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Abstract: Regional water balance analysis is the foundation that will guarantee the sustainable and scientific use of water resourc-

es and the sustainable development of the economy. In this study, the CPSP hydrological model is selected as the regional water-

balance analysis tool for Daxing District. The model is validated with the 3 types of data as the runoft data from the Integrated Plan-

ning of Water Resource in Daxing District of Beijing, the evapotranspiration data estimated by remote sensing-based model (RS-ET),

and the groundwater monitoring data, respectively. The calculated runoff data are basically consistent with that of the Integrated

Planning of Water Resource in Daxing District, Beijing. Meantime the dynamic variation of evapotranspiration (ET) and groundwa-

ter reserves are better simulated by the CPSP hydrological model. Serving as the basis for this study, the current water resources for

2004 and 2005 are evaluated, in which the water shortages are 0.72x10° m’ and 1.80x10° m’, respectively.
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1 INTRODUCTION

Surface water resources are relatively scarce in Beijing’s Daxing
District of Beijing, in which groundwater is exploited as the main
water resource for the industry, local residents and irrigation. With
the fast development of urbanization, both industrial and residential
domestic water consumption have increased significantly, causing
the regional water table to decline each year, which has created wa-
ter-use conflicts. The groundwater resource has a limited and non-
renewable character. The regional environment is degraded due to
the over-exploitation of the groundwater. In order to have sustain-
able utilization of regional water resources, the regional water bal-
ance should be analyzed, which will reveal the current situation of
the regional water balance and groundwater over-exploitation. As a
result, the main contradictions and internal laws between supply of and
demand for water resources are held. Basis of this, a rational plan for
regional water resources management and layout is put forward.

Generally, the analysis of the current regional water balance
situation can serve as the foundation of water resources manage-
ment and the precondition of the regional water resources plan as
well as the establishment of scientific water resource management

measures. Water consumption is the final determination of water
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resource allocation, based on the regional water balance. The main
water consumption is evapotranspiration, which is also an irrigation
parameter. Therefore, the effect of water savings is not only evalu-
ated using the irrigation water quantity, but the real water consump-
tion should be used as an important index. Measuring regional ET
is very important for the agricultural water management, regional
water resource planning and sustainable development of society
and economy.

Compared with the traditional method of ET estimation, the
main direction for development of the regional ET estimation is
based on a remote-sensing technique with space-time continuity
and a big region (Sun, et al., 2009). Currently, most research-
ers have concentrated on remote-sensing estimation methods and
mechanism analysis. Studying regional water resources manage-
ment based on RS-ET is still in the exploration stage, in which
researchers are focused on water consumption evaluation for
short-term current situations (Khan, et al., 2008; Li, et al., 2008;
Teixeira, et al., 2009). Valuation of the regional irrigation water
use and water consumption has an important guiding significance
and reference value for the regional agriculture water management
under currently weather condition. Unless the relationship between
water consumption and each element of the regional water balance
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is studied thoroughly, it can not be used to guide regional water
resources planning and quota management for agricultural water
resources. This relationship mentioned above can be determined
using the regional hydrological model. The monitoring data for
calibrating the model will be shorted for a big region under the
complex surface. When the river flow data are used to calibrate the
regional hydrological model, the calibrated results are affected by
the choice of the representative outlets, causing uncertainty in the
hydrologic process simulation. Temporal and spatial heterogeneity
existed in the RS-ET data, which could be used to calibrate the re-
gional hydrological model.

For this reason, the CPSP hydrological model is selected as the
regional water balance analysis tool. The real-time agricultural
water-use monitoring data and RS land use are selected as the input
data for the model. The model is calibrated and validated using ET
data and underground water table data. Lastly, the current water
resources are evaluated, including water balance and groundwater
over-exploitation. The RS-ET data with 30m resolution used in this
study are produced by using the ETWatch Model, which is devel-
oped by the Institute of Remote Sensing Application of the China
CAS. Compared with the data of the estimation value based on the
water balance method, the average absolute percentage error is less
than 10%, which came from the independent earth verification re-
port on RS ET monitoring in the Beijing region, funded by the GEF
Haihe River Basin Project (2010).

2 MODEL CALCULATION PRINCIPLE

The CPSP hydrological model is a district-lumped water-bal-
ance analysis tool, which is established by the International Com-
mission on Irrigation and Drainage(ICID) for the project to estab-
lish watershed irrigation development and rational water resource
distribution in India and China. The CPSP hydrological model is
applied and verified. Meanwhile, the CPSP hydrological model is
applied successfully to developing irrigation guidelines in countries
such as Egypt and Mexico. The water resources are analyzed using
the CPSP hydrological model, based on the reasonable exploitation
and management of soil and water resources, in which human need
for water is considered comprehensively, especially the impact of
irrigation development and land-use changes (Gao, 2005). Every
hydrological element in the water balance can be calculated using
the CPSP hydrological model, including the hydrology variation
under the change of land use or agricultural water use.

The CPSP hydrological model can be used to describe surface
water balance, groundwater balance, and interaction between sur-
face water and groundwater, as well as the water withdrawal influ-
ence on water storage capacity and water consumption. It contains
a natural module, a human activities module, a groundwater mod-

ule, and a water requirement module, among others.

2.1 Water balance

The water balance equation of the CPSP hydrological model is
defined as follows.
0,+P+As=0Q, +ET (D)

where Q,, is the total inflow, Q,,, is the total outflow, P is rainfall,
As is the storage change, and ET is evapotranspiration.

0, = SW, +GW, 2
Qo = SWou +GW, + R (€))

where SW,, is the surface water inflow, GW,, is the groundwater in-
is the surface water outflow, GW_, is

out

flow from other basins, SW.

out

the groundwater outflow to other basins, and R is the river flow to
other basins.

2.2 Groundwater balance

Sow (i + 1) =Sew (i)+ Cowowm —

4
WDGthml - BF ( )
Cowom = RCy + RTx + R, + (5)
RC, +GW,,
WD gy ar = WDgy i +WDgype + WDy + GW,,, (6)

where Sg; (i+1) is the terminal groundwater storage, Sgy (i) is the
initial groundwater storage, Cg o 1S the total input to groundwa-
ter, WDy o 1S the total groundwater withdrawal, BF is the base
flow, RC; is the groundwater recharge from rainfall, R7; is the ir-
rigation return to groundwater, R7}, y is the return to groundwater
from industry and domestic use, WD, |y is the groundwater with-
drawal required for irrigation, WD, pc is the groundwater pumping
to canals for meeting surface shortages, and WDy, is the ground-
water withdrawal for industry and living use.

WDgy 1 = (ET, + DP)/ WUE,, (7
DP =90xK ®)
BF=MAX (8, (i+1)xREC,,.0) 9)

where ET; is the evapotranspiration from irrigation, DP is the
deep percolation for paddy, WUE,, is the water use efficiency of
groundwater irrigation, K,, is the paddy factor, and RECy, is the

recession coefficient for groundwater reservoir.

3 STUDY AREA AND MODEL APPLICATION
3.1 Study area

Daxing District with 14 towns and 2 farms is located in the
north-central area of the Haihe Basin, belonging to southern Bei-
jing, between 39°26'N—39°50'N, 116°13'E—116°43'E. Daxing
District tilts slightly from northwest to southeast and is 15 m—50
m above sea level and belongs to the Yongding River Alluvial
Plain. The area is 1044 km”. The main soils in the subsurface are
sandy soil and sandy loamy soil, and continuous clay can be found
in some areas. Winter wheat and summer maize are grown on the
agricultural lands.

The warm and continental monsoon climate is fundamental
in Daxing District. The yearly mean air temperature is 12°C. The
yearly mean evaporation quantity from water in the pan is 1021.0
mm. The yearly mean precipitation is 516.4 mm. The annual av-
erage precipitation is 490.5 mm and 364.8 mm, respectively in
normal (50% of the theoretic frequency) and dry years (75% of the
theoretic frequency). The spatial-temporal distribution of precipita-
tion is uneven, mainly concentrated during the four months of June
through September (Peng, Liu, Xu, & Wang, 2008, 2009). Multi-
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year average annual water resources per capita are less than 300 m”.
The multi-year average water resource consumption rate is 112.8%.
The groundwater resources are over-exploited to supply socio-
economic, industrial, and agricultural water requirements.

3.2 Model validation

3.2.1 Calculation division and basic data input

The study area is a county and not a closed hydrological unit. In
addition, its terrain is a small topography, so the conflux relation-
ship between inflow and outflow for the study area is not clear. In
view of this, the watershed river network is extracted using the
burn-in method based on the digital elevation model (DEM) data
and the vector river networks data from the water system map in
study area. After the watershed river network is generated, the wa-
tershed is partitioned based on the large closed basin contained in
Daxing District.

The overlay analysis is calculated between the partitioned wa-
tershed and the Daxing District boundary, in which five sub-basins
are acquired, labeled Subl, Sub2, Sub3, Sub4, and Sub5. The total
area of the five sub-basins is 1034.99 km?, which is 99.1% of the
Daxing District area. The CPSP hydrological model is calibrated
and validated based on input data such as land use data, monitoring
hydrological and meteorological data, and crop parameter data for
2004 and 2005.

3.2.2 Model calibration

The CPSP hydrological model is calibrated based on the avail-
able data from 2004. Firstly, RS ET and calculated ET are com-
pared. Next, the groundwater storage variations are determined
by comparing monitoring data and calculated results. Monitoring
groundwater table data from 30 wells are interpolated using the
inverse distance weighted method. For the basis of this calculation,
the interpolated groundwater table grid data are calculated based on
the five sub-basins, and these results are compared with the calcu-
lated results from the CPSP hydrological model. For model calibra-
tion, the differences between monitoring data and calculated data
are evaluated using the Nash efficiency coefficient and the average
error. The value of Nash efficiency coefficient is closer to 1, and
the value of the average error is smaller, which indicates that better
results can be simulated by means of the CPSP hydrological model.
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The equations for the Nash efficiency coefficient and average error
are as follows (Mou, Tian & Hu, 2009):

2

ENS=1-5_ (10)

(1)

;(Qa,_am) (12)
n

_l N Qoz_Qsi

Y2t (42

where ENS is the Nash efficiency coefficient, Q,; is the monitoring
data,Q,, is the average monitoring data, Q,, is the calculated data, n
is the monitoring data number, and A, is the average error.

The relationship between the calculated value and the monitor-
ing value for model calibration is shown in Fig. 1. For ET in 2004,
the Nash efficiency coefficient and the average error are 0.99 and
0.02, respectively, indicating that simulated crop ET is better. For
the groundwater value in 2004, the Nash efficiency coefficient and
the average error are 0.59 and 0.54, respectively, indicating a small-
er Nash efficiency coefficient and a larger average error. Compared
with the ET value, the simulated groundwater value is accepted
and not good. Two causes may have affected the precision of the
simulated groundwater value. One is that for model the assumed
proportion of groundwater irrigation quantity to total irrigation
quantity is the same for different months. In fact, the proportion
is different. For example, the proportion of groundwater irrigation
quantity to total irrigation quantity should be bigger during the
dry season when crop water requirements peak. The other is that
the selected study area is not a closed basin, so the inflow data are
collected with difficulty. The inflow form other basins is not con-
sidered, which affected the precision of the simulated groundwater
values. In a word, the simulated precision of the ET value and the
groundwater value is accepted, so the calibrated model can be used
to analyze the regional water balance.

Based on the calibrated result, the following main parameters of
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Fig. 1 Comparison between the calculated value and the observed value for model calibration
(a) ENS=0.99, M,=0.02; (b) ENS=0.59, M.=0.54
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Fig. 2 Comparison between the calculated value and the observed value for model validation
(a) ENS=0.93, M ,=0.05; (b) ENS=0.55, M,=—0.68

the model are adopted. (1) The soil moisture capacity is different for
different land uses, such as arbor land 200 mm, winter wheat land 100
mm, other agricultural land 75 mm, and resident land 30 mm. (2) The
reasonable outflow and groundwater recharge achieved based on the
assumption that 40% of the residual water quantity runs towards
surface runoff. (3) The exponential index linking soil moisture avail-
ability to the actual ET (i.e., the potential ET ratio) is 0.8. (4) The
recession coefficient for the groundwater reservoir is 0.25.
3.2.3  Model validation

Based on the calibrated parameters, the monitoring hydrologi-
cal and meteorological data in 2005 are selected as an input data.
The calculated ET and the calculated groundwater storage value are
analyzed. The model is validated by comparing the calculated value
with the monitoring value. The relationships between the calculated
value and the monitoring value for model validation are shown
in Fig. 2. For ET in 2005, the Nash efficiency coefficient and the
average error are 0.92 and 0.05, respectively. For the groundwater
storage value in 2005, the Nash efficiency coefficient and the aver-
age error are 0.55 and —0.68, respectively. Therefore, the simulated
crop ET has the better results with the calibrated model. Besides,
the simulated precision of the groundwater variation is acceptable.
Generally, based on the results of calibration and validation, the hy-
drological characteristics of Daxing District can be simulated bet-
ter, which means the water cycle and water use situation in future
scenarios can be predicted using the calibrated model.

3.3 Current water situation analysis

3.3.1 Overall water balance

Based on the calibrated and validated model, the current water
balance for Daxing District is analyzed, which is shown in Fig. 3. The
annual precipitation is 5.12x10° m’ in 2004, close to that of a normal
year (50%). The annual precipitation is 3.96x10° m® in 2005, which
is slightly higher than that of dry years (75%). Due to less precipita-
tion, the simulated runoff also is less. The calculated river flow totals for
2004 and 2005 are 0.31x10° m® and 0.21x10° m’, respectively. The
river flow totals in normal years (50%) and dry years (75%) are 0.32
and 0.13x10° m’, respectively, in the Integrated Planning of Water
Resources in Daxing, Beijing (2004). Therefore, the calculated river
flow total is consistent with that of the Integrated Planning of Water
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Fig.3 Overall water balance for current situation in Daxing District

Resources in Daxing, Beijing (2004).

The water withdrawal totals include agricultural irrigation water,
industrial water use, and residential domestic water use. The annual
irrigation water use totals for 2004 and 2005 are 1.55%10° m’® and
1.78x10° m’, respectively, which are more than 70% of the water
withdrawal total. The groundwater withdrawal is more than 90% of the
water withdrawal total. The water consumption totals in 2004 and 2005
are 5.53x10° m’ and 5.55x10° m’, respectively. The water consump-
tion of agricultural land is approximately 79% of the water consump-
tion total. The annual rainfall, annual river flow total, and annual water
consumption total are analyzed, which showed that the water shortages
for 2004 and 2005 are 0.72x10° m’ and 1.80x10® n1’, respectively.

3.3.2  Groundwater exploitation

Based on the observed data of the groundwater table, the annual
average decreases in the groundwater table in Daxing District for 2004
and 2005 are 0.06 m and 0.61 m, respectively. The groundwater bal-
ance for the current situation is shown in Fig. 4. The recharge quantity
of groundwater is mainly from rainfall, irrigation water return, and
river flow. The withdrawal of groundwater is mainly from irrigation,
industry water use, and residential domestic water use, of which ir-
rigation water quantity is the biggest proportion of total groundwater
withdrawal. The month variation in the observed groundwater table
and the fact of agricultural irrigation are analyzed, which showed that
the main reason for the decrease in the groundwater table is irrigation.
Therefore, agricultural water management should be strengthened to

ensure sustainable utilization of groundwater resources.
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4 CONCLUSION

The annual precipitation for 2004 is nearly that of a normal year
(50%). The annual precipitation for 2005 is slightly higher than that
of a dry year (75%). The calculated river flow totals for 2004 and
2005 are 0.31x10° m® and 0.21x10° m’, respectively. The river flow
totals for normal years (50%) and dry years (75%) are 0.32 and
0.13x10° m’, respectively, in the Integrated Planning of Water
Resources in Daxing, Beijing (2004). Therefore, the calculated
river flow total is consistent with that of the Integrated Planning of
Water Resources in Daxing, Beijing (2004). Based on the results of
model calibration and validation, the crop ET and the groundwater
storage change can be simulated better using the established model.
Therefore, the calculated results based on the model are reasonable.

The serious water shortages for 2004 and 2005 are 0.72x10° m’

and 1.80x10° m’, respectively. In the current situation, the rainfall
has been less. Therefore, the recharge water for the groundwater or
the surface water from rainfall is less. As a result, surface water is
mainly from return water. Meanwhile, the recharge water quantity
for the groundwater from the return water could be increased. Com-
pared with the fresh water, the water quality of the returned water
is not good. It means that the risks exist, which the water resources
quality could be not good with high percentage recharge water from
the return water. The calculated results show that the industry water
use, the residential domestic water use and the irrigation water use
are mainly from groundwater, of which irrigation water quantity is
the largest proportion of total groundwater withdrawal. In order to
ensure the sustainable utilization of water resources, agricultural

water management should be strengthened to reduce ET.
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Fig. 4 Ground water balance for the current situation in Daxing District
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