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Abstract The Middle Route of the South-to-North Water Transfer Project (MSWTP) was constructed to
ease the water crisis over the North China Plain. In this study, we incorporated a water transfer scheme into
the regional climate model RegCM4 and investigated the climatic impacts of the MSWTP over the Haihe River
Basin in North China. Four 10 year simulation tests were conducted from 2001 to 2010 where different
volumes of water were transferred. The results demonstrated that before the MSWTP was conducted the
original groundwater exploitation and consumption over the Haihe River Basin led to wetting and cooling at
the land surface with rapidly falling groundwater depth. The extra water input from the MSWTP slightly
enhanced the wetting and cooling effects over the basin, as well as reduced the falling rate in the
groundwater depth along the conveyance line. However, the weak climatic effects of theMSWTPwere limited
at a local scale and had no obvious interannual trends, because the transfer volume of the MSWTP was far
lower than the total demand which has been conventionally satisfied through local water exploitation. In
terms of seasonal variations, the greatest changes due to the MSWTP occurred in the summer for
precipitation and soil moisture and in the spring for energy-related variables (heat fluxes and 2 m air
temperature).

1. Introduction

The Middle Route of the South-to-North Water Transfer Project (MSWTP), which was launched at the end of
2014, was designed to transfer water northward from the Danjiangkou reservoir on the Han River in order to
relieve the local water shortage crisis in North China [Liu, 1994]. The transferred water flows across Henan and
Hebei Province, ultimately reaching Beijing and Tianjin, where the main conveyance canal has a length of
1277 km [Wang et al., 2006; Shan et al., 2007]. The intake area of the MSWTP covers about 1.55 × 105 km2,
and most of the intake area is located in the Haihe River basin. According to the Beijing Construction
Committee Office of the South-to-North Water Transfer Project (http://www.bjnsbd.gov.cn/), the volume of
water transferred is 9.5 × 109m3/yr in the current first stage of construction, and it will be 1.3 × 1010m3/yr
in the future during the second project stage. The MSWTP aims to provide more water to promote social
and economic growth in North China, which has been restricted by the water supply crisis and ecological
degradation [Liu et al., 2008].

The Haihe River basin, which receives most of the water input from the MSWTP, is one of the most important
agricultural areas in North China (Figure 1a), and it supports the rapidly developing population and industry.
This basin includes Beijing, Tianjin, most of Hebei Province, and parts of other provinces, where it accounts for
about 74% of the water volume transferred along the conveyance line. Mountains and plateaus are located in
the north and west of the basin, and most of the inhabitants live on the eastern and southern plains (Figure 1
b). Due to the high water demand throughout the basin, the groundwater in the plains is exploited rapidly as
the major source of water supply [Xia et al., 2007]. In Hebei Province, which accounts for most of the area of
the plain in the basin, the groundwater supply volume was 16.1 × 109m3 in 2005 and the surface water
supply was only 3.7 × 109m3 [Ren, 2007]. The water input from the MSWTP is expected to replace parts of
the groundwater exploitation along the conveyance line and to recover the local ecological environment,
which has been severely disrupted [Liu and Zheng, 2002; Zhong et al., 2010].
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The MSWTP started to operate at the end of 2014, but its climatic effects in the Haihe River basin are still
not conclusive. Numerous studies have investigated the potential hydrological effects of interbasin water
transfer projects such as the MSWTP on their intake areas [Zhao, 2002; Gurung and Bharati, 2012;
Maknoon et al., 2012; Gohari et al., 2013; Wang et al., 2013; Jia et al., 2015]. For example, Pei et al. [2004]
employed a correlation analysis method based on the water balance to analyze the effects of the South-
to-North Water Transfer Project, which showed that the water transferred into the basin would increase
socioeconomic water usage, but the ecological environment in the estuary area would not be improved.
Yang et al. [2012] used a groundwater flow model called MODFLOW [McDonald and Harbaugh, 1988] to
determine the effects of the MSWTP on the groundwater table in the Beijing plain, which showed that
the area with depressed groundwater would be reduced and the simulated groundwater table of the
depressed area would rise to different extents after receiving the water transferred by the MSWTP. Ye
et al. [2014] used a large-scale distributed time-variant gain hydrological model to demonstrate that the
MSWTP would reduce the rate of decline in the groundwater table over the Haihe River basin and that
the area with groundwater overexploitation would decline by 20%.

Most of these previous studies based on hydrological modeling or water balance analysis focused on the
responses of the local water resources, groundwater table, or river discharge. In terms of the impacts on
regional climate, most studies using climate models have focused on the effects of irrigation [Boucher

Figure 1. (a) Location of the Haihe River basin in China. The region shaded in red color is the basin. (b) Topography of the
Haihe River basin.
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et al., 2004; Lobell et al., 2008; Sacks et al., 2009; Kueppers and Snyder, 2012]. The climatic effects of the inter-
basin water transfer projects over the intake area have been investigated in several studies using climate
models, but the treatment of the transferred water merits further discussion [Li and Wang, 2009; Okada
et al., 2015]. For example,Wang et al. [2007] used the climate model RegCM3 to simulate the regional climate
changes over north China after the completion of the MSWTP, where they treated the construction of the
MSWTP as large-scale irrigation and the soil moisture was set as saturated during the irrigation period. The
results showed that irrigation caused wetting and cooling effects, where the precipitation increased by about
30mm/yr and the 2m air temperature decreased by 1–3 K in the summer over North China. Chen and Xie
[2010] implemented a water transfer mechanism in the climate model RegCM3 to investigate the effects
of the MSWTP, where they treated the water transferred as the precipitation reaching the land surface, and
they demonstrated that the MSWTP caused increased precipitation of 12.9–21.6mm/yr and a decrease in
the mean 2m air temperature of 0.12–0.2 K over the North China Plain.

In these studies, the entire water input from the MSWTP was assumed to increase irrigation, and the cli-
matic effects of the MSWTP were regarded as the differences between the assumed irrigation simulations
and nonirrigation simulations. In fact, the irrigation process had existed over North China before the con-
struction of the MSWTP and the assumptions were not sufficiently reasonable to increase the irrigation
water by about 9.5 × 109m3/yr (the approximate volume of water being transferred) after the construction
of the MSWTP. Indeed, according to the Committee Office of South-to-North Project Construction (http://
www.nsbd.gov.cn/), it was claimed that the water input provided by the MSWTP was definitely used not
for irrigation, but instead, it was employed for domestic and industrial consumption. At present, the actual
irrigation consumption data for China during 2015 have not been released so no direct data are available to
indicate the changes in water consumption after the construction of the MSWTP. As an alternative, the
precipitation data derived in this study may indirectly reflect the changes in irrigation. Precipitation has
been shown to have a highly negative correlation with irrigation consumption and it has been used as
primary climate factor to estimate irrigation demand [Sadeghi et al., 2010; Dominguez-Faus et al., 2013;
Rehana and Mujumdar, 2013]. According to the Hebei Province Meteorological Bureau, the annual precipi-
tation over Hebei Province was 505.8mm/yr in 2015 and it approached the climatological value of
503.7mm/yr. Thus, due to the sufficient moisture conditions, the irrigation demand would not have
increased significantly throughout the intake area. There is a rather low probability that the construction
of the MSWTP will cause an explosive increase in irrigation as supposed by Wang et al. [2007] and Chen
and Xie [2010]. Therefore, the primary impact of the MSWTP is not a result of increased irrigation, but
instead, it essentially reduces the exploitation of local water resources.

In this study, we coupled the regional climate model RegCM4 with a groundwater exploitation scheme to
simulate the climate changes caused by the construction of the MSWTP. We considered anthropogenic water
exploitation and consumption, and the water transferred by the MSWTP was also added to the balance of the
water supply and consumption over the intake area. The Haihe River basin in North China was selected as the
study domain.

2. Methodology
2.1. Model Description

The regional climate model RegCM4 was developed by the International Center for Theoretical Physics in
Italy [Giorgi and Anyah, 2012; Giorgi et al., 2012]. It has been employed in many regions throughout the
world and it performs well at simulating the regional climate [Ozturk et al., 2012; Sylla et al., 2012].
RegCM4 employs three convective precipitation schemes (Kuo, Grell, and Emanuel) and one large-scale
precipitation scheme (SUBEX) to simulate precipitation [Giorgi et al., 1993]. The land surface physical
schemes available in RegCM4 include BATS1e and the Community Land Model version 3.5 (CLM3.5)
[Oleson et al., 2008].

CLM3.5 is a land surface model developed by the National Center of Atmospheric Research as part of the
Community Climate System Model. It contains five possible snow layers, 10 soil layers, and an unconfined
aquifer. The groundwater component is based on the simple groundwater model developed by Niu et al.
[2007], and the unconfined groundwater table can be within or below the soil layers, depending on the
changes in water storage.
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2.2. Water Transfer Scheme Description

In our previous work, a scheme was established to simulate the anthropogenic water exploitation and con-
sumption process [Zou et al., 2014] based on the CLM3.5. In this study, we employed this scheme to investi-
gate the climatic effects of MSWTP. A schematic diagram of this scheme is shown in Figure 2. In the scheme,
the groundwater and surface water resources are withdrawn to meet the water demand, and the consump-
tion is divided into three types: industrial, domestic, and irrigation uses. This scheme is based on the balance
of the water demand and supply, which can be described by the following equation:

Qs þ Qg ¼ Da þ Di þ Dd ¼ Dt; (1)

where Qs is the volume of exploited surface water resources per unit time and area (kg/m2/s), Qg is the
volume of exploited groundwater resources (kg/m2/s), Da is the water demand due to agricultural irrigation
consumption (kg/m2/s), Di is the water demand due to industrial consumption (kg/m2/s), Dd is the water
demand due to domestic consumption (kg/m2/s), and Dt is the total water demand (kg/m2/s). The three
water demand components, i.e., Da, Di, and Dd, are preset based on the corresponding estimated data sets.

After receiving the water transferred by the MSWTP, the relationship between the water demand and supply
over the intake area can be described by:

Qs þ Qg þ Qt ¼ Da þ Di þ Dd ¼ Dt; (2)

where Qt is the supply of water transferred by the MSWTP (kg/m2/s) which is preset based on the water trans-
fer data. The exploitation priority for the three supply sectors is set as Qt>Qs>Qg. The water transferred by
the MSWTP is assumed to be stored in local reservoirs or lakes, and in each time step, a certain volume of
stored water Qt is withdrawn as part of the water supply to satisfy the demand. The exploited surface water
Qs is supplied by the local runoff and streamflow in each grid, which is calculated by

Qs ¼ min RtþRstr;max Dt � Qt; 0ð Þ� �
; (3)

where Rt is the total runoff (kg/m2/s) and Rstr is the streamflow (kg/m2/s) flowing into the grid per unit time
and area. The exploited groundwater Qgwithdrawn from the aquifers has the lowest priority in the three sup-
ply sectors, and it is calculated by

Qg ¼ Dt � Qs � Qt: (4)

Figure 2. Framework of the water resource exploitation and consumption scheme. The total water demand (Dt, units: kg/
m2/s) is supplied by the water transferred (Qt, units: kg/m

2/s) as well as water resources pumped from rivers (Qs, units: kg/
m2/s) and wells (Qg, units: kg/m

2/s). The total water demand is divided into agricultural irrigation (Da, units: kg/m
2/s),

industrial (Di, units: kg/m
2/s), and domestic uses (Dd, units: kg/m

2/s). The industrial and domestic uses are considered to
partly increase evaporation and partly returned to river channels. The agricultural irrigation is treated as effective rainfall
reaching the top soil.
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Although this rarely occurs in the grid
cells, Qg allows itself to be negative if
the preset Qt is larger than Dt, and the
negative Qg will be added into the
groundwater storage.

In the consumption process, the indus-
trial and domestic water demands (Di

and Dd) are considered to increase eva-
poration and local streamflow, and irri-
gation Da is considered to increase the
effective rainfall reaching the top soil.
For the schedule of the consumption
process, the industrial and domestic
water exhibits no seasonal differences,
and the irrigation dates are preset based
on the phenology of winter wheat and
summer maize, i.e., from 10 March to 18
June and from 22 June to 28 August. In
addition, the water transferred Qt is also
set without seasonal differences like
Di and Dd, because the MSWTP only
supplies the industrial and domestic
consumption requirement, which rarely
change significantly among seasons.

This transfer scheme shares the same time step with the land surface module, and the scheme is invoked in
the hydrological module in CLM3.5 as a subroutine. A flowchart illustrating the scheme is shown in Figure 3.

2.3. Water Demand and Transfer Data

The actual officially released water consumption data only contain one annual value, and there are no spatial
details throughout the basin. Thus, in the present study, we still employed the data estimated over the basin
in 2000 as the grid water demand [Zou et al., 2014], and the total demand in 2000 for each grid, Dt,2000, was
calculated as

Dt;2000 ¼ Dd;2000 þ Di;2000 þ Da;2000 ¼ ρλ�1S�1 γ1Apop þ βγ2AGDP þ γ3Aagr
� �

; (5)

where ρ is the water density, 1.0 × 103 kg/m3; λ is the number of seconds in a year, 31,536,000 s/yr; S is the grid
area (m2); γ1 is the domestic water consumption per capita, 40.64m3/capita/yr; γ2 is the industrial water
consumption per yuan, 40.65 × 10�4m3/yuan/yr; β is an empirical conversion ratio between gross domestic
product (GDP) and industrial output, i.e., 1.42; γ3 is the irrigation water consumption, 0.414m3/ha/yr; Apop is
the population per grid (capita); AGDP is the GDP per grid (yuan); and Aagr is the cropland area per grid (ha).
The parameters, including γ1, γ2, and γ3, were derived from Water Resource Assessment in Haihe River Basin
[Ren, 2007]. The socioeconomic data sets, Apop, AGDP, and Aagr, were collected from the Data Center for
Resources and Environment of Sciences, Chinese Academy of Sciences (http://www.resdc.cn/english/
default.asp) with a spatial resolution of 1 × 1 km, and they were then averaged onto grids of 30 × 30 km to
match the resolution of RegCM4.

The estimated demand Dt,2000 was used as the demand proxy in the simulations, but its total value was
higher than the actual water consumption, probably because the constant rate of water consumption, the
empirical ratio, and the difference in data sources introduced uncertainties. In particular, the irrigation con-
sumption was difficult to determine in the rural regions and there were great uncertainties in the data
obtained from different agencies.

In order to obtain the spatial distributions of the water demands from 2001 to 2010, Dt,2000 was then
employed as a reference for scaling up or down with the ratios between the actual consumption value in
2000 and the consumption values from 2001 to 2010. The actual consumption values over the Haihe River

Figure 3. Flowchart illustrating the water transfer scheme.
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Basin from 2000 to 2010 were col-
lected from Water Resource Bulletin
of Haihe River Basin released by
the Haihe River Water Conservancy
Commission (http://www.hwcc.gov.
cn/). Table 1 lists the values for the
actual water consumption and the
total estimated demands summed
over the grids in the basin, which
shows that there were no obvious
increases or decreases in the water
consumption series over 10 years.

For the water transfer data, the water
loss along the conveyance line was

ignored in this study and the water allocated to each city during the simulation was regarded as the gross
water volume. In order to obtain the spatial allocation of the water transferred, Qt, the gross transfer volume
of the MSWTP allocated to each province was derived from the official website (http://www.bjnsbd.gov.cn/
tabid/158/), but the further water allocated to cities of these provinces was determined by each province
administration. Therefore, the net water volume allocated to each city, which was the actual water received,
was collected from the official declaration of the local water conservancy of each city at the end of 2014. Next,
the water loss, which was the difference between the gross water transferred and the net water received, was
allocated to each city based on the ratio between the net volume for the city and the total net volume. For the
second-stage construction with a planned transfer volume of 1.3 × 1010m3/yr in the future, no explicit alloca-
tion plans have been made for each city, so the current water allocation for each city was used as reference
for scaling up based on the ratio between the transfer volume of the first and second construction stages.

Table 2 lists the water volumes allocated to each city in the Haihe River basin. Due to data limitations, the
water allocation exhibited no further spatial differences within each city. The resolution of the allocation data
was treated as 30 × 30 km and the spatial distribution of the annual water transferred in the unit area over the
basin is shown in Figure 4. More water was allocated to themajor cities with high water demands in the basin,
such as Beijing (116.5°E, 40°N), Tianjin (117°E, 39°N), and Shijiazhuang (114.5°E, 38°N).

2.4. Experimental Design

In this study, we used the RegCM4model with the CLM3.5module to perform a group of simulation tests. The
settings used in these tests are shown in Table 3. We aimed to determine the climatic effects of the MSWTP
over the intake area, where the groundwater resources have been overexploited for decades. Therefore,
two 30 year simulation tests were conducted before the main simulations. One test (H1) simulated the
groundwater exploitation process using linearly increasing water demands from 1971 to 2000, which were

Table 1. Annual Estimated Water Demands and Actual Water
Consumption in the Haihe River Basin

Year Actual Consumption (108m3/yr) Estimated Demand (108m3/yr)

2000 398.4 488.6
2001 392.0 480.8
2002 399.8 490.3
2003 377.0 462.4
2004 368.0 451.3
2005 379.8 465.8
2006 392.7 481.6
2007 384.5 471.5
2008 373.4 457.9
2009 370.0 453.8
2010 369.9 453.7

Table 2. Water Allocation From the MSWTP to Each City in the Haihe River Basin (Unit: 108m3/yr)

Province City Water Transferred (First Stage) Water Transferred (Second Stage)

Henan Jiaozuo 3.39 4.64
Xinxiang 4.93 6.75
Hebi 2.07 2.83

Puyang 1.50 2.05
Anyang 4.21 5.76

Hebei Baoding 6.94 9.50
Handan 4.44 6.08
Xingtai 4.17 5.70

Hengshui 3.91 5.35
Shijiazhuang 11.93 16.32
Langfang 3.31 4.53

Beijing Beijing 12.40 16.97
Tianjin Tianjin 10.20 13.96
Total 73.4 100.44
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linearly fitted based on the historic water consumption values and further details were described in a
previous study [Zou et al., 2014]. The other test (H0) was conducted as a control without any exploitation.
The final status of H1 after exploitation for 30 years was selected as the initial condition for the subsequent
main tests instead of the default value in order to simulate the climate after long-term exploitation.

The main simulations comprised four tests from 2001 to 2010. Based on the final status of H1, two transfer tests
were conducted to simulate the climate affected by the groundwater exploitation process with the MSWTP. One
test (T1) considered the water transfer process with the volume in the current first-stage project and the other
test (T2) used the water volume in the planned second-stage project as a sensitivity test to investigate the cli-
matic sensitivity to the transfer volumes. Another exploitation test (T3), which had the same initial conditions
as T1 and T2, was designed to continue the exploitation process from 2001 to 2010 without water transfer. In
addition, the control test (T0) also continued without any exploitation process based on the final condition of H0.

The spatial resolution of the RegCM4 model was 30 × 30 km and its central location was at 116°E, 38°N. The
ERA-40 reanalysis data from 1971 to 2000 were used as lateral boundary forcing in the H1 and H0 tests,
and the ERA-Interim reanalysis data from 2001 to 2010 were used as the forcing data in the main tests, i.e.,
T1, T2, T3, and T0. We selected the CLM option and Grell scheme as themodel’s land surface scheme and con-
vective precipitation scheme, respectively. The time steps were 30min for the land surface module and 100 s
for the atmospheric module.

Table 3. Descriptions of the Constructed Simulation Tests

Simulation Period Initial Condition Human Activity Transfer Volume

H1 1971–2000 Final status of a spin-up Exploitation None
H0 Same as H1 Same as H1 None None
T1 2001–2010 Final status of H1 Exploitation + transfer First stage
T2 Same as T1 Same as T1 Same as T1 Second stage
T3 Same as T1 Same as T1 Exploitation None
T0 Same as T1 Final status of H0 None None

Figure 4. Spatial distributions of the water allocation for the MSWTP in (a) the current first stage of construction and (b) the
planned second stage of construction in the Haihe River basin. The blue line indicates the conveyance line of the MSWTP.
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3. Results
3.1. Model Validation

The results of the H1 test from 1971 to 2000 were used to validate the model’s simulation capacity. The
observed precipitation and temperature data used for comparison were collected from the 740 meteorology
stations in China and linearly interpolated with weights based on the inverse distance squared [Xie et al.,
2007]. The 30 year mean precipitation, the 2m air temperature in the H1 test, and the observations are shown
in Figures 5a–5d. The simulated precipitation and temperature obtained by the H1 test had similar decreas-
ing slopes compared with the observations from northwest to southeast over the study domain, but a higher
temperature of about 1°C was detected over the basin in the H1 test. The simulated precipitation was about
60mm/yr more than the average observations over the basin, except for the eastern plains, where slightly
less precipitation was simulated. Instead of the mean values, Figures 5e and 5f show the distributions of
the unconfined groundwater depth in December 2000. The data in Figure 5e were collected from 173

Figure 5. Spatial distributions of (a) mean observed precipitation; (b) precipitation simulated by the H1 test; (c) observed 2m air temperature; (d) 2 m air temperature
simulated by the H1 test; (e) groundwater table depth observed in December 2000; and (f) groundwater table depth simulated by the H1 test in December 2000.
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observation wells provided by the Ministry of Water Resource and Institute for Geo-Environmental
Monitoring in China. The simulated groundwater depth was basically equivalent to the observations and
the depth in the area with high demand even exceeded 30m. However, the area where the simulated
groundwater table dropped most did not agree well with the observations, probably because the lateral flow
was not considered in the CLM model and the groundwater flow could not be transferred among the grid
cells. The location mismatch between the water supply and consumption also contributed to the spatial bias
in Figures 5e and 5f because the water source sites for cities are usually located in areas distant from cities.

In addition to the spatial distribution, the statistical indices for precipitation and temperature in the Haihe
River basin are listed in Table 4, including the temporal correlation coefficient, root-mean-square error, and
standard deviation. These statistics indicate that the simulated series corresponded to the observations,
and thus, the RegCM4 model was able to simulate the temporal variability in the local climate suitably well.

3.2. Spatial Distributions of the Climatic Responses to Water Transfer

As mentioned in section 1, the construction of the MSWTP would not significantly change the total water
demand or the water consumption process in the basin, but instead, it would reduce the exploitation of local
water resources. Thus, the primary climatic effects of the MSWTP were attributable to the slower rate of
exploitation for local water resources. Therefore, we used the results from T3–T0 to represent the climatic
changes due to local groundwater exploitation and consumption, and the results from T1–T3 and T2–T3 to
indicate further changes due to the construction of the MSWTP and the sensitivity of the climatic response
to different transfer volumes. It should be noted that the results from T3–T0 were only used for additional
discussion because they were not the focus of this study and the changes were quite similar to those
described from 1971 to 2000 in our previous study, which provided a more detailed demonstration.

Figures 6 and 7 show the spatial distributions of the 10 year mean changes due to groundwater exploitation
without transfer (T3–T0), as well as the changes due to water transfer in the first-stage (T1–T3) and second-
stage (T2–T3) constructions. The spatial distributions of the groundwater depth differences are shown in
Figures 6a–6c. As shown in Figure 6a, exploitation for 10 years led to an average decline in the groundwater
table of about 3.6m in the basin during the simulation period. On the eastern plain, which contains most of
the population and industrial facilities in the basin, the groundwater table dropped themost, where the areas
shaded with stripes exceeded the confidence level of 95%. Compared with T3, the groundwater table still
dropped in T1 and T2, but the construction of the MSWTP reduced the declines in the groundwater table.
Along the conveyance line, the groundwater table increases corresponded to the distribution of transferred
water. For the first-stage construction (Figure 6b), the increases even exceeded 3m near Beijing (116.3°E, 40°N)
and Tianjin (117°E, 39°N), where more water was allocated. The changes in Figure 6c (second-stage construction)
are similar to those in Figure 6b, except the increase is higher because more water was transferred.

Throughout the basin, massive amounts of groundwater resources are withdrawn for irrigation and other
purposes, thereby leading to higher soil moisture with a rapidly falling groundwater table. Figures 6d–6f
show the 10 year mean differences in the soil moisture. Figure 6d demonstrates that the mean soil moisture
increased significantly by an average of 0.005m3/m3 throughout the basin. In the area to the northeast of the
basin, the soil moisture also increased due to greater precipitation (Figure 7g) as more water vapor was
transferred from the basin.

Table 4. Statistical Indices for Precipitation and the 2 m Temperature for the H1 Test

Correlation Coefficienta Root-Mean-Square Error

Standard Deviation

Observation Simulation

Precipitation 0.75 1.42mm/d 1.83mm/d 2.07mm/d
Temperature 0.87 5.32°C 10.83°C 10.17°C

aCorrelation coefficient: CC ¼
Xn

i¼1
xmi � xmð Þ xoi � xoð ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1
xmi � xmð Þ2 �

Xn

i¼1
xoi � xoð Þ2

q , where xmi and xoi are the simulated and observed mean monthly precipitation or

temperature in month i, respectively, and n is the number of months; root-mean-square error: RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1
xmi � xoið Þ2

q
; standard deviation: STD

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1
xi � xð Þ2

q
.
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In CLM3.5, the changes in soil moisture are determined by both the changes in upper precipitation and lower
groundwater discharge. When the groundwater table falls far deeper than the soil depth, the groundwater
recharge qrecharge from the soil to the aquifer will approach the maximum infiltration capacity as the ground-
water depth approaches infinity. Thus, the rising groundwater table due to water transfer reduces the slowly
increased recharge qrecharge and the lower soil layers will become wetter if the water flux entering the soil
from precipitation remains unchanged. The wetter soil will ultimately provide feedback via changes in the
heat fluxes from the soil surface.

Compared with the results from T3–T0, the further changes due to water transfer were not statistically signif-
icant. As shown in Figures 6e and 6f, the construction of the MSWTP increased the soil moisture in most of the
intake area, except for the southern part of the conveyance line where less water was allocated and slightly
drier soil was detected. On average, the soil moisture over the basin increased by 0.0008m3/m3 and
0.001m3/m3 with the first and second stages of construction, respectively.

The increased moisture caused further declines in the soil temperature, which declined by 0.26°C on average
in T3 compared with T0 (Figure 6g). The water transfer project slightly enhanced the cooling effects and the
mean soil temperature decreases over the basin were 0.04°C and 0.05°C, respectively, in these tests
(Figures 6h and 6i).

The mean latent heat flux over the basin (Figure 7a) increased by about 3.2W/m2 on average in T3, whereas
the sensible heat flux (Figure 7d) decreased by 2.2W/m2. With more moisture in the soil, the water transfer
process led to further increases in the latent heat and decreases in the sensible heat from the soil to the upper

Figure 6. Spatial distributions of (a) mean groundwater table depth (T3–T0); (b) groundwater table depth (T1–T3); (c) groundwater table depth (T2–T3); (d) soil moist-
ure (T3–T0); (e) soil moisture (T1–T3); (f) soil moisture (T2–T3); (g) soil temperature (T3–T0); (h) soil temperature (T1–T3); and (i) soil temperature (T2–T3). The dashed
line indicates the conveyance line of the MSWTP and the area shaded by stripes indicates that the changes there are at or exceed the 95% confidence level.
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atmosphere. As shown in Figures 7b and 7c, the mean latent heat flux increases were about 0.08W/m2 and
0.12W/m2 over the basin due to water transfer, which were far less than the changes caused by the water
consumption process in T3. According to Figures 7d and 7e, the average decreases in the magnitudes of
the sensible heat flux were less than those of the latent heat, i.e., 0.05W/m2 for the first-stage construction
and 0.07W/m2 for the second stage. In agreement with the changes in soil moisture, the areas where the heat
fluxes changed most were also located to the north of the basin at the end of the conveyance line.

The changes in the heat fluxes emitted from the land surface will affect the upper atmosphere, thereby pro-
viding further feedback via precipitation and radiation. As shown in Figure 7g, the water consumption
process over the basin increased the moisture at the land surface, as well as leading to more local precipita-
tion. On average, the precipitation increased by about 33mm/yr due to the water consumption processes in

Figure 7. Spatial distributions of (a) mean latent heat flux (T3–T0); (b) latent heat flux (T1–T3); (c) latent heat flux (T2–T3); (d) sensible heat flux (T3–T0); (e) sensible
heat flux (T1–T3); (f) sensible heat flux (T2–T3); (g) precipitation (T3–T0); (h) precipitation (T1–T3); (i) precipitation (T2–T3); (j) 2 m air temperature (T3–T0); (k) 2 m air
temperature (T1–T3); and (l) 2m air temperature (T2–T3). The dashed line indicates the conveyance line of MSWTP and the area shaded by strips indicates that the
changes there are at or exceed the 95% confidence level.
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the basin. More precipitation was also detected in the region to the northeast of the basin, thereby leading to
higher soil moisture in this area. However, the construction of the MSWTP did not cause obvious further
increases in precipitation throughout the basin due to its weak effects on land-atmosphere interactions.
The mean increases in precipitation were only 1.2mm/yr and 2.0mm/yr for the whole basin (Figures 7h
and 7i). For the second-stage construction shown in Figure 6i, the increase in precipitation even exceeded
20mm/yr in some northern regions of the basin, but these obvious changes were still limited to a local scale
and they did not cover the whole basin similar to the changes shown in Figure 7g. The increases in convective
precipitation (not shown) accounted for most of the changes in precipitation, with mean increases by
0.93mm/yr and 1.55mm/yr.

The mean changes in the 2 m air temperature shown in Figures 7j–7l are similar to those in the soil tempera-
ture, except for their magnitudes. In T3, the mean 2 m temperature decreased by 0.2°C over the basin com-
pared with T0. However, when we compared T3 with both of the transfer tests, as shown in Figures 7k and 7l,
further cooling effects were only detected in the northern area of the basin where more water was trans-
ferred. When averaged over the basin scale, the construction of the first-stage and second-stage projects only
led to decreases of 0.02°C and 0.03°C, respectively.

According to Chen and Xie [2010], if the entire water transferred was used to increase irrigation consumption,
the changes would comprise increases of 5.6–8.9W/m2 for latent heat, decreases of 4.3–7.0W/m2 for sensible
heat, decreases of 0.12–0.2°C for 2 m air temperature, and increases of 12.9–21.6mm/yr for precipitation,
which correspond to different transfer volumes. However, provided that the water consumption generally
remained the same levels as when they conducted their research in previous years, our simulation showed
that the climate feedbacks due to this water transfer were nearly less than 10% of the changes presented
by Chen and Xie [2010], rooted in the different water-consuming ways. In brief, according to our results,
the construction of the MSWTP enhanced the cooling and wetting effects at the land surface through
human-induced water consumption processes in the basin. However, the climatic effects of the MSWTP itself
were weaker than the changes caused by preexisting water consumption through local groundwater and
surface water exploitation in the basin, since that majority of the water transferred contributes to reduced
local groundwater consumption. The additional cooling and wetting effects due to water transfer were only
detected in the northern area of the basin, where more water was transferred.

3.3. Vertical Changes and Temporal Variations in the Climatic Response to Water Transfer

Themean profiles of the spatially averaged soil moisture and temperature throughout the basin are shown in
Figures 8a and 8b. The changes due to water exploitation and consumption (T3–T0), which have been

Figure 8. Vertical profiles of the mean differences in (a) soil moisture and (b) soil temperature averaged over the basin.
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demonstrated previously, are not described in this section. As shown in Figure 8a, the transferred water
increased themoisture in each soil layer on average, and the increase in magnitude increased with the depth.
The maximum increase appeared in the bottom layers, thereby indicating that the decrease in groundwater
recharge from the lower soil layers clearly increased the soil moisture in these layers. Wetter soil due to
increased precipitation was also detected in the top soil layer. However, the increased moisture in the top
layers was still less than that in the bottom layers. The moisture profile indicated that the construction of
the MSWTP led to wetter soil in all layers throughout the basin, where the increased moisture was due mainly
to a rising groundwater table and decreased groundwater recharge. The increased precipitation also played a
positive role throughout the basin, but its wetting effects were less important. The difference between T1–T3
and T2–T3 declined with depth and it almost approached zero at the bottom layer, thereby indicating that
the weaker wetting effects of T1–T3 at the bottomwere not as strong as those of T2–T3 in affecting themoist-
ure in the upper layers.

In CLM3.5, the soil layers are thermally isolated from the aquifer and the thermal conductivity coefficient does
not change acutely with the soil depth. Thus, the changes in soil temperature depend only on the energy flux
into the soil surface, which is different from the soil moisture. As shown in Figure 8b, the further cooling
effects on soil due to water transfer did not vary greatly in the lower depths, whereas there was a slight
decline in the top layers. The difference between T1–T3 and T2–T3 remained at 0.01°C to 0.015°C and it
increases slightly with depth.

Figure 9 showsmonthly series of themain climatic variables at the land surface for T1–T3 and T2–T3 through-
out the basin. In these series, the 12 month moving average is used to remove seasonal variations. As shown
in Figure 9a, the groundwater table rose slowly due to water transfer. At the end of 2010, compared with T3,
the groundwater table height increased by about 0.6m and 0.9m throughout the basin in the first-stage and
second-stage transfer tests, respectively. In the areas where more water was transferred, such as the regions

Figure 9. Time series of the differences in (a) groundwater table depth (downward is positive on the vertical axis); (b) soil
moisture; (c) precipitation; (d) 2m air temperature; (e) sensible heat flux; and (f) latent heat flux.
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near Beijing and Tianjin, the increase in height was much greater than the average level. However, the
groundwater table in the transfer tests still dropped throughout the basin despite the water transfer
compared with the control test T0. Thus, the water transfer process only slowed down the drop in the
groundwater table because less water was transferred than the total demand.

Due to the weak effects of water transfer on the local climate, the series for the other variables did not exhibit
obvious trends like the groundwater table. Figure 9b shows monthly series for the soil moisture differences.
This variable links groundwater and the upper atmosphere, so the moisture series for T2–T3 did not exhibit
similar temporal variations to T1–T3, which differed from the series for the other variables at the land surface.
Instead, the peak values for T2–T3 were delayed for tens of months. For the precipitation and 2 m air tem-
perature shown in Figures 9c and 9d, the series fluctuated around zero and slight enhancements of the
fluctuating altitude were detected in the series for T2–T3, which obtained wetter and cooler simulations of
the land surface. Figures 9e and 9f show monthly series for the sensible heat and latent heat flux, where
the increase in the latent heat flux was slightly higher than the decrease in the sensible heat flux for the
T1–T3 and T2–T3 series.

The seasonal variations in T1–T3 and T2–T3 are also shown in Figure 10. As shown in Figure 10a, the ground-
water table depth exhibited no obvious seasonal variations because the transfer water was allocated with no
differences within 1 year in the transfer tests. The rise in the groundwater table was only slightly greater in the
dry season than that in the rainy season. The total effects of the rising groundwater depth on the soil moist-
ure were greater than the effects of increased precipitation (Figure 8g). However, this conclusion did not

Figure 10. Mean monthly differences in (a) groundwater table depth; (b) soil moisture; (c) precipitation; (d) 2m air
temperature; (e) sensible heat flux; and (f) latent heat flux.
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apply to all seasons. As shown in Figure 10b, we detected large seasonal variations in soil moisture in contrast
to the groundwater depth in Figure 10a. The greatest increase in soil moisture occurred from August to
October, which is the main rainy season in the Haihe River basin. A lower increase in the soil moisture was
detected in spring when the basin receives less precipitation and the increased moisture was mainly caused
by the relatively high groundwater depth. In most months, the increased moisture in T2–T3 was higher than
that in T1–T3, which corresponded to the greater volume of water transferred.

The largest differences in precipitation (Figure 10c) occurred in the rainy seasons from June to September
because the precipitation was less in other seasons compared with summer and early autumn. For the rela-
tive differences in precipitation (not shown), the largest ones still occurred in summer and early autumn,
despite that their seasonal differences were less than the absolute differences in Figure 10c. The seasonal var-
iations in the 2 m air temperature and heat fluxes shown in Figures 10d–10f corresponds well to each other,
with the largest difference detected in the spring when the air was drier and the heat fluxes were more sen-
sitive to soil moisture. A slight increase in soil moisture could have led to a larger latent heat flux change than
those in the summer or early autumn when the heat fluxes were less sensitive to the changes of moisture at
the land surface due to more precipitation and air humidity. The annual distributions indicated that the
construction of the MSWTP led to further increases in precipitation and soil moisture during the summer
or early autumn. However, the enhancement of wetting effects due to the MSWTP was more significant for
the changes in the heat fluxes during the spring than the other seasons.

4. Conclusion and Discussion

In this study, we developed and implemented a water transfer scheme using the regional climate model
RegCM4. We designed a group of simulation tests to investigate the climatic effects of the MSWTP on the
Haihe River Basin, i.e., one control test (T0) without water exploitation, one exploitation test (T3), and two
transfer tests that considered both water exploitation and transfer based on the water volumes in the current
first-stage (T1) and planned second-stage transfer projects (T2). The tests were conducted from 2001 to 2010
based on the final status of a 30 year groundwater exploitation simulation from 1971 to 2000. By comparing
the changes in T3 –T0, T1 –T3, and T2–T3, we demonstrated the climatic effects of groundwater exploitation
and further changes due to water transfer.

The main conclusions of this study are as follows. (1) Huge volumes of groundwater resources are exploited
for human consumption throughout the basin, which has led to rapid declines in the groundwater table
depth, with significant wetting and cooling effects at the land surface. (2) The construction of the MSWTP will
reduce the drop in the groundwater table due to exploitation if the same level of water consumption is main-
tained in the basin. In particular, we found that the groundwater table in the basin rose by about 0.6m and
0.9m at the end of the simulation periods for the first stage (T1) and second stage (T2) of construction,
respectively, compared with the exploitation test T3 without water transfer. The relative increases in the
groundwater table caused by the MSWTP-induced increases in the soil moisture in the lower layers as well
as enhancing the wetting and cooling effects at the land surface. Slight increases in the latent heat flux
and precipitation, as well as decreases in the 2 m air temperature, soil moisture, and sensible heat flux were
detected in most areas along the conveyance line, especially in the areas near Beijing and Tianjin, which
received more water. (3) The further wetting and cooling effects of water transfer were rather weak and they
exhibited no obvious interannual trends. Within a year, the effects of water transfer depended mainly on the
seasonal variations in the local climate. The greatest changes occurred during the summer for precipitation
and soil moisture, and in spring for the energy-related variables (heat fluxes and 2m air temperature). In addi-
tion, there were no obvious differences in the spatial distributions and temporal variations for the effects of
the first and second stages of construction. In general, the effects of water transfer were also positively
related to the water volume transferred.

This study demonstrates the possible climatic effects of the construction of the MSWTP on the Haihe River
basin. However, the data estimates, transfer scheme design, and structural defects in CLM3.5 introduced
uncertainties into the simulation results. For example, the water transfer data used in this study only included
the total annual volumes for each city. Thus, more detailed data are needed for the allocation scheme to dis-
tribute the water along the conveyance line more accurately. The estimated total water demand data also
exhibited some bias in terms of the actual consumption value. Further improvements should be addressed
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to estimate the irrigation demandsmore accurately and to obtain more detailed distributions of annual water
demands during the simulation period. The scheme used in this study highly simplified the water exploita-
tion and consumption processes, and efforts should be made to obtain more reasonable approximations
of the water consumption sectors, too.

The defects in the hydrological components of CLM3.5 also introduced uncertainties. The lateral flow process
for groundwater is not included in RegCM4/CLM3.5. Thus, the groundwater statuses of the grid cells are
isolated from each other and the drop in the groundwater depth is only determined by the exploitation rate
in each grid. Due to the lack of groundwater lateral flow, the simulated spatial distributions of the ground-
water depth were very different from the observations. In addition, the water volumes of lakes or reservoirs
could not be specified in the model. The absence of lakes led to low exploitation of the surface water
resources during the simulation, and the water transfer process could only be described indirectly in the
water exploitation scheme.

To improve the current findings, further efforts should be made to obtain more accurate data estimates, rea-
sonable descriptions of the water consumption process, as well as introducing groundwater lateral flow and
the lake water volumes into the CLM model in the future.
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