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Abstract Both anthropogenic water regulation and groundwater lateral flow essentially affect ground-
water table patterns. Their relationship is close because lateral flow recharges the groundwater depletion
cone, which is induced by over-exploitation. In this study, schemes describing groundwater lateral flow
and human water regulation were developed and incorporated into the Community Land Model 4.5.
To investigate the effects of human water regulation and groundwater lateral flow on land processes as
well as the relationship between the two processes, three simulations using the model were conducted
for the years 2003–2013 over the Heihe River Basin in northwestern China. Simulations showed that
groundwater lateral flow driven by changes in water heads can essentially change the groundwater table
pattern with the deeper water table appearing in the hillslope regions and shallower water table appear-
ing in valley bottom regions and plains. Over the last decade, anthropogenic groundwater exploitation
deepened the water table by approximately 2 m in the middle reaches of the Heihe River Basin and
rapidly reduced the terrestrial water storage, while irrigation increased soil moisture by approximately
0.1 m3 m23. The water stored in the mainstream of the Heihe River was also reduced by human surface
water withdrawal. The latent heat flux was increased by 30 W m22 over the irrigated region, with an
identical decrease in sensible heat flux. The simulated groundwater lateral flow was shown to effectively
recharge the groundwater depletion cone caused by over-exploitation. The offset rate is higher in plains
than mountainous regions.

1. Introduction

As an important part of the hydrological water cycle, fresh water plays an essential role in providing water
resources for human activities in all aspects, such as the water used for irrigation, forestry, aquaculture, and
livestock in the agricultural sector; the water used for cooling, heating, and electricity generation in the
industrial sector; and the water used for washing, drinking and catering in the domestic sector [Postel et al.,
1996; V€or€osmarty et al., 2000; Sawka et al., 2005; Chen and Xie, 2012; Vengosh et al., 2014]. As estimated by
the Food and Agriculture Organization of the United Nations (FAO), global anthropogenic water with-
drawals were 3918 billion metric tonnes in year 2007, and more than 96 percent of the withdrawals were
from freshwater. However, with human population growth and economic development, human freshwater
intake from both surface and subsurface sources is becoming more severe to meet rapidly increasing water
demand, regardless of the effect [Vitousek et al., 1997; Hoekstra and Chapagain, 2007; Wada et al., 2010,
2011]. Many studies have shown the negative effects of excessive water withdrawal on the socio-economy,
freshwater systems, and eco-hydrological environment [Gleick, 1998; Boucher et al., 2004; Hoekstra and Wied-
mann, 2014]. Even climate and the carbon cycle can be changed by the influences of excessive water
withdrawals on soil moisture [Yuan et al., 2008; Xie and Yuan, 2010; Xie et al., 2012; Yu et al., 2014; Xie et al.,
2014]. The World Climate Research Program identified the problem of future water availability as one of
the big grand challenges [Trenberth and Asrar, 2014]. Indeed, the effects of human water withdrawal and
use on hydrological and land surface processes, climate, and even socio-economic sustainable development
and climate feedbacks to human water management deserve to be comprehensively studied and
predicted.

Key Points:
� A model coupled with schemes of

anthropogenic water regulation and
groundwater lateral flow was
developed
� Both groundwater exploitation and

groundwater lateral flow affect the
groundwater pattern and other land-
hydrology elements
� Groundwater lateral flow recharges

the groundwater depletion at a
maximum rate of 40% especially in
plain regions

Correspondence to:
Z. Xie,
zxie@lasg.iap.ac.cn

Citation:
Zeng, Y., Z. Xie, Y. Yu, S. Liu, L. Wang,
J. Zou, P. Qin, and B. Jia (2016), Effects
of anthropogenic water regulation and
groundwater lateral flow on land
processes, J. Adv. Model. Earth Syst., 8,
1106–1131, doi:10.1002/
2016MS000646.

Received 3 FEB 2016

Accepted 4 JUN 2016

Accepted article online 8 JUN 2016

Published online 16 JUL 2016

VC 2016. The Authors.

This is an open access article under the

terms of the Creative Commons

Attribution-NonCommercial-NoDerivs

License, which permits use and

distribution in any medium, provided

the original work is properly cited,

the use is non-commercial and no

modifications or adaptations are

made.

ZENG ET AL. WATER REGULATION AND GROUNDWATER FLOW 1106

Journal of Advances in Modeling Earth Systems

PUBLICATIONS

http://dx.doi.org/10.1002/2016MS000646
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1942-2466/
http://publications.agu.org/


A common way to study anthropogenic water regulation is to use land surface models or water resource
models, such as the Community Land Model (CLM) [Oleson et al., 2013], Simple Biosphere Model [Sellers
et al., 1986], Biosphere-Atmosphere Transfer Scheme [Dickinson, 1986], Common Land Model [Dai et al.,
2003], Water Global Assessment and Prognosis [Alcamo et al., 2003] and PCRaster Global Water Balance
(PCR-GLOBWB) [Van Beek et al., 2011], which include comprehensive and specific descriptions of vertical
fluxes between the land surface and the atmosphere, as well as bio-geophysical and bio-geochemical proc-
esses [Lawrence et al., 2011; Pokhrel et al., 2012; Leng et al., 2013, 2014]. Ozdogan et al. [2010] incorporated
satellite-derived irrigation data and high-resolution crop-type information into a land surface model, and
found irrigation can cause a 12% increase in evapotranspiration and an equivalent reduction in sensible
heat flux compared with a nonirrigation situation. D€oll et al. [2012] performed the first global-scale analysis
of the impact of water withdrawal on water storage variations by using the Water Global Assessment and
Prognos model, and found that the total water storage variations could be either decreased or increased
due to human water use depending on location. Wada et al. [2013] used the water resource model PCR-
GLOBWB to quantify that over the period 1960–2010 human water consumption substantially reduced local
and downstream streamflow, subsequently intensified the magnitude of hydrological droughts by 10%–
500% and increased global drought frequency by 27%. De Graaf et al. [2014] used PCR-GLOBWB to show
that water abstractions strongly affected water allocation and residence time. Zou et al. [2014, 2015] devel-
oped a groundwater allocation model that simulated anthropogenic groundwater exploitation and the sub-
sequent application of the extracted water in agricultural, industrial and domestic uses; the groundwater
model was integrated into the CLM 3.5 and the Regional Climate Model (RegCM4) to demonstrate that
groundwater exploitation resulted in increased wetting and cooling effects not only at the land surface but
also in the lower troposphere.

Nevertheless, descriptions of land hydrology remain relatively simple in such land surface models, despite
their representation of very complicated processes, such as vegetation phenology and carbon-nutrient
cycles [Fan, 2015]. Until now, most land models still treat hydrological processes only in the vertical direc-
tion and ignore lateral exchange of water and energy in both the soil and aquifer. Although this approxima-
tion may be satisfactory in some cases, when studying the effects of human actions regarding water
resources, simplified models may produce considerable errors in predictions because the anthropogenic
activities and lateral hydrological processes are inseparable.

In some regions that have large water demands (mainly from irrigated crops) but only scarce surface water
supplies, such as the central United States, North China Plain, North India and Pakistan [D€oll et al., 2012;
Pokhrel et al., 2015], groundwater is an important water resource that has been over-exploited for many
years [Liu et al., 2001; Kumar and Singh, 2008; Rodell et al., 2009]. Over-exploitation of groundwater leads to
a decline of the groundwater table, and depression cones near wells are commonplace in these regions
[Chen et al., 2003, 2011]. The changed groundwater heads cause changes in lateral flow, which naturally
transports groundwater from surrounding areas to the local groundwater depressions. Lateral flow plays a
critical role in offsetting the loss of locally stored water, and in relieving the negative effects of overexploita-
tion on the eco-hydrological system. The interaction between human activity and regional groundwater
confirms that the effects of anthropogenic water withdrawal and use cannot be studied in isolation. There-
fore, models that incorporate a scheme to describe lateral flow can give a more realistic representation of
groundwater table patterns, compared to models that exclude this component.

Several studies, especially those conducted by Fan et al. [2007] and Miguez-Macho et al. [2007, 2008], have
investigated the effects of horizontal hydrological processes on land. De Graaf et al. [2015] presented a high
resolution global-scale groundwater model using the modular finite-difference flow model MODFLOW and
constructed an equilibrium groundwater table map at its natural state as the result of long-term climatic
forcing. However, these studies focused only on natural hydrological effects; excluded from consideration
was human water management, which may act as a driving force of water horizontal movement. Moreover,
most of previous models only showed an equilibrium groundwater table map and did not provide a
dynamic water table that responded to climate change, human groundwater exploitation and lateral flow.
Until now, little research has taken both the effects of anthropogenic activities and lateral hydrological proc-
esses into consideration. This study incorporated two schemes into the land model CLM4.5, one to describe
the processes of human water withdrawal and use, and the other to describe groundwater lateral flow. The
coupled model was implemented on the Heihe River Basin, a typical inland river basin occupying an area of
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116,000 km2 in northwestern China,
with a high resolution of 1 km. There-
fore, the aims of this study were (1) to
be a first step in investigating the
effects of anthropogenic activity and
groundwater lateral flow simultane-
ously, (2) to quantify the relationship
between the human groundwater
exploitation and lateral flow, and (3)
to apply the relationship in human
water management. (4) Besides achiev-
ing the main scientific objectives
above, this work shows how a high
resolution simulation using a land sur-
face model can represent a river basin’s
hydrology, and is a valuable support
for future improvements in the repre-
sentation of hydrological processes in
Earth System Models [Clark et al.,
2015a, 2015b, 2015c; Fan, 2015].

2. Study Domain

The Heihe River Basin (Figure 1) is the second largest inland river basin in northwestern China. The basin
ranges from 968420E to 1028000E and 378410N to 428420N [Lu et al., 2003] and occupies an area of
116,000 km2, lying to the east of the Shule River Basin and west of the Shiyan River Basin [Chen et al., 2005].
The basin includes part of Qilian County of Qinghai Province in its uppermost region, some counties and
cities of Gansu Province in its middle and upper reaches, and part of Ejin Banner in the Alxa League of Inner
Mongolia Province in its lower reaches [Feng et al., 2004].

Geographic differentiation is obvious in the basin. From south to north, as well as from the upper reaches
to the lower reaches, the southern Qilian Mountains, the middle Hexi Corridor and the northern Alxa High-
plain are distributed. Along with this distribution, there are diverse climate and water resource patterns. In
the south area of the relatively high Qilian Mountains, the precipitation is about 200 mm per yr between
elevations of 2000 m and 3200 m, and about 500 mm per yr at higher elevations (3200–5500 m). The upper-
most reach is the major water source for the whole basin [Wu et al., 2010]. In the middle reach of the basin
through the Hexi Corridor (where elevation decreases from 2000 to 1000 m), the precipitation decreases
from 200 to less than 100 mm [Li et al., 2001]. Ample sunshine and favorable temperature in the Hexi Corri-
dor make it ideal for agricultural production. Human water-related activities are dominant in this area:
According to statistics from the Water Resources Bulletin (WRB) of Gansu Province of China, in 2013 surface
water withdrawal and groundwater extraction were approximately 3.0 billion m3 and 0.6 billion m3, respec-
tively [Chen and Xia, 1999], and irrigation dominated about 80% of the total water use. The north region of
the basin includes the arid Alxa High-plain, whose mean elevation is approximately 1000 m and annual pre-
cipitation is only 42 mm [Qi and Luo, 2005]. In the last three decades, human activities have significantly
changed the distribution and allocation of limited water resource in the basin, leading to a contradiction
between desertification and expansion of oases and severe damage to the ecological system [Li et al.,
2008]. However, in the recent years, the ecological services were gradually restored under the ecosystem
construction conducted by government in the middle and lower reaches of the basin [Guo et al., 2009].

3. Model Development and Experimental Design

3.1. Community Land Model (CLM4.5)
The host model used in this research was the CLM4.5 created by the National Center for Atmospheric
Research [Oleson et al., 2013]. It is the land component of the Community Earth System Model (CESM) 1.2.0

Figure 1. Study area and location of the Heihe River Basin in northwest China and
the locations of the four fluxnet stations.
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[Gent et al., 2011; Hurrell et al., 2013]. The CLM4.5 model simulates exchange of radiation, momentum,
energy and water heat flux between the land and atmosphere; the hydrologic cycle (including precipitation
interception, infiltration, runoff, soil water, groundwater table depth, and snow dynamics); heat transfer
within soil and snow; and other important processes [Lindsay et al., 2014]. Biogeochemical processes, which
include the carbon and nitrogen cycles, photosynthesis, vegetation phenology, decomposition, and fire dis-
turbances (among others), are also represented in the model. Evapotranspiration is simulated by CLM4.5 as
individual processes (evaporation and transpiration) managed by stoma physiology and photosynthesis,
and runoff rate is related to water table depth based on a simple TOPMODEL-based [Beven and Kirkby,
1979] runoff scheme (as described by Niu et al. [2005]) in CLM4.5.

The spatial and temporal resolution of CLM4.5 is user-defined (in this study they were respectively set 1 km
and 1800 s), and within each grid CLM4.5 applies a nested subgrid hierarchy of multiple landunits, snow/
soil columns, and plant function types (PFTs) to represent the heterogeneity. That means different land cov-
ers such as varieties of vegetation and crops, lake, urban areas, glaciers, are treated differently depending
on their own biogeophysical and biogeochemical processes, even when they coexist in the same model
grid cell. Finally, the values calculated for each land cover are merged over the integrated grid weighted by
the area fraction of each land type.

However, even with the advanced subgrid structure and complex schemes for biogeophysical and biogeo-
chemical processes, at this time, lateral flow in CLM4.5 is still treated implicitly. That means the lateral
groundwater flux (as estimated using a nonlinear reservoir model) is directly moved into the river network
rather than the neighboring grids. This shortcoming impedes CLM in representing a realistic groundwater
table, especially in the river-basin scale where water lateral flow driven by the topographic factors plays a
key role in the formation of groundwater patterns. Moreover, since the soil moisture, vegetation and other
eco-hydrological elements and fluxes are related to the groundwater table (in some cases, these relation-
ships can be essential), incorporating lateral hydrological processes is urgently needed for the high resolu-
tion basin-scale simulation of CLM4.5. More information about the CLM4.5 model can be found in the
Technical Description of CLM4.5 [Oleson et al., 2013] and in a large collection of articles in a special volume
of the Journal of Climate (http://journals.ametsoc.org/page/CCSM4/CESM1).

3.2. Scheme for Groundwater Lateral Flow and its Implementation in CLM4.5
Groundwater lateral flow is an essential natural hydrological process that must be considered when study-
ing the effects of human water regulation. Because the original CLM4.5 model did not explicitly consider
this process, a scheme (i.e., submodel) for groundwater two-dimensional flow had to be developed and
incorporated into CLM4.5 to make it suitable for the present study.

We derived a two-dimensional groundwater movement equation based on Darcy’s Law and the Dupuit
approximation [Bear, 1972] as:

Rl5
@

@x
ðT @h
@x
Þ1 @

@y
ðT @h
@y
Þ; (1)

in which Rl [L/T] is groundwater lateral discharge (value less than zero) or recharge (value greater than zero)
rate per unit area; x [L] and y [L] are distances of longitude and latitude direction, respectively; T [L2/T] is
transmissivity; and h [L] is water table head.

To implement equation (1) into CLM4.5, we considered that each model grid cell has equal chance to hori-
zontally exchange water with its neighboring grid cells from eight directions (Figure 2). Then, the discretiza-
tion of equation (1) in CLM4.5 can be written as:

Ri;j ¼
X8

n¼1

wi;jTi;jðhn2hi;jÞ
Si;j ln

; (2)

in which i and j, respectively, are the number of the row and column of the model grid cell; Ri,j [L/T] is
groundwater lateral discharge (value less than zero) or recharge (value greater than zero) rate per unit area
of the grid cell; n is the number of the eight neighboring grid cells; wi,j [L] is the width of the flow cross sec-
tion of the grid cell; Ti,j [L2/T] is the transmissivity of the grid cell; hi,j [L] is the water table head of the grid
cell; hn [L] is the water table head of the number n neighbor of the grid cell; Si,j [L2] is the area of the grid
cell; and ln [L] is the center-to-center distance between the grid cell and its neighbor. Because water in a
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given grid cell is assumed to have equal chance of exchange with its
neighbors, the flow crossing width wi,j can be equated to the length of
octagons that have the same area as the CLM grid cell.

The transmissivity T in equations (1) and (2) is not provided by CLM4.5.
To get this parameter, two cases were considered in our study. The
first case is that the groundwater table is located within the 10 soil
layers of CLM4.5 (3.8 m). In this case, T can be calculated as:

T5T11T2; (3)

T15
Ki3 zh;i2zwt

� �
1
X10

k5i11

KkDzk ; i < 10

K103 zh;102zwt
� �

; i510

8>><
>>:

(4)

T25

ð1

0

K z0ð Þdz05
ð1

0

K10e2z0
f dz05K10f ; (5)

where T1 [L2/T] and T2 [L2/T] are respectively the lateral transmissivity within and outside the 10 soil layers
of CLM4.5, k is the number of soil layers in the vertical direction of CLM4.5; Kk [L/T] and f [L] are the lateral
hydraulic conductivity of the kth soil layer and the e-folding length, respectively (and will be discussed later);
Dzk [L] is the soil thickness of the kth layer; zwt [L] is the groundwater depth; i is the soil layer where the
groundwater table lies, zh,i [L] is the lower boundary depth of the ith soil layer; K10 [L/T] is the lateral hydraulic
conductivity of the 10th soil layer; and z0 [L] is the relative depth to the 10th soil layer’s bottom boundary in
CLM4.5 (where z05 z - 3.8, z> 3.8 m); and K(z’) [L/T] is the lateral hydraulic conductivity at relative depth z0.

In equation (5) we applied an estimate developed by Ingebritsen and Manning [1999] for lateral hydraulic con-
ductivity in the deep region (with depth deeper than 3.8 m but still in the continental crust) of an aquifer as:

K z0ð Þ5K10e2z0
f ; (6)

The lateral hydraulic conductivity Kk (k51, 2. . . 10) is determined using equation (7):

Kk5K 0k3Cclay ; (7)

where Kk’ [L/T] is the vertical hydraulic conductivity based on soil texture (as programmed in CLM4.5) and
Cclay is the percentage content of clay in local soil (as described by surface data of the land model). The e-
folding length (f) in the equations (5) and (6) is a parameter representing the complex sediment-bedrock
profile. The e-folding length can be calculated as:

f 5

20
11125b

; b � 0:16

1; b > 0:16

;

8<
: (8)

in which ß [radian] represents the terrain slope, which is determined from surface data of CLM4.5. The
parameterization schemes (equations (7) and (8)) are, respectively, based on assumptions of Fan et al.
[2007] that lateral water permeability is proportional to the clay content of soil and that the sediment-
bedrock profile is indicated by terrain slope. These assumptions have been verified by other studies [Xie
and Yuan, 2010; Maxwell et al., 2015].

The second case is that the groundwater table lies below the bottom boundary of the 10 soil layers of
CLM4.5. In this case, transmissivity T can be determined as:

T5

ð1

dwt 2zh;10

K z0ð Þdz05
ð1

dwt2zh;10

K10e2z0
f dz05K10fe

zh;102dwt
f ; (9)

in which dwt [L] is the groundwater table depth simulated by CLM4.5 and zh,10 [L] is the lower boundary depth
of the 10th soil layer of CLM4.5. The parameterization scheme of equation (6) was applied in equation (9).

Figure 2. Schematic representation of
the eight directions of groundwater lat-
eral flow to neighboring grid cells.

Journal of Advances in Modeling Earth Systems 10.1002/2016MS000646

ZENG ET AL. WATER REGULATION AND GROUNDWATER FLOW 1110



From equations (2)–(6) the lateral water exchange rate R for each model grid can be calculated. Then, R is
related to CLM4.5 at each model time step using equation (10):

d05d2
R3Dt

s

W 05W1R3Dt
;

8<
: (10)

in which Dt [T] is the time step of CLM4.5; s is the aquifer specific yield provided by CLM4.5; d [L] and d’
[L] are, respectively, the original groundwater table depth simulated by CLM4.5 at the current time step
and the updated value after considering groundwater lateral flow (the d and d’ were positive terms in
CLM and in this paper, e.g., d 510 m means the water table depth is 10 m under the ground, herein-
after); and W [L] and W’ [L] are, respectively, the original aquifer water storage simulated by CLM4.5 at
the current time step and the updated value after accounting for the lateral water recharge (or dis-
charge) of the grid cell with its neighboring grid cells. Additionally, the subsurface runoff calculation in
the original version of CLM4.5 was replaced by our lateral flow scheme because, in fact, groundwater lat-
eral flow was an explicit representation for the subsurface runoff process in the model. According to
equation (10), groundwater table head and water storage in the CLM are directly modified by ground-
water lateral flow; likewise, other simulated variables are modified in turn as the model simulation
continues.

To represent the surface-groundwater interaction, for the case of groundwater recharging river, we think
that the drainage area (where groundwater recharges surface water) will be formed automatically with
groundwater converging, making the water table depth less than zero (water table above ground), just
as Fan et al. [2007, 2013] (which used similar scheme and same resolution with us) showed. We simply
removed the excessive water amount to make the water table depth equal to zero. Then the removed
water amount was treated as surface runoff and routed directly to the river network, representing the
process of groundwater recharging the river. In reality, the recharging process should be linked to the
river water level, riverbed width and riverbed conductivity. However, because none of the key parame-
ters are known, we used a simple approximation in the study and will improve this approach in the
future.

Our model has not accounted for the alternate case of the river recharging groundwater yet because
currently the water level, hydraulic conductivity and width of the riverbed related to surface-
groundwater interaction were all inaccessible. Lack of these data would produce uncertainties for our
simulations of the ground-water table and storage, especially over the riverside region. Therefore, the
proper description of surface-groundwater water interaction in CLM4.5 will be the priority work in the
future. Recently, Zeng et al. [2016] conducted a 60 m simulation with CLM4.5 over five cross sections of
Heihe River and studied the eco-hydrological effects of stream-aquifer interaction. Maybe we can learn
some knowledge from its extremely high pixel simulation and parameterize it with CLM4.5 for basin-
scale modeling.

The parameterization of groundwater lateral flow presented above is a simple scheme. We recognized that
the complex structure of soil, regolith, sedimentary deposit and bedrock in the subsurface is not explicitly
addressed in our study, and its related lateral water conductivity and aquifer thickness are highly simplified.
However, the aim of this study is to incorporate a scheme of groundwater lateral flow into the land surface
model to make it adaptive in high resolution (1 km) simulation of river basin hydrology. The simple scheme
presented here may be seen as a reasonable and expedient way to incorporate the lateral hydrological
processes in CLM4.5, and to simulate the dynamic water table that results from climate change, human
groundwater exploitation and topographic factors.

3.3. Scheme for Human Water Regulation and its Implementation in CLM4.5
A scheme to simulate human water withdrawal and use was developed and incorporated into CLM4.5 as a
submodel. Water withdrawal was classified as groundwater pumping and surface water intake (Figure 3).
Groundwater pumping can be visualized as a process extracting water from an aquifer, and in CLM4.5 it can
be expressed as:
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d
00
5d01

Qg3Dt
s

W
00
5W 02Qg3Dt

;

8><
>: (11)

in which Qg [L/T] is the groundwater pumping rate, and d00 [L] and W00 [L] are, respectively, the groundwater
table depth and aquifer water storage after accounting for anthropogenic groundwater exploitation. Corre-
spondingly, the surface water withdrawal can be described as a process that extracts water from rivers and
expressed in CLM4.5 as:

S05S2Qs3Dt; (12)

in which Qs [L/T] is the anthropogenic surface water intake, and S [L] and S’ [L] are, respectively, the original
surface water stored in a river (as calculated by CLM4.5 coupled with the River Transport Model) and the
updated value after subtracting the anthropogenic demand. If the local surface water intake (QsDt) is
greater than local surface water storage (S), the deficit is satisfied by extracting surface water from nearby
grid cells.

We classified human water use into six components: (1) farmland irrigation, (2) ecosystem construction, (3)
animal husbandry and fishery livestock, (4) industry, (5) residential life (i.e., domestic use), and (6) urban
public use. Total water use must equal the sum of water withdrawal from groundwater and from surface
water (equations (13) and (14)).

X6

n51

QnPn5Qg; (13)

X6

n51

Qn 12Pnð Þ5Qs; (14)

in which Qn (n 5 1, 2 . . . 6) [L/T] is the total water use rate of the six component parts referenced above,
and Pn (n 5 1, 2 . . . 6) is the corresponding water use from underground aquifers as a percentage of the
total amount of water use for each component. The water for irrigation (Q1) and ecosystem construction
(Q2) is applied directly to ground surface, bypassing canopy interception:

Q0top5Qtop1Q11Q2; (15)

in which Qtop [L/T] and Q’top [L/T] are, respectively, the original net water input into the soil surface as simu-
lated by CLM4.5 and the updated value after accounting for the effects of irrigation and ecosystem water

Figure 3. Framework of human water withdrawal and use scheme.
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use. The water applied to animal husbandry and fishery livestock (Q3), industry (Q4), residential life (Q5), and
urban public use (Q6) has two sinks. The first sink is the wastewater produced by these human activities,
which is added to local runoff:

Q0r5Qr1a3Q31a4Q41a5Q51a6Q6; (16)

in which an (n 5 3, 4, 5, 6) is the wastewater ratio for each component, and Qr [L/T] and Q’r [L/T] are, respec-
tively, the original total runoff simulated by CLM4.5 and the updated value after adding the wastewater pro-
duced. The second sink is the net water loss consumed by the aforementioned four kinds of human
activities, which is treated as evapotranspiration (equation (17)):

E05E1ð12a3ÞQ31ð12a4ÞQ41ð12a5ÞQ51ð12a6ÞQ6; (17)

in which E [L/T] and E’ [L/T] are, respectively, the original evapotranspiration simulated by CLM4.5 and the
updated value after considering the net water loss in the aforementioned four kinds of human activities.

According to equations (11)–(17), the water use rate for each kind of human activity (Qn, n 5 1, 2. . . 6), the
ratio of total extraction that is groundwater (Pn, n 5 1, 2. . . 6) and the wastewater ratio (an, n53, 4, 5, 6)
should be estimated for every model grid cell and time step to reflect the historical situation. In this study,
we collected information from multiple data sources and integrated them to develop the data needed in
our coupled model.

The water use amount for each human activity for the entire Heihe River Basin was obtained as annual data
for the period 2003–2013 from the WRB of Gansu Province provided by the Gansu Provincial Water Resour-
ces Bureau (http://www.gssl.gov.cn/zfxxgk/xxgkml/tjgb/index.html). The data were collected by
government-conducted surveys from water administration departments, factories, farmers and other users.
We allocated the data over each 1 km grid cell in the basin. For water used in industry (Q4) and in animal
husbandry and fishery livestock production (Q3), the allocated amount for each grid was weighted by the
spatial distribution of gross domestic product (GDP) for the Heihe River Basin as:

Qn i; jð Þ5Qtot;n3
G i; jð ÞX

i;j

G i; jð Þ
; (18)

where Qn(i, j) (n53, 4) [L3] is the gridded water use for the industry and for the animal husbandry and fish-
ery livestock production; Qtot,n (n53, 4) [L3] is the corresponding water use over the whole basin, as
described by statistics of the WRB; and G(i, j) is the GDP over the grid (i, j). The water applied to residential
use (Q5), urban public use (Q6) and ecosystem construction (Q2) was allocated to each grid and weighted by
the population distribution of the basin, as described by equation (19):

Qn i; jð Þ5Qtot;n3
Npop i; jð ÞX

i;j

Npop i; jð Þ
; (19)

where Qn(i, j) (n52, 5, 6) [L3] is the gridded water applied to the ecosystem construction, the residential use
and the urban public use, Qtot,n (n52, 5, 6) [L3] is the corresponding water use over the whole basin, as
described by statistics of the WRB; and Npop(i, j) is the population over the grid (i, j). The GDP and population
data set was provided by the Data Center for Resources and Environmental Sciences, Chinese Academy of
Sciences (http://www.resdc.cn). After the spatial allocation, the water use in each grid was equally distrib-
uted to every time step (1800 s in this study) during daylight hours within each year. The water use percent-
age for groundwater (P) and wastewater ratio (a) in equations (13) and (14) were also obtained from the
Gansu WRB for the period 2003–2012 and set as constants during each simulation year over all grid cells.

Water applied in farmland irrigation (Q1) was treated differently from that used in other kinds of human
activities because water applied to irrigation accounts for approximately 80% of the total water use and
should be processed more carefully. Two additional data sources were used to process irrigation water use.
The first data set is the Global Map of Irrigation Areas (GMIA) version 5.0 [Siebert et al., 2005]; it uses a raster
format with a grid resolution of 50 (about 10 km at the Equator) to show the area equipped for irrigation in
each grid cell, as well as the area that is supplied by groundwater. The second data set is a model-
generated 10 year record (2003–2013) of the daily soil water stress index (ßt) for every grid cell of the Heihe
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River Basin. The soil water stress index represents the soil water stress for vegetation and crops. Its value
ranges from unity (when soil is wet) to near zero (when the soil is dry). ßt depends on the soil water poten-
tial of each soil layer, the root distribution, and a plant-dependent response to soil water stress [Oleson
et al., 2013]. In this study, the data set of ßt was generated in a CLM4.5 simulation that excluded human
activities. Then, for each simulation year from 2003 to 2013 (including human activities), we allocated the
annual irrigation water use for the whole Heihe River Basin (also offered by Gansu WRB) to every grid cell
and every time step weighted by the gridded irrigation area size (provided by GMIA5.0 data set) and the
temporal and spatial distribution of ßt, as described by equation (20):

Qirr i; j; tð Þ5Qtot;irr3
Airr i; jð ÞX

i;j

Airr i; jð Þ
3

12bt i; j; tð Þð ÞX
t

12bt i; j; tð Þð Þ
; (20)

in which Qirr(i, j, t) [L3] is the irrigation water use over grid (i, j) and time t, Qtot,irr [L3] is the irrigation
amount over the whole basin provided by statistics of the WRB, Airr(i, j) [L2] is the irrigated area size of
grid (i, j), and ßt(i, j, t) [unit-less] is the soil water stress index over grid (i, j) and time t. Based on the
equation (20), with the larger size of irrigation area and the higher soil water stress encountered by
crops in the grid cell, the greater amount of irrigation will be allocated to relieve the drought at this
moment. The groundwater irrigation ratio (P1) was also obtained from the area size equipped for

Figure 4. Annual spatial distribution of (a) human total water withdrawal, (b) surface water intake and (c) groundwater extraction, as well as the water use for (d) irrigation, (e) ecosystem
construction, (f) fishery and livestock production, (g) industry, (h) residential life, and (i) urban public use, averaged from 2003 to 2013.
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groundwater irrigation provide by the GMIA5.0 data set. The spatial and temporal distribution of
groundwater irrigation ratio was held constant.

Figure 4 shows the spatial distribution of human total water withdrawal, surface water intake, groundwater
extraction, and the water use amount for each human activity (averaged from 2003 to 2013). Nearly all of
the water-related activities are shown to occur in the middle reaches of Heihe River Basin and in Ejina,
located in the lower reaches.

By the data processing just illustrated, we derived the spatially and temporally varied data for anthropo-
genic water withdrawal and use suitable for CLM4.5 and input these data into our integrated model to
reproduce the processes of human water-related activities.

3.4. Validation Data Sources
We collected data from multiple sources such as observation wells, eddy covariance (EC) and automatic
weather station (AWS) systems, and remote sensing evapotranspiration measurements to validate the per-
formance of the new CLM_LTF model that we developed. The measured groundwater table depths were
from 81 observation wells in the middle and lower reaches of the Heihe River Basin and provided by the
Cold and Arid Regions Science Data Center at Lanzhou [Zhou et al., 2011]. The EC and AWS data were from
four observation stations (‘‘flux-net stations’’) located in the upper, middle and lower reaches of Heihe River
Basin. The locations of the four stations are shown in Figure 1. They are the Arou station in the upstream
reach with an underlying surface of arctic grass, the Bajitan Gobi desert station in the middle reach with an
underlying surface of gobi desert soil, the Daman station in the middle reach with an underlying surface of
irrigated corn, and Luodi station in the downstream with an underlying surface of bare ground. All stations
belong to the hydrometeorological observation network conducted by the Heihe Watershed Allied Teleme-
try Experimental Research program [Liu et al., 2011; Li et al., 2013]. The remote sensing evapotranspiration
data were extracted from the latest ETWatch model. ETWatch is a system for monitoring regional evapo-
transpiration developed by Wu et al. [2012] and Xiong et al. [2010]. This system retrieved actual evapotrans-
piration using multisource remote sensing data and multiple inversion algorithms such as in TSEB [Norman
et al., 1995; Anderson et al., 1997], SEBS [Su, 2002] and SEBAL [Bastiaanssen et al., 2005]. ETWatch has been
independently and intensively verified in various approaches over different fields and landscapes by third
parties [Wu et al., 2012]. We acknowledged that all the observations, especially the remote sensing, con-
tained a certain level of bias that introduced uncertainties to our tests. In the case that true values were
inaccessible, these validations may be seen reasonable and necessary.

3.5. Experimental Design
The model we developed described the schemes of human water regulation and the process of ground-
water lateral flow; we coupled this model to CLM4.5 and called the integrated model ‘‘CLM_LTF’’, the name
we use hereafter. To investigate the effects of human water withdrawal and use while considering ground-
water lateral flow and surface water confluence, three simulation scenarios were established. The first simu-
lation (CTL) using the original version of CLM4.5. The second simulation (LTF) considered only natural lateral
hydrological processes (groundwater lateral flow and surface water confluence). The third simulation
(LTF_HUM) considered both anthropogenic water regulation and natural lateral hydrological processes. All
three simulations were run at a resolution of 0.00838 (30 arc-seconds, or approximately 1 km at the Equator)
for both latitude and longitude over the Heihe River Basin and the time steps were all set to 1800 s. The sim-
ulation periods included years 2003 through 2013 and were based on the available data for human water
use provided by Gansu WRB. The atmosphere forcing data set for years 2003 through 2012 was obtained
from the Data Assimilation and Modeling Center for Tibetan Multi-spheres, Institute of Tibetan Plateau
Research, Chinese Academy of Sciences [Yang et al., 2010], and the forcing data set of 2013 was obtained
from the China Meteorological Administration Land Data Assimilation System developed by the National
Meteorological Information Center. The data set from the Institute of Tibetan Plateau Research has a resolu-
tion of 0.1 degree but is only available to 2012, while the data set from the China Meteorological Adminis-
tration Land Data Assimilation System has a higher resolution of 0.06258 but starts only from 2012. We
acknowledged that using two data sets of atmospheric forcing may have introduced extra uncertainties to
our results. However, since both data sets showed good performance in previous studies [Li et al., 2010; Liu
and Xie, 2013], it was reasonable to split the simulation period using the two different atmospheric forcing
data sets and thus overcome the time limitation of each data set. The LTF and CTL simulations were spun
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up for 600 years using each configuration (i.e., with and without lateral hydrological processes) before for-
mally running the simulations to make the groundwater table approximate an equilibrium state. The
LTF_HUM simulation shared the same initial condition with the LTF simulation at the beginning of 2003.

The effects of groundwater lateral flow were examined by mapping the differences of soil moisture, runoff,
temperature and heat fluxes between the LTF and CTL simulations. Similarly, the effects of human water
regulation were studied by mapping the differences of the groundwater table, soil moisture, runoff, river
and terrestrial water storage, temperature and heat fluxes between LTF_HUM and LTF simulations.

4. Results

4.1. Model Validation
Figures 5a–5d show the measured groundwater table depths from 81 observation wells and the simulation
results from CTL, LTF and LTF_HUM at the corresponding sites. Figure 5b shows that the water depths simu-
lated by CTL are much deeper than the observations in Figure 5a over most sites in the middle reaches of
the basin; however, Figures 5c and 5d show that these biases are significantly mitigated after groundwater
lateral flow is accounted for in the LTF and LTF_HUM simulations. These results occurred because most

Figure 5. Climatology groundwater table depths from (a) 81 observation wells in the middle and lower reaches of the Heihe River Basin,
and the simulation results at the corresponding sites from (b) CTL, (c) LTF, and (d) LTF_HUM.
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observation wells are located in plain regions where water (both surface water and groundwater) converge;
thus, groundwater tables are relatively shallow. Such a distribution of water cannot be reproduced by a
land model (such as the original CLM4.5 model used for the CTL simulation) that excludes explicit descrip-
tion of lateral hydrological processes.

Results from the LTF_HUM simulation were also compared with field measurements from EC and AWS sys-
tems (Figures 6 and 7). Figure 6 shows the simulated time series of daily sensible heat flux, latent heat flux,
ground temperature and surface soil moisture from the LTF_HUM simulation during 2013, compared with
daily measurements from the Arou, Gobi and Luodi fluxnet stations where human activities were not signifi-
cant. Because results from CTL, LTF and LTF_HUM were almost identical at the three sites, we only show the
comparisons between LTF_HUM and observations. To assist the analysis, precipitation from the atmospheric
forcing data and station measurements are also included in Figures 6a–6c. Note that the observations for
the Luodi station cover only the last six months of 2013 and measured precipitation and soil moisture are
unavailable. Figures 6d–6f show that the CLM_LTF model successfully simulated the observed seasonal vari-
ation of sensible heat flux at all the three sites, with only some overestimation in spring at the Arou station.
Figures 6g–6i show that the modeled latent heat fluxes accord well with observations at the Gobi and Luodi
stations; however, there are considerable positive errors in the simulation at the Arou station during the sec-
ond half of the year. Figures 6j–6l show that ground temperature is precisely captured by the CLM_LTF
model during the whole year at all stations. Figures 6m and 6n show that the CLM_LTF simulation underes-
timated the amplitudes of seasonal variation for soil moisture, but did accurately represent the timing of
the variations during the year; the underestimation of amplitude was not caused by errors of forcing precip-
itation (as shown in Figures 6a and 6b). Overall, our developed CLM_LTF model has the ability to reproduce
the observed water and heat fluxes and states, especially in the middle and lower reaches of the basin. The

Figure 6. Time series of daily (a–c) precipitation, (d–f) sensible heat flux, (g–i) latent heat flux, (j–l) ground temperature and (m–o) 2 cm soil moisture from the LTF_HUM simulation and
from observation. Observed data are from stations in (a, d, g, j, m) Arou, (b, e, h, k, n) Gobi, and (c, f, i, l, o) Luodi during 2013.
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acceptable simulation errors apparent at the Arou station indicate that there is potential to improve the
cold-region simulation in the model.

To show the improvement of CLM_LTF after accounting for human water regulation, we also compared our
results from LTF and LTF_HUM with measurements from Daman flux-net station over an irrigated corn field.
Figure 7 shows the simulated and measured time series of latent and sensible heat fluxes, ground tempera-
ture and surface soil moisture from September 2012 to December 2013. From Figures 7a and 7b, both the
simulated latent and sensible heat fluxes were significantly improved, especially in the growth season from
April to October, after the human irrigation scheme was incorporated. However, in the cold season, the bias
of simulated sensible heat flux from LTF_HUM was larger than from LTF, indicating that the winter crop
water consumption simulation in CLM still requires considerable improvement. From Figure 7c, although
the simulated ground temperature from both LTF and LTF_HUM matched well with the measurements,
improvements could be identified through the irrigated season after human activities were considered: the
values of LTF_HUM and observation were almost equivalent from May to October. From Figure 7d, the
simulated 2 cm soil moisture from LTF_HUM can be seen to be consistent with measurements, showing
that LTF_HUM performed much better than LTF in irrigated season from April to October. In winter, the
simulated soil moisture was higher than measurements, as was the case for the other three stations (Figures
6m –6o). The comparisons displayed in Figure 7 convincingly show the improvements of our model with
human activities, and point out the urgency to include winter crop simulation in CLM.

The CLM_LTF model simulation was also checked against remote sensing data. Figures 8a–8d show the cli-
matology spatial distribution of evapotranspiration from the CTL, LTF, and LTF_HUM simulations, as well as
measurements from remote sensing. As shown in Figure 8, all the CTL, LTF and LTF_HUM simulations cap-
tured the descending gradient of remote sensing evapotranspiration from north to south in the Heihe River
Basin, and that the magnitudes for simulated evapotranspiration are close to those of the remotely sensed

Figure 7. Time series of daily (a) latent heat flux, (b) sensible heat flux, (c) ground temperature, and (d) 2 cm soil moisture from the LTF,
LTF_HUM simulation and from measurements of Daman fluxnet station from 15 September 2012 to 31 December 2013.
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data. However, Figures 8a, 8b, and 8d show that the strong evapotranspiration indicated by remote sensing
in the middle reaches of the basin along the Heihe River was not accurately simulated in the CTL and LTF
run. In contrast, after human water-related activities are accounted for (in the LTF_HUM simulation), this
phenomenon was adequately represented, as Figure 8c shows. (Note that the mosaic effect in Figure 8c is
caused by the coarse resolution of GMIA5 data set used for calculating human water regulation.) The con-
trasting accuracy of evapotranspiration simulations in CTL, LTF and LTF_HUM scenarios occurred because
according to Figure 4, areas in the middle reaches of the basin are equipped with intensive farmland irriga-
tion, and the irrigated water would have significantly enhanced the evapotranspiration over cultivated land.
This comparison stresses the importance of including anthropogenic effects when studying the hydrologi-
cal cycle of regions having intensive human activities, and confidently validated the ability of the CLM_LTF
model to study the effects of human water withdrawal and use on land processes.

4.2. Effects of Groundwater Lateral Flow on Land Processes
We first isolated the effects of groundwater lateral flow before judging the influences of human activity.
The most important element impacted by groundwater lateral flow is the groundwater table. Figure 9
shows the climatologic groundwater table depth distribution of the Heihe River Basin produced by the CTL
and LTF simulations, as well as the spatial distribution of elevation, terrain slope, lateral hydraulic conductiv-
ity at 100 cm depth and the climatologic groundwater lateral flow magnitude in Figures 9a–9d, all of which
play key roles in the formation of the water table pattern. Figure 9e shows that the water table is relatively
uniform across the basin in the CTL simulation; this pattern mainly resulted from the water balance between
local precipitation and evapotranspiration and did not follow the topographic variation. When taking the

Figure 8. Spatial distribution of climatologic states for evapotranspiration from (a) CTL, (b) LTF, (c) LTF_HUM, and (d) a data set derived from remote sensing.
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groundwater lateral flow into consideration (in the LTF simulation), a groundwater table pattern was pre-
dicted that was influenced by both terrain elevation and slope (Figure 9f). Comparing Figure 9f with Figures
9a and 9b, in the upland region (the southern part of the basin) where hillslopes occupy the largest fraction
of the area [Pelletier et al., 2015], deep groundwater tables (deeper than 60 m) dominated. However, in the
valley bottoms of this high-altitude region (the most significant one is located on 998E and 398N as Figure
9b shows), local shallow groundwater tables (shallower than 15 m) also occurred. This is because, as equa-
tion (1) shows, the net water lateral recharge rate is highly dependent on the water head curvature r2hw .
Because the water head is the difference between elevation and water table depth, lateral recharge rate is
also dependent on the terrain curvature r2ht . Therefore, hillslope with a negative value of curvature

Figure 9. Spatial distribution of (a) elevation (b) terrain slope (c) lateral hydraulic conductivity at 100 cm depth, (d) groundwater lateral flow magnitude as well as climatologic ground-
water table depth distribution of the Heihe River Basin predicted by (e) CTL and (f) LTF simulations.
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(normal line is positive upward) often becomes a groundwater divergence area while the valley bottom
with a positive curvature becomes the groundwater convergence area (seen in Figure 9d). Although the
hillslopes of upland areas keep a relatively high water recharge from precipitation, the water table is still
very deep due to the terrain effects. In the lowland region (the northern part of the basin), from Figures
9b and 9f, the terrain can be seen to be flat and the groundwater table is generally shallow. This response
occurs because the terrain slope, which reflects the local sediment-bedrock profile, determines the thick-
ness of the unconfined aquifer and thus influences the groundwater transmissivity. Figure 9 and Figure 5
indicate that the groundwater lateral flow, driven by the topographic factors, can essentially change the

Figure 10. Differences of spatial patterns predicted by LTF and CTL simulations of climatologic (a) 100 cm soil moisture, (b) 2 cm soil moisture, (c) runoff, (d) ground temperature (e)
latent heat flux, and (f) sensible heat flux.
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spatial pattern of the groundwater table and must be accounted for when studying anthropogenic
groundwater exploitation. Moreover, after a groundwater lateral flow scheme was incorporated, the land
surface model showed the ability to capture the spatial variability of water table driven by the topo-
graphic and climate factors.

Figure 10a shows that the deep soil moisture is affected by groundwater lateral flow; furthermore, the
effects over approximately the whole basin pass the Student’s t test with a confidential level of 95%. Most
regions with a shallow groundwater table (shown in Figure 9f) are shown in Figure 10a as having wetted
deep soil and corresponding with the distribution of the river network (shown in Figure 1). Figure 10b indi-
cates that surface soil is also wetted in water confluence areas, but this effect is only obvious over the
upstream region where precipitous topography facilitates the groundwater lateral flow magnitude and its
effects. Figure 10c shows variations in surface runoff rate. Because the water table pattern simulated by
CLM was apparently changed after accounting for the lateral flow which followed the topographic factors,
there is a large area of the basin (Figure 10c) in which differences in runoff rates pass the significance test.
However, the magnitudes of runoff rate difference are much larger in the upstream region where runoff is
prominent. Responding to the varied hydrological elements just described, the ground temperature is also
modified (Figure 10d). Cooling effects appear on wetted areas, although the magnitudes are small and can-
not be detected by a significance test. Figures 10e and 10f show the distribution of changed latent heat
flux and sensible heat flux. The changes in heat flux accord with patterns shown in Figures 10a, 10b, and

Figure 11. Differences of spatial patterns predicted by LTF_HUM and LTF simulations of climatologic (a) groundwater table depth. (b) 100 cm soil moisture, (c) 2 cm soil moisture, (d) run-
off, (e) river storage, (f) terrestrial water storage, (g) ground temperature, (h) latent heat flux and (i) sensible heat flux.
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10d in which wetted (cooled) area is shown to have enhanced upward latent heat flux and weakened sensi-
ble heat flux. These changes in flux between the land and atmosphere indicate the possibility that regional
climate can be modified by groundwater lateral flow.

4.3. Effects of Human Water Withdrawal and Use on Land Processes
After examining the effects of groundwater lateral flow in isolation, we accentuated the effects of human
water regulation on hydrological stores and fluxes. Figure 11 shows the climatologic differences between
the LTF_HUM and LTF simulations, which can be seen as the long-term effects of human water withdrawal
and use. As Figure 11a shows, deepened groundwater table depths occurred in the middle reaches of the
Heihe River Basin and in Ejina of the lower reaches, patterns that corresponded with groundwater exploita-
tion (mapped in Figure 4c). Generally, the decadal groundwater extraction from 2003 to 2013 lowered the
groundwater table level by 0.5–2 m in most of the exploited area, and by more than 2 m in the exploitation
centers of Jiuquan and Jiayuguan City in the western basin and in Ejina of the lower reaches of the basin.
The decline in the water table indicates that anthropogenic groundwater extraction has created a deficit in
the budget of aquifer water, and that this water resource is unsustainable in regions having intensive
human activities.

Figures 11b and 11c show the change of deep and surface soil moisture, respectively, as the result of
human activity. A comparison of Figures 11b and 11c with Figure 4d shows that most wetted soil is induced
by farmland irrigation in the middle and upper reaches of the Heihe River Basin, and that the wetting effects
on deep soil are stronger than on surface soil. It should be stressed that increases in soil water content,
which can amount to as much as 0.1 m3 m23, are not insignificant, especially considering that the natural
content of soil moisture in the middle reaches of the basin is no more than 0.2 m3 m23. Figure 11d shows
the variation in runoff rate across the basin, a pattern that is very similar to that of industry water use shown
in Figure 4g because the added runoff mainly comes from the wastewater produced by human industrial
activity, fishery and livestock production, residential life and urban public water use. Among these uses,
industry consumes the most water and has the highest wastewater rate (approximate two-thirds of the
total) according to the WRB of Gansu Province. Most areas having intensive industrial water use have
gained runoff from wastewater of more than 30 mm per yr.

The river storage affected by human water management is shown in Figure 11e. The mainstream of the
middle and lower reaches of the Heihe River are shown to lose much water because of the severe human
surface water withdrawal along the river, as shown in Figure 4b. However, contrary to common sense, there
are some rivers in the western basin that gain water as the result of human activities. This occurs because,
as shown in Figures 4c and 4g, groundwater pumping is intensive in the region and much of it is used for
industrial activities that will discharge significant amounts of wastewater to the river. Although this water
transfer process can offset surface water deficits, it overdraws the aquifer water storage and makes the
groundwater resource unsustainable. The effect of this transfer is shown in Figure 11f, which illustrates that
the terrestrial water storage (river water storage is not included in this term) of the basin is significantly
decreased in areas experiencing severe groundwater exploitation. For many regions, the water deficiency
induced by 10 year human water intake can exceed 20 cm per unit area (nearly 130,000 tonnes for a single
model grid cell) compared with natural states. This imbalance stresses the necessity of improving current
water resource management for sustainable development.

Figure 11g shows the ground temperature response to the effect of human water management activity.
Most areas that have significant human water-related activities are shown to experience decreasing temper-
ature, and the cooling effects are more than 18C in many regions. This response is due to the wetter soil in
these areas, leading to stronger specific heat capacity of the ground and thus increasing the resistance to
temperature increases in summer. The water and energy flux changes are shown in Figures 11h and 11i.
Corresponding to the wetter surface soil and cooled ground temperature, the latent heat flux is enhanced
in most irrigated regions while the sensible heat flux is responsively reduced. All the variables shown in Fig-
ure 11 indicate that human water withdrawal from both surface and groundwater sources, and the water
used by each activity, can obviously change the processes of land and hydrology; most of the effects pass
the Student’s t test with a confidential level of 95%.

To examine the effects of anthropogenic water regulation more deeply, we plotted the inter-annual and
intra-annual variation of time series for key hydrological elements (groundwater table depth, river water
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storage, deep and surface soil moisture, and evapotranspiration) from the CTL, LTF and LTF_HUM simula-
tions (Figure 12). The groundwater table of CTL was not displayed because its values (approximately 12 m)
were much different from those predicted by LTF and LTF_HUM and would obscure the differences
between LTF and LTF_HUM values on the figure if displayed. The river water storage of CTL was also not dis-
played because the River Transport Model was not active in our CTL simulation. All values (except river
water storage) are averaged from model grid cells having groundwater pumping rates of more than
2000 m3 yr21; river water storage is averaged from all grid cells having surface streams. Figure 12a shows
that, in the decade from 2003 to 2013, the water table depth deepened linearly from 48 m to more than
49 m over groundwater exploited regions at a rate of approximately 0.1 m yr21; Figure 12b shows that this
effect occurred perennially during the year. Figures 12c and 12d show the inter-annual and intra-annual var-
iation of river water storage. Surprisingly, human surface water withdrawal did not significantly change the
river water storage, but this result occurred because, as in our CLM_LTF model, a considerable quantity of
water extracted from a river eventually returns to streams as infiltration excess runoff and saturation excess

Figure 12. The (a, c, e, g, i) inter-annual and (b, d, f, h, j) intra-annual variation of time series for (a, b) groundwater table depth and groundwater intake, (c, d) river water storage and sur-
face water intake, (e, f) deep soil moisture, (g, h) surface soil moisture and (i, j) evapotranspiration from CTL, LTF and LTF_HUM simulations.
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runoff induced by irrigation; some
water used by industry and daily life
also returns to rivers as wastewater.
Additionally, after application, some
pumped groundwater will also dis-
charge into a local stream to recharge
the river. All of these transfers can off-
set the stream water loses induced by
human surface water withdrawal and
make the apparent effects of the with-
drawals seem weak. However, as
shown in Figure 12d, a deficiency in
river water storage can be distin-
guished in the growing season.

The inter-annual and intra-annual time
series of 100 cm soil moisture are
shown in Figures 12e and 12f. After
accounting for the effects of irrigation,
the annual average soil moisture con-
tent is 0.02 m3 m23 larger than it
would be in a natural state, and this
deviation is approximately constant

throughout the year. Figures 12g and 12h show the corresponding surface soil moisture variation. Com-
pared with deep soil, the average annual surface soil moisture change is smaller, but it shows a seasonal
variation. In the growing season, the increase of surface soil moisture is approximately 0.02 m3 m23, while
in the nongrowing season this change is only approximately 0.01 m3 m23. As surface soil water increased,
evapotranspiration was responsively enhanced. Figures 12i and 12j show that the annual evapotranspira-
tion in areas with irrigation is nearly double the natural amount, and the increased amount occurs mainly
within the growing season. Besides, the differences between CTL and LTF predictions of 100 cm soil mois-
ture, 2 cm soil moisture and evapotranspiration were very small, indicating the effects of lateral flow on
land surface processes were much less significant than the human water regulation.

4.4. The Relationship Between Groundwater Exploitation and Water Lateral Flow
As emphasized previously, groundwater exploitation and water lateral flow are tightly connected. Intui-
tively, in regions with intensive groundwater pumping, the magnitude of groundwater lateral flow can play
a critical role in recharging the depression cone that develops in the groundwater table around wells and
offsetting the local water deficit. However, the relationship between groundwater withdrawal and groundwater lateral flow magnitude

needs to be quantified. Figure 13 shows the spatial distribution of recharged regions and discharging regions. A recharged region is an

area that receives water by groundwater lateral flow from neighboring grid cells, after accounting for human water-related activities. Simi-

larly, a discharging region is an area that loses water to replenish the groundwater deficit of neighboring grid cells. A comparison of Figure

13 with Figure 4c shows that most areas experiencing groundwater exploitation appear as recharged regions, indicating that the ground-

water lateral flow indeed mitigates the water deficit in these areas. In the middle reaches of the basin, discharging regions are generally

located on the northeast side of the recharged regions; in the lower reaches the discharging regions envelop the exploited area. These

results show that the offsetting process of groundwater lateral flow is highly dependent on topography, and the size of a discharging

region is not large.

To further explore the relationship between recharging groundwater lateral flow magnitude and ground-
water withdrawal, we plotted as a scatter diagram the change in magnitude of groundwater lateral flow
(i.e., the difference between LTF_HUM and LTF simulations) against the quantity of groundwater extraction
(Figure 14a). To accentuate the results, only grid cells in which groundwater exploitation exceeds 50,000 m3

yr21 are portrayed. In Figure 14a, the positive change of lateral flow magnitude for most of the exploited
grid cells indicates that the offsetting effect of groundwater lateral flow is widespread. However, the
strength of this effect seems to have no significant relationship with the magnitude of groundwater extrac-
tion. The relationship between the change of groundwater lateral flow magnitude and water table depth
(as the difference between LTF_HUM and LTF simulations) is also plotted in Figure 14b. As shown,

Figure 13. Spatial distributions of recharged regions and discharging regions.
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significant recharging effects appear only at grid cells in which water table depth deepened by more than
2 m in the decade. Yet the relationship between these two variables is still vague. Figure 14c shows the
change of groundwater lateral flow magnitude against the terrain slope for each grid cell. A relationship is
apparent in that flatter areas continue to be designated as recharged areas until the terrain slope exceeds
0.7 radian, where the recharged effects disappear. This relationship occurs because a precipitous region
usually has a thin aquifer, which implies low water transmissivity that impedes water recharging from
neighboring grid cells. In regions with slopes less than 0.3 radian, the offset rates of groundwater lateral
flow range from 0% to 40% (Figure 14d). Thus, a flat terrain is the necessary condition for groundwater lat-
eral flow to achieve a high offset rate for groundwater exploitation.

4.5. Application of the Relationship Between Offset Rate and Terrain Slope to Water Management
Based on the findings described in sections 4.1–4.4, one can assume that if groundwater were extracted
from a plain rather than a mountainous area, the offset rate would be higher and the depletion cone would
be mitigated. This finding might be applied in human water management. To check this hypothesis, we
additionally conducted another simulation called LTF_HUM2. The model configuration of LTF_HUM2 was
the same as LTF_HUM, except that the groundwater was no longer extracted from the local place where it
was applied. Instead, for a target grid cell with groundwater consumption, the needed groundwater

Figure 14. Scatter diagram of the change of groundwater lateral flow magnitude (as differences between LTF_HUM and LTF simulations)
against the (a) quantity of groundwater extraction, (b) change of climatologic groundwater table depth, (c) terrain slope, and (d) the offset
rate against the terrain slope.
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resource was obtained from the neighboring grid cell with the lowest terrain slope (or in the special case
that slopes of the eight neighboring grid cells were all higher than the target cell, the water demand was
fed by local aquifer as in the LTF_HUM). The results are shown in Figure 15 (corresponding to Figure 14).
Comparing Figure 15 with Figure 14, under the new groundwater pumping scheme, the magnitudes of
recharging lateral flow were significantly increased. In many pumped regions, the recharging lateral flow
magnitude in LTF_HUM2 exceeded 20,000 m3 yr21 and could be as much as 80,000 m3 yr21, while in
LTF_HUM it almost impossible to exceed the value of 20,000 m3 yr21. The offset rates were also significantly
improved. Comparing Figure 15d with Figure 14d, under the new groundwater exploitation scheme, the off-
set rate in many grids was higher than 40% and could be as high as 80%, contrasted with that in LTF_HUM,
which did not exceed 40%.

The improvement of the LTF_HUM2 simulation was also judged using the bar charts of Figure 16, which
shows that more than 20% of the exploited grids kept a relatively high offset rates (greater than 20%), in
contrast to only 1% in LTF_HUM. However, Figure 16 shows that there are still almost 50% of exploited grids
having offset rates that were very low (lower than 5%), even under the improved extraction scheme. This
indicates that the groundwater withdrawal scheme can be further optimized to achieve a higher offset rate
and mitigate groundwater depletion cones. The discussions above are not restricted in this case study, and

Figure 15. Scatter diagram of the change of groundwater lateral flow magnitude (as differences between LTF_HUM2 and LTF simulations)
against the (a) quantity of groundwater extraction, (b) change of climatologic groundwater table depth, (c) terrain slope, and (d) the offset
rate against the terrain slope.
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the relationship between offset rate and terrain slope can be used as a reference for local water
management.

5. Conclusions and Discussion

In this study, we developed schemes to describe groundwater lateral flow and human water withdrawal and
use, and incorporated these into CLM4.5. We used the resulting coupled model (CLM_LTF) to study the effects
of anthropogenic water regulation and groundwater lateral flow on land processes. Multiple data sources
about human water intake and use were collected and combined as input into the CLM_LTF model. Three
simulations (CTL, LTF and LTF_HUM) were set up for the years 2003 through 2013 to describe water-related
processes in the Heihe River Basin. The CLM_LTF model was suitably validated by comparing simulation
results to observed data from wells, EC and AWS systems as well as to data derived from remote sensing.

The main conclusions of the study are as follows. First, groundwater lateral flow can essentially change the
groundwater table pattern, with the deeper water table appearing in the hillslope regions and shallower
water table appearing in valley bottom and plain regions. Along with water table changes, groundwater lat-
eral flow resulted in wetted soil in water convergence areas; the wetted soil enhanced evapotranspiration
and cooled the ground temperature. Second, over the last decade, groundwater exploitation deepened the
water table by approximately 2 m in a large area of the middle reaches of the Heihe River Basin and rapidly
reduced the terrestrial water storage. Irrigation (both surface water and groundwater) increased both deep
and surface soil moisture by approximately 0.1 m3 m23, and the wastewater produced by industrial water
use increased gridded runoff generation by more than 30 mm per yr in the middle and lower reaches of
the basin. The mainstream of the Heihe River lost water storage due to human surface water withdrawal,
but the rivers in the western basin gained water as a result of human groundwater use (and the subsequent
discharge of wastewater and other surface transfers of water). The land surface cooled by 1–28C, and the
latent heat flux increased by approximately 30 W m22 in irrigated areas of the middle reaches of the Heihe
River (while sensible heat flux decreased by an equivalent amount). Third, when averaged over all
groundwater-exploited areas of the Heihe River Basin, groundwater table depth deepened linearly at an
average rate of 0.1 m yr21 from 2003 to 2013; however, river water storage was affected less because of the
return of previously used water. The moisture content of 100 cm soil increased by approximately 0.02 m3

m23 and this change was constant throughout a year. Although the surface soil moisture content also
increased (by approximately 0.02 m3 m23) this magnitude of change occurred in the growing season due
to farmland irrigation; surface soil moisture content increased by only 0.01 m3 m23 in the dry season. Evap-
otranspiration increased by 25 mm yr21 in the irrigation season due to the wetter soil. Fourth, the depres-
sion cone in the groundwater table around wells that is caused by over-exploitation can be partly offset by
water recharging from neighboring grid cells, with an offset rate from 0% to 40%. The offset rate can be
high in regions with flat terrains and almost nil in mountainous areas. A simple improved groundwater
exploitation scheme based on the relationship above can significantly mitigate the groundwater depletion
cones, and this technique can be used as a reference to local water management.

Figure 16. The percentage of the groundwater-exploited grids (groundwater withdrawal rate higher than 5,000 m3 yr21) whose offset
rates fall into the prescribed intervals.
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The study demonstrates the effects of anthropogenic water regulation on land processes while accounting
for the influences of lateral water flow. However, some assumptions and limitations in the research should
be noted. Besides the uncertainties inherent within the CLM4.5 model and the atmospheric forcing data
[Bonan et al., 2011, 2013; Mao et al., 2012; Wang et al., 2013], the schemes describing groundwater lateral
flow and human water withdrawal and use that we developed and incorporated into CLM4.5 are highly sim-
plified representations of complex processes. Groundwater lateral flow is a complex fluid-motion process
that occurs underground and is based on the intricate structure of the soil-bedrock profile; the process can
hardly be expressed precisely. Moreover, our parameter estimation methods were very simple compared
with De Graaf et al. [2015] that applied available regional-scale groundwater information and an optimiza-
tion method to estimate the transmissivity and aquifer thickness. All the shortcomings above introduced
uncertainties into our results. However, the agreement of our simulation results with observations (as
shown in section 4.1) and with the results from other studies [Fan et al., 2007, Xie and Yuan, 2010; Maxwell
et al., 2015] using similar schemes and resolution give ample confidence that the integrated CLM_LTF
model is reasonable for reproducing real groundwater table patterns. The human water regulation scheme
and the input data for water management also produce some uncertainties. However, since both the
scheme and the data used for its evaluation are based on the WRB of Gansu Province, which is an authorita-
tive government agency. Thus, using the current scheme and data are reasonable and expedient.

Some future works related to this study are needed. To improve the simulation of groundwater lateral flow,
a more complex scheme with detailed information that describes the subsurface condition for comprehen-
sive parameterization is needed. Systematic tests for groundwater movement simulation using different
sets of grid size are also necessary to optimize the resolution that can precisely represent reality while mini-
mizing computation resources. To better represent human water regulation, on one hand the scheme and
data involved in anthropogenic water withdrawal and use should be continually developed; on the other
hand, a specific spatial distribution, parameters, and irrigation amount related to the crop over the basin is
urgently required to be put into the crop model of CLM [Levis et al., 2012] to accurately simulate the water
budget of farmland under irrigation. Furthermore, testing and running our CLM_LTF model over other typi-
cal regions or even on a global scale is anticipated, and a land-atmosphere coupling simulation that can
incorporate the feedback of atmospheric changes induced by human water regulation is also desired.

References
Alcamo, J., P. D€oll, T. Henrichs, F. Kaspar, B. Lehner, T. R€osch, and S. Siebert (2003), Development and testing of the WaterGAP 2 global

model of water use and availability, Hydrol. Sci. J., 48(3), 317–337.
Anderson, M., J. Norman, G. Diak, W. Kustas, and J. Mecikalski (1997), A two-source time-integrated model for estimating surface fluxes

using thermal infrared remote sensing, Remote Sens. Environ., 60(2), 195–216.
Bastiaanssen, W., E. Noordman, H. Pelgrum, G. Davids, and R. Allen (2005), SEBAL for spatially distributed ET under actual management and

growing conditions, J. Irrig. Drain. Eng., 131(1), 85–93.
Bear, J. (1972), Dynamics of Fluids in Porous Media, pp. 361–373, American Elsevier, N. Y.
Beven, K., and M. Kirkby (1979), A physically based, variable contributing area model of basin hydrology/Un modèle �a base physique de
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