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ABSTRACT

High-resolution data on the spatial pattern of water use are a prerequisite for appropriate and
sustainable water management. Based on one well-validated hydrological model, the Distributed
Time Variant Gains Model (DTVGM), this paper obtains reliable high-resolution spatial patterns of
irrigation, industrial and domestic water use in continental China. During the validation periods, ranges
of correlation coefficient (R) and Nash-Sutcliffe efficiency (NSE) coefficient are 0.67-0.96 and 0.51-0.84,
respectively, between the observed and simulated streamflow of six hydrological stations, indicating
model applicability to simulate the distribution of water use. The simulated water use quantities have
relative errors (RE) less than 5% compared with the observed. In addition, the changes in streamflow
discharge were also correctly simulated by our model, such as the Zhangjiafen station in the Hai River
basin with a dramatic decrease in streamflow, and the Makou station in the Pearl River basin with no
significant changes. These changes are combined results of basin available water resources and water
use. The obtained high-resolution spatial pattern of water use could decrease uncertainty of hydro-
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logical simulation and guide water management efficiently.

1. Introduction

Water scarcity problems plague regions of many countries
today. Typical examples are northern China; some provinces,
such as Punjab province in north India and Sindh province in
south Pakistan, on the border between India and Pakistan; the
Middle East; and the middle and western areas of the USA.
Approximately 2.4 billion people are currently living in highly
water-stressed areas (Oki and Kanae 2006, Xia et al. 2007).
While this problem includes the combined effects of human
intervention and climate change, humans have affected ter-
restrial water fluxes on an unprecedented scale (Coe and
Foley 2001, Dong et al. 2012, Chang et al. 2014, Zhan et al.
2014, Zuo et al. 2014). Humans directly change the dynamics
of the water cycle and pose great threats to water availability,
especially through water withdrawals for irrigation, industrial
and domestic purposes (Haddeland et al. 2014). According to
the statistics of the China Water Resources Bulletins for the
years 2000-2011, annual amounts of irrigation, industrial and
domestic water use and their total amounts are obtained, as
shown in Fig. 1 (http://www.mwr.gov.cn/), which depicts that
all types of water use follow significant increasing trends in
the period 2000-2012 (p < 0.1). In particular, the total water
use is rising rapidly, almost reaching 635 x 10° m>, which is
the upper limit for total water use for the year 2015 set by the
Central People’s Government of the People’s Republic of
China. Although irrigation water use indicates no significant
increase in recent years, it accounts for almost 70% of total
water use. Better management for these three types of water

use will play an important role in future water resources and
could ease water scarcity effects tremendously.

Both the severe water shortage problems across the globe
and the task to manage transboundary basins (such as those
providing water resources to the Punjab province, north
India) increase the need for information on spatial water
use. Many studies have been conducted to estimate water
use around the world. The earliest study is likely associated
with the “Comprehensive Assessment of Freshwater
Resources of the World” supported by a consortium of UN
organizations, which proposed the first global water resources
and water-use assessment system, symbolizing the start of
water-use estimation (Raskin et al. 1997). Doll et al. (1999)
and Alcamo et al. (1997) put forward the WaterGAP1.0
(Water — Global Assessment and Prognosis) model to assess
the current water resources situation, which included a water-
availability and a water-use model. These model simulations
were carried out on a national scale. Doll and Siebert (2002)
presented a global model of irrigation requirements with a
spatial resolution of 0.5°. Based on WaterGAP1.0, Alcamo
et al. (2003) constructed the WaterGAP2 model, which con-
sisted of a global water-use model and global hydrology
model. The development of WaterGAP2 mainly represented
the combination of the computation of water availability at
the river basin scale with the modelling of water use based on
dynamics of structural and technological changes in various
water-use sectors. Its spatial resolution was improved from a
national scale to 0.5°. De Nys et al. (2008) developed a
simulation tool WaDI (Water Delivery for Irrigation) to
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Figure 1. China: annual irrigation, industrial, domestic and total water use for
the period 2000-2011 and linear trends (in 108 m® year) showing p values of
Student’s t confidence test of the trends.

address the strategic interaction of water demand and supply
in irrigation schemes. Taking the semi-arid Northeast of
Brazil as an example, Folhes et al. (2009) used Landsat ima-
gery to calculate water consumption by irrigated agriculture.
Florke et al. (2013) developed the WaterGAP3 model to
simulate historic domestic, manufacturing, and thermo-elec-
tric water uses. The spatial resolution at a global scale was
further improved to 5, which provided spatially explicit
information. Nnaji et al. (2013) used questionnaires, inter-
views, observations and secondary data to estimate the water
supply and consumption status in Nsukka Metropolis.
Condon and Maxwell (2014) adopted an integrated hydro-
logic model to diagnose temporal and spatial patterns of
managed irrigation and water availability in the Little
Washita Basin in southwestern Oklahoma, USA.

Referring to China, many studies have attempted to obtain
water-use quantities. The research methods can be classified
into two categories. The first and simplest category is the
regression analysis method, and these studies generally
occurred in the earlier time. This method constructs regres-
sion models between water use and its factors and has a
reasonable accuracy (Shao et al. 1998, Wang 2001). The
second category comprises mathematical methods, which
use advanced mathematical approaches, such as the least
square, the neural network and the Markov chain method,
to estimate water use (Zhu 2012, Zhao et al. 2013).
Mathematical methods can obtain more accurate water-use
estimates than regression analysis methods. However, neither
method contains any mechanism processes, and they gener-
ally yield point estimations of water use that do not reflect
information on spatial distribution.

Generally, some studies could add a water-use component
to their hydrological models and obtain water-use distribu-
tion information, but the resolutions are not high enough for
high-efficiency water resource management and limit the
reliability of conclusions towards water management concepts
derived from the hydrological simulations. For example,
while WaterGAP models have experienced fast development
at the simulation resolution from a national scale to 5', the
resolution is too coarse for accurate regional simulation.

Other researchers have adopted methods without mechanism
processes and could only obtain point estimation of water
use. Therefore, the means to obtain high-resolution, such as
1-km, spatial water-use distribution information are needed.
Estimating the spatial distribution of human water use prop-
erly may help to cope with the water shortage problems and
could guide water management more efficiently. The models
employed in the above studies can be divided into statistical
and deterministic approaches. Statistical approaches, such as
regression analysis methods and mathematical methods, cal-
culate water-use information based on historical datasets and
might reach their limits in terms of appropriateness for esti-
mating future trends. In contrast, deterministic approaches,
i.e. physically-based hydrological models could simulate the
realistic water cycle and make forecasts in changing environ-
ments (e.g. under climate and land-use changes) and under
conditions of changes in water users’ behaviour and technol-
ogies (e.g. improving irrigation efficiencies).

This paper combined the advantages of the latest research
and finally obtained high-resolution spatial patterns of water
use in continental China. We employed a well-validated
hydrological model, the Distributed Time Variant Gains
Model (DTVGM), to simulate three types of water-use dis-
tribution (irrigation water, industrial water and domestic
water) with 1-km resolution. Section 2 introduces the data
and methods; Section 3 displays and discusses the results; and
Section 4 summarizes the conclusions.

2. Data and method
2.1 DTVGM model

The DTVGM model adopted herein is a distributed hydro-
logical model combining natural runoff and anthropogenic
effects, as shown in Fig. 2 (Xia et al. 2005). The anthropogenic
effects mainly represent the exploitation and utilization of
water resources, which greatly changes the natural hydrolo-
gical cycle. It has been well tested and successfully applied to
many basins (Li et al. 2010, Cai et al. 2014, Ma et al. 2014, Xia
et al. 2014). The DTVGM divides a watershed into a set of
sub-basins and calculates the hydrological processes (evapo-
transpiration, infiltration, runoff generation, and runoff rout-
ing) for each sub-basin. A daily time step is used for
hydrological simulation. The water balance of DTVGM is
described using the following equation:

P+ AW; = AW, + AW, gzp
i i— i+1 gl WMMC] i (1)

AWui
+ AWu,'Kr + Epl W + AngKg
uj

where P is precipitation (mm); AW is soil moisture (mm);
AW, is the soil moisture of the upper layer (mm); AW, is the
soil moisture of the lower layer (mm); WM, is the saturated
soil moisture of the upper layer; g; and g, are time variant
factors (0 < g < 1, g, > 1); C is the land cover parameter; K, is
the sub-surface runoff coefficient (0 < K, < 1); K, is the
groundwater runoff coefficient (0 < K, < 1); Ep; is potential
evapotranspiration; i is the time period; and j is the sub-basin
number. The expression gl(AWu,-/WMqu)gzPi is used to
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Figure 2. DTVGM structure. DTVGM model is a distributed hydrological model combining natural runoff and anthropogenic effects.

estimate surface runoff, AW ;K, is used to estimate sub-sur-
face runoff, and AWK, is used to estimate groundwater
runoff. After runoff generation, the DTVGM applies the
kinematic water routing scheme to obtain channel routing.
Here, two key modules of the DTVGM, a reservoir module
and a water-use module, are introduced.

2.1.1 Reservoir module

Reservoirs play a significant role in hydrological models. The
existence of a large number of reservoirs not only changes the
natural hydrological cycle tremendously but also provides
people with water-use sources. According to the first national
census of water resources, China has constructed approxi-
mately 0.1 million reservoirs, which introduces many diffi-
culties in simulations of the actual water cycle (Sun et al.
2013). Reservoirs feature two types of characteristics, water
level and storage capacity, and the relationship between them
is shown in Fig. 3. Previous studies ignored their effect in the
process of hydrological simulation, but this may lead to great
uncertainty. This paper provides information for estimating
the effect of reservoirs, referring to the adaptation of temporal
water supply to time-dependent demand, and to support
dimensioning of planned reservoirs aiming at satisfying the
water demand.

Reservoirs are distributed unevenly in a watershed; for
example, certain sub-basins may have more than one reser-
voir, whereas others may have none. Considering simplicity
and applicability, this paper employs a reliable method to
construct reservoirs in a sub-basin by defining a threshold
of accumulation area. Because there are more than 0.1 million
ponds and reservoirs that were built to irrigate in China, the
threshold of accumulation area is defined as 100 km®. If the
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Figure 3. Characteristics of a reservoir: relationship between water level and
storage capacity. Reservoir operation begins after the calculation of the sub-
basin routing and provides water use resources.

accumulation area is larger than the threshold, a reservoir will
be built in the basin, and its various storage capacity values
will be defined by multiplying the threshold by a coefficient.
Reservoir operation may begin after the calculation of the
sub-basin routing and will provide water-use resources.

The reservoir operation rule in the DTVGM is as follows
(Table 1):

Flood season (generally April-October):

(1) If reservoir water level is greater than dead water level
and less than flood control water level, outflow is equal
to flow of full generating electricity. If inflow is less
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Table 1. The reservoir operation rule in DTVGM. H: reservoir water level, Hy:
dead water level, Hg: flood control water level, H,: normal water level, H. check
flood level, Q,: outflow of reservoir, Q;: inflow of reservoir, Q;: maximum outflow to
save town, Qq: flow of full generating electricity, Q.: minimum flow for ecological
needs.

Flood season (Apr.-Oct.) Non-flood season (other months)

Oo H O,‘ Oo H Oi
Qy =Hy& < Hf arbitrary value Q > Hy; & < H, <Qq
Q; > Hy < Qs Q >H; & < H, > Qq
Q =Hf > Qs Qq > H, <Qq
Q =H arbitrary value  Q; > H, 2 Qy
Q; <Hy > Qq Q; < Hy < Q.
Q; < Hy < Og Q. < Hy > Q.

than outflow, reservoir water level will decrease to
dead water level; if inflow is greater than outflow,
reservoir water level will increase to flood control
water level.

(2) If reservoir water level is greater than flood control
water level and the inflow is less than maximum out-
flow to safe town, outflow is equal to inflow. If the
inflow is greater than maximum outflow to safe town,
outflow is equal to maximum outflow to safe town.

(3) If reservoir water level is less than dead water level,
and if inflow is greater than flow of full generating
electricity, outflow is equal to flow of full generating
electricity; if inflow is less than flow of full generating
electricity, outflow is equal to inflow.

Non-flood season (other months):

(1) If reservoir water level is greater than dead water level
and less than normal water level, outflow is greater
than minimum flow for ecological needs and less than
flow of full generating electricity, more water will be
kept in the reservoir or less water will be supplied by
the reservoir.

(2) If reservoir water level is greater than normal water
level, outflow is equal to inflow and greater than
minimum flow for ecological needs.

(3) If reservoir water level is less than dead water level,
and if inflow is less than minimum flow for ecological
needs, outflow is equal to inflow; if inflow is greater

than minimum flow for ecological needs, outflow is
equal to minimum flow for ecological needs.

2.1.2 Water-use module

The process of water use is to calculate the balance between
water supply and water needs. The DTVGM mainly considers
three types of water use: irrigation water, industrial water and
domestic water. Ecological water use is also included in
reservoir needs. The model then analyses the supply and
demand balance. With this model, the water-use pattern of
each type in 2000 for China is obtained. The detailed process
is shown in Fig. 4.

The irrigation water-use calculation uses two parameters,
agricultural area and irrigation quota. The agricultural area
can be obtained from land-use data. The irrigation quota is
defined by varying monthly allocation value, and is calculated
as follows:

Irn = oS, (2

where Irn is the gross irrigation water requirement (mm); a;
is the monthly allocation value (j = 1, 2, ..., 12), which is
determined by irrigation schedule; 8 is the annual water use
per unit area (mm), which is defined by crop type and
irrigation method; and §; is the irrigation area. The para-
meters are adapted to consider eventual changes in irrigation
strategies and methods. This improves the quality of the
model output and raises reliability of conclusions towards
water management derived from the model output.

In actual drought sub-basins, the evapotranspiration will
be regarded as the required maximum irrigation water use.
When a drought sub-basin receives water from precipitation,
the required irrigation water use decreases. Thus, the amount
of net irrigation demand may be calculated as the difference
between evapotranspiration and precipitation in theory. In
China, the irrigation manner can be described as an extensive
form of management. Farmers often employ flood irrigation
systems, so the government has formulated an irrigation
norm to save water. Thus, the actual irrigation water use
can be calculated by:

Reservoirs Waterways Groundwater

Industrial
water needs

Domestic
water needs

Irrigation
water needs

}

Water supplies

}

Water needs

A 4

Balance analysis [«

.

A

Water use

Figure 4. Flowchart of water use calculation.
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Ir — {IrnP for Irn > p 3)

0 for Irn < p

where Ir is the actual irrigation water use (mm) and P is the
precipitation (mm). High irrigation efficiency will decrease
the actual irrigation water use.

The actual industrial water use of a basin is really hard to
obtain, but the data of industrial GDP (gross domestic pro-
duct) and water use per unit GDP are recorded. Generally,
industrial water use is highly correlated with industrial GDP.
Therefore, we calculated industrial water using the industrial
GDP, as follows:

Inn = GDP - GDPN - At (4)

where Inn is the industrial water requirement, GDP is indus-
trial gross domestic product, GDPN is industrial water-use
quota (i.e. the water use per unit GDP and per unit time), and
At is calculation time.

Domestic water use results from the water demands of
people’s daily lives. A greater number of people results in
more water use. Therefore, we calculated domestic water use
in a sub-basin, based on population distribution, as:

Lin = Po - PN (5)

where Lin is the domestic water-use requirement, Po is the
number of population, and PN is domestic water-use quota,
i.e. water use per person.

When using the DTVGM, especially when the supplied
water cannot satisfy all of the water-use demands, a water
intake and water-use order should be defined. Usually, the
water intake order is first from waterways, then reservoirs,
and finally underground water, and the water-use order
should first satisfy domestic water, then industrial water,
and finally irrigation water.

2.2 Input data and model set-up

China is divided into nine major river basins based on their
boundaries, i.e. Songliao River basin, Hai River basin, Yellow
River basin, Huai River basin, Yangtze River basin, Pearl
River basin, Southwest River basin, Southeast River basin
and Inland River basin. The data used in this study can be
categorized into four types: basin attribute data, river network
data, observed meteorological data and observed hydrological
data. Basin attribute data consist of topographic information,
land use, soil attributes, population, GDP, water-use quota,
return water coefficient (the proportion of water returning to
the river in relation to water withdrawals), reservoir and
waterway information and so on. The detailed sources of
certain important attribute data are as follows.

2.2.1 Basin attribute data

The topographic information is based on a digital elevation
model (DEM) of Shuttle Radar Topography Mission (SRTM)
datasets with a resolution of 90 m x 90 m (http://srtm.csi.
cgiar.org/), as shown in Fig. 5(a). The land-use data are
obtained from the Data Centre of Resources and
Environment of the Chinese Academy of Sciences (CAS)

and extracted from Landsat Thematic Mapping (TM) images
obtained in 2000 (Liu 1996, Liu et al. 2003, Liu and Buhe
2000, Tian et al. 2005). The soil attribute data are derived
from a soil database of China constructed by Shangguan et al.
(2013), with a resolution of 30 arc-s. The dataset includes
physical and chemical soil attributes.

The population dataset is from previous work, which
combines remote sensing data and observed residence poly-
gon data to simulate the population distribution of China in
2000 (Mao et al. 2012). The simulated result at 1 km resolu-
tion is of high accuracy and could be used in this research, as
shown in Fig. 5(b).

The GDP data are also from the Data Centre of Resources
and Environment of the CAS and are based on a quantitative
model (Liu et al. 2005). These data have a resolution of 1 km
in Fig. 5(c). The quality of this product is reliable and could
be used in this research.

For the water-use quota and return water coefficient, we
adopted statistical data from the China Water Resources
Bulletin. The mean return water coefficients of industrial,
domestic and irrigation water use are 0.76, 0.45 and 0.36,
respectively. The mean domestic water-use quota is 0.14 m’
per person per day. The mean industrial water-use quota is
300 m’ per 10 000 yuan GDP. The mean annual irrigation
water use per unit area is 652 mm. The water-use quota and
return water coefficient are different in different basins and
years. We obtained these data from the basins Water
Resources Bulletin.

2.2.2 River routing network data

Accurate river routing network data are a prerequisite to
simulate the water cycle correctly. They are a critical input
for runoff routing in hydrological models because they pro-
vide the basic morphological characteristics and outlines of
the basins. Based on the latest HydroSHEDS river network
product (Lehner et al. 2008), we adopted the widely-used
ArcInfo ArcHydro Tools of Geographic Information System
(GIS) software to extract the river network. The extracted
network is shown in Fig. 5(d).

2.2.3 Observed meteorological data

The observed meteorological data used in this study are from
the China Meteorological Data Sharing Service System and
include daily values of precipitation, evapotranspiration, aver-
age temperature, maximum temperature, minimum tempera-
ture, astronomical radiation, and other information collected
by 739 stations during the period 1956-2009. To use these
data in the adopted hydrological model, the scattered meteor-
ological data should be interpolated into a spatial pattern. For
the interpolation method, we chose a stable and accurate
method known as the Inverse Distance Weighting (IDW)
method, and the interpolated precipitation result for 2000 is
shown in Fig. 5(e).

With the observed daily data of evapotranspiration, solar
radiation, average, maximum and minimum temperature,
considering the observation data and the method reliability,
the Hargreaves and Samani equation (Raziei and Pereira
2013) was employed to calculate the potential evapotranspira-
tion of each sub-basin. The observed daily data of
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Figure 5. Input data for the DTVGM: (a) the SRTM DEM datasets (90 m x 90 m); (b) China population data at 1 km resolution; (c) China GDP at 1 km resolution; (d)
the extracted China river network; (e) interpolated China precipitation data; and (f) the calculated China potential evapotranspiration.

evapotranspiration were used to determine the equation para-
meters by regression analysis. The equation is as follows:

Ep = aQo(T + 17.8)(Tmax — Trmin)" (6)

where a and b represent parameters with ranges of 0.0023-
0.0032 and 0.5-0.6, respectively, that are finally determined
when the simulated potential evapotranspiration approaches
the observed values very closely. The parameter Qo is solar
radiation (mm day'l), and T, Tpax and T, are the daily
average, maximum and minimum temperatures (°C),

Table 2. Station attributes of the China river basins used in this study.

respectively. The obtained potential evapotranspiration is
shown in Fig. 5(f).

2.2.4 Observed hydrological data

The observed hydrological data were obtained from the
Bureau of Hydrology, Ministry of Water Resources of the
People’s Republic of China. Here, the daily discharge data of
six hydrological stations were used. Attributes of the six
stations are listed in Table 2, and their spatial distribution is
shown in Fig. 5(a).

Station name River basin Longitude (°E) Latitude (°N) Observed flow Calibration period Validation period
Jiamusi Songliao 130.37 46.82 1994-1998 1994-1996 1997-1998
Tangnaihai Yellow 100.15 35.50 2001-2005 2001-2003 2004-2005
Datong Yangtze 117.61 30.78 2001-2005 2001-2003 2004-2005
Makou Pearl 112.83 23.17 2001-2003 2001-2002 2003
Bengbu Huai 117.38 32.95 2001-2005 2001-2003 2004-2005
Zhangjiafen Hai 116.17 39.81 1986-1990 1986-1988 1989-1990
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2.3 Model calibration and validation

Before the DTVGM is adopted to simulate the water-use
distribution in China, its validity and feasibility should be
validated. Model calibration and validation are the processes
to realize this goal. Model calibration is the initial testing of
the model and tuning it to reflect a set of observed data by
determining the most suitable parameters (Boscarello et al.
2013, Willems 2014). Based on calibration results, model
validation could be implemented by using the new set of
observed data and the optimal parameters. According to
Refsgaard and Storm (1996), a model is said to be validated
if its accuracy and predictive capacity in the validation period
have been proven to lie within acceptable limits.

We conducted calibration and validation at the basin scale,
i.e. model calibration and validation was performed for each
basin individually, and the most suitable parameters were
selected for each basin. For the three basins without selected
gauge stations — Southwest, Southeast and Inland - para-
meters were derived from the nearest stations, because these
often have the most similar basin characteristics. The para-
meters of Southwest and Southeast river basins were obtained
from Datong station, and those of Inland River basin were
taken from Tangnaihai station. To ensure that the model has
a proper initial state, a warm-up period is used - in this
study, it is defined as one year. Based on the current observed
hydrological data of six basins, the warm-up, calibration and
validation periods are defined, as shown in Table 2.

For the model calibration and validation processes, two
widely-used model evaluation indices, the correlation coeffi-
cient (R) and the Nash-Sutcliffe efficiency (NSE) coefficient
(Nash and Sutcliffe 1970), were adopted to evaluate model
efficiency. The correlation coefficient R is used to test whether
the change trends between the simulated values and the
observed values are in accordance (see equation (7)), and its
value has a range of 0-1. Usually, a value of 0.6 is used as the
threshold of reliability; when R > 0.6, the simulated results
can be treated as reliable (Moriasi et al. 2007):

— Z (Qc - ac)(Qo - 60)
VI (@ -2 Y Q-

where Q, is the observed flow, Q, is the simulated flow, Q, is the

average simulated flow, and Q. is the average observed flow.
The NSE is an indicator to assess the prediction abilities of

the hydrological model, and its value ranges from — o to I:

Z (Qc - Qo)z
S (- Q)

where Q, is the observed flow, and Q. is the simulated flow.

R (7)

NSE=1— (8)

3 Results and discussion
3.1 DTVGM calibration and validation

The simulated and observed discharge curves at six stations
for the calibration and validation periods are shown in Figs. 6
and 7, respectively, and the values of the two model perfor-
mance indices are shown in Table 3.

For the calibration period, Fig. 6 shows that the simulated
discharge curves of the six stations fit well with observed
discharge as a whole. The simulated discharge during the
high-flow period captured the observed discharge with higher
accuracy than during the low-flow period, and all peak flows
are captured with high accuracy, except for the peak at
Bengbu station, where the simulated peak was much higher
than the observed value. The deviation of peak discharge at
Bengbu station may be caused by the limited accuracy of
input data in the DTVGM hydrological model. From
Table 3, it can be seen that R is in the range 0.68-0.96 and
NSE has a range of 0.60-0.84. The two indices have high
values and meet the demands of model applicability.

Figure 7 shows that, for the validation period, the simu-
lated discharge curves of the six stations could fit with the
observed discharge; R has a range of 0.67-0.96 and NSE is in
the range 0.51-0.84 (Table 3). Compared with the calibration
period, the validation period showed relatively weaker corre-
lations between simulated and observed data, but the indices
still meet the demands of model feasibility.

The calibrated and verified model can be used to simulate
the three main types of water use in China (irrigation, indus-
trial and domestic) using the year 2000 as an example. With
the most suitable parameters for each basin, simulated water
use at the basin scale could be obtained.

To evaluate water-use results, the total amount of simu-
lated water was compared with the observed water use at the
basin scale, obtained from the water resources bulletins of the
nine basins in China. Here, an accuracy criterion known as
relative error (RE) is adopted to assess the suitability of the
DTVGM for water-use simulation (Equation (9)). The RE can
have a range of 0 to 1; if RE is close to 0, it means that the
simulated result is similar to the observed water use.

W - W,
=~

RE x 100 (9)
where W, is the observed water-use amount, and W; is the
simulated water-use amount.

Table 4 shows the irrigation and industrial water-use
amounts and REs in nine Chinese basins, and Table 5
shows domestic and total water-use amounts and REs. It
can be seen that almost all obtained RE values are less than
5%, except for the industrial water-use RE of 7.5% in the
Southwest River basin. These generally small RE values indi-
cate that simulated water-use results are sufficiently accurate.

3.2 Spatial pattern of water use in year 2000

From Fig. 8, it can be seen that the irrigation water-use
distribution shows several characteristics. First, water use
differs between geographical locations. The area north of the
Yangtze River features more water use than the area south of
the Yangtze River. East China features more water use,
whereas West China uses less water. This distribution pattern
is the combined result of population density and the natural
environment. Second, water use varies in different basins: it is
concentrated in the Hai, Huai, Yellow, Yangtze and Pearl
river basins.
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Figure 6. Discharge curves of six stations for the calibration period. Obs: observed discharge, Sim: simulated discharge.
Table 3. Model performance indices for the calibration and validation periods.

Index Jiamusi Tangnaihai Datong Makou Bengbu Zhangjiafen
Calibration R 0.83 0.92 0.96 0.91 0.88 0.68
period NSE 0.65 0.81 0.84 0.82 0.70 0.60
Validation R 0.89 0.92 0.96 0.90 0.88 0.67
period NSE 0.84 0.80 0.81 0.60 0.70 0.51

On the whole, the irrigation water-use distribution is clo-
sely related to water-use demands, availability of water sup-
ply, climate conditions, crop types, irrigation methods, and
other factors. In order to face the challenge of a large amount
of irrigation water use, irrigation efficiency should be con-
sidered. Three typical irrigation methods, i.e. flood irrigation,
sprinkler irrigation and trickle irrigation, have different
impacts on water use. Trickle irrigation is the most efficient
method and will save more water, while flood irrigation,
which has been widely used across the whole of China, is
the least efficient. Employing the trickle irrigation method to

raise efficiency will provide a way to lower gross irrigation
demand in order to adapt to limited water supply in future.

The industrial water-use distribution is shown in Fig. 9; it
can be seen that the industrial water-use distribution pattern
approximates the actual distribution of industry. In other
words, water use is mainly concentrated in four industrial
bases in China: the “central-southern Liaoning” region, the
“Beijing-Tianjin-Tangshan” region, the “Shanghai-Nanjing-
Hangzhou” region and the “Pearl River Delta” region. The
industrial water use increases with economic development
and burgeoning industries. To compensate for the large
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Figure 7. Discharge curves of six stations for the validation period. Obs: observed discharge, Sim: simulated discharge.

Table 4. Relative errors (RE, %) of irrigation and industrial water use (IRWU and INWU, respectively; O: observed; S: simulated) of nine Chinese basins in 2000.

Basin OIRWU (108 m°) SIRWU (108 m3) RE (%) OINWU (108 m®) SINWU (108 m?) RE (%)
Songliao 393.8 390.5 0.8 172.0 177.1 3.0
Hai River 280.7 277.4 1.2 65.8 65.9 0.2
Yellow River 3114 313.0 0.5 30.3 30.8 1.5
Huai River 33431 331.7 0.8 80.6 80.4 0.2
Yangtze River 1021.5 1022.3 0.1 507.3 506.9 0.1
Southwest River 83.8 85.0 1.4 6.7 6.2 7.5
Southeast River 176.5 178.6 1.2 96.2 95.5 0.7
Pearl River 613.6 615.5 03 165.4 165.8 03
Northwest River 568.5 563.0 1.0 14.7 14.4 2.0
Total 3784.0 3777.0 0.2 1139.0 1143.1 0.4

withdrawals due to huge irrigation water demand, the water
use in industry will face the challenge to become more effec-
tive in terms of water use.

The domestic water-use distribution, as shown in Fig. 10,
has a very uneven distribution pattern. For East China, which
contains highly developed areas and has a larger population,
the water use is greater. However, in West China it is the
opposite situation.

Based on the three types of water uses, Fig. 11 shows the
total water-use distribution. This figure represents water-use
distribution comprehensively and includes all water-use dis-
tribution features. This specific and explicit spatial informa-
tion can be used to provide better guidance for water resource
management and sustainable water development for gover-
nors in China and will play an important role in easing
China’s water scarcity problem.
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Table 5. Relative errors (RE, %) of domestic and total water use (DOWU and TWU, respectively; O: observed; S: simulated) of nine Chinese basins in 2000.

Basins ODOWU (10® m3) SDOWU (108 m3) RE (%) OTWU (108 m3) STWU (108 m3) RE (%)
Songliao 50.6 50.7 0.1 616.4 618.3 0.3
Hai River 51.8 497 41 3983 393.0 13
Yellow River 324 312 3.8 374.1 375.0 0.2
Huai River 53.9 53.5 0.6 468.8 465.6 0.7
Yangtze River 198.9 197.3 0.8 1727.7 17265 0.1
Southwest River 8.8 8.8 0.0 99.3 100.0 0.7
Southeast River 436 422 3.2 316.3 3163 0.0
Pearl River 118.6 1189 0.2 897.6 900.2 0.3
Northwest River 16.4 17.2 49 599.6 594.6 0.8
Total 575.0 569.5 1.0 5498.0 5489.5 0.2
N

Legend(m3lkm2) .
P9 High : 660599  \

Lulow: 0

Legend(m®/km?)
P High : 4206072

Ldlow:0
Figure 9. Industrial water-use distribution of China in 2000.

3.3 Discharge changes before and after water use

To determine the effect of water use on river discharge,
we compared the discharge before and after water use at
six stations. The discharge before water use refers to the
natural river flow derived from rainfall-runoff processes,

Legend(mslkmz)
P High : 871446

LlLow:0

Legend(m®km?)
P High : 4882016

Lilow: 0

Figure 11. Total water use distribution of China in 2000.

and discharge after water use refers to the anthropogenic
effects on the natural river flow, such as water withdrawn
for irrigation. If a hydrological station is located in a
region that has a high demand for water resources, more
water will be withdrawn from the river channel; thus its
corresponding discharge will be significantly lower.
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Figure 12. Discharge changes before and after water use in 2000: (a) Zhangjiafen station, and (b) Makou station.

Otherwise, the discharge will not have changed much and
will retain natural river flow characteristics. Therefore, the
discharge change with and without water use could be
used to evaluate simulated water-use results. Here, two
stations with different anthropogenic effects are taken as
examples, as shown in Fig. 12.

An example of dramatic discharge change before and after
water use in 2000, at Zhangjiafen station in the Hai River
basin, is presented in Fig. 12(a), which shows that discharge
decreased significantly after water use, especially in certain
water shortage months, such as February and March. This
phenomenon is the result of scant precipitation and high
water demands. Zhangjiafen station is located on the Miyun
Reservoir, which provides water for the city of Beijing, the
political, economic and cultural centre of China. Beijing has a
population of more than 20 million and a high demand for
water resources (Li et al. 2012). Its main water source and
regular water supply are guaranteed by the Miyun Reservoir.
This situation leads to a remarkable decrease in the river flow
at Zhangjiakou station. This dramatic change reflects the
huge anthropogenic effect on the local discharge by pumping
water resources for human water use.

An example of insignificant discharge change before and
after water use, Makou station, is presented in Fig. 12(b),
which shows no distinct change in discharge before and
after water use. Makou station experiences a tropical mon-
soon climate and has abundant rainfall throughout the year.
Therefore, human water use for irrigation, industry, and
domestic purposes can be satisfied by natural rainfall and
the overall water use has little effect on the river flow of
Makou station.

4 Conclusions

Based on the well-validated DTVGM hydrological model,
this study obtained reliable high-resolution spatial patterns
for three types of water use in continental China: irriga-
tion, industrial and domestic water use. The reasonableness
and considerable accuracy of these patterns was also
demonstrated. The spatial patterns display information on

high-resolution water-use distribution. Compared with the
previous water-use estimations, this study not only adopted
a distributed hydrological model, which can reflect the
physical processes of water use, but also improved simula-
tion resolution.

Proper estimations of the spatial distribution of human
water use could help cope with water shortage problems
and could guide efficient water management. The simu-
lated water-use distribution results will play a significant
role in allocation, regulation, and planning of water
resources in China. Furthermore, with the water resource
shortage problem becoming increasingly challenging, this
modelling can provide a tool for policy analysis in water
resources development and management, because the spa-
tial distribution of the water use, considered as an impor-
tant component of the terrestrial hydrological cycle, will be
helpful for studying regional water balance. Only with
sufficient knowledge of these components can effective
decisions on water management be taken on how, where
and when to use and not to use freshwater resources. In
order to coordinate water uses, spatially explicit informa-
tion is needed to perform appropriately the coordination
function in water management.

During the modelling process, due to the absence of
certain useful information, this paper simplified certain
assumptions in the simulation process, such as the reser-
voir construction method, in which reservoirs are con-
structed in sub-basins by defining a threshold of
accumulation area and the water-use calculation equation,
which may have large influence on the simulation results.
Future work will focus on the following four aspects. First,
applicable measures should be taken to construct reliable
reservoirs. Second, more water-use impact factors should
be considered. Third, model uncertainty analysis should be
done. Fourth, the question of water quality should be
explored based on the estimated water quantity, which
will be helpful for working out options to eventual disad-
vantageous impacts of water use in future water manage-
ment concepts. Thus, more accurate spatial water-use
patterns will be obtained in the near future.
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