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Abstract: Affected by intensive human activities, the basin hydrologic system shows 6 

characteristics of a dualistic structure. Thus, when simulating the hydrological 7 

processes, it needs to consider the social water cycle system to get a more accurate 8 

result. In this study, a dualistic water cycle simulation system is promoted to simulate 9 

the hydrological processes affected by intensive human activities, which comprise of 10 
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natural water cycle system and social water cycle system. The social water cycle system 11 

includes the agricultural water cycle system, industrial water cycle system, domestic 12 

water cycle system, and cross-regional allocation system. As part of the dualistic water 13 

cycle simulation system, an integrated dualistic hydrological model is developed, which 14 

couples distributed hydrological simulation module with water resource allocation 15 

module. The integrated modeling approach is applied to the Haihe River basin. The 16 

results show that the model performance can be improved when considering coupled 17 

simulation of natural and social water cycle systems. This model can also be used to 18 

investigate the evolutionary relationships among the natural and social water cycle 19 

systems in the study region, and to assess the regional water resources in other basins 20 

affected by intensive human activities. 21 

Keywords: Dualistic water cycle; distributed hydrological model; intensive human 22 

activities; WEP-L model; social water cycle; Haihe River basin;  23 

1 Introduction 24 

The scientific research of water resources, hydrology, and hydroecology is based 25 

on water cycle processes. With growth in population and development of the economy, 26 

intense human activity has disturbed natural water cycles, resulting in severe changes 27 

in the driving forces, structure, and parameters of these cycles. The water cycle system 28 

has gradually evolved from a single natural feature into a nature-society dualistic water 29 

cycle system (Wang and Yang, 2010; Wang et al., 2013; Qin et al., 2014; Schmidt, 2014; 30 

Liu et al., 2014). Different from the natural water cycle (Horton, 1931), the social water 31 

cycle is a new research field necessitated through the development of urbanization and 32 
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water shortage that focuses on the impacts of human activities on the water cycle 33 

(Ridolfi, 2014; Merrett, 1997; Linton, 2014). Thus, the new Scientific Decade (2013-34 

2022) of the International Association of Hydrological Sciences (IAHS) takes 35 

hydrological-social modeling as the fourth science question: “How can we use 36 

improved knowledge of coupled hydrological-social systems to improve model 37 

predictions, including estimation of predictive uncertainty and assessment of 38 

predictability?” (Montanari et al., 2013). 39 

The natural water cycle is driven only by natural forces such as the sun and wind. 40 

In contrast, a dualistic water cycle system is driven by natural forces in addition to 41 

mechanical, electrical, and other forces having obvious artificial features, which lead 42 

to complicated hydrological processes. The dualistic water cycle system combines the 43 

natural water cycle system, which includes the natural transformation processes of 44 

Soil–Vegetation–Atmosphere continuum, with the social water cycle system, which 45 

includes the processes of water storage, water intake, water conveyance, water use, 46 

drainage, and water reuse (Wang et al., 2006, 2013). The social and natural water cycle 47 

systems are dependent on and affected by each other. The social water cycle system 48 

takes the available water resources from the natural water system, whereas the latter is 49 

affected by the former because of its water intake and drainage process.  50 

Because the impact of human activity varies among regions, distributed 51 

hydrological models are widely used in water cycle simulation. The most recent 52 

distributed hydrological models focus mainly on the evolution mechanism of the 53 

natural water cycle, which simulate the natural processes of precipitation, evaporation, 54 
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infiltration, runoff yield, and confluence. However, these models, such as SWAT 55 

(Arnold et al., 1998; Piniewski et al., 2017; Liang et al., 2017; Shrestha et al., 2017), 56 

SHE (Abbott et al., 1986), DBSIN (Garrote and Bras, 1995), DHSVM (Wigmosta et 57 

al., 1994), GBHM (Yang et al., 1998, 2002), VIC (Liang and Xie, 2001; Luo et al., 58 

2013), SWIM (Krysanova et al., 1998), and TOPOMODEL (Beven and Kirkby, 1979; 59 

Famiglietti et al., 1992), simplify or neglect the influence of the social water cycle 60 

process. Many works have been done to emphasize the influences of social factors but 61 

with simplified natural water cycle (using conceptual hydrological model or using the 62 

observation data) (Döllet et al., 1999, 2003; Alcamoet et al., 2003; Carey et al., 2014; 63 

DeFries and Eshleman, 2004; Harou, 2009; Kyle et al., 2013; Blanc et al., 2014; Hejazi 64 

et al., 2014; Liu et al., 2015; Kim et al., 2016). Thus, many researchers developed or 65 

improved the hydrological models to evaluate the human activities (such as water use, 66 

irrigation schemes, groundwater pumping, reservoir operations) impact on the 67 

hydrological (Biemans et al., 2011; Condon et al., 2014, 2015; De Graaf et al., 2014, 68 

2015; Sacks et al., 2009; Leng et al., 2013, 2014, 2015; Van Der Knijff et al., 2010; 69 

Döllet et al., 2009, 2012; Pokhrel et al., 2015; Voisin et al., 2013, 2017; Wada et al., 70 

2014). Most of them are global and continental scale, and not focus on all aspects of 71 

the social water cycle.  72 

The aims of this study are to develop an watershed scale integrated dualistic water 73 

cycle model to simulate the natural-social hydrological processes, and analyze the 74 

impact of social water use on the natural hydrological processes, such as streamflow, 75 

evapotranspiration, and so on. The WEP-L model (Jia et al., 2006) is used as the basis 76 
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of hydrological module, and embedded the social water cycle system module which 77 

includes the irrigation water use, domestic water use, industrial water use, reservoir 78 

water allocation, groundwater pumping, etc. In this study, the mechanism and principles 79 

of the dualistic water cycle process are introduced, and a case study of Haihe River 80 

basin is used to investigate the model performance over traditional hydrological model.  81 

2 Study area and data  82 

2.1 Study area  83 

The Haihe River basin is located in North China (112°-120° E, 35°-43° N) across 84 

eight provinces, municipalities and autonomous regions (Fig. 1). The total drainage area 85 

is 320,041 km2. The hilly region has an area of 170,460 km2, accounting for 53% of the 86 

total area and the rest is plain area. The climate of this basin is semi-arid and semi-87 

humid. The mean annual rainfall across the study area for the historical period (1956-88 

2005) is 535 mm, and the multi-year average annual total water resources (1956-2005) 89 

make up to 37.0 × 109 m3, of which the surface water resources are 21.6 × 109 m3, 90 

groundwater resources are 15.4 × 109 m3, and the average utilization is 23.5 × 109 m3. 91 

(MWR, 2006)  92 

With the rapid social and economic development, the intensity of human activities 93 

in Haihe River basin has increased dramatically since the 1970s. Until 2005, about 94 

1.07×107 hm2, or 33% of the study area, was covered by agriculture, of which about 95 

7.54×106 hm2 constituted effective irrigation area. The large-scale irrigation areas in the 96 

Haihe River basin are mainly located in the piedmont plain and the Yellow River 97 

irrigation area. With the significant role of national economic and social development, 98 
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Haihe River basin has become an important industrial and high-tech base, which 99 

includes the large cities of Beijing, Tianjin, Shijiazhuang, and Tangshan. In order to 100 

increase the water supply capacity and fulfill water demands, a large number of water 101 

storage projects have been constructed during the past decades. In 2005, the number of 102 

reservoirs reached 1865, with a total capacity of 3.13×1010 m3. Of these, 33 large 103 

reservoirs had a total capacity of 26.2×109 m3 (Fig. 2). In addition, a volume of 3.72×109 104 

m3 of water is still needed to be diverted from the Yellow River (MWR, 2005). 105 

In 2005, the total water consumption of Haihe River basin was 38.0 ×109 m3, in 106 

which the consumptions of domestic water, industrial water, agricultural water, and eco-107 

environmental water were 5.6 ×109 m3 (accounting for 14.6%), 5.7 ×109 m3 (accounting 108 

for 14.9%), 26.4 ×109 m3 (accounting for 69.5%), and 0.4 ×109 m3 (accounting for 109 

1.0%), respectively. In other words, the water consumption is bigger than the average 110 

yearly available water resources. Thus, human activities have significant affected the 111 

formation and transformation of water resources. Therefore, it is a desire to develop a 112 

dualistic water cycle system modeling approach that integrates the natural and social 113 

cycle in this basin. 114 

2.2 Data 115 

The data used in this case include the following types: (1) daily meteorological 116 

data from 57 national weather stations (1956-2005) including air temperature, wind 117 

speed, sunshine duration, vapor pressure, and relative humidity, which were provided 118 

by China Meteorological Administration (http://data.cma.cn/data/cdcdetail /dataCode/ 119 

SURF_CLI_CHN_MUL_DAY_V3.0.html); (2) daily precipitation data of 1560 120 
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stations (1956-2005) were obtained from the “Annals of Hydrology in Haihe Basin” 121 

distributed by the Haihe River Water Conservancy Commission (HRWCC); (3) 122 

monthly flow data of 22 runoff stations (1956-2000), also obtained from the “Annals 123 

of Hydrology in Haihe Basin”; (4) Haihe River basin remote sensing evapotranspiration 124 

vector map obtained from the Institute of Remote Sensing Applications, Chinese 125 

Academy of Science (http://eds.ceode.ac.cn); (5) surface elevation data obtained from 126 

the United States Geological Survey (USGS) Land Processes Distributed Active 127 

Archive Center (LP DAAC; http://edcdaac.usgs.gov/gtopo30/gtopo30.asp); (6) a river 128 

distribution map (spatial resolution 1:25×106) supplied by Ren (2007); (7) land use 129 

maps of 1996, 2000 (spatial resolution 1:10×104), and 2004 (spatial resolution 1:25×104) 130 

obtained from Landsat TM data (http://www.geodata.cn); (8) spatial distribution data 131 

of soil type (spatial resolution 1:10×107) obtained from the second national soil survey 132 

and related study of Ma et al. (1994); (9) data of plain aquifer hydrogeological unit 133 

division and permeability coefficient reported by Ren (2007); (10) data of large 134 

reservoir characteristics and sluice parameters were obtained from HRWCC; (11) 135 

monthly storage changes of 33 reservoirs during 1956-2005 from HRWCC; (13) data 136 

of the area, plant structure, and irrigation patterns of 77 large-sized irrigation zones 137 

were obtained from HRWCC; and (14) the water use data of agriculture, industry, and 138 

domestic use for 1980-2005 were obtained from HRWCC. 139 

3 Model development 140 

3.1 Natural water cycle part 141 

Natural water cycle processes and the model simulation results are affected by 142 

http://www.geodata.cn/
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evaporation and other factors driven by precipitation. Watershed subdivision and 143 

codification are critical for the water cycle simulation process. The simulated drainage 144 

network was first extracted from a digital elevation model (DEM) modified to include 145 

the surveyed river network. Then, the simulated drainage network was used for the 146 

watershed subdivision and codification based on the coding rule (Luo et al., 2006; Liu 147 

et al., 2014). In the model the entire basin was subdivided into 3067 sub-watersheds to 148 

reflect the upstream and downstream relationship, and the sub-watersheds were further 149 

subdivided into 11752 contour bands (Fig. 3) to reflect the height effect and flow 150 

movements on the overland route (Fig. 4a). As shown in Fig. 4b, the vertical structure 151 

of the contour bands includes the interception layer, depression layer, upper soil layer, 152 

transition layer, unconfined aquifer, and confined aquifer. The mosaic method (Avissar 153 

and Pielke, 1989) was used to consider the heterogeneity of land use, which is divided 154 

into five groups within each contour band: Water Body, Soil–Vegetation, Impervious 155 

Area, Irrigated Farmland, and Non-irrigated Farmland. Essentially, we classified the 156 

land use units and estimated the water and heat fluxes of each land type, and the area’s 157 

mean value was then used as the water and heat fluxes of the unit.  158 

The natural water cycle was simulated based on WEP-L model, which is a 159 

distributed hydrologic model that combines the merits of PBSD (Physically Based, 160 

Spatially Distributed) and SVAT (Soil–Vegetation–Atmosphere Transfer scheme) 161 

models. The model is capable of dynamically assessing water resources in various 162 

forms, such as the surface water, groundwater, and rainfall water consumed by 163 

vegetation. It is also capable of modeling infiltration excess, saturation excess and 164 
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mixed runoff generation mechanisms. For more details refer to Jia et al. (2001, 2006).  165 

 166 

3.2 Social water cycle part 167 

3.2.1 Social water cycle system  168 

The social water cycle system was subdivided into three subsystems according to 169 

the water supply targets: agricultural, industrial and domestic water cycle systems. In 170 

addition, there is a cross-regional water supply system for the water transfer from 171 

reservoirs or another river basin to the study area. The generalizations of the social 172 

water cycle system are shown in Fig. 5. In this model, the social water cycle has the 173 

same basic calculation unit with natural water cycle which is contour bands within the 174 

sub-watershed, and the same daily time step for the coupled calculation. 175 

The social water cycle focuses on the social water circulation, which includes six 176 

aspects: the water intake, water conveyance, water storage, water use, water drainage, 177 

and water reuse (Wang et al., 2013). Mostly, the water intake and water drainage are 178 

the two critical processes related natural water cycle. The coupling mechanism occurs 179 

mainly during these two processes. Rivers, reservoirs, and groundwater can be 180 

considered as water intake sources. The water intake processes decrease the water in 181 

the river and groundwater, whereas the drainage processes increase the water in the 182 

river and underground. Moreover, waste water reuse was considered in the model. The 183 

coupling principals are shown in Fig. 6. 184 

To simulate the social water cycle, every water cycle subsystem must first be 185 

generalized by determining the distribution of demand nodes in each subsystem and 186 
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examining the hydraulic connection between the demand nodes and the water intake 187 

position. This step assumes that groundwater intake position is located in the contour 188 

centroid and its water supply is used only for the social water system in the contour 189 

band. For surface water, the intake position is the sub-watershed outlet if no diversion 190 

work or water intake projects exist. The reservoir intake position is located in the outlet 191 

of its own sub-watershed dam site. Once all of the subsystem structures were 192 

generalized, the social water cycle was simulated in terms of water storage, intake, 193 

conveyance, use, drainage, and reuse. It is noteworthy that the water intake process was 194 

omitted in the case of water division engineering without dams and water lifting 195 

engineering.  196 

3.2.2 The unit of social water cycle system 197 

In agricultural water cycle system, the demand nodes are the irrigated farmland, 198 

forestland with irrigation facilities, and fishponds. The spatial distribution of demand 199 

nodes can be determined by using statistical data of the cultivated land (or irrigated 200 

forestland, fishponds) in addition to a spatial distribution map of the irrigated farmland 201 

(or artificial forestland, reservoirs and ponds). There are two types of irrigation areas in 202 

each contour band: large-medium-sized area and small-sized area. Each large-medium-203 

sized area can be viewed as a combined demand node, whereas the other areas can be 204 

generalized as one demand node. For large-medium-sized areas, the hydraulic 205 

connection can be determined by examining the relationship between irrigation area 206 

and water intake. In terms of small-sized areas, it is assumed that surface water and 207 

groundwater water intakes are located in sub-watersheds and contour bands where the 208 
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small-sized irrigation areas are. Each irrigated forestland (or fishpond) can be 209 

generalized to one demand node. It is assumed that surface water and groundwater 210 

intakes are located in sub-watersheds and contour bands where the irrigated forestlands 211 

(or fishponds) are. 212 

In industrial water cycle system, the demand nodes are industrial and mining 213 

enterprises, whose spatial distribution could be determined by the map of industrial and 214 

mining enterprises distributions. The industrial and mining enterprises are generalized 215 

into two categories: those who use local water could be generalized to one demand node, 216 

while others who take water from water transfer project could be generalized to another 217 

demand node. It is assumed that surface water and groundwater intakes are located in 218 

the sub-watershed and contour bands where the industrial and mining enterprises are. 219 

In terms of the conditions in which water is taken from an inter-basin water diversion 220 

project, the hydraulic connection between the demand nodes and the water intakes can 221 

be determined by examining the conditions of the water diversion project. 222 

In the domestic water cycle system, the demand nodes are urban residents and rural 223 

residents. The spatial distribution can be determined by using the statistical data of 224 

urban population (or rural populations) in addition to a spatial distribution map of urban 225 

land (or rural residential) areas. Two types of urban residents are considered during the 226 

generalization process: those who use local water can be generalized to one demand 227 

node, and those who take water from an inter-basin water transfer project can be 228 

generalized to a different demand node. For the first type of residents, it is assumed that 229 

the surface water and groundwater intakes are located in the sub-watershed and contour 230 
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bands where they reside. In terms of the residents who take water from an inter-basin 231 

water diversion project, the hydraulic connection between the demand nodes and the 232 

water intakes can be determined by examining the conditions of the water diversion 233 

project. Rural residents in each contour band can be generalized to one demand node. 234 

It is assumed that surface water and groundwater intakes are located in the sub-235 

watershed and contour bands where they reside. 236 

For simplifying the model structure, the historical statistical water use data are used 237 

directly in the dualistic water cycle model. Usually, the available historical statistical 238 

water use data are on yearly scale and administrative regional level, which is larger than 239 

the model scale. Therefore, it is necessary to downscale these data to obtain daily water 240 

use in each calculation unit in both spatial and temporal aspects. The yearly water use 241 

of each subsystem could be written as: 242 

𝑊𝑎 = ∑ ∑ 𝑓(𝑊𝑢,𝑡 , 𝑃𝑡, 𝑅, 𝑀)

𝑁

𝑢=1

𝑌

𝑡=1

                                 (1) 243 

𝑊𝑖 = ∑ ∑ 𝐺𝑢,𝑡 × 𝑊𝑢

𝑁

𝑢=1

𝑌

𝑡=1

                                       (2) 244 

𝑊𝑙 = ∑ ∑ 𝑊𝑡 × 𝜌𝑢 × 𝐴𝑢

𝑁

𝑢=1

𝑌

𝑡=1

                                    (3) 245 

where Wa (m
3) is the total annual water consumption for agricultural irrigation; Wu,t (m

3) 246 

is the water demand of various calculation units for the number of days t, which is 247 

calculated by Penman-Monteith equation (Monteith, 1973); Pt (m
3) is the amount of 248 

daily rainfall which is calculated by the precipitation (mm) multiplying by area of 249 

agricultural irrigation; R (m3) is the amount of available water resources in the area; M 250 

represents the agriculture irrigation management factors such as irrigation water 251 
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management level and irrigation patterns; f is the functional relationship between 252 

practical water consumption and water requirement under certain conditions; Wi (m
3) is 253 

the total annual water consumption for industrial use; Gu,t (million yuan) is the daily 254 

Gross domestic product (GDP) value in each calculation unit; Wu (m
3/million yuan) is 255 

the GDP water consumption in every calculation unit; Wl (m
3) is the total annual water 256 

consumption for domestic use; Wt (m
3/day/per person) is the daily water consumption 257 

per capita in a calculation unit; 𝜌𝑢  (per person/km2) is the population density in a 258 

calculation unit; Au (km2) is the area of calculation unit; u is the calculation unit number; 259 

t is the daily serial number; N is the total number of calculation units within the region; 260 

and Y is the total days in a year (365 or 366). 261 

In model applications, the daily irrigation water consumption in the calculation 262 

units is downscaled from yearly irrigation water use data considering precipitation, 263 

evapotranspiration, and irrigation management factors. The daily industrial water 264 

consumption in the calculation units is downscaled from yearly industrial water use and 265 

used GDPs as weight. The daily domestic water consumption in unit calculation is 266 

downscaled from yearly domestic water use data and used population as weight. The 267 

detailed method follows that reported in previous researches (Cui et al., 2010; Cao et 268 

al., 2010). 269 

3.2.3 Water resources and water allocation system 270 

The water resources of the social water cycle system include four types: local 271 

surface water, cross-regional surface water, cross-basin surface water and groundwater. 272 

Water is supplied by the four types of sources consequently. The local surface water 273 
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comes from the streamflow of the local river, the storage of the local reservoir or pond, 274 

the retain water and so on. The cross-regional surface water comes from the storage of 275 

large reservoirs in the upstream of the water use unit, in which the water will be 276 

transferred with long distance. The cross-basin surface water comes from the 277 

streamflow out of the local basin or water transferred from lager water diversion project. 278 

In Haihe River basin, it could be water from Yellow Rive basin or the South-to-North 279 

Water Diversion project of China.  280 

The generalized cross-regional water distribution system is shown in Fig.7. The 281 

demand nodes of the cross-regional water distribution systems are for industrial, 282 

agricultural, and domestic water use. Every sub-watershed in the water supply area can 283 

be generalized to one demand node. The hydraulic connection between demand nodes 284 

and the reservoir can be determined according to the water supply range. 285 

Some reservoirs supply water to the region near to it. However, some supply water 286 

to more regions far from it. For these reservoirs, the entire water supply area can be 287 

divided into several water use zones, and the amount of reservoir water supply is equal 288 

to the sum of water consumption of each zone. The simulation of the reservoir is 289 

estimated as:  290 

𝑆𝑟 = ∑ 𝑊𝑧

𝑁𝑧

𝑧=1

= ∑(𝑊𝑎,𝑧 + 𝑊𝑖,𝑧 + 𝑊𝑙,𝑧 − 𝑆𝑙𝑜𝑐𝑎𝑙)

𝑁𝑧

𝑧=1

                          (4) 291 

∆𝑆 = 𝑊𝑖𝑛  − 𝑆𝑟  − 𝐸 − 𝐷                                           (5) 292 

where Sr (m
3) is the reservoir water supply; Wz (m

3) is the water consumption in 293 

the water supply zone z; z is the serial number of each water use zone; Nz is the sum of 294 

all the zones supplied water by the reservoir; Wa,z (m
3) is the amount of agricultural 295 
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irrigation water consumption in the water use area z, which can be calculated by Eq. 296 

(1); Wi,z (m
3) is the industrial water consumption in the water use zone z, which can be 297 

calculated by Eq.(2); Wl,z (m
3) is the domestic water consumption in the water use zone 298 

z, which can be obtained by Eq. (3); Slocal (m
3) is the available amount of water supply 299 

by local water resources, including surface water, groundwater, and reclaimed 300 

water; ∆𝑆 is the water storage change of the reservoir; Win is the income water of the 301 

reservoir from upstream streamflow; E is the evaporation of the reservoir; and D is the 302 

drainage of the reservoir when the storage is over the storage capacity of the reservoir.  303 

In the model, both the surface water and groundwater use data are introduced into 304 

the model separately and downscaled using the above mentioned method. The natural 305 

water cycle is simulated using WEP-L model, while the social water cycle is simulated 306 

based on the statistical data, so, there needs an allocation scheme for the coupling. First, 307 

the local surface water and groundwater within the subbasin where the computation 308 

unit located is used to meet the demand of the social water cycle system; second, the 309 

cross-regional surface water is used for the remainder demand; third, the cross-basin 310 

surface water if exists is used for the remainder demand; and finally, if it still couldn’t 311 

meet the amount, a ‘caution’ will be recorded in the output file. 312 

In the social water cycle system, the irrigation water is used like additional 313 

precipitation, which lays on the Irrigated Farmland and Non-irrigated Farmland area 314 

and takes part in the infiltration and evapotranspiration processes. Most of the industrial 315 

water drains back to river, the rest is classified into evaporation which contains the 316 

evaporation within water use process and the water solidified in the commodity. The 317 
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domestic water also is subdivided into two groups, backing to the river and evaporated. 318 

3.3 The distribution of social water use 319 

The areas of land use categories in the contour bands were used as weights for 320 

downscaling the administrative regional level water use data to the computation units. 321 

Then, the annual water use data were further downscaled to each day according to the 322 

characteristics of different social water cycle subsystems. The spatial distribution of the 323 

diversity social water cycle subsystems in 2005, including the distributions of irrigated 324 

water use, industrial water use, and residential water use and so on, is shown in Fig. 8 325 

for illustration purpose.  326 

4 Results  327 

4.1 Impact on stream flow 328 

Three types of model parameters have been designated by Jia et al. (2006): low-329 

sensitive parameters such as vegetation coverage leaf area index, vegetation height, 330 

aerodynamic parameters, and saturated hydraulic conductivity; medium-sensitive 331 

parameters such as soil water characteristic curves, soil infiltration capacity, aquifer 332 

thickness, and water permeability coefficient; and high-sensitivity parameters such as 333 

soil water content, soil depth, and transmissibility coefficient of river-bed materials. 334 

Model calibration is mainly used for parameters with high sensitivity and those related 335 

to runoff yield and concentration. 336 

The data series of 1956–2000 were used for long-term daily simulation of the 337 

dualistic water cycle system structure of Haihe River basin, of which, the calibration 338 

period was from 1956 to 1979, and the validation period was from 1980 to 2000. The 339 
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main calibration parameters include the aforementioned high-sensitive parameters. 340 

Because in hydrological modeling of large scale, we normally concern about the 341 

hydrological stations in the main streams of the rivers with longer data records, and many 342 

of the other stations do not have long-term observation data. The hydrological stations 343 

of Chengde, Luanxian, Daiying, Guantai, Guanting, and Huangbizhuang are selected 344 

to show the impact on validation period (Table 1 and Fig. 9). Moreover, the box-plot of 345 

Nash–Sutcliffe coefficient of validation period of all 22 stations are shown for 346 

comparison (Fig. 10). The results indicate that the performance of the coupled model 347 

matches the observation data better than the non-coupled model. We choose Guantai 348 

station to show the details of the impact of coupled and non-coupled model at typical 349 

year. The observation data were matched better by the coupled model than the non-350 

coupled model. Moreover, the coupled simulation had a significant influence on normal 351 

and low flow years. However, it had a lesser effect on high flow years due mainly to 352 

the relatively large amount of water in these years. Moreover, the impact on the flood 353 

season is less than that in the non-flood season. 354 

Table 1: Model validation results of 1980-2000 355 

Hydrological 

stations 

Coupled Model Non-Coupled Model 

Relative 

error 

Nash–

Sutcliffe 

coefficient 

Correlation 

coefficient 

Relative 

error 

Nash–

Sutcliffe 

coefficient 

Correlation 

coefficient 

Chengde −5.8% 0.72 0.85 2.8% 0.72 0.72 

Luanxian −1.3% 0.60 0.86 -2.7% 0.40 0.76 

Daiying −4.0% 0.65 0.81 7.1% 0.50 0.54 

Guantai 3.6% 0.81 0.93 3.1% 0.71 0.79 

Huangbizhuang −9.6% 0.68 0.83 -17.6% 0.72 0.73 
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4.2 Impact of social water cycle on evapotranspiration 356 

The comparison results between the coupled and non-coupled model simulations 357 

of watershed evapotranspiration processes are shown in Fig. 12. The remote sensing 358 

image indicates that evapotranspiration in plain areas was higher than that in the hilly 359 

areas. Considering the two different simulation scenarios, we determined that the 360 

coupled model matched the observation data better than the non-coupled model in the 361 

piedmont and Yellow River diversion irrigated areas, due to that the coupled model 362 

considers the impact of social water cycle on the basin evapotranspiration. 363 

Fig. 13 is the comparison of with and without cross-regional allocation. Without 364 

cross-regional allocation situation means the water only comes from the local surface 365 

water. With cross-regional allocation situation means the water comes from the local, 366 

cross-regional and cross-basin surface water. The figure shows the shortage of the local 367 

river streamflow on meeting the social water demand. It indicates that considering the 368 

cross-regional allocation scheme could make the social water cycle more accurate. 369 

Because the water allocation of coupled model is more close to the actual water use, 370 

the simulated basin evapotranspiration of the coupled model is 520 mm, which is bigger 371 

than that of the non-coupled model (455 mm), especially in the piedmont and Yellow 372 

River diversion irrigated areas. Meanwhile, the simulated streamflow of the not-373 

coupled model is bigger than that of the coupled model. 374 

4.3 Impact on reservoir storage change 375 

Four typical large reservoirs are selected for studying the impact on reservoir 376 

storage change of with and without reservoir operation. The selected reservoirs are 377 
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typical in Haihe River basin which locate on the upstream mountain area of the main 378 

river and have complicated water supply connection (Fig. 2). Another reason is that 379 

they have a long-term storage change observation data. The observations of the 380 

Wangkuai reservoir and Huangbizhuang reservoir are from the year of 1980 to 2005. 381 

The observations of the Miyun reservoir are from the year of 1980 to 2000. The 382 

observations of the Panjiakou reservoir are from the year of 1984 to 2000.  383 

Two situations are considered for testing the impacts of with or without cross-384 

regional reservoir allocation. With cross-regional reservoir allocation, the reservoir 385 

storage variable is equal to precipitation plus runoffs, and then deduct evaporation and 386 

cross-regional water transfer. Without cross-regional reservoir allocation, the storage 387 

variable of the reservoir is equal to the precipitation and runoffs deduct evaporation. It 388 

is obvious that the monthly reservoir storage change was stable when the cross-regional 389 

reservoir allocation is neglected. It can be found from Fig. 14 that the reservoir change 390 

at the situation of with cross-regional reservoir allocation is more close to the 391 

observations, although there are some underestimations and overestimations. Because 392 

the water transfer of the reservoir is affected by the water supply range and the water 393 

supply amount, and the deviation in the calculation of water demand may cause a 394 

deviation in the water supply. Generally speaking, the storage was reduced in the pre-395 

flood period and increased in the flood recession period, which is consistent with 396 

regional water operation laws. 397 

5 Discussions and Conclusions 398 

Simulation of dualistic hydrological processes is of vital importance for dynamic 399 
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water resources management of regions with intensive human influence, but such 400 

studies are rarely seen in the literature. In this study, an integrated dualistic water cycle 401 

modeling approach was developed to analyze the impact of social water use on the 402 

natural hydrological processes, which mainly contain natural water cycle and social 403 

water cycle. The natural water cycle was simulated using WEP-L model, so the social 404 

water cycle is a key point in this study. Normally, the social water cycle system could 405 

be divided into agricultural water cycle system, industrial water cycle system, domestic 406 

water cycle system, and cross-regional allocation system. Two hydrological models, a 407 

natural-social dualistic water cycle model and a natural water cycle model, were used 408 

to simulate hydrological processes of Haihe River basin. The streamflow, 409 

evapotranspiration, the changes of reservoir storage, and cross-regional surface water 410 

allocation are comparatively analyzed in this paper. In addition, the coupling principals 411 

between natural and social water cycles were also discussed in this work. 412 

The study concludes that (1) the model simulation efficiency can be much 413 

improved when considering coupled simulation of natural and social water cycle 414 

systems; (2) Influenced by human activities, the streamflow of the basin is significantly 415 

less than the natural runoff, which is more prominent in the normal and dry years; (3) 416 

As a result of the substantial increase in social water consumption, while the river 417 

streamflow is greatly reduced, the amount of watershed evapotranspiration increased 418 

significantly. Based on the modelling results, the evapotranspiration in the piedmont 419 

and Yellow River diversion irrigated areas is higher than that in other areas; (4) The 420 

natural-social dualistic water cycle model is developed in this paper, the modeled water 421 
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balance process of the reservoir and the processes of storage are in good agreement 422 

with the measured processes; (5) The impact of the cross-regional surface water 423 

allocation is investigated, which indicates that considering the cross-regional allocation 424 

scheme could make the social water cycle more accurate.  425 

Aiming to propose an integrated dualistic water cycle model, and apply it on Haihe 426 

River basin, the findings of the study have the following implications. With the dualistic 427 

model, it could evaluate the future trends of water resources, ecology and the water 428 

environment by setting scenarios based on the predictions of a climate model and water 429 

control conditions (this work could refer to Wang et al., 2013). As the dualistic model 430 

could simulate different hydrological process and human activities (corresponding to 431 

the subsystem of social water cycle), it could be used for the water resources attribution 432 

analysis (this work could refer to Jia et al., 2012). The integrated model still has some 433 

shortcomings need to be addressed in the future study, such as, strengthening the close 434 

coupling of the social water cycle rather than using the statistical data as external input, 435 

improving the function of simulating agricultural practices with rule-based behavior, 436 

operating the reservoir using dynamic scheduling rule, and strengthening the coupled 437 

simulation of surface water and groundwater, and so on. 438 
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