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Abstract Groundwater sustains food production and ecosystem health in drylands. Groundwater
influences the interlinked hydrological processes and ecological state; however, the function of
groundwater in the ecohydrological system is yet to be quantified clearly. In this study, we assess the role of
groundwater in the ecohydrological system of the Heihe River Basin, using a regional-scale integrated model
with multiple independent databases. Our results show that first, in over 40% of mid-lower plain, the
groundwater table is less than 10 m deep, and both recharge and evaporation of groundwater dominate
seasonal water budget variations; recharge is more affected by land use than groundwater evaporation, and
it has a higher variability ranging over 2 orders of magnitude within vegetated land use type. Second,
mountain block recharge maintains the piedmont groundwater; the upper mountainous partition between
baseflow and mountain block recharge impacts the evaporation and two-way exchange between
groundwater and stream/lake in the downstream alluvial plain. Third, the groundwater system stores over
50% of streamflow in the dry season and about 10% in the wet season along leakage segments; groundwater
dominates the streams by contributing about 40% of streamflow in the dry season along the seepage
segments of the middle alluvial plain. Fourth, shallow groundwater sustains a vibrant ecosystem directly by
providing a stable source of water for vegetation and indirectly by buffering lateral groundwater flow. Our
study not only bridges the quantification gap for regional studies of drylands but also provides suggestions
on water management and future water sustainability and food security.

1. Introduction

Groundwater is critical for regulating the hydrological cycle and ecosystem water budget components in the
natural system and sustaining the food production and drinking water needs for humans. Interpreting the role
of groundwater in the ecohydrological systems will increase our understanding of the terrestrial water cycle
and will also fill the knowledge gap of how climate changes, as identified in the fourth Intergovernmental
Panel on Climate Change report, will impact ecohydrological systems (Change, 2007). However, it is extremely
difficult to quantify the role of groundwater in a large-scale ecohydrological system. The first challenge is the
discrepancy among various-scale data sets and models; typical groundwater models focus on aquifers, while
the community ecology focus is mainly on a local scale (Griebler et al., 2014). The second challenge is how to
separate the contribution of groundwater from confounding processes, such as quantifying the groundwater
discharge to streams (Yao et al., 2015) and separating the contribution of groundwater from other sources to
the evapotranspiration (ET) flux (Karimov et al., 2014). This study focuses on a dryland ecological system. In a
typical dryland ecosystem, there is an upland mountainous area that provides a major source of water for
downstream area through streamflow and mountain block recharge (MBR), a middle section with oases in
which agricultural irrigation centers and stream and groundwater closely interacts, and a lower stream section
in which streamflow is the only source of water for maintaining fragmented desert vegetation.

The functions of groundwater in the hydrological cycle include storing the meteoric inflow from precipita-
tion, organizing the soil moisture and buffering climate fluctuations, partitioning the surface flow and lateral
groundwater in the mountainous sources areas, and regulating the exchange flux with streams in the oasis
plain with shallow water table (Miguez-Macho & Fan, 2012a, 2012b; Pokhrel et al., 2013). In terms of ground-
water recharge (GWR), which refers to the net infiltration reaching to the aquifers, studies show that the ratio
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between recharge and precipitation (i.e., also called infiltration factor) varies over a large range between 0.03
to 0.42 in arid and semiarid mountainous basins (Ball et al., 2014). Under long-term average precipitation con-
ditions, this ratio is estimated to range between 0.001 and 0.005 across a large dryland (Scanlon et al., 2006).
The GWR in irrigated areas is about 5 to100 times as much as in natural areas (Scanlon et al., 2005). This indi-
cates that GWR is regulated not only by terrain but also by climate variability in time scale and land use/cover
in spatial scale (Scanlon et al., 2006; Taylor et al., 2012). As opposed to the direction of water movement from
precipitation to water table during the wet seasons, an upward groundwater flux for ET sustains vegetation in
the dry season (Miguez-Macho & Fan, 2012b). Studies have estimated that about 10% of the water evapotran-
spired is directly contributed by groundwater, and this value can be up to 20–30% during the dry seasons
(Lam et al., 2011; Yeh & Famiglietti, 2009). For drylands with high ratio of ET to precipitation, there is a need
to evaluate groundwater’s spatiotemporal contribution to ET.

Groundwater systems regulate the partitioning between baseflow and MBR in the upper-stream mountai-
nous area and control the interaction with surface water in the alluvial plains. About 5% to 35% of recharge
becomes MBR (Gleeson & Manning, 2008; Wilson & Guan, 2004; Yao, Zheng, Andrews, et al., 2017), which
influences the hydrological processes of downstream alluvial plain by directly regulating streamflow and
the level of the groundwater table. This regulation influences the other indirect hydrological processes such
as ET, stream leakage, and groundwater discharge to surface water. Nevertheless, the extent to which upper-
stream mountainous groundwater affects the middle and lower alluvial plain remains unclear. Meanwhile,
since the groundwater system of the alluvial plain is closely linked with the stream network, they interact with
each other through two-way exchange fluxes that vary seasonally (Miguez-Macho & Fan, 2012a). Even
though advanced field experiments, such as distributed temperature sensing (Yao et al., 2015) and infrared
remote sensing (Liu et al., 2016), provide insights for quantifying spatiotemporal interaction, the seasonal
variability and hydrological pathways are not well understood in drylands.

Groundwater sustains ecosystems of drylands, which are very susceptible to change if water budget compo-
nents are altered, directly by providing a source of water for vegetative uptake and subsequent ET. Indirectly,
groundwater systems also buffer the precipitation and streamflow to maintain soil moisture for ET (Koirala
et al., 2017; Tamea et al., 2009; Yao, Zheng, Tian, et al., 2017). Even though a groundwater-dependent ecosys-
tem (GDE) is defined as a “natural ecosystem that requires access to groundwater to meet all or some of their
water requirement on a permanent or intermittent basis, so as to maintain their communities of plants and
ecosystem services“ (Richardson et al., 2011), it is not easy to identify the relationship between groundwater
and vegetation andmap the GDE zones because the groundwater-vegetation interactions on large scales are
difficult to quantify, particularly in desert plain with sparse vegetation. There are two major approaches for
identifying the dependency of vegetation on groundwater. One approach is to employ an ecohydrological
model. This type of model couples plant growth with the dynamic water movement between groundwater
and the plant’s roots, to quantify the groundwater dependence of a specific type of plant (Chui et al., 2011; Li,
Zheng, et al., 2017). However, large-scale GDE zones are difficult to map by applying these ecohydrological
models. Remote sensing products, such as leaf area index, normalized difference vegetation index, and gross
primary productivity, are suitable to map GDE zones over a large scale (Doody et al., 2017; Koirala et al., 2017;
Pérez Hoyos et al., 2016). Nevertheless, reliable diagnostic criteria must be designed for identifying the
groundwater-vegetation interactions, which accommodate for the difference in time between the phenolo-
gical (e.g., season of growth) and hydrological maximum (e.g., seasonal variation in the level of the water
table or streamflow).

Therefore, we focus on the four following scientific gaps in this study: (1) the extent to which groundwater
responds to precipitation and contributes to ET, (2) how groundwater system in the upper basin mountai-
nous area influences hydrological processes in the downstream alluvial plain, (3) how groundwater regulates
seasonal and annual cycle in streamflow, and (4) to what relevance and extent does groundwater sustains the
vegetated ecosystem. We use the Heihe River Basin (HRB), the second largest endorheic river basin in China,
as a typical basin in which to explore the role of groundwater in an ecohydrological system. As a water con-
flict exists between the middle stream agricultural system and the lower stream desert system, an integrated
research strategy of water-ecosystem-economy was proposed and related studies on observations and mod-
elings were conducted in the HRB (Cheng et al., 2014). The multiscale data sets, which are observed based on
a hierarchically nested sensor network, were obtained to support deepening the understanding for complex
eco-hydrological processes (Li, Liu, et al., 2017). The critical components in the water budget on the basin-
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scale, along river segments and vertical irrigation system, have been quantified, respectively, by
intervalidation between observed multiple data sets and model simulations (Li, Cheng, Ge, et al., 2018;
Tian, Zheng, Zheng et al., 2015). These improvements provide an excellent research basis for unveiling the
mechanism in our questions within the subsurface groundwater system. To address the scientific gaps, a
well-calibrated regional-scale integrated model was employed to derive the spatiotemporal hydrological
variables including water table depth, GWR, ET, and exchange flow with streams. A mountainous
groundwater model was combined to test the sensitivity of hydrological variables of the mid-lower alluvial
plain to the upstream mountainous groundwater system. Multiple independent databases of remote
sensing products were used to identify correlation between groundwater and vegetation. The results of
this study provide new general insights for water management of drylands globally.

2. Methodology
2.1. Background of Study Area

The HRB is located in the northwestern China, with a range between 97°E–102°E and 37°N–43°N (Figure 1).
The basin stretches from the Qilian Mountains at the northern margin of the Tibetan Plateau, across the

Figure 1. Study area: Heihe River Basin.
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middle stream oases, to terminal lakes in the Gobi desert just south of the Mongolian border. The elevation
varies from over 5,600 m above mean sea level in the upstream mountains to less 900 m around the lower
stream terminal lakes, covering a total area of about 143 × 103 km2. The Gobi desert and mountainous
terrain occupies about 58% and 33% of the total area, respectively, while the oases occupy less than 9%
(Yao, Zheng, Liu, et al., 2014). The annual precipitation is up to 750 mm in the upstream mountainous
areas but decreases to less than 50 mm in the lower desert plain (R. Ding et al., 2009). High ET with a rate
over 500 mm/year occurs in the oasis areas along the streams, while the ET rate is between 20 and
100 mm/year in the Gobi desert areas (Tian, Zheng, Zheng, et al., 2015). The rivers originating in the Qilian
Mountains are the main water resources maintaining the agriculture of the middle oasis plain and the
fragile ecosystem of the lower stream desert plain.

The HRB consists of two major groundwater systems: upstream mountainous and mid-lower stream ground-
water systems. A hydrological and ecological integrated watershed-scale model (referred to as IMHRB) was
developed for the mid-lower stream groundwater system, with a model domain of 90,589 km3, to simulate
dynamic ecohydrological processes and evaluate regional-scale water budget (Tian, Zheng, Zheng, et al.,
2015; Yao, Zheng, Liu, et al., 2014). Since the baseflow and MBR from the Qilian Mountains are the main
sources of water inflow to the mid-lower alluvial plain, a 3-D numerical model of the mountainous ground-
water system (i.e., hereinafter referred as QMGM), with a model domain of 23,728 km3, was developed to
quantify the partitioning between baseflow and MBR (Yao, Zheng, Andrews, et al., 2017).

2.2. Structure of Integrated Model

The hydrological and ecological integrated model of mid-lower stream plain (IMHRB) was developed based
on GSFLOW (coupled groundwater and surface water flowmodel; Markstrom et al., 2008). The schematic dia-
gram of IMHRB is shown on Figure 2. The IMHRB includes five fundamental hydrological components, which
couple land-surface flow processes (bounded by yellow region on Figure 2) and subsurface flow processes
(red region on Figure 2): atmosphere, soil zone, streams and lakes, unsaturated zone, and groundwater sys-
tem. Simulation of land-surface flow focuses on evaluating the effects of climate and land use condition on
water flows from atmosphere to soil zone, which consists of soil water relations, streamflow regimes, and
GWR based on the PRMS (precipitation-runoff modeling system) model (Markstrom et al., 2015). The atmo-
spheric component represents all climate drivers including precipitation, air temperature, and solar

Figure 2. Schematic diagram of IMHRB.
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radiation, all of which are used to compute infiltration, and ET. Precipitation intercepted by the plant canopy
is considered, and the nonintercepted part is also regarded as part of snowpack, which is then infiltrated to
soil zone when snow melting or accumulation depending on water-energy calculation. In this model, the soil
zone is conceptualized as extending from the land surface to the base of the average rooting depth of the
dominant vegetative type covering the soil surface, while the unsaturated zone extends from bottom of
the soil zone to the saturated zone. The flow in the soil zone is determined by different water content thresh-
olds (i.e., wilting threshold, field-capacity threshold, and preferential-flow threshold). The soil zone connects
with streams and lakes via surface runoff and interflow.

Simulation of subsurface flow processes are used to characterize the vertical flow in the unsaturated zone,
and the 3-D steady or transient flow in the aquifer system and flow to and from streams and lakes.
Groundwater flow is simulated with MODFLOW-2005 (Harbaugh, 2005). The groundwater-regulated hydro-
logical processes in this coupled model include (1) calculating recharge from precipitation to the saturated
zone through soil and unsaturated zone using water-energy balance and kinematic wave method; (2) rout-
ing of surface water flows in a stream network through setting properties of stream channel and
streambed, and calculating dynamic two-way exchange flux between aquifers and streams and lakes using
water budget and Manning’s equation; (3) calculating discharge from saturated to soil zone, which
regulates the soil moisture and affects the ET of soil zone, and routing groundwater discharge to streams;
and (4) calculating direct ET from saturated zone to atmosphere. The ET flux from the subsurface is
simulated with the PRMS Soil Zone Module. However, where soils are thin and the root depth extends
beneath the soil-zone base, ET is not satisfied by storage in the soil zone. In such a case, ET flux occurs
from the unsaturated zone and the saturated zone, and the ET deficit is used to calculate transpiration from
the unsaturated and saturated zones. The groundwater-related functions of IMHRB, which we briefly
highlight here, are employed to investigate the role of unsaturated zone and the aquifer in the
hydrological processes.

IMHRB has uniform regular grids for both the surface and subsurface domain and uses daily meteorological
data and water use data (i.e., diversion, pumping, and irrigation) as the main forcing functions. This enables
the model to explicitly and flexibly simulate agricultural water use activities (i.e., surface water diversion,
groundwater pumping, and irrigation). Multiple data sets were used to calibrate this model, including long
time series of observed groundwater levels as well as streamflow and independent data set derived from
remote sensing products including ET and leaf area index. More details about forcing data, model para-
meters, and calibrations can be found in related published references (Tian, Zheng, Wu, et al., 2015; Tian,
Zheng, Zheng et al., 2015; Yao, Zheng, Liu, et al., 2014).

2.3. Sensitivity of Hydrological Variables

The Qilian Mountains groundwater model (QMGM) was calibrated using stream baseflow estimates,
which were computed from observed streamflow at seven hydrological gauging stations of upstream
outlets (Yao, Zheng, Andrews, et al., 2017). To explore the extent to which the partitioning of recharge
in the upper mountainous areas between baseflow and MBR affects hydrological processes in the mid-
lower-stream plain, we linked QMGM with IMHRB. The baseflow and MBR from the Qilian Mountains,
the upper portion of the HRB, were computed by the QMGM under a series of scenarios that resulted
in various partitions of recharge between baseflow and MBR. The simulated MBR based on QMGM is
the lateral groundwater inflow directly assigned to the flow boundary of IMHRB. The simulated baseflow
from QMGM was added to the first segment downstream from the mountains where the Heihe flows into
the mid-stream alluvial plain. The annually averaged partition (i.e., baseflow and MBR account for 65%
and 35% of GWR, respectively) was defined as the baseline condition. The calculated hydrological vari-
ables include total ET (i.e., the actual evapotranspirated flux we used in this study), surface seepage from
groundwater, stream leakage to groundwater (SLG), groundwater seepage to stream (GSS), and lake leak-
age to groundwater.

GWR and depth-dependent hydraulic conductivity (K) determine the absolute volume and relative partition-
ing between baseflow and MBR (Yao, Zheng, Andrews, et al., 2017). The depth-dependent hydraulic conduc-
tivity is represented by a general exponential decay model (Gleeson & Manning, 2008; Jiang et al., 2009; Yao,
Zheng, Andrews, et al., 2017):
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logKz ¼ logK0 � Az (1)

where Kz (m/s) and K0 are the K at depth of z (m) and at the groundwater surface, respectively, and A is the
decay exponent (m�1).

The ratio between recharge and precipitation (GWR/P) and the decay exponent (A) of vertical hydraulic con-
ductivity were used as a driver to detect the response of hydrological variables in the mid-lower plain. Under
baseline condition, we increased GWR/P and A by 0.1 and 0.01, respectively, in the QMGM to calculate the
corresponding change in baseflow and MBR, and linked the response to IMHRB. The response of each hydro-
logical process was identified through a comparison between the baseline and changed model results. An
elasticity index (EI), a dimensionless expression of sensitivity, was applied in this study to evaluate the relative
change among hydrological variables with different orders of magnitude (Loucks et al., 2005; Yao, Zheng,
Andrews, et al., 2017).

2.4. Identification of Groundwater-Vegetation Relationship

The depth to the water table (hereafter using DWT as groundwater table depth) determines if groundwater is
a source of water to vegetation during the growing season. Therefore, a direct correlation relationship
between DWT and net primary productivity (NPP) was evaluated for each phenological season based on
the method proposed by Koirala et al. (2017). The DWT, at 1 km spatial and daily temporal resolutions, was
generated from IMHRB. The NPP data between 2000 and 2006, with 1 km spatial and 10-day temporal resolu-
tions, were obtained from West Data Center (http://westdc.westgis.ac.cn/). The phenological stages were
defined by the magnitude of NPP in each climatological season. The seasons are defined as December to
February, March to May, June to August, and September to November (Koirala et al., 2017). Through the cli-
matological seasonal mean NPP, themonth withmaximumNPPwas identified as maximum stage (maximum
productivity). Through the change in NPP within each season (i.e., the change in seasonal NPP is calculated as
the end-month NPP minus start-month NPP), the season with maximum positive change in NPP was identi-
fied as the greening stage. The correlation coefficient (r) between DWT (X) and NPP (Y) during the identified
green stage was calculated for each model grid for n pairs using the following formula:

r ¼
∑
n

i¼1
Xi � X
� �

Yi � Y
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i¼1
Xi � X
� �2r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑
n

i¼1
Yi � Y
� �2r (2)

3. Results
3.1. Groundwater Recharge and Evapotranspiration

The simulated spatial pattern of GWR, variability of infiltration to the soil zone, and saturated zone for the nat-
ural and anthropogenic land use groups in the Heihe basin are shown on Figure 3. The natural land use group
includes bareland, forested, Gobi Desert, and grasslands. The anthropogenic land use group includes culti-
vated and urban lands. The GWR represents the water infiltrating to the water table, and the soil infiltration
(Soilin) represents the water infiltrating below the land surface. The sources of water consist of areal recharge
from precipitation, irrigation return flow, and seepage from streams, lakes, and wetlands.

In the middle oasis plain, with major cultivated and urban areas, the annual averaged GWR ranges from 5mm
to over 600 mm. Across the area of low-lying mountains, which separates middle-stream and lower-stream
plain, the GWR is less than 1 mm/year due to low precipitation. Within the Badain Jaran Desert, the scattered
lakes recharge the underlying aquifers at a rate of 6–20mm/year. The GWR in the lower-stream plain is mainly
from stream leakage and irrigation in the cultivated areas with a range between 1 and 50 mm/year.

As shown on Figure 3b, there is significant spatial variability in the GWR in the forested, cultivated, and urban
areas, whereas the GWR in the bareland and Gobi Desert is relatively uniform. The ratio between soil infiltra-
tion and precipitation (Soilin/P) indicates the water supply contribution of precipitation to soil zone, and the
ratio of GWR and precipitation (GWR/P) indicates the water supply contribution of precipitation to the satu-
rated zone. For the vast areas of bareland and Gobi Desert, about 87% of precipitation on average infiltrates
to the soil zone, but less than 1% reaches the groundwater table. Mean infiltration in the forested areas
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exceeds precipitation by a factor of more than 2, and about 12% of precipitation reaches the groundwater
table, which is significantly higher than that for other natural land use type. The high infiltration rate is the
result of infiltration from the small tributaries in the forested areas that originate in the upper basin
mountains. For cultivated lands, mean infiltration exceeds precipitation by more than a factor of 3 and
over 56% of precipitation infiltrates to the water table due to infiltration of applied irrigation water.
Infiltration from wetlands greatly contributes to the GWR in urban areas.

The distribution of the ET rate from groundwater (GWET), that is the flux directly evapotranspirated from the
water table, and its variability under different land use types are presented in Figure 4. As shown in Figure 4a,
the areas with GWET are located in the middle cultivated land, lower cultivated land, and alluvial plain edge
with a broad range between 5 and 150 mm/year. In the areas where the groundwater is shallow (<1 m deep)
or where the water table intersects streams and lakes, the GWET is over 300 mm/year. The averaged GWR
represents high variability among different land use types, while the averaged GWET for five land use types
keeps the same magnitude (below 10 mm/year) except for forest (Figure 4b). However, the total actual ET
(AET) (i.e., the actual total evapotranspirated flux from both land-surface and subsurface part) extracted from
simulated results shows that the land use greatly affects AET. This is reflected in the observation that the aver-
aged value of AET in the anthropogenic land use group is significantly greater than that in the natural group.
For the same group, the AET in vegetated land (forest and grass lands) is greater than bare land. The contri-
bution of groundwater to AET is represented using a ratio between GWET and AET as shown in Figure 4d.
Except for the forest land where groundwater contributes 8.7% on average to AET, the percentage in other
land use types is below 3%, but for all there is a high variability in the ratio between GWET and AET.

The pattern of annually averaged depth to groundwater table (DWT) in the HRB is shown on Figure 5a. The
areas where groundwater is shallower than 2 m cover about 11% of the middle and lower plain. A shallow
water table exists mainly along the streams and the edges of the alluvial plain. The areas in which DWT is less
than 10 m account for 41% of total model domain. The groundwater table is over 100 m deep, which
accounts for 27% of total model areas, in much of the low-lying mountainous and desert areas.

Figure 3. Distribution of (a) annual averaged GWR, variability (boxplot) of annual averaged (b) GWR, (c) Soilin/P, and (d) GWR/P under the natural (in blue) and
anthropogenic land use types (in green), respectively. The transparent zone represents the area where the annual averaged GWR is below 1 mm/year. The red
square in the boxplot represents the mean value of each data set marked with number above it.
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The middle and lower alluvial plain has four subbasins: Zhangye and Jiuquan in the middle alluvial plain and
Jinta and Ejina in the lower alluvial plain. These subbasins are defined by geological structures (Yao, Zheng,
Tian, et al., 2014). Since the climate regime, topography, and geological setting are much differences
between the middle and lower plain, we analyzed the annual and seasonal DWT, GWR, and GWET in the
Zhangye and Ejina basins, respectively, to illustrate the differences. In the Zhangye subbasin, where averaged
DWT is less 2 m (Figure 5b), themaximum annual mean GWRwas over 500mm in 2010. The peak GWR occurs
in August with a mean monthly GWR of over 50 mm. The annual maximummean GWET was about 67 mm in
2005 with a peak mean monthly GWET in June of 9 mm. The highest water table elevations occur in March
and the minimum water table elevations occur in July.

In the areas of Zhangye subbasin where DWT ranges between 2 and 5 m (Figure 5c), the annual and seasonal
patterns of GWR are similar to that in areas where depth to water table is less than 2m but magnitude of GWR
is much smaller: 164 mm/year and 17 mm/month for maximum annual and seasonal, respectively. The
annual pattern of GWET for the areas with DWT between 2 and 5 m is different from the areas with DWT less
than 2 m (Figure 5b), reflecting that the maximum annual GWET changes to the year of 2011 with a value of
32 mm/year. The seasonal cycle is similar to Figure 5b in which the peak season occurs at June but the max-
imum monthly GWET is only 3.4 mm. The annual variation of DWT in areas with depth between 2 and 5 m is
between 3.7 and 3.4 m, and seasonal variation is between 3.5 and 3.4 m (Figure 5c).

For the area with averaged DWT between 5 and 10 m, the maximum annual and monthly GWET is 5.3 and
0.57 mm, respectively (Figure 5d). The seasonal pattern of GWET is similar to that shown on Figure 5c.
Even though the GWR and GWET are small in these areas, the annual and seasonal variations of DWT are
about 0.7 and 0.27 m, respectively.

The annual and seasonal GWR, GWET, and DWT in the lower Ejina subbasin were plotted for different ground-
water depths. For the area where annually averaged DWT is less than 2 m, the maximum annual GWR was
about 5.4 mm in 2003 and the seasonal variation was between 0.57 mm/month in October and 0.02 mm/
month in June, while the maximum annual GWET is about 68 mm and the seasonal variation is between

Figure 4. Distribution of (a) annual averaged GWET, variability (boxplot) of annual averaged (b) GWET, (c) AET, and (d) ratio of GWET/AET under the natural (in blue)
and anthropogenic (in green) land use group, respectively. The red square in the boxplot represents themean value of each data set marked with mean value posted
above it.
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9.5 mm/month in May and 1.2 mm/month in January (Figure 5e). The annual variation of DWT in this area is
between 0.1 and 0.2 m, and seasonal variation of DWT is between 0.07 in March and 0.21 m in July.

For the areas in which the averaged DWT is between 2 and 5 m (plotted on Figure 5f), the maximum annual
GWR was 2.1 mm in 2010 and seasonal variation varied between 0.15 mm/month in November and 0.007 in
July. Compared with the areas where DWT is less than 2 m, the maximum annual GWET is almost tenfold
smaller with a value of 5.1 mm/year (in 2010) and the seasonal variation of GWET is between 0.72 mm/month
in April and 0.08 mm/month in December. The annual variation of DWT in this area is between 3.37 and
3.32 m, and the seasonal variation of DWT is between 3.33 m in March and 3.37 m in September. For the area
with an averaged DWT over 5 but less than 10 m, the GWR is very small, and the mean annual GWET is about
0.28 mm and seasonal variation of the GWET varies only between 0.05 and 0.002 mm/month in April and
December, respectively. The mean annual DWT ranged from 7.46 to 7.32 m during the period 2000 to
2012, and the mean seasonal DWT was relatively stable varying between 7.41 and 7.39 m.

The climate regimes are represented by the ratio of annual averaged precipitation to potential ET (Scanlon
et al., 2006). This ratio is known as the drought severity index (DSI). Figure 5h plots the annual and seasonal
DSI and GWR for the entire middle and lower alluvial plain. During the model period between 2000 and 2010,
the GWR had a significantly increasing trend, but the DSI does not exhibit a corresponding trend. During the
modeled period, the most hyper-arid season occurred in April and the wettest season occurred in January.

3.2. Sensitivity of Hydrological Variables to Recharge in Mountainous Area

The sensitivity in volume and EI of each hydrological variable responding to the changing GWR/P and A of
upper mountains is summarized on Table 1. A positive EI represents that when GWR/P or A increases

Figure 5. (a) Distribution of annually averaged DWT. Annual variability and seasonal cycle of GWR, GWET, and DWT for subbasin of (b–d) Zhangye and (e–g) Ejina
under different DWT conditions, respectively. (h) Annual and seasonal averaged DSI and GWR for the entire basin.
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(decreases), the corresponding hydrological variable increase (decrease), while a negative EI represents the
opposite case. Except for the LLG, other hydrological variables exhibit a positive response to GWR/R.
However, except for the SLG and LLG, all others represent a negative response to A.

The major hydrological processes in the entire HRB and the hydrological connections between mountainous
groundwater system and the downstream alluvial plain are shown on Figure 6. As the groundwater flow from
the mountain block (MBR), the LGI is the most sensitive variable to the GWR and depth-dependent K of the
upper mountains (i.e., the volume of LGI increases about 5.6% of original LGI). ET is the second sensitive vari-
able with a 1.44% increasing when GWR/P increasing. It indicates the GWR subject to climate regimes of the
upper mountains would have an indirect positive effect on the hydro-ecological system of themid-lower allu-
vial plain. Two-way exchange flux including stream-groundwater and lake-groundwater are also influenced
but with a relatively moderate magnitude.

3.3. Contribution of Groundwater to Streamflow

The spatial pattern of the annual flux of groundwater from/to the five major stream segments in the upper
and lower HRB, in mm/year, is represented in Figure 7a. These five segments are defined by six hydrological
gauging stations. The annual amount of SLG along the main stream of Heihe ranges from 100 to 500 mm,
while the annual amount of GSS, centered in the segment between Heihe 312 Bridge and Zhengyixia, varies
between �200 and �600 mm/year. The annual amount of SLG along tributaries of the Heihe ranges from 0
to 100 mm/year.

There are three stream segments in the middle oasis plain from Yingluoxia to the Zhengyixia station. The first
segment is from the outlet of Qilian Mountains (Zhengyixia) to Heihe 312 Bridge where stream leakage is the
main source of recharge to the groundwater. Surface runoff (Qs) contributes about 37% of streamflow in this
segment, and 27% of streamflow on average recharges the groundwater (Qg) through the thick unsaturated

Table 1
Summary of Response in the Hydrological Variables of the Middle and Lower Alluvial Plain to the Groundwater Recharge Ratio
(GWR/P) and Decay Exponent of Hydraulic Conductivity (A) of Upper Mountains

Factor LGI SLG LLG ET SS GSS GSL

GWR/P ↑0.01 % ↑5.59 ↑0.62 ↓ �0.51 ↑1.44 ↑1.08 ↑0.06 ↑0.97
EI 1.01 0.11 �0.09 0.26 0.19 0.01 0.17

A ↑0.001 % ↓ �11.23 ↑0.73 ↑0.34 ↓ �1.98 ↓ �0.17 ↓ �0.49 ↓ �1.96
EI �0.48 0.03 0.01 �0.08 �0.01 �0.02 �0.08

Figure 6. The conceptual diagram of hydrological processes in an arid river basin, highlighting the response of mid-lower
hydro-ecosystem subject to upstream mountainous groundwater system.
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zone where DWT is over 80 m deep (Figure 7b). The seasonal variation of the leakage flux is between 3.8 and
17.0 m3/s occurring in September and March, respectively, while seasonal groundwater contribution (Qg/Q)
is between 26% and 55% occurring in July and January, respectively. The seasonal DWT varies within a range
of 1.5 m, from a depth of 86.9 m in May to 85.6 m deep in October, indicating an approximate one-month lag
in the water table response to streamflow infiltration.

The second segment is from Heihe 312 Bridge to the gauging station Gaoya. In this segment, groundwater
seepage dominates the two-way exchange with a relatively shallow groundwater depth of about 2 m. As
shown in Figure 7c, the groundwater seepage and surface runoff contribute 25% and 3% of streamflow on
average, respectively. The seasonal variation of Qg is between 5.2 m3/s in September and 7.5 m3/s in
October, while the groundwater contribution is as much as 60% of streamflow in June and as little as 7%
of streamflow in September. The seasonal DWT ranges from 1.8 m deep in June to 1.3 m deep in September.

The third segment is from Gaoya to the gauging station of Zhengyixia. In this segment, the groundwater see-
page also dominates the two-way exchange. As shown in Figure 7d, the Qg from GSS contributes 8% of
streamflow while Qs only contributes 3.9% of the streamflow. The seasonal pattern of Qg is same as that
in the upstream segment, but the maximum flux is only 2.0 m3/s in October and minimum flux is 0.55 m3/s
in September. The contribution of groundwater is less than that in upstream reach, as it is 24% in the peak
season of June and less than 1% in September.

The Heihe enters the lower desert plain downstream through gauging station Zhengyixia. The first segment
in the lower alluvial plain is from Zhengyixia to the gauging station Langxinshan. In this segment, stream
leakage is the main source of GWR and DWT fluctuates in response to streamflow. Qg accounts for 5% of
streamflow on average, and seasonal cycle ranges from low flux of 0.64 m3/s in June to high flux of
2.25 m3/s in September (Figure 7e). The average DWT varies from 1.2 m in June to 0.15 m in March due to
high streamflow and low GWET in the winter.

The last segment is the eastern branch of main stream of the Heihe from Langxinshan to the gauging station
East Terminal Lake. In this segment, SLG is also the main source of GWR even though streamflow significantly
decreases downstream of Langxinshan. Qg accounts for 11% of total streamflow and up to 42% of

Figure 7. Spatiotemporal distribution of groundwater-surface water interaction. (a) A positive value of SLG and a negative value of GSS represent the spatial flow of
stream leakage to aquifers and groundwater seepage to the stream in a spatial distribution, respectively. Variations in monthly streamflow (Q), the absolute value
of SLG and GSS (Qg) and surface runoff (Qs), mean groundwater table depth (DWT), and fraction of groundwater contribution to total streamflow (Qg/Q) along
middle stream segment of (b) Yingluoxia and Heihe 312 Bridge, (c) Heihe 312 Bridge and Gaoya, and (d) Gaoya and Zhengyixia, along lower stream segment of
(e) Zhengyixia and Langxinshan and (f) Langxinshan and Eastern terminal lake.
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streamflow in June, which is the lowest flow month (Figure 7f). The average seasonal DWT varies between a
maximum of 2 m in June to a minimum of 0.7 m March.

3.4. Relationship Between Groundwater and Vegetation

Spatial patterns of the seasonal timing of greening stage and the month of maximum NPP values were iden-
tified with NPP data as shown on Figures 8a and 8b, respectively. There are two distinct seasonal patterns in
the greening stage in the middle and lower alluvial plain. The pattern with the greening stage between June
and August mostly is natural vegetation, covering 68% of the vegetated land, while the pattern with the
greening stage between March and May mostly is cultivated land, which covers 32% of the vegetated land.
The timing of the maximum stage varies from June and July on the cultivated lands to August on the lands
with natural vegetation.

The correlation coefficient between NPP and DWT for each model grid covered with vegetation during
greening and maximum stages are shown on Figure 9a. Positive relation (i.e., when the NPP is increasing
and the DWT is increasing) accounts for about 78% of the calculated areas, while a negative relation (i.e.,
when NPP is increasing, the DWT is decreasing) accounts for 21% of the area. In the naturally vegetated area,
which is centered in the Zhangye basin and low-lying mountains, over 73% of the area has a negative corre-
lation with DWT. In the vegetated lower desert area, there is a positive correlation with DWT in over 80% of
the area.

The fraction of AET from groundwater (GWET) was extracted as shown on Figure 9b. In the middle oases, the
area in which the contribution of GWET over 10% only accounts for 3% of the area of the Zhangye Basin.
However, in the lower desert plain, the GWET/AET greater than 10% accounts for 13% of the area of the
Ejina Basin, and GWET/AET over 50% accounts for about 6% of the area of the Ejina Basin. The fraction of
GWET in AET indicates the amount of the direct contribution of groundwater to NPP and ecosystem health.

4. Discussion
4.1. Groundwater Responses to Land Surface Regime

The results of model simulations based on IMHRB quantify the spatiotemporal characteristics groundwater
system response to land surface regime, which includes the climate state (i.e., precipitation and

Figure 8. Spatial patterns of (a) the month of the greening stage and (b) the month with the maximum NPP values (MaxNPP). December to February (DJF), March to
May (MAM), June to August (JJA), and September to November (SON).
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temperature) and human activities (i.e., land use and irrigation). GWR within the modeled domain varies
widely from approximately 0 mm/year in the Gobi Desert to over 600 mm/year in cultivated areas. GWR in
the forested, cultivated, and urban areas has significant variability, ranging over 2 orders of magnitude,
indicating that local specific factors need to be considered in anthropogenic areas when estimating GWR.
In nonvegetated areas, GWR is relatively uniform, though the ratio GWR/P is variable. Our results of land
use-determined recharge is consistent with other relevant studies (Qin et al., 2011; Scanlon et al., 2006).
These results suggest that climate change will not impact GWR significantly in nonvegetated areas,
instead, the hydrologeogical settings determine the magnitude of the GWR. The annual GWET has a lower
dependency on land use (i.e., mean annual GWET under all land use types, except for forested, ranges
from 0 to 7.7 mm/year), even though the total AET is greatly influenced by land use. However, the GWET
represents a higher variability within land use type because of the difference in DWT. Annual and seasonal
analyses for middle and lower alluvial plain (Figure 4) indicate that both GWR and GWET are depth-
dependent variables that are constrained by land surface regime.

GWR and GWET coimpact the dynamics of DWT and water budget of groundwater systems. As indicated by
our results, the groundwater budget differs substantially between the middle oasis plain and the lower
deserted plain, and between shallow and deep aquifers. On the one hand, in the middle oasis plain
(Zhangye Basin) recharge (e.g., over 400 mm/year) is much greater than GWET (e.g., below 100 mm/year),
whereas in the lower desert plain (Ejina Basin) recharge (e.g., less than 6 mm/year) is much less than GWET
(e.g., over 60mm/year) where DWT is less than 2 m. On the other hand, the imbalance, manifested in the suffi-
cient GWR for shallow aquifers and the scarce recharge for deep saturated aquifers, reveals the risk of exhaus-
tion of deep aquifers. The drought by climate change (e.g., decreasing precipitation and rising temperature)
and human activities (e.g., pumping water from deep aquifers) would further exacerbate this imbalance.

4.2. Mountainous Groundwater System Regulates Hydrological Processes of Downstream
Alluvial Plain

The results from sensitivity simulation with QMGM linked to IMHRB quantify the extent to which the ground-
water system in the upper mountains regulates the hydrological process in the downstream alluvial plain.
The lateral flow from MBR directly recharges the aquifers of the middle basins. The MBR plays an important
role in sustaining the thick aquifers of piedmont in the middle alluvial plain. Meanwhile, MBR has a great

Figure 9. Distribution of (a) NPP-DWT correlation and (b) groundwater contribution to AET (GWET/AET).
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impact on the dynamics of DWT for shallow groundwater, then the changing DWT will affect the GWR and
AET. Furthermore, the results indicate that the partition between baseflow and MBR, controlled by
mountainous groundwater, regulates streamflow and stage and the elevation of the water table. This
regulation impacts the two-way exchange between the groundwater system and the stream system.

Baseflow andMBR from themountainous groundwater system are substantial water resources for the middle
alluvial plain. The effects of climate change on mountainous areas can be amplified in the hydrological pro-
cesses of the downstream alluvial plain. The uncertainty of the GWR of upper mountains can lead to a biased
estimate for the mid-lower plain. Meanwhile, the depth-dependent K in the mountain block has a relatively
smaller impact on hydro-ecological processes based on a comparison of E value between GWR/P and A. Thus,
reasonable assumptions on hydrogeological characteristics in data-limited upper mountains are appropriate
when estimating the water budget on a regional scale.

4.3. Groundwater Regulates Streamflow

The simulated results from IMHRB help identify the extent to which groundwater regulates streamflow on the
alluvial plain. Different average contributions of groundwater (Qg/Q), among the five stream segments that
span the entire alluvial plain, ranging from 5% to 27%, indicate that processes of infiltration and seepage are
constrained by the local hydrogeological settings including topography, geology, and land cover. The five
segments of the Heihe exhibit different exchange dynamics inmagnitude but all indicate a wide range of sea-
sonal variation in groundwater’s contribution between the wet and dry seasons. In the segment between
Yingluoxia and Heihe 312 Bridge, which has a thick unsaturated zone, stream leakage is greater than 50%
of streamflow in the dry season and only about 10% of streamflow in the wet season, which means that
the aquifers with high permeability in this piedmont area act as a natural “reservoir.” Along the seepage seg-
ment of themiddle stream (Heihe 312 Bridge-Gaoya), groundwater provides the bulk of streamflow in the dry
season (over 60%), indicating that groundwater controls the dynamics of the stream in the dry season. Along
the lower segment of the Heihe in the lower desert plain (Langxinshan-East Terminal Lake), over 95% of
streamflow infiltrates to groundwater in extremely dry seasons, indicating that declining groundwater levels
during dry periods exacerbate the processes of stream leakage. Our results supplement and improve our
knowledge of seasonal variation of groundwater’s contributions to streamflow compared to previous estima-
tions (H. Ding et al., 2012; H. Ding et al., 2006; Zhao et al., 2011). There is a strong correlation between DWT
and Q for the seepage segments, whereas no correlation for the leakage segments as represented (Figure 10).

Figure 10. Correlation between streamflow (Q) and negative DWT for each segment of middle and lower streams. The Q
and negative DWT were normalized as DWT_Scaled and Q_Scaled, respectively.
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The strong correlation in the seepage section can be explained by the support of groundwater to stream, and
a synchronous change in both groundwater and streamflow is implicated in monthly resolution. Delayed
response of groundwater to stream leakage in part explains the insignificant correlation for the leakage seg-
ments, and this delayed time of leakage process could be over one month. Lateral flow and GWET, which
affect the groundwater system budget, are also the reasons for this insignificant correlation. These results
indicate that using correlation between groundwater table and streamflow to evaluate leakage function will
lead to a confusing result. Integrated modeling between groundwater and surface water is effective for char-
acterizing the two-way exchange processes.

4.4. Groundwater-Sustaining Ecosystems

Spatial patterns of correlation between DWT and NPP illustrate the relationship between groundwater and
vegetation. Strong positive correlation, increasing DWT (declining water table) with growing vegetation
(increasing NPP values) occurred in the flat vegetated areas, is explained by groundwater contributing water
for ET. Whereas, a strong negative correlation, decreasing DWT (rising water table) with growing vegetation
occurred in the anthropogenic areas, is explained by increased surface recharge (e.g., irrigation from divert-
ing stream or reservoir).

The pattern of groundwater’s contribution to ET not only indicates the extent to which groundwater directly
sustains the vegetation but also manifests its function in maintaining soil moisture of desert plain. As shown
in Figure 9b, the ratio GWET/AET is greater than 70% in the southeastern areas of the Ejina subbasin, adjacent
to the Badain Jaran Desert. It further implicates the critical role of shallow groundwater in preventing deser-
tization but causing salinization of soils and creating conditions not conducive to vegetative growth.
Moreover, although deep groundwater does not directly provide a source of water for vegetation, it serves
as a “temporary bank” to retain the groundwater level on basin scale through lateral groundwater flow
(Yao, Zheng, Tian, et al., 2017). The identification of the spatial extent of groundwater-dependent ecosystem
must consider the entire groundwater system.

4.5. Implication for Water Management and Limitations

The historical analyses on groundwater’s function in hydrological processes and ecosystem processes not
only increase the knowledge on physical processes but also provide useful insights for water management
and policy making for arid river basins globally. Since changes in the partition of baseflow and MBR will dis-
turb all hydrological processes across the entire river basin, development of additional reservoirs should be
carefully considered, for example, the proposed project of Huangzangsi Dam in the upper mountainous areas
of HRB (Chen et al., 2005). The contrasting groundwater systems between middle and lower plain, illustrated
by complex GWR and GWET patterns and stream dynamics, require different water management policies. For
middle oasis plain, restrictions on pumping from deep aquifers are recommended, because the depletion of
deep aquifers would cause the unrecovered damage. For lower oases, an adaptive regulation is suggested for
environmental streamflow (i.e., regulating streamflow downstream of Zhengyixia to maintain lower desert
ecosystem) rather than a fixed volume control (Li, Cheng, Ge, et al., 2018).

The hydro-ecological processes discussed in this study are based on model simulations and remote sensing
products with monthly time resolution and 1 km spatial resolution. Potential biases exist from down scaling
physical and anthropogenic parameters to a finer resolution (Li, Cheng, Lin, et al., 2018). For example, grow-
ing characteristics of scattered vegetation are poorly represented by NPP data with 1 km resolution. However,
the results of this study provide the fundamental analyses for eco-hydrological research on a regional scale.
This study has provided critical values and ranges for GWR and GWET, fractions for contribution of ground-
water to ET and streamflow, and relationships between DWT and NPP.

5. Conclusions

A comprehensive analysis was made based on numerical simulations and data analyses to quantify ground-
water characteristics in the arid eco-hydrological system of the HRB. Spatiotemporal patterns of recharge and
groundwater contribution to ET were characterized based on the integrated model IMHRB developed for the
middle and lower alluvial plain of HRB and the upstreammountainous groundwater model of QMGM. Effects
of upper mountainous groundwater system on hydrological processes of the downstream alluvial plain were
evaluated by linking QMGM with IMHRB. The influence of groundwater on streamflow dynamics were
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quantified by analyzing the two-way exchange flux between groundwater and surface water along five seg-
ments of the Heihe. The relevance between groundwater table depth and vegetation was identified, and the
extent to which the groundwater contributes to the vegetation was quantified by the simulated groundwater
table and independent data sets of NPP. Major study findings include the following:

1. The area in which groundwater table is within 10 m of land surface covers over 40% of mid-lower alluvial
plain. In this area, both recharge and ET of groundwater are dependent on water table depth, yet the
recharge is more affected by land use than groundwater ET. In vegetated areas, the GWR has a higher
variability with recharge rates ranging over 2 orders of magnitude. Seasonal variation in the water budget
is dominated by recharge and ET of the shallow groundwater.

2. MBR acts as the primary source of lateral flow maintaining a stable groundwater system in the piedmont
area. The partition between baseflow and MBR, which is controlled by upstream groundwater system,
impacts the ET and two-way exchange between groundwater and surface water systems of the down-
stream alluvial plain.

3. Aquifers with a thick unsaturated zone in the piedmont area serve as “natural reservoir” storing water
from stream leakage (over 50% of streamflow in the dry season and about 10% in the wet season).
Groundwater dominates the streams by contributing about 40% streamflow in the dry season along
the seepage segment middle alluvial basin, represented as groundwater table strongly positive correlat-
ing with streamflow.

4. Groundwater sustains ecosystem directly by providing water for ET in the growing season of vegetated
areas with shallow groundwater table, as demonstrated by a strong positive correlation between ground-
water table depth and NPP. Aquifers particular near streams also sustain ecosystem in an indirect way of
buffering the stream leakage for aquifers far away from streams through lateral flow.

Our study concludes that development of additional reservoirs in the upper stream should be carefully con-
sidered. Our study also suggests restrictions on pumping from deep aquifers of the middle oasis plain and an
adaptive regulation and design on streamflow and land use for lower desert plain, respectively. The findings
in this study provide valuable knowledge for other regional studies in other dryland regions.
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