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[11 In this study, a water transfer mechanism was implemented into the regional
climate model, RegCM3, to represent water to be transferred by increasing the
precipitation that reached the surface in intake areas. The effects of interbasin water
transfer on local and regional climates were then studied based on numerical
simulations conducted using the RegCM3 model. The Middle Route of the South-to-North
Water Transfer Project (MRSNWTP) in China was chosen as a case study to
investigate the climatic responses under three different water transfer schemes with
three intensities. Four 10-year simulations were conducted, a control run (MCTL)
without water transfer, and three water transfer runs (MWT1, MWT2, and MWT3)
related to the three schemes. In the three water transfer runs, spatial and temporal water
transfer data were derived from the schemes under the assumption that the quantity of water
to be transferred into a county in the intake area in a year for each scheme was
distributed evenly into each time step. Increases in top-layer soil moisture and latent heat
flux were observed when compared to the control, and these increases were found to
occur as a direct result of injecting water into the intake area. The increases in latent heat
flux and evaporation were accompanied with decreases in sensible heat flux, mean air
temperature, and increases in precipitation in the intake area. These differences were
generally small and statistically insignificant, indicating that the water transfer plays a
small role in influencing regional climate in our simulations. However, the climatic
influence intensity of a water transfer scheme was found to be positively related to the
quantity of water to be transferred, and to have strong seasonal variability, with larger
effect being observed in spring and autumn than in summer and winter. We also conducted
a water transfer run, MWT4, using the same configuration as MWT3 but under the
assumption that the quantity of water was distributed evenly into each time step of the first
half of the year. Comparison of the two runs shows a stronger seasonal variability in the
climatic influence when the water was assigned into the first half of the year than when it
was assigned into the entire year. Further analysis revealed that the water transfer could
reduce both the seasonal and diurnal temperature ranges at the surface and that the decrease
in temperature could diffuse over almost the entire Huabei Plain below 700 hPa, thereby
weakening the wind velocity of the easterly breeze. It follows from the analyses of the
vertical profiles of the water vapor content and the atmospheric moisture budgets that the
water transfer can affect the local and regional climates by changing the local water vapor
content and the regional water vapor transports, which in turn influences precipitation.
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1. Introduction

[2] To alleviate water resource problems such as water
shortages and uneven distribution, more than 345 water
transfer projects have been built worldwide (not including
projects involving a main canal length of less than 20 km or a
water transfer quantity of less than 10 million m*/yr) since the
1950s [Yang and Liu, 2003]. Yang and Liu [2003] found that
the quantity of water transferred reached 597 billion m*/yr,
which is approximately 1.4% of the total runoff worldwide.
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Furthermore, they found that the area irrigated using trans-
ferred water reached 55.6 million hm? in 2002. The South-to-
North Water Transfer Project (SNWTP) is one of the most
important water transfer projects in the world. The SNWTP
consists of an east route, a middle route, and a west route that
are designed to deliver water from the south of China to the
water-short north to support sustainable social and economic
development in northern China [Yao and Chen, 1982; Liu,
1994; Liu and Zheng, 2002]. The Middle Route of the
South-to-North Water Transfer Project (MRSNWTP) will
transfer water from the Danjiangkou reservoir on the Han-
jiang River, which is a large tributary to the middle reaches of
the Yangtze River, to Hubei, Henan, and Hebei provinces,
and ultimately to Beijing and Tianjin [Changjiang Water
Resources Commission, 2001a]. This type of large-scale
interbasin water transfer will likely change the basins
involved by disrupting the old water balance and creating new
hydrological cycles. As a result, these human activities will
impact the hydrology, climate, ecology, and environment of
the region through changes in the soil moisture and water and
energy balances between the land surface and the atmosphere
[Wang and Ma, 1999; Wang et al., 2006; Shan et al., 2007].

[3] When water to be transferred is used for irrigation, it
increases the latent heat flux and decreases the sensible heat
flux at the surface, thereby reducing the surface air tem-
peratures [Li et al., 1980; Yeh et al., 1984; Pielke et al.,
2002; Adegoke et al., 2003; Boucher et al., 2004; Lobell
et al., 2006; Bonfils and Lobell, 2007; Kueppers et al.,
2007]. Large-scale irrigation affects the distribution of
evaporation as well as the distributions of temperature and
precipitation, and anomalies of soil moisture created by
irrigation can persist for at least several months [Yeh et al.,
1984]. To investigate the potential effects of water transfer
along the east route of the SNWTP, Li et al. [1980] accounted
for the water to be transferred as irrigation water in an energy
balance equation under the assumption that the project leads
to 100 mm/month more irrigation water in the dry season.
Zhao [2002] investigated the local climate variation induced
by the increase in soil moisture from the SNWTP using a one-
dimensional energy equilibrium model in an air column.
Chen et al. [2005] implemented the water to be transferred
as additional precipitation using surface water and energy
balance models to explore the potential climatic influences
of the SNWTP in northern China. Those studies of the
SNWTP used one-dimensional surface or energy equilib-
rium models in which the effects of large-scale water
transfer on regional atmospheric circulation and climate
have not been well quantified, particularly at regional scales.
Accordingly, it is necessary to improve the understanding of
how interbasin water transfer influences regional climate for
guiding policies aimed at mitigating or adapting to climate
change.

[4] Several studies have been conducted to investigate the
effects of irrigation on climate using climate models, but
they have treated irrigation water in different ways. For
example, Yeh et al. [1984] simulated the effect of large-
scale irrigation on short-term changes in hydrology and
climate using the simple general circulation model [Manabe
and Stouffer, 1980; Wetherald and Manabe, 1981] with
initially saturated soil moisture at irrigation locations to
represent irrigation. Adegoke et al. [2003] investigated the
impact of irrigation on the surface energy budget in the High
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Plains of the United States using the Colorado State Uni-
versity Regional Atmospheric Modeling System (RAMS
[Pielke et al., 1992]) with saturated soil moisture up to a
depth of 0.2 m at the beginning of each day in the irrigated
locations to represent irrigation. Boucher et al. [2004]
combined data describing evapotranspiration from irriga-
tion on a country basis with data representing irrigated areas
and imported the data set into the general circulation model,
LMDZ [e.g., Zhou and Li, 2002], with a prescribed artificial
source of water vapor equal to the irrigation flux to elucidate
the potential impact of irrigation on the global atmosphere.
Lobell et al. [2006] addressed a potential bias of model-
projected greenhouse warming in irrigated regions using the
National Center for Atmospheric Researc (NCAR) CAM3
general circulation model (GCM) [Collins et al., 2004] with
saturated soil moisture in all agricultural soil columns to
represent irrigation. Kueppers et al. [2007] found that a
regional irrigation cooling effect exits using the regional
climate model, RegCM3 [Pal et al., 2007], with an idealized
representation of irrigation given by forcing soil moisture
to field capacity at all times. However, the irrigation
representations mentioned above are not suitable for eval-
uation of the effects of water transfer on regional climate,
especially for water transfer schemes that involve different
intensities.

[5] To investigate the effects of interbasin water transfer
on regional climate, we developed a water transfer mecha-
nism that accounts for the water to be transferred by
increasing the available quantity of water that reaches the
surface in the intake areas according to the spatial and tem-
poral distribution schemes of the water transfer. We then
implemented the water transfer mechanism into the regional
climate model, RegCM3. Specifically, the climatic responses
to three water transfer schemes in the Middle Route of the
South-to-North Water Transfer Project (MRSNWTP) in
China were evaluated in this study.

[6] In section 2 of this paper, the regional climate model,
the water transfer mechanism, and the setup of the numerical
experiments are described. Section 3 discusses the effects of
interbasin water transfer on regional climate. The results of
the study are concluded and discussed in section 4.

2. Model Description and Experimental Design

2.1. Regional Climate Model RegCM3

[7] In this study, RegCM3 was used to evaluate the role of
climatic responses of interbasin water transfer. The model
was originally developed by the NCAR, and its latest ver-
sion, which is known as the ICTP Regional Climate Model
version 3 (RegCM3), was developed by the Abdus Salam
International Centre for Theoretical Physics (ICTP) [Pal et
al., 2007]. RegCM3 is a dimensional, hydrostatic, com-
pressible, primitive equation, o-vertical coordinate regional
climate model. The dynamic core of RegCM3 is based on the
hydrostatic version of the fifth-generation Pennsylvania State
University/National Center for Atmospheric Research (PSU/
NCAR) mesoscale model [Grell et al., 1994]. The model
currently employs the radiative transfer package used in the
NCAR’s Community Climate Model, version 3 (CCM3)
[Kiehl et al., 1996]. In addition, land surface physics are
modeled by the Biosphere-Atmosphere Transfer Scheme
version le (BATS1e) developed by Dickinson et al. [1993],
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while boundary layer physics are modeled using the nonlocal
planetary boundary layer scheme developed by Holtslag et al.
[1990], as described by Giorgi et al. [1993a]. RegCM3 also
employs the bulk aerodynamic ocean flux parameterization
described by Zeng et al. [1998], in which sea surface tem-
peratures (SSTs) are prescribed. Three different convection
schemes (Kuo, Grell, and Emanuel) are available for the
nonresolvable rainfall processes [Giorgi et al., 1993b].
RegCM3 has been validated against observations of modern-
day climate in China [Gao et al., 2004; Zhang et al., 2005,
2007; Yuan et al., 2008; Zheng et al., 2009]. Additionally, the
model has been found to do a good job of simulating spatial
and temporal climate features [Bell et al., 2004; Gao et al.,
2001, 2002, 2006, 2008; Snyder et al., 2002].

2.2. A Water Transfer Mechanism and Its
Implementation in RegCM3

[s] To investigate the climatic responses of interbasin
water transfer, we first described the water transfer mecha-
nism. It describes a water source area where water is trans-
ferred from, a water receiving area where water is transferred
into, and the quantity of water to be transferred at any given
time and in a place of an intake area. The water to be
transferred is usually taken from reservoirs in the water
source area, diverted by transportation channels, and ulti-
mately distributed into the water receiving area. Through
water transfer, water is taken directly from a reservoir in a
water source area; therefore the land surface conditions in
the water source area are not changed as much as those in the
water receiving area [Lin and Peng, 1986; Duan et al., 1996;
Zhang et al., 2004]. Thus we only focused on the climatic
responses to the land surface changes from water transfer
into a water receiving area in the present study.

[o9] The spatial and temporal distributions of irrigation
water from the water transfer at a model grid in an intake
area were derived according to the water transfer scheme.
Water to be transferred into an intake area was treated as
increasing the available quantity of water, which was added
to the precipitation that reached the surface. It was described
as follows:

Pnet:Pr+Pw+Sm_E7 (1)

where P, is the net water applied to the surface, P, is
rainfall, P,, is the additional water from the water transfer,
S,, is snowmelt, and E is evaporation.

[10] The water transfer mechanism was then coupled into
the land surface model BATS1e [Dickinson et al., 1993],
which is the land surface component of RegCM3. The
regional climate model, RegCM3, with the water transfer
representation was then used to investigate the climatic
responses of interbasin water transfer.

2.3. Study Domain and Experimental Design

[11] The Middle Route of the South-to-North Water
Transfer Project (MRSNWTP) in China was chosen for this
study to investigate the climatic responses to three water
transfer schemes with intensities of 7.5, 8.5, and 11.8 billion
m’/yr according to the project programming [Changjiang
Water Resources Commission, 2001b]. As shown in
Figure 1, the middle route would transfer water from the
Danjiangkou reservoir on the Han River, which is a large
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tributary to the middle reaches of the Yangtze River, to
Hubei, Henan, and Hebei provinces, and ultimately to
Beijing and Tianjin, as well as to the western part of the
north China Plain [Liu and Du, 1985; Liu and Zheng,
2002]. The region consisting of the counties shown in
Figure 1b is the intake area, and the blue box shown in
Figure 1c is Huabei Plain. The total length of the main canal
will be approximately 1246 km, with about 482 km being
located in the southern portion of the Yellow River and
about 764 km being located in the northern portion of the
Yellow River [Liu and Zheng, 2002]. The water to be
transferred along the middle route will flow north via
gravity.

[12] The Danjiangkou reservoir has an annual natural
inflow of 41.1 billion m® from a drainage area of 95,217 km?.
The first-stage engineering projects include the completed
162 m Danjiangkou dam, which has a total storage capacity
of 17.45 billion m>. The second-stage engineering projects
will raise the dam to an elevation of 176.6 m to increase the
total storage capacity to 29.1 billion m®. The three water
transfer schemes evaluated in this study, which had intensi-
ties of 7.5, 8.5, and 11.8 billion m3/yr, were developed
according to the water demand and supply balance analysis.
Specifically, these intensities correspond to the recent
demand without the increased dam height (scheme 1), the
recent demand with the increase in dam height (scheme 2),
and the future demand with the increased dam height
(scheme 3) [Changjiang Water Resources Commission, 2001b].
The quantity of water to be transferred for schemes 1, 2,
and 3 is allocated to each county in the intake area as shown
in Table 1.

[13] In the absence of explicit spatial and temporal data,
the actual distribution and usage of the water to be trans-
ferred by the MRSNWTP is difficult to determine. There-
fore we derived the spatial and temporal water transfer data
under the assumption that the quantity of water to be
transferred to a county in the intake area for a year is dis-
tributed evenly into each time step for the year. We believe
that this assumption provides a reasonable approximation
since the realistic quantity and spatial distribution of the
water transfer project are introduced in the study.

[14] On the basis of the derived spatial and temporal water
transfer data for the three water schemes of the MRSNWTP
mentioned above, four 10-year simulations were conducted,
a control run (MCTL) without water transfer, and three
water transfer runs MWT1, MWT2, and MWT3 that cor-
responded to scheme 1, scheme 2, and scheme 3, respec-
tively. We used the domain centered at 36.5°N, 114.5°E,
which spanned 24°N to 48°N and 98°E to 131°E, had a
horizontal resolution of 30 km and contained 12 grid points
as a lateral buffer zone as the simulation domain (Figure 1c¢).
In addition, we used the ERA40 reanalysis data [Uppala et
al., 2005] and the National Oceanic and Atmospheric
Administration optimally interpolated sea surface tempera-
tures [Reynolds et al., 2002] as lateral boundary conditions.
The Grell scheme was chosen for our experiments. All four
simulations ran from 1 January 1991 to 31 December 2000.
The first year was used for spin-up, and the last 9 years were
selected for analysis.

[15] To further discuss the effects of interbasin water
transfer and their uncertainties, two additional 10-year water
transfer runs (MWT4, MINT) were conducted. Run MWT4
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Figure 1. The study domain: (a) the location of the study domain; (b) the counties where water is
transferred through the Middle Route of the South-to-North Water Transfer Project (MRSNWTP);
and (c) the distribution of the annual quantity of water to be transferred for water transfer scheme 3 (con-
tours, elevation; color fill, water transfer quantity). The black dots in Figure la represent 753 meteoro-
logical stations in China. The counties in Figure 1b are the intake area, and the blue box in Figure lc
is Huabei Plain.
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Table 1. Water Allocation of the Three Water Transfer Schemes®

Province County Scheme 1 Scheme 2 Scheme 3
Henan Diaohe 4.53 5.33 5.27
Nanyang 2.06 2.67 5.41
Luohe 1.09 1.34 2.19
Zhoukou 1.16 1.42 1.93
Pingdingshan 2.09 2.49 4.01
Xuchang 1.49 1.68 3.94
Zhengzhou 5.68 6.74 9.29
Jiaozuo 2.22 2.69 3.13
Xinxiang 3.58 435 6.51
Hebi 2.01 248 3.51
Puyang 0.99 1.19 1.57
Anyang 2.70 3.38 5.68
Hebei Handan 2.60 3.18 431
Xingtai 3.01 3.62 4.95
Shijiazhuang 6.59 7.78 10.05
Hengshui 2.46 3.09 4.11
Baoding 9.14 11.26 16.64
Langfang 1.21 1.47 2.23
Beijing Beijing 11.20 10.52 14.87
Tianjing Tianjing 9.18 8.63 8.56
Total 75.0 85.3 118.2

Units are 10° m®.

employed the same configuration as run MWT3 and was
conducted using the spatial and temporal water transfer data
derived from scheme 3 under the assumption that the
quantity of water to be transferred to the intake area of a
county in a year is distributed evenly into each time step of
the first half of the year. In addition, the MINT run was
designed to evaluate the model initialization influence on
regional climate. The MINT run also used the same con-
figuration as the MWT3 run and was conducted without
water transfer from 1 January 1991 to 31 December 1991
but with the water transfer scheme 3 from 1 January 1992 to
31 December 2000.

3. Results

3.1. Validation of the Control Run (MCTL)

[16] Observations of precipitation and temperature from
the 753 meteorological stations in China shown in Figure 1a
were used to validate the two important model output
variables, precipitation and temperature. The observation
data set was obtained through linear interpolation weighted
by the inverse squared distances between the gauges and the
grid cells [Xie et al., 2007]. In the following analysis of the
runs mentioned in section 2.3, we did not consider the
effects of the lateral buffer zone (12 grid points, the area
between two black dashed sectorial boxes in Figure 1c¢).

[17] Figure 2 shows the 9-year mean annual precipita-
tion and 2 m mean air temperature over land based on
observations and the control run. The simulated precipitation
decreased from south to north, which is consistent with the
observations. The position of the 800 mm isohyet line from
the control run was very similar to that of the observations.
However, the magnitude of precipitation from the control run
was greater than that of the observations. Additionally, the
model performed better for temperature than for precipita-
tion. Specifically, the pattern of the simulated temperature
matched well with the observations, although there was an
~1°-2°C cold deviation over north China.
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[18] To quantitatively evaluate the model performance, we
calculated the spatial correlation coefficient (COR) and
standard departure (STD) using the following equations:

)

where x; (x;,) is the simulated (observed) value at each grid
point, X;(X;,) is the corresponding mean value of x; (x;,) over
all grid points and N is the total number of grid points.

[19] The CORs for precipitation and temperature for the
model domain excluding the lateral buffer zone were 0.912
and 0.914, where the STDs for those values were 278.9 mm
and 2.78°C, respectively. These findings indicate that the
RegCM3 simulates the regional climate over the study
domain reasonably well.

3.2. Effects of Interbasin Water Transfer on Regional
Climate

[20] To detect the underlying effects of interbasin water
transfer on regional climate, we first discussed the differ-
ences in the simulated climate variables induced by water
transfer.

[21] Figure 3 shows the differences in the simulation
between each water transfer run (MWT1, MWT2, or
MWT?3) and the control run (MCTL). The average differ-
ences over the intake area and the Huabei Plain are shown in
Table 2. Over the 9-year time period of the simulated ex-
periments, 74.4, 84.6, and 117.2 mm water was transferred
into the intake area for the three water transfer runs,
respectively. Most of the water was consumed in enhancing
evaporation, and the remainder was translated to additional
runoff, soil moisture, and so on. The increases in topsoil
moisture and latent heat flux varied as a direct result of
injecting water into the intake area. When the three water
transfer runs were compared with the control run, increases
of 1.3, 1.6, and 2.1 mm in the topsoil moisture, 9.1, 10.3,
and 12.0 mm in the total soil moisture, 7.7, 8.9, and 14.9 mm
in the surface runoff, and 70.5, 80.9, and 111.9 mm in the
evapotranspiration were observed, and these were accom-
panied by increases of 5.6, 6.4, and 8.9 W/m?, respectively,
in the latent heat flux over the intake area. Evaporation of
the water to be transferred was also accompanied by cooling
of the surface (known as evaporative cooling). The mean
annual sensible heat flux decreased by 4.3, 5.1, and 7.0 W/m?
for the three water transfer runs when compared with the
control run, respectively, due to decreases in the surface-
atmosphere temperature difference. Over the intake area for
the three water transfer runs, the 2 m mean air temperature
decreased by 0.12°C, 0.15°C, and 0.20°C, the 2 m maxi-
mum air temperature decreased by 0.35°C, 0.40°C, and
0.58°C, and the 2 m minimum air temperature decreased by
0.03°C, 0.04°C, and 0.07°C in response to MWT1, MWT2,
and MWT3, respectively. In addition, the total precipitation
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(a) Obs Precipitation mm/year
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(b) MCTL Precipitation mm/year
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Figure 2. The 9-year mean annual precipitation
(b and d) the control run.

increased by 12.9, 15.5. and 21.6 mm/yr, the convective
precipitation increased by 8.6, 9.7, and 16.7 mm/yr, and the
large-scale precipitation increased by 4.3, 5.9, and 5.0 mm/yr
in MWT1, MWT2, and MWT3, respectively. However,
these differences were generally small and statistically
insignificant, indicating that the water transfer plays a small
role in influencing regional climate in our simulations.

[22] Figure 4 shows the mean monthly differences in 2 m
mean air temperature and total precipitation between each
water transfer run and the control run over the intake area.

2 0 2 4 6 8 10 12 14 16 18 20

and temperature from (a and c) observed data and

The trends in temperature and precipitation differences
when compared with the control run were consistent among
the three water transfer runs. When compared with the
control run, the temperature in the water transfer runs
decreased from February to November and increased
slightly in December and January, while the total precipi-
tation increased from September to July and decreased
slightly in August. It should be noted that the difference in
the temperature and precipitation between each water
transfer run and the control run had opposite trends. These

Figure 3. Annual mean differences between each water transfer run (MWT1, MWT2, and MWT3) and the control run
(MCTL) in (a) Pw, annual quantity of water to be transferred, (b) SMT, topsoil moisture, (c) LHFS, latent heat flux,
(d) SHFS, sensible heat flux, (¢) Tmean, 2 m mean air temperature, (f) Tmax, 2 m maximum air temperature, (g) Tmin, 2 m
minimum air temperature, (h) TPR, total precipitation, (i) PRCV, convective precipitation, and (j) PRLS, large-scale
precipitation.
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Table 2. Climatic Responses of Different Water Transfer Schemes Over the Intake Area and Huabei Plain®

CHEN AND XIE: EFFECT OF WATER TRANSFER ON REGIONAL CLIMATE

D11112

MWTI1 MWT2 MWT3 MWT4

Variable Intake Huabei Intake Huabei Intake Huabei Intake Huabei
PW (mm) 74.4 13.0 84.6 14.8 117.2 20.5 117.2 20.5
ASCV (mm) 0.08 0.03 0.10 0.04 0.12 0.05 0.10 0.03
ASMT (mm) 1.3 0.37 1.6 0.43 2.1 0.59 1.9 0.38
ATSW (mm) 9.1 -2.7 10.3 =5.2 12.0 -6.9 9.6 0.56
ARunoff (mm) 7.7 3.1 8.9 1.8 14.9 4.9 14.1 1.0
AET (mm) 70.5 18.5 80.9 19.5 111.9 29.2 101.5 16.6
ALHFS (W/m?) 5.6 1.5 6.4 1.5 8.9 2.3 8.1 1.3
ASHFS (W/mz) —4.3 -1.0 =5.1 -1.1 =7.0 -1.7 -6.7 -1.0
ATmean (°C) -0.12 —0.04 —-0.15 —0.05 -0.20 -0.07 -0.17 —-0.04
ATmax (°C) -0.35 -0.11 —-0.40 -0.12 -0.58 -0.19 -0.42 -0.10
ATmin (°C) —-0.03 —-0.02 —-0.04 —0.02 —-0.07 —-0.03 —-0.03 —-0.01
ATPR (mm) 12.9 5.6 15.5 1.2 21.6 6.6 7.9 -2.3
APRCV (mm) 8.6 0.98 9.7 -0.46 16.7 2.7 53 -1.7
APRLS (mm) 4.3 4.7 5.9 1.6 5.0 3.9 2.7 —-0.59

“Pw, annual quantity of water to be transferred; SCV, snow amount; SMT, top layer (0~10 cm) soil moisture; TSW, total soil moisture; Runoff, surface
runoff; ET, evapotranspiration; LHFS, latent heat flux; SHFS, sensible heat flux; Tmean, mean temperature; Tmax, maximum temperature; Tmin,

minimum temperature; TPR, total precipitation; PRCV, convective precipitation; PRLS, large-scale precipitation.

findings are consistent with the results of a study conducted
by Chen et al. [2005]. Despite that the effects of interbasin
water transfer were statistically insignificant, those effects
would be enhanced when the magnitude and range of the
water transfer project increase. (The maximum effects of
interbasin water transfer would be found when the soil
moisture is forced to saturation due to adequate water is
transferred in. The effects would be statistically significant
at that moment, as described by Kueppers et al. [2007].) The
intensity of climatic influences was positively related with

the quantity of water to be transferred; however, they do not
have a simple linear relationship. Specifically, the climatic
responses obtained by scheme 1 of the MWTI1 run and
scheme 2 of the MWT2 run were not fully consistent, even
though the difference in the quantity of the water transferred
between the two cases was not large. When compared with
the MCTL-run, the mean annual precipitation simulated by
the MWT2 run increased by 5.6 mm/yr over the Huabei
Plain, while that simulated by MWT]1 run increased by only
1.2 mm/yr (see Table 2). This phenomenon can be explained
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Figure 4. The mean monthly temperature and total precipitation differences between each water transfer
run (MWTI1, MWT2, MWT3, or MWT4) and the control run (MCTL) over the intake area.
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Figure 5. Mean monthly climate differences between runs MWT3 and MCTL over the intake area and
Huabei Plain. Pw, quantity of water to be transferred; SMT, top layer (0—10 cm) soil moisture; LHFS,
latent heat flux; SHFS, sensible heat flux; Tmean, mean temperature; Tmax, maximum temperature;
Tmin, minimum temperature; TPR, total precipitation; PRCV, convective precipitation; and PRLS,

large-scale precipitation.
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Figure 6. From January 1992 to December 2000, (a) monthly mean precipitation deviations from the
1992-2000 monthly means; (b) monthly mean diurnal temperature range simulated by runs MCTL
and MWTS3; and (c) the difference between the monthly mean diurnal temperature range between both

cases.

Table 3 (see the CORR row). The changes in topsoil
moisture, latent heat flux, sensible heat flux, and tempera-
ture were geographically consistent with the water transfer
distribution, while the changes in precipitation were not as
obvious. However, all of the variables except for the large-
scale precipitation differed significantly (p < 0.05) between
run MWT3 and MCTL.

[25] The water transfer also reduced the diurnal tempera-
ture range (Figures 6b and 6c). From year to year, the
change in the diurnal temperature range was influenced by
precipitation because the range of the decrease was partially
dependent on the available soil moisture used for evapo-
transpiration, which is primarily determined by the precip-
itation over the previous 2 months. Indeed, the change in

the diurnal temperature range was positively related to the
precipitation during the previous 2 months over all of the
years evaluated (r = 0.48, n = 108) (Figures 6a and 6c¢).
[26] Furthermore, water transfer not only decreased the
temperature in the intake grid cells, but also impacted the
temperature in their adjacent grid cells and decreases in
the temperature of the troposphere via air convection. As
shown in Table 3, the mean annual 2 m air temperature over
the entire Huabei Plain decreased by 0.07°C. Although the
decreases in temperature outside of the intake area were not
as obvious as those in the intake area, the decreases diffused
over almost the entire Huabei Plain. Figure 7a shows the
changes in the vertical profile of the simulated mean air
temperature over the intake area and Huabei Plain. The
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temperature at below 700 hPa decreased, while the temper-
ature between 400 and 700 hPa increased slightly. Evapo-
ration of the water to be transferred was accompanied with
a cooling of the surface. The additional water vapor in-
jected into the atmosphere will eventually condense, which
will release latent heat in the atmosphere, thereby heating
and drying the atmosphere between 400 and 700 hPa (see
Figure 7b). Therefore the water transfer will also have a
direct effect on the temperature profile by cooling the surface
and heating the atmosphere.

[27] In addition, the regional circulation changed due to
transfer of water into the intake area. The contour map in
Figure 8 shows the vertical cross section of the difference in
the modeled easterly wind velocity (decreases with dashed
contours and increases with solid contours) between runs
MWT3 and MCTL along a line of constant latitude (40.0°N).
Because of the discrepancy between land-sea and topogra-
phy, the near-surface temperature was relatively high over
the intake area toward the eastward grid cells and relatively
low over the intake area toward the westward grid cells. The
decrease in near-surface temperature in the intake area
reduced the temperature contrast between intake grid cells
and sea grid cells on the east side, while it enhanced the
contrast between the relatively cool, wet intake grid cells
and adjacent warm, dry grid cells on the west side. This led
to a weakening wind velocity of the easterly breeze by 2 to
6 cm/s from 119°E to 125°E, and 2 to 5 cm/s from 113°E
to 115°E.

[28] The increased evaporation was also accompanied by
a change in water vapor. As shown in Figure 7b, a regional
increase in water vapor content (which is highest close to the
surface) and a slight decrease between 400 and 700 hPa was
predicted over the intake area and Huabei Plain. Such
changes may enhance the local convection and lead to more
convective precipitation.

[29] To investigate the effects of interbasin water transfer
on macroscale and mesoscale atmospheric processes, the

atmospheric moisture budgets in Huabei Plain were ana-
lyzed. Following the definitions of Schar et al. [1999], the
balance equation for the atmospheric moisture can be writ-
ten as follows:

AW:qin = Gour + ETp — Pp, (4)
where AW (mm/d) denotes the tendency of the atmospheric
water content during the integration period; g;, (mm/d) and
qous (mm/d) denote the 9-year mean water flux into and out
of the domain, respectively; and ET}, (mm/d) and P, (mm/d)
are the 9-year mean evapotranspiration and precipitation in
the domain, respectively. In this study, the adopted aver-
aging was based on 24-h output data. A comparison of
the results obtained using shorter averaging periods (down
to 3 h) confirmed that an output interval of 24 h was suffi-
cient for the purposes of this study. Nevertheless, the pro-
cedure produced some small errors, which implies that the
budget relationship (4) is only approximately satisfied.
Therefore, for internal consistency, we corrected the atmo-
spheric fluxes ¢;, and g,,, to fully satisfy the budget con-
straints (4). The correction was as follows:

corr

q,'" _ 5/27 qcl}rr

out = Gou +€/2, (%)

where ¢ is residual water for the imbalance, which can be
computed by

=din

€=¢qin — Gow + ETy — P — AW. 6)
The corrected fluxes fully satisfied the budget constraint.
[30] Figure 9 shows the atmospheric water budgets for
runs MCTL and MWT3, and the difference between them.
The simulated precipitation and evaporation in run MWT3
were higher than in run MCTL, and the difference in the
precipitation between the two runs and that of the evapo-
ration was 6.6 mm/yr and 29.2 mm/yr, respectively. Addi-
tionally, the trend in moisture convergence (MC = ¢, — Gour)
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was opposite to that of the precipitation and evaporation, as
indicated by a decrease of 22.6 mm/yr. These findings
indicate that water transfer will not only affect the local
climate, but also the regional climate by changing the water
vapor transport.

3.3. Uncertainty in the Model Initialization

[31] To investigate the effects of soil moisture and tem-
perature initialization on the simulations, we used the first
year with or without water transfer scheme implemented as
a spin-up period. Figure 10 shows the different climatic
responses between run MWT3 with a 1-year spin-up period
and run MINT without the spin-up period. The differences
between the two simulations due to the model initialization
primarily appeared in the middle of the study domain, while
the differences in the 2 m mean air temperature and precip-
itation extended to the surrounding area. However, the

magnitudes of the differences were all small. When consid-
ering the model initialization, the topsoil moisture and latent
heat flux increased by 0.06 mm, 0.09 W/m?, while the sen-
sible heat flux, 2 m mean air temperature, and precipitation
respectively decreased by 0.12 W/m?, 0.02°C, and 4.0 mm/yr
over the intake area. These findings indicate that the uncer-
tainty of the effects of model initialization on the climatic
response are finite and the RegCM3 with water transfer
scheme can be used to investigate the effects of interbasin
water transfer on regional climate over the study domain.

4. Discussion and Conclusions

[32] In this study, a water transfer mechanism was im-
plemented into the regional climate model, RegCM3, which
represents water to be transferred by increasing the available
quantity of water that reaches the surface in intake areas.
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The climatic responses of the Middle Route of the South-to-
North Water Transfer Project were then investigated using
RegCM3 based on the three water transfer schemes of the
project. The results indicated that the water transfer should
change the local evapotranspiration via an increase in the
soil moisture and cause local temperature and precipitation
changes by changing the surface water and energy balances.
Furthermore, the results suggested that local changes will
cause the atmospheric circulation to change and affect the
regional climate over adjacent grid cells. Over all of the
years evaluated, the magnitude of climatic responses was
found to depend on the intensity and spatial and temporal
distribution of the water transfer scheme. Furthermore, the
effects of the water transfer were found to be larger in spring
and autumn than in summer and winter. These differences
likely occurred because there is not enough energy in winter
to evaporate the transferred water, while there is enough
water in summer for evaporation to occur prior to transfer.

[33] The simulations also indicated that water transfer can
cause decreases in the seasonal and diurnal temperature
ranges, and increases in local precipitation. Therefore the
MRSNWTP will not only alleviate the water shortages in
north China but also improve the local drought climate
environment to some extent. Specifically, the results suggest
that the MRSNWTP will be beneficial for the regional
ecological environmental positive circulating and sustain-
able development. However, this result depends on the
model and the treatment of water transfer in the model;
therefore more studies are needed to validate the results.

[34] Additionally, it should be noted that there are some
uncertainties regarding the actual magnitude of the effects of
interbasin water transfer on regional climate. The treatment
method used for the interbasin water transfer was an ideal-
ized representation due to the lack of actual information.
Additionally, although it is widely used throughout the
world, RegCM3 has been found to have relatively high
sensitivity to soil moisture [Kueppers et al., 2007; Lobell et
al., 2008]. In addition, the simulated results produced by the
model have been shown to be heavily influenced by internal
variability [Giorgi and Bi, 2000], and it has been found to
underestimate temperatures and overestimate precipitation
in north China [Zhang et al., 2007; Zheng et al., 2009].
Furthermore, the dependence on the parameterizations and
the assumptions regarding the water transfer in the model
imply that more studies are needed to validate the results
obtained here. Finally, although the differences caused by
interbasin water transfer were not found to be statistically
significant, it should be a climate response to a certain
extent. Despite these limitations, we believe that the climatic
responses of water transfer provided here are qualitatively
correct and will be enhanced when the magnitude and range
of the project increase.
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