equation (5) with ϕ, all curves in Figure 2(b) are the convex 155 

parabolic, showing that the value of ∂(R/P)/∂ε are decreasing as ϕ<1 while increasing 156 

as ϕ>1. Therefore, ε=1-√2/2 and ϕ=1 are the two critical values for identifying water 157 

yield patterns.  158 

 159 

2.3 The relative contributions of ϕ and ε 160 

On the basis of equations (4) and (5), the relative contributions of ϕ (RCϕ) and ε 161 

(RCε=1- RCϕ) are calculated according to: 162 
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                                                                         (6) 163 

When ϕ is less 1.0 and is approaching to 0, the RCϕ is bigger than 50%, showing that 164 

the ϕ is the dominate factor for the water yield coefficient. And higher ε value, more 165 

contribution by ϕ. Otherwise, the dominate factor is ε when ϕ>1. And the higher ε 166 

value, less contribution by ϕ. As shown in Figure 3, there is “S” shape curve when 167 

ε>1-√2/2 while the curves are concave for all ϕ (0, ∞) when ε≤1-√2/2. Different from 168 

the definition of the changes of R/P due to the changes in ϕ and ε (Gudmundsson, et 169 

al., 2017), the relative contributions of ϕ and ε defined by equation (6) can compare 170 
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the relative magnitudes of the sensitivity of ϕ and ε to the sensitivities of R/P that is 171 

critical for the water yield pattern (Zhou et al., 2015; Zhou et al., 2018).  172 

All the equations (4)-(6) are derived from the unifying catchment water balance 173 

model, the results of water yield pattern and the relative contributions of factors in 174 

section 2.2 and 2.3 can be applied in both monthly and annual scales. Both the 175 

parameters ε and ϕ are refereeing the E, P and W that can be defined as climate and 176 

land cover/land use, watershed characteristics, so the effects of the climate and land 177 

cover/land use, watershed characteristics on water yield are dominated by the ε and ϕ 178 

values at the monthly and annual scales.  179 

 180 

3. Data Description 181 

The data used in this study were obtained from two sources: Grid data and outputs 182 

from the hydrologic model. As the information on vegetation type and historical data 183 

is incomplete, only 1467 catchments around the world from 1980 to 2009 were picked 184 

out according to their detailed precipitation, runoff, potential evaporation, land 185 

cover/land use and the soil water storages outputted from the hydrological model at 186 

both monthly and annual scales.  187 

The annual and monthly runoff data runoff data at the 1467 gauge stations were 188 

obtained from the Global Runoff Data Centre (GRDC, available from the website at 189 

https://www.compositerunoff.sr.unh.edu/html/Data/index.html.). Month-by-month 190 

variations in potential evapotranspiration with the period 1980-2009 are obtained 191 

from the latest version at 0.5˚×0.5˚ resolution and produced by Climatic Research 192 

https://www.compositerunoff.sr.unh.edu/html/Data/index.html
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Unit (CRU) at the University of East Anglia with Time-series (TS) data version 4.03 193 

(University of East Anglia Climatic Research Unit; Harris, 2020). The monthly data 194 

are calculated from daily or sub-daily data by National Meteorological Services and 195 

other external agents. Although the soil moisture data might be determined by the 196 

remote sensing observations including soil moisture information from the L-band Soil 197 

Moisture and Ocean Salinity (SMOS) and Soil Moisture Active Passive (SMAP) 198 

mission, and Terrestrial water storage information from the Gravity Recovery And 199 

Climate Experiment (GRACE), these data play a disproportionately large role in the 200 

water cycle (Mc Coll et al., 2017). Soil moisture resulted from a hydrological model is 201 

taken as references for understanding hydrological process. A grid-based global 202 

hydrologic model- PCR-GLOBWB, developed by the Department of Physical 203 

Geography, Utrecht University, the Netherlands (Sutanudjaja, et al., 2018), has been 204 

driven by CRU TS data and validated by GRDC data, and its soil moisture results 205 

(available from the website at http://wci.earth2observe.eu/portal/) were used for 206 

estimating the soil storage changes.  207 

Due to substantially fewer gauge stations used in CRU TS series of data sets, Gridded 208 

monthly precipitation from 2000 to 2009 was obtained from the Global Precipitation 209 

Climatology Centre (GPCC, https://dwd.de/EN/ourservices/gpcc/gpcc.html) in this 210 

study, which was estimated from global station data (Schneider et al 2011, 211 

https://esrl.noaa.gov/psd/data/gridded/data.gpcc.html). Its spatial resolution is 212 

0.25˚×0.25˚. And the annual precipitation was calculated from the monthly 213 

precipitation.  214 

https://dwd.de/EN/ourservices/gpcc/gpcc.html
https://esrl.noaa.gov/psd/data/gridded/data.gpcc.html
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Land cover type in each 0.05˚ pixel in 2009 is derived from the Terra and Aqua 215 

combined Moderate Resolution Imaging Spectroradiometer (MODIS) Land Cover 216 

Climate Modeling Grid (CMG) (MCD12C1) Version 6 217 

(https://doi.org/10.5067/MODIS/MCD12Q1.006). There are 11 natural vegetation 218 

classes, three human-altered classes and three non-vegetated classes in this MODIS 219 

Terra+Aqua Combined Land Cover product. If a class of them occupies more than 90% 220 

of total area for a basin, the basin is defined as the classes of land cover; otherwise, 221 

the basin is defined as a mixture basin. And then six classes land cover and basins 222 

have been defined as shown in Figure 4. These data are available at the website 223 

https://search.earthdata.nasa.gov.  224 

 225 

4. Results and discussion 226 

4.1 Performance and validation of the water yield patterns at annual scales 227 

All the data set estimated by the observed or simulated data from PCR-GLOBWB 228 

hydrologic model at the annual scales shows that more than 90 percent of them fall 229 

within the theoretical range. Most of them fall in the range with R/P ≤0.8 and 230 

0.5≤ϕ≤1.5 and there seems to be a linear relationship between R/P and ϕ (shown in 231 

Figure 5). If the ε value of every land cover class was calibrated by the obtained data 232 

set (listed in Table 1) with the minimization of Root Mean Square Error (RMSE) of 233 

flow, its value of forest (ε=0.324) is the minimum while the ε value of grassland is the 234 

maximum one (ε=0.543) among them. The differences between forest cover and any 235 

one of the other five land covers ∆R/P change with ϕ as unimodal curves with their 236 

https://doi.org/10.5067/MODIS/MCD12Q1.006
https://search.earthdata.nasa.gov/
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peak values at the ϕ values of 1.0, which fall within the theoretical ε range. All the 237 

calibrated values of ε are bigger than 1-√2/2, there are the “S” shape curves of the 238 

distribution of the sensitivity functions R/P to ϕ. And there is less contribution by ϕ 239 

(Shown in Fig. 6(a)) while the contribution by ε is higher in the most of selected areas 240 

(shown in Fig. 6(b)).  241 

 242 

4.2 Performance and validation of the water yield patterns at monthly scales 243 

The water yield patterns at monthly time scale are shown in Figure 7. There are lots of 244 

data estimated by observed and simulated data from hydrologic model fall without the 245 

theoretical range with 0≤ε≤1. And more data from the period of October to May fall 246 

without the theoretical range comparing that from June to October. Most of them are 247 

fall within the range that ε <0. The data from different land cover fall within the 248 

theoretical range are also shown in the Figure 8(a). All types of land cover show better 249 

performance (falling within the theoretical range) during the period from June to 250 

October, especially the cropland while the performance from the grassland is no 251 

significant different within different months (i.e. a year). When the value of ε is less 252 

than 0 in a basin (without the theoretical range), it can be deduced that its 253 

corresponding R/P is bigger than (E+ΔW)/(Ep+ΔWp). The data set that fall within the 254 

range ε >1 in every month can be found when R>P due to the human activities such as 255 

reservoir operation.  The aridity index, defined as the ratio of annual potential 256 

evapotranspiration to precipitation, has been widely used for dividing climatic zones 257 

(McVicar et al., 2012), 596 humid, 604 semi-arid and 267 arid climate basins have 258 
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been classified, respectively. The percentages of basins fall within the theoretical 259 

range as shown in Figure 8(b). The basins from the arid zone are stable and most of 260 

them fall within the theoretical range while the basins from the humid zone are 261 

variable and only the data set of them from June to October are over 50%.   262 

According to the unifying catchment water balance model, its form at monthly scale is 263 

the “abcd” model. However, monthly performances by the observed or simulated data 264 

as shown in section 3  cannot fall within their theoretical ranges while the annual data 265 

and the monthly data from the arid zone seems to performance better than monthly 266 

data from the humid zone. The parameters ϕ and ε of unifying catchment water 267 

balance model at both annual and monthly scales are directly estimated by the 268 

variables ΔW, E, P and their initial and capacity values, which are different from the 269 

calibrated values through the common process of implementing the monthly “abcd” 270 

hydrological model. Due to the difficulties of obtaining the actual soil moisture and 271 

the evapotranspiration, especially the monthly ΔWp and R which are easily to be 272 

misestimated by PCR-GLOBWB model or are altered by the reservoir operation, 273 

there are a lot of negative ε values which fall without the theoretical range. And the 274 

generalized proportionality hypothesis for the monthly scale is also difficult to be 275 

satisfied due to the non-ignored error of estimated soil storage and evapotranspiration. 276 

Thus, the performances of PCR-GLOBWB hydrological model are acceptable at 277 

annual time scale while poor at monthly scale globally. 278 

 279 
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4.3 Comparison between annual and monthly performance of the water yield 280 

In order to compare the water yield patterns at annual and monthly scales based on the 281 

unifying catchment water balance model, the basins with the data falling within the 282 

theoretical range for every 12 month are selected. 169 basins are picked out from the 283 

1467 ones as shown in Figure 9. Most of the data set from these basins falls within the 284 

range of ε<1-√2/2 and ϕ>1. As shown in Figure 10, the value of R/P at annual scales 285 

is lower than their values at month scales. The change of R/P is more sensitive to the 286 

parameter ε rather than the parameter ϕ. The annual and monthly values of ϕ and ε in 287 

these selected 169 basins are shown in Figure 11. It can be found that the annual 288 

values of ϕ are less than those at monthly scale. The annual values of ε are bigger than 289 

those at monthly scale while their variations are smaller. With longer time scale, the 290 

variations of the parameters are small, thus the accuracies of parameters (ϕ and ε) 291 

regionalization are higher. Even there are several months (e.g. May, Jun, July and 292 

August) with small variations as the annual scale, a lot of outliers can be found in 293 

these months. 294 

The relative contributions of ε for the R/P (RCε) for the most basins are over 90% 295 

(shown in Figure 12), which means that ε is the main factor for the change of R/P in 296 

every month. Generally, the ranges of RCε from June to October are shorter and their 297 

values are higher than those from other months, which further prove the importance of 298 

the soil storage changes for the water yield pattern. The RCε at annual time scale are 299 

slightly lower than those at monthly time scale. As the RCϕ =1- RCε from the equation 300 

(6), there is an opposite relationship between annual and monthly relative 301 
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contributions of ϕ for the R/P (RCϕ).  302 

The relationships of the estimated parameters ϕ and ε between their annual and 303 

monthly time scales are shown in Figure 13 (a1) and (a2). It can be easily found that 304 

almost all the ϕ value at every monthly scale is significantly bigger than those at 305 

annual time scale. Their relationships are nonlinear relationship, especially in Nov, 306 

Dec, Jan and Feb. More than half points are distributed under the 1:1 regression linear, 307 

which indicates the annual ε value is bigger than those at monthly scales.  Due to the 308 

impact factors of ϕ or ε at annual and monthly are different, especially the water 309 

storage change held in soil and vegetation, single variable linear regression model 310 

does not support to the their conversion. More variables should be taken in the 311 

conversion of annual scale and monthly scale model. The relationships between the 312 

sensitivities of R/P to ϕ or ε at annual and monthly scale are shown in Figure 13 (b1) 313 

and (b2). According the Figure 2, all the sensitivities of R/P to ϕ or ε are negative. 314 

However, the relationships between their sensitive values at annual and monthly 315 

scales are positive regression as those for  ϕ or ε values shown in Figure13 (a1) and 316 

(a2). Both the values of  ∂(R/P)/∂ϕ and the values of  ∂(R/P)/∂ε at the annual  scale  317 

are bigger than those at every monthly scale (above the 1:1 line shown in Figure 13 318 

(b1) and Figure 13 (b2)). Most of ∂(R/P)/∂ϕ values are from -0.1 to 0 for both annual 319 

and monthly scales while the values of ∂(R/P)/∂ε distributed more evenly from -0.5 to 320 

0. As the sensitivity value of R/P to the parameter can help the uncertainty analysis 321 

and the improvement the performance of the model, the bigger value indicate these 322 

two parameters (ϕ and ε) are more important for annual scale, especially the model 323 
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structures are the same for these two time scales. According to the distribution of the 324 

points shown in Figure 13 (b2), the parameter ε can make higher contribution in 325 

different conditions as the RCε value shown in Figure 12.  326 

 327 

5. Conclusion 328 

Water yield pattern at different time scales is impacted by different factors. The 329 

parameters of the unifying catchment water balance model can reflect the impacts due 330 

to same model structure at annual and monthly scales. The unifying catchment water 331 

balance model has been employed to figure out that the parameters ε=1-√2/2 and ϕ=1 332 

are the two critical values for water yield patterns at the two time scales.  333 

At long-term (i.e. annual) scale, the performance of the unifying catchment water 334 

balance model is much better than that at short-term (i.e. monthly) due to the 335 

rationality of negligible soil water storage change at annual scale. However, there are 336 

non-negligible components at monthly scale such as the soil water storage change and 337 

evapotranspiration that are difficult to be observed directly in basin scale. The 338 

simulation values of these components had also not been directly validated under the 339 

discharge performance evaluation. The linear relationship assumption in the unifying 340 

catchment water balance model can be hardly satisfied at short-term. Therefore, it is 341 

not surprise that a lot of data set fall without the theoretical range, especially from the 342 

humid basin with significant soil storage fluctuation at monthly scale. Our results can 343 

also open up new requirement for studying how to completely validate the 344 

performance of hydrological model (not only the discharge).  345 
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The sensitivities of R/P to ϕ or ε at annual scale are higher than those at monthly scale. 346 

The relative contributions of ε for the water yield pattern is more than those of ϕ. Due 347 

to the impact factors of ϕ or ε at annual and monthly are different, the conversion of 348 

the parameters of ϕ or ε from annual to monthly or from monthly to annual should be 349 

assumed to be nonlinear or multivariable model.  350 

Even the unifying catchment water balance model through the maximum entropy 351 

production principle can derive the annual, monthly and event scales, its application at 352 

event scale have not be validated in this study due to the shortages of observed or 353 

simulated data for water balances. There are more works to be done for figuring out 354 

the water yield patterns between different scales; however, our study has made 355 

contribution in knowing the parameter for impacting the changes of water yield 356 

patterns and in improving the understanding on the uncertainties of hydrological 357 

model at annual and monthly scales. 358 
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Figures

Figure 1

Ratio of Runoff to Precipitation (R/P) as a function of the index of the generalized dryness index () for
different values of parameter ε



Figure 2

Distribution of the sensitivity functions: (a) R/P to  and (b) R/P to ε



Figure 3

Relative contributions of  and ε to water yield coe�cient



Figure 4

The selected basins and their land cover class

Figure 5

 Validation of the water yield patterns at the annual scale



Figure 6

Global patterns for the contributions of: (a)  and (b) ε



Figure 7

Validation of the water yield patterns at the monthly scale

Figure 8

Percentage of selected data fall within the theoretical range at monthly time scale: (a) land cover; (b)
climate zones



Figure 9

The selected 169 basins whose data set falling within the theoretical range for every month



Figure 10

The water yield patterns at the annual and monthly scale for the selected 169 basins 



Figure 11

The annual and monthly values of  and ε in the selected 169 basins: (a)  and (b) 



Figure 12

The relative contributions of ε for the R/P for the selected 169 basins at monthly scale 

Figure 13

The relationship between annual and monthly time scales: (a1) is for  while (a2) is for ε; (b1) is for
∂(R/P)/∂ while (b2) is for ∂(R/P)/∂ε. The regression line is 1:1 for the x axl annual variable
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