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Abstract. To assess the efficiency of the groundwater man-
agement of an administrative unit, we propose decompos-
ing the groundwater head changes within an administrative
unit into inside and outside contributions by using numerical
models. Guantao County of Hebei Province, China, serves
as an example to demonstrate the decomposition technique.
The groundwater flow model of Guantao was constructed us-
ing observed heads as prescribed head boundary conditions.
The model was coupled with Hydrus 1-D to calculate the
groundwater recharge distribution in time reflecting the de-
lay and damping effects of the soil column on seepage at the
surface. The model was calibrated by adjusting parameters
such as hydraulic conductivities, recharge infiltration ratios
and specific yields. The calibrated parameters are then used
in a large model with a boundary at a large distance from
Guantao administrative boundary to determine the ground-
water head changes due to inside drivers. The differences of
the two models on the Guantao boundary serve as the spec-
ified head values on the boundary for a small-scale model,
which is used to calculate the groundwater head imposed
by outside drivers. To eliminate inconsistencies caused by
the different types of boundary conditions of large and small
models, the groundwater head changes due to inside drivers
must be updated. The results indicate that the groundwater
head changes in the center and south of Guantao County are
influenced equally by both inside and outside contributions,
while in the north outside contributions have the stronger im-
pact. On average, 48.5 % of groundwater head changes in the
whole of Guantao County is influenced by inside contribu-
tions, while 51.5 % is due to outside contributions. The sensi-

tivity analysis shows that the groundwater head changes and
their decomposition are much more sensitive to infiltration
ratios than to the aquifer parameters. The parameters within
Guantao have a certain influence on the net groundwater head
changes, while the parameters outside of Guantao only have
an influence on the decomposition.

1 Introduction

The natural shallow groundwater flow field is usually deter-
mined by infiltration from precipitation and streams, by dis-
charge to streams or springs and by phreatic evapotranspi-
ration. With the development of human activities, the nat-
ural groundwater levels are modified by land use change,
crop planting and irrigation, groundwater pumping and more.
Over the last few decades, the groundwater resources world-
wide have been intensively used for household, industry and
agriculture purposes (Zektser and Everett, 2004). It is esti-
mated that of the approximately 1000 km3 of groundwater
pumped worldwide per year, about one-quarter is not re-
plenished by recharge anymore (WWAP, 2012; Wada et al.,
2012). The major user of groundwater is irrigated agriculture.
Especially in the North China Plain (NCP), groundwater be-
came the major water resource for agriculture, accounting for
more than 70 % of the total water supply (Wu, 2013). The
continuous unsustainable abstraction of groundwater caused
a dramatic groundwater-level decline: by 18 m in the pied-
mont region in 25 years (Chen et al., 2003), by 5–50 m in the
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shallow aquifer and by 10–100 m in the deep aquifer over the
last 50 years (Wu, 2013). This severe groundwater-level de-
cline causes land subsidence, drying up of the lower reaches
of rivers and streams, salt-water intrusion at the Hebei coast,
and municipal water shortages (Wu, 2013; Liu et al., 2001;
Han et al., 2011). It also increases the cost of pumping
groundwater. To support decision makers in putting forward
rational water management strategies in such areas and al-
leviating groundwater decline or even reaching some recov-
ery of groundwater levels, it is useful to separate impacts on
groundwater head changes caused by different drivers. Hy-
drological models have increasingly been applied in assess-
ing the influences on groundwater levels due to individual
drivers such as precipitation, changes in cropping system,
and irrigation practice, water imports and others (Shu et al.,
2012; Cao et al., 2013; Li, 2013; Iwasaki et al., 2014). For a
small region within a larger aquifer system it might be of in-
terest to identify the influences of drivers within and outside
of the region.

To build a groundwater model of an administrative unit is
difficult as usually natural model boundaries do not coincide
with political boundaries. However, we often want to assess
the efficiency of groundwater management of an administra-
tive unit. The groundwater head changes within an adminis-
trative unit are influenced not only by the groundwater head
changes induced by inside drivers, but also by the ground-
water head changes induced by outside drivers. Monitoring
groundwater levels within the administrative unit often can-
not directly and faithfully reflect the effects of water man-
agement measures implemented in that unit. In other words,
the monitored groundwater head changes are caused by both
inside and outside contributions. Therefore, we propose to
decompose the groundwater head changes over a given time
period within an administrative unit into inside and outside
contributions to assess the efficiency of the unit’s manage-
ment of groundwater resources. To do so three groundwater
models are required:

1. a model of the administrative unit with the political
boundary implemented as a prescribed head boundary
using observed heads,

2. a larger model containing this model, which computes
only the propagation of inside changes to the outside
and which may extend to physical model boundaries,
and

3. a model of the administrative unit with prescribed heads
obtained by subtraction from the previous two models
on the political boundary, which is used to determine
the groundwater head contributions controlled by out-
side drivers only.

Guantao County is located in the NCP and is delimited
by a political administrative boundary. To test aquifer re-
habilitation measures, Guantao is chosen as a pilot region

for research. When applying remedial measures in Guan-
tao, e.g., by decreasing water abstraction from the aquifer
via suitable measures, the groundwater level in Guantao
County could increase, decrease or show no change with
time depending on the superimposed influence of the out-
side groundwater flow field. This impedes the assessment
of the effects and the efficiency of Guantao water manage-
ment strategies. The solution to fair assessment lies in de-
composing the groundwater head changes in Guantao into
two parts: one part is the head change due to the influence
of recharge and discharge in Guantao (inside contribution)
and the other is the head change contribution determined by
outside drivers, i.e., the groundwater flow field without con-
sidering source and sink terms in Guantao (outside contribu-
tion).

Numerous studies were carried out in the NCP to un-
derstand the large-scale groundwater dynamics employing
MODFLOW (Lu et al., 2011; Zhou et al., 2012; Qin et al.,
2013). For local management purposes these models are far
too crude. But groundwater simulations in smaller adminis-
trative units of the NCP have been quite rare up to now. In our
study, a groundwater flow model for Guantao is constructed
using MODFLOW USG under the pre- and post-processor
Visual MODFLOW Flex 2014.1 (VMF) developed by Wa-
terloo Hydrogeologic (Panday et al., 2013).

The objective of this research is to take Guantao as a
case study to demonstrate how to decompose the ground-
water head changes into inside and outside contributions
using numerical models. First the general background and
available data are introduced. Then the mathematical method
of decomposing the groundwater head changes is described
in detail. Following that, a numerical model for the Guan-
tao aquifer system is developed and calibrated under both
steady-state and time-varying conditions. Then, both a large-
scale model and a small-scale numerical model are devel-
oped to separately determine the groundwater head changes
due to inside and outside contributions. Finally, the sensitiv-
ity of the groundwater head changes and their decomposition
with respect to parameters and local management measures
are discussed.

2 Study area and data

2.1 Study area

The NCP is bordered by the Tai Hang Mountains in the
west, the Yellow River in the south, the Bohai Sea in the
east and the Yan Shan Mountains in the north, and has an
area of altogether 140 000 km2 (Fig. 1). Guantao County is
located in the southern NCP, between longitudes 115◦06′

and 115◦28′ E and latitudes 26◦27′ and 36◦47′ N, covering
an area of 456 km2 (Fig. 1). There are eight townships and
277 villages under the county’s administration, with a popu-
lation of 340 000 (GSB, 2002–2013). From the piedmont in
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the west to the coast in the east, the NCP is divided into four
geomorphological units, with Guantao lying in the alluvial
plain zone (Wu et al., 1996). The topography of Guantao is
quite flat, with an elevation of 45 m a.s.l. (above sea level) in
the southwest, which is only slightly higher than the value of
36 m a.s.l. in the northeast.

Guantao has the characteristics of a warm continental
monsoon climate: hot and rainy in summer, and cold and dry
in winter with an average annual precipitation of 532 mm,
an average annual potential evaporation of 1516 mm and an
annual mean temperature of 13.4 ◦C (GEF Project, 2009).
About 80 % of the annual precipitation occurs between June
and September. The Weiyun River is a seasonal river, which
dries up outside of the monsoon season. It flows along Guan-
tao’s eastern boundary between June and October with a
flow of 0.4× 109 m3 a−1 averaged over the period 2001–
2012 (data collected by GIWP). The Weixi channel is the
main irrigation channel diverting surface water from the
Weiyun River to croplands. The total cultivated area is
around 300 km2 (data from 2013) and the main crops are
winter wheat, summer corn and cotton. Winter wheat is sown
in October and harvested in June of the following year. After
wheat harvest, the summer corn is immediately planted on
the same area and harvested in September. The cotton grow-
ing period is between April and September. The annual di-
version in the channel has only been around 3.1×106 m3 a−1

(average between 2001 and 2012; data collected by GIWP).
During the monsoon season, less irrigation is needed be-
cause the concentrated precipitation is sufficient to satisfy
crop needs most of the time. The non-monsoon season coin-
cides with the growing season of winter wheat, which means
irrigation with groundwater is the only way to support winter
wheat growth.

The Quaternary aquifer of Guantao consists of fine sand
layers interbedded with clay or silt aquitard layers. Vertically
it is divided into shallow, middle and deep layers according to
different deposits. Based on previous studies and the recent
hydrogeological investigation by CNACG (2015), the mid-
dle layer mainly consists of clay with an average thickness
of around 120 m. It contains saline water with total dissolved
solids reaching 10 000 g m−3 in some parts (GEF Project,
2009). The shallow layer is exclusively used for irrigation
water supply, while the deep layer is mainly used for do-
mestic and industrial water supply. Still, the deep layer has
to provide some irrigation water too due to locally exces-
sive salinity in the shallow aquifer. The groundwater-level
differences between deep and shallow aquifers are huge, and
the main chemical groundwater characteristics in both lay-
ers are totally different (CNACG, 2015). Hence, the middle
layer is regarded as an efficient aquitard which practically
does not allow a direct hydraulic connection between deep
and shallow layers. The shallow aquifer is recharged by pre-
cipitation, irrigation backflow and channel and river seepage.
It is discharged through pumping wells for irrigation. The
deep layer receives only little recharge from upstream at the

piedmont, so groundwater levels have been decreasing since
pumping for domestic, industrial and irrigation uses started.
Long-term intensive groundwater pumping caused many en-
vironmental problems such as groundwater depletion, land
subsidence, and seawater intrusion. Stopping all abstraction
from the deep layer is the only way to let groundwater levels
in the deep aquifer recover. The political decision has been
taken to stop almost all pumping from the deep aquifer and
replace this water with water from the South–North Water
Transfer scheme. By 2017 about 30 % of domestic and indus-
trial use water was replaced, while agriculture is still pump-
ing about 10 % of its groundwater use from the deep aquifer
(local communication). In this study, the shallow aquifer is
the main concern, and the modeling effort comprises only
this layer.

2.2 Data

All data required to calibrate a numerical groundwater model
for the time between 2003 and 2012 are available. Ground-
water heads (provided by GIWP and Handan DWR) are ob-
served at three different frequencies. There are 4 observation
points with monthly measurements, 11 observation points
with two data records each year and 29 observation points
with four measurements each year. Daily precipitation data
have been purchased from Guantao Meteorological Bureau
(yearly data of precipitation between March and October
shown in Fig. 2). Annual channel diversions for irrigation
and monthly runoff of the Weiyun River as well as officially
recorded annual pumping rates have been collected from the
Water Resources Bulletin of Guantao for the period from
2003 to 2012 (Fig. 2). The pumping rate for irrigation is
highly dependent on precipitation in the NCP. Pumping rates
are generally less in years with higher precipitation. Hence,
the data point for 2003 showing a combination of higher pre-
cipitation with a larger pumping rate is questionable. The
sudden significant decrease in the reported pumping rate after
2006 is also questionable as there were hardly any changes
in cropping area, crop types and irrigation methods. There-
fore, the pumping rates for these years will be adjusted dur-
ing manual calibration of the transient numerical model.

3 Methods

3.1 Equations

Groundwater heads in Guantao (hGuantao(t,x,y)) result from
the superposition of groundwater head changes due to inside
drivers (1hGuantao(t,x,y): inside drivers) and groundwater
heads determined by outside drivers (hout(t,x,y): outside
drivers). The decomposition approach is written as follows:

hGuantao (t,x,y)=1hGuantao (t,x,y)+hout (t,x,y) . (1)

The governing equation for the transient groundwater flow
in a phreatic aquifer can be described using a linear partial
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Figure 1. Schematic map of the NCP (a) and administrative map of Guantao (b).

Figure 2. Time series of the annual pumping rates in the shallow aquifer shown together with annual precipitation (solid line: reported data;
dashed line: values adjusted during calibration).

differential equation (PDE) with a time-independent trans-
missivity provided the head changes in a predefined period
are relatively small compared to the aquifer thickness.

µ
∂h

∂t
= T

∂2h

∂x2 + T
∂2h

∂y2 + q
in
− qout (2)

h refers to the groundwater head (m), T is the transmissivity
(m2 s−1), µ is the specific yield (–), t is the time (s), and qin
and qout are source and sink terms, respectively (m2 s−1).

The groundwater heads in Guantao can be determined by
the governing equation below together with a (measured)
specified head boundary along the administrative boundary.

µ
∂hGuantao

∂t
= T

∂2hGuantao

∂x2 + T
∂2hGuantao

∂y2

+ qinGuantao− q
out
Guantao (3)

q in
Guantao includes not only the anthropogenic sources (irriga-

tion backflow and channel infiltration), but also the natural
recharge by precipitation. River seepage is included in the
prescribed head boundary as the boundary coincides with the
Weiyun River.

Accordingly, the PDE to determine the groundwater head
changes due to inside drivers is as follows:

µ
∂1hGuantao

∂t
= T

∂21hGuantao

∂x2 + T
∂21hGuantao

∂y2

+ q in
Guantao− q

out
Guantao. (4)

To solve Eq. (4), apart from the knowledge of sources and
sinks in Guantao, a proper choice of the model boundary
is also important. The ideal boundary is chosen at a large
distance from the Guantao County administrative boundary
to make sure that the influence of sources and sinks within
Guantao on this distant boundary can be assumed to be equal
to zero.

The groundwater heads in Guantao caused by outside
drivers only can be obtained by numerically solving the fol-
lowing flow equation:

µ
∂hout

∂t
= T

∂2hout

∂x2 + T
∂2hout

∂y2 + q
in
outside− q

out
outside. (5)

q in
outside/q

out
outside are the sorce/sink terms outside of the Guan-

tao area. The model used to solve Eq. (5) is only established
for the Guantao area, where the q in

outside/q
out
outside terms are

equal to zero. A specified head boundary condition is defined
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on the administrative boundary, which can be obtained as the
difference between the boundary condition of Eq. (3) and the
solution of Eq. (4) on the county boundary. Anyway, when
two variables in Eq. (1) are known, the third variable is de-
termined as well.

As mentioned above, to decompose the groundwater heads
in Guantao, three numerical models are used in this research.
The first is a small-scale numerical model within Guantao’s
administrative boundary to calculate hGuantao(t,x,y) (Guan-
tao flow model). It uses measured heads on its (specified
head) boundary, which coincides with the county border. The
second is a larger-scale numerical model extending to dis-
tant natural boundaries to calculate 1hGuantao(t,x,y) (large
flow model). Its boundary conditions are zero head change
induced by Guantao sources and sinks. The third one is again
a small-scale numerical model within Guantao’s adminis-
trative boundary to calculate hout(t,x,y) (hout flow model
in Guantao). The specified heads on the boundary are now
determined by sources and sinks outside of Guantao only.
They can be obtained from the measured heads by subtract-
ing the head changes obtained from the large flow model
on the county boundary. The analysis of the decomposed
groundwater heads can be carried out at any time and any
location within Guantao County. For a predefined time pe-
riod from t to t +1t Eq. (1) can be restated as Eq. (6),
which says that the groundwater head changes over that pe-
riod (δhGuantao(1t,x,y)) can also be decomposed into head
changes due to inside contributions (δ1hGuantao(1t,x,y))

and outside contributions (δhout(1t,x,y)).

δhGuantao (1t,x,y)= δ1hGuantao (1t,x,y)

+ δhout (1t,x,y) , (6)

in which

δhGuantao (1t,x,y)= hGuantao (t +1t,x,y)

−hGuantao(t,x,y), (7)

δ1hGuantao (1t,x,y)=1hGuantao (t +1t,x,y)

−1hGuantao (t,x,y) , (8)
δhout (1t,x,y)= hout (t +1t,x,y)−hout (t,x,y) , (9)

for any point (x,y) within Guantao borders. As we are
mainly interested in changes in heads due to both inside and
outside contributions, we will in the following use the for-
mulations of Eq. (6) through Eq. (9). 1t refers to the whole
simulation period of 10 years.

3.2 Model description

3.2.1 Guantao flow model

The Guantao model boundary is the administrative bound-
ary of Guantao, which is conceptualized as a specified head
boundary condition. All available groundwater head obser-
vations close to the boundary are made use of by defining the

boundary heads by interpolation. The bottom of the aquifer
(lower boundary of the model) is defined by the boundary
between the shallow aquifer and the aquitard. It is interpo-
lated from the well logs of the hydrological investigation
(CNACG, 2015) and is considered impervious.

Precipitation is the main recharge to groundwater in Guan-
tao. Other natural recharge terms include river infiltration of
the Weiyun River on the eastern boundary and infiltration
from the Weixi channel passing through Guantao from south
to north. The Weiyun River infiltration is not explicitly de-
scribed in the numerical model, but is implicitly considered
in the specified head boundary condition. The Weixi chan-
nel infiltration is simulated using the river package of MOD-
FLOW. The river level is assumed to be 3 m higher than the
deepest river channel bottom level. Guantao is an agricul-
tural county. Apart from the main Weixi channel, there are
still numerous smaller sub-channels connected to the Weixi
channel to divert and store surface water. Infiltration from
these smaller sub-channels is considered part of the areal
recharge from irrigation and is simulated as a contribution to
the recharge package. This is a common way to deal with the
leakage to groundwater from numerous field channels in the
irrigated cropland, which can also be found in other similar
studies (Rejani et al., 2008; Cao et al., 2013).

Groundwater is the main source of irrigation. This is very
common in the NCP (Hu et al., 2010; Zhang et al., 2010). In
Guantao, due to lack of surface water, groundwater accounts
for over 95 % of total applied irrigation water according to
data between 2001 and 2011. Nowadays the traditional con-
veyance of irrigation water by canals and ditches is replaced
by pipe irrigation to increase the conveyance efficiency from
wells to the cropland. In the field, ridge irrigation and furrow
irrigation are still the primary methods for both groundwa-
ter and surface water irrigation. Hence, the irrigation back-
flow is another important source of groundwater recharge. In
the study, the recharge contributions by precipitation, irriga-
tion backflow and canal seepage were added up and imple-
mented in the recharge package. The distribution of agricul-
tural area is obtained from satellite remote sensing images of
2014, by mapping the normalized difference vegetation index
(NDVI) in winter and spring (provided by Haijing Wang, hy-
drosolutions Ltd.). The total agricultural area changes only
slightly between 2002 and 2013 according to the statistical
year books (GSB, 2002–2013). Hence, the agricultural area
is assumed to be constant over the modeled time span.

The depth to groundwater is around 20 m according to
the available groundwater head observations, so there is no
phreatic evaporation from the aquifer. The discharge is exclu-
sively due to pumping wells extracting groundwater from the
aquifer. The water abstraction by pumping is implemented in
the well package and the spatial distribution is chosen ac-
cording to the well locations obtained from the general in-
vestigation in 2011 (local communication). The pumping rate
of the individual well was determined as a constant fraction
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Figure 3. Zonation of hydraulic conductivities and recharge infil-
tration ratios.

of the estimated total annual groundwater abstraction (see
Sect. 4.1 below).

The two-dimensional groundwater flow model is con-
structed using VMF-USG, the unstructured grid version of
USGS-MODFLOW. The spatial discretization consists of
141 379 cells. The cells are refined around pumping wells.
The top elevation is interpolated from SRTM data down-
loaded from the website at http://srtm.csi.cgiar.org (last ac-
cess: 2014). The thickness of the aquifer is between 55 m
and 96 m. The spatial distribution of hydraulic conductiv-
ity (K) is characterized by zonation of the model domain.
Four zones are defined based on pumping tests carried out
by CNACG (2015) (Fig. 3). Fourteen groundwater head ob-
servations are used to define the fixed head boundary. They
divide the boundary into segments with observations at both
ends of a segment. The cell values within a segment are lin-
early interpolated from the observations on both ends. Miss-
ing observation data in some stress periods are linearly in-
terpolated from the two closest available data records of the
time series. The adjusted annual groundwater abstraction is
assigned to monthly stress periods within a year based on
irrigation water application. Irrigation is mainly applied out-
side of the monsoon season. According to local information,
winter wheat is primarily irrigated in October, March and
April, summer maize in May and June and cotton in April
and May, so the groundwater abstraction is set to zero in all
other monthly stress periods.

Recharge is the most difficult input to quantify in the sim-
ulation. Some researchers suggest that it is a nonlinear func-
tion of the water input at the surface (Kendy, 2003, 2004; Tan
et al., 2014; Min et al., 2015). To simplify the process, the
recharge infiltration ratio (R) is divided into three zones ac-
cording to the soil map (CNACG, 2015) (Fig. 3). For each
zone, the recharge fluxes from precipitation and irrigation
are estimated as constant fractions of annual precipitation
and irrigation amounts as suggested in other literature on the

groundwater system in the NCP (Jia et al., 2002; Liu et al.,
2008; Shao et al., 2013). These recharge infiltration ratios
will be calibrated in the steady-state model.

However, for a transient calculation, the temporal distribu-
tion of recharge also has to be represented adequately to de-
scribe its influence on groundwater-level dynamics correctly.
In order to better understand the time lag of the groundwater-
level response to the water input at the ground surface, the
groundwater movement in the unsaturated soil zone was sim-
ulated using Hydrus 1-D (Simunek et al., 2013) in this study.
The soil column is modeled from the ground surface to a
depth of 20 m, which is comparable to the yearly averaged
depth to groundwater table in Guantao over the last 10 years.
Lu et al. (2011) studied the groundwater recharge at five rep-
resentative sites in the NCP (two in the piedmont plain, two
in the alluvial plain and one in the coastal plain) using Hy-
drus. Guantao is located in the alluvial plain of the NCP with
soils mainly consisting of silt, clay and silty clay. Since no
field sampling, monitoring or experiments in the soil zone
were carried out within the project, the soil material is as-
sumed to be uniformly distributed in the column. The soil
properties are adopted from the two representative sites in
the alluvial plain cited in Lu et al. (2011). The van Genuchten
parameters chosen as input into Hydrus are the average val-
ues from Lu’s study (2011): θresidual = 0.08, θsaturated = 0.39,
α = 0.54 (1 m−1); n= 1.98; and ks = 0.65 (m d−1). The sim-
ulated soil column is vertically discretized into 100 layers
with a spacing of 0.2 m. A self-adjusting numerical time dis-
cretization was adopted in the simulation with a minimum
time step of 0.0001 d and a maximum time step of 1 d. The
flexible time discretization in the simulation ensured conver-
gence of the numerical calculation.

The groundwater recharge is obtained from the calibrated
steady-state model as a percentage of total precipitation plus
irrigation, which enters the soil column below the root zone.
(All other water applied to the soil is assumed to be con-
sumed by evaporation and plant transpiration.) Monthly in-
puts are computed according to rainfall and irrigation events
with this constant recharge ratio. Due to the large depth to
groundwater of 20 m and more the water input is delayed
and attenuated. The final temporal distribution of the flux
at the groundwater table is calculated in the Hydrus simu-
lation. The upper boundary of the column is implemented as
an atmospheric boundary to the surface layer, while a free
drainage condition is implemented at the lower boundary.
The initial distribution of water content is obtained by run-
ning the simulation periodically for 10 years to get a rela-
tively steady distribution.

The aim of the model calibration is to minimize the resid-
uals between the observed and computed head values by ad-
justing model parameters. We start out with a steady-state
model. The average behavior in the period from 2003 to 2011
was used as a quasi-steady state. This is feasible, as the av-
erage head over all observations at the end of 2002 is al-
most identical to that at the end of 2011. That means that on
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average, abstractions must have been balanced by recharge
over that period. All inputs required in this case are average
data sets between 2003 and 2011. The steady-state model
calibration was accomplished using the automated parame-
ter estimation code (PEST) (Doherty, 2003). The transient
flow model between 2003 and 2012 is calibrated manually,
as only the specific yield values have to be adjusted. The
groundwater flow field obtained from the steady-state model
is used as the initial condition of the transient model. The
transient model time span was divided into monthly stress
periods. There are in total 120 stress periods. The whole cal-
ibration process is as follows. Initially, the officially reported
(but estimated) time series of the pumping rate and inferred
recharge ratios are input into Hydrus 1-D to obtain the aver-
age groundwater recharge between 2003 and 2011. Hydrus
1-D is run for each township using different seepage water
input values according to the collected data. Then the param-
eter estimation model PEST is applied to calibrate param-
eters (K and R). The distribution of groundwater recharge
from Hydrus is input into the transient model and specific
yield values are calibrated manually. The specific yield in-
fluences both the amplitudes of heads within the year and
their rate of change over the longer term. When the yearly
averaged calculated head value at all observation wells is far
away from the corresponding observed value, the recorded
pumping rate in that year is adjusted first. In this applica-
tion, the biggest deviation between computed and measured
heads is controlled within 1 m. The whole calibration pro-
cess is implemented iteratively to converge to the best fit to
observations.

After model calibration, several statistical indices were
used to assess the results of the numerical model. The cor-
relation coefficient R-square is used to measure the corre-
lation between modeled and observed groundwater heads in
the steady-state case. Root mean square error (ERMS) is used
to evaluate how closely modeled groundwater heads fit ob-
served data time series and mean absolute error (EMA) is
used to evaluate the average magnitude of errors we can ex-
pect from modeled groundwater heads. Both ERMS and EMA
are used to evaluate the model performance on average. They
are defined as follows:

ERMS =

√∑m
i=1
∑n
t=1(Yi,t −Oi,t )

2

m× n
, (10)

EME =

∑m
i=1
∑n
t=1|Yi,t −Oi,t |

m× n
, (11)

where Yi,t is the ith modeled groundwater head at time t ;Oi,t
is the corresponding observed value at the same time step; m
is the number of observation wells; and n is the number of
time steps.

The zonal values of hydraulic conductivities and recharge
infiltration ratios obtained from PEST in the calibration of

Table 1. The automatically calibrated values of hydraulic conduc-
tivities and recharge infiltration ratios and their respective sensitivi-
ties to observed heads.

Parameter Values 95 % confidence limits Sensitivity

(m d−1 or –) lower limit upper limit

K1 11.7 7.9 17.3 0.42
K2 4 2.4 6.6 0.50
K3 8 3 21 0.20
K4 1.7 0.8 3.6 0.26
R1 0.16 0.12 0.2 1.35
R2 0.21 0.19 0.22 4.13

the steady-state model are presented in Table 1. The val-
ues of hydraulic conductivities indicate a decreasing trend
from south to north. The relatively less permeable zone be-
tween K1 and K3 is consistent with the local hydrogeolog-
ical knowledge. The distribution of the recharge infiltration
ratios shows that the values tend to decrease from east to
west. Tan et al. (2014) show that in the NCP the average
recharge ratio from tracer experiments is 0.16, ranging from
0.11 to 0.21, which is quite close to the results from another
tracer test done in the NCP by Hu et al. (2016). The aver-
age value from numerical simulations is 0.14, ranging from
0.08 to 0.2. Kendy (2003) points out that the recharge ra-
tio obtained from soil water balances at 16 sites in the NCP
ranges from 0.09 to 0.24. Kendy (2004) concluded that the
recharge ratio in the NCP varied between 0.2 and 0.6 in nu-
merical model simulations. Min et al. (2015) showed that the
recharge ratio varied between 0.07 and 0.53 in a 30-year Hy-
drus simulation. Lu (2011) concluded that the recharge ratio
is 0.18 in the alluvial plain according to Hydrus simulations.
The former studies reported a wide range of values for the
recharge infiltration ratio in the NCP, with an average value
around 0.23. This further proves that the calibrated recharge
ratios in our study are reasonable and acceptable. During
the auto-calibration process, R3 tends to be extremely small,
with a value even less than 1 %. To avoid this unrealistic
number, R3 is assumed to be fixed in the calibration at a
value of 0.09, which is the average of the minimum recharge
ratios obtained from the previous studies in the NCP.

The sensitivities of different parameters to observed heads
are shown in Table 1. The parameter (composite) sensitivities
are automatically computed by PEST and saved in the file
*.sen. They are calculated according to the weighted Jaco-
bian matrix and the number of observations (Doherty, 2003).
The table indicates that compared to hydraulic conductivi-
ties, the recharge infiltration ratios have a much larger in-
fluence on groundwater heads. The sensitivity of hydraulic
conductivity is higher in the south than in the north. The
most sensitive recharge infiltration ratio is found in the east.
The correlations between different parameters are presented
in Table 2. Correlation coefficients with a modulus above 0.5
indicate that there is a non-negligible correlation among the
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Table 2. Correlation coefficients among different parameters.

K1 K2 K3 K4 R1 R2

K1 1.00 −0.28 0.02 0.10 −0.05 −0.06
K2 1.00 −0.58 0.36 −0.49 −0.11
K3 1.00 −0.10 0.13 0.31
K4 1.00 −0.36 −0.25
R1 1.00 −0.57
R2 1.00

respective parameters. The highest (anti-)correlation coeffi-
cient between two zonal hydraulic conductivities is −0.58
(between K2 and K3). This shows that their relative values
cannot be uniquely determined by calibration. The recharge
ratios R1 and R2 are also correlated, with a correlation coef-
ficient of−0.57, which means that the sum of the recharge in
zones 1 and 2 is more important than the individual values.
The R-square of the comparison between simulated ground-
water heads and observations is around 0.83, which implies
that 83 % of the variance of observations could be explained
by the numerical model. Although the fit to the observed data
is very good considering the data situation, it has to be noted
that the result is still uncertain. An increased pumping rate
with a simultaneously increased recharge ratio will lead to a
similar result. For a unique result, accurate pumping rates are
required.

The recharge fluxes at different soil depths for one of the
eight townships are shown in Fig. 4. They capture the impor-
tant characteristics of the soil water flux at different depths.
The response time becomes longer with increasing depth to
groundwater, while the peak flux becomes smaller with a
more even distribution over the year. Similar results can be
observed in other areas of the NCP (Li et al., 2017; Min et al.,
2017). Although the water input on the soil surface is quite
different from year to year, few peaks are observed when the
soil depth is larger than 10 m, due to damping.

The peaks vanish more quickly with increasing soil depth
in dry years than in wet years. Despite the averaging, the bot-
tom flux distribution over a year is different from year to year.
Even at 20 m depth the biggest difference between the high-
est and lowest fluxes is still around 30 % of the lowest flux.
The groundwater recharge is a complex nonlinear process
which mixes all the irrigation and precipitation events occur-
ring at different times. Through the analysis of results from
Hydrus, it is obvious that the best way to accurately describe
the groundwater recharge in the groundwater model is to cou-
ple the model of the unsaturated zone with the groundwater
model. The recharge fluxes for other townships demonstrate
a similar distribution.

The specific yield has the same zonation as the hydraulic
conductivity. Four zones of specific yield, denoted by Sy1,
Sy2, Sy3 and Sy4, are calibrated manually to reflect the cor-
rect head amplitudes. The specific yields decrease from south

to north with the respective values of 0.05 (Sy1), 0.03 (Sy2),
0.02 (Sy3) and 0.01 (Sy3). The manually calibrated values
are to some extent subjective. The adjusted pumping rates are
shown in Fig. 2. They are consistent with the common expe-
rience that less groundwater is pumped in wet years, while
the water demand increases in dry years.

The goodness of fit between modeled and observed
groundwater heads is presented in Fig. 5. Some computed
heads underestimate observations and others overestimate
observations. There is no general bias. The seasonal pattern
of groundwater-level dynamics is reproduced. The ground-
water level starts to decrease from March due to irrigation
and reaches its lowest value in June or July. From June or
July on, groundwater levels start to recover and increase in
response to termination of pumping and the delayed recharge
by precipitation and irrigation. The large deviations between
observations and computation during the first year are caused
by inconsistent initial groundwater heads, which are “forgot-
ten” after about 1 year. Remember that the steady-state solu-
tion taken as the initial head distribution corresponds more to
the average situation over the 9-year period than to the initial
distribution in 2003. The ERMS and EAM between observa-
tions and simulated groundwater heads are 1.62 and 1.18 m,
respectively. The relatively small values of ERMS and EAM
imply that there is no big variance in the individual errors
between observations and calculations. These errors are still
acceptable when compared to the groundwater-level varia-
tions in Guantao. Although the fit is very good due to the
adjustment of pumping rates, it has to be kept in mind that
there are many ways to do this adjustment, and final results
are uncertain. It is clear that the calibrated model used here is
not unique due to the resulting correlation among parameters
and pumping rates. But this calibrated model is a completely
consistent model considering the iterative calibration pro-
cess. Due to the constraints on parameters, the coefficients of
the covariance matrix stay relatively small (the largest matrix
element in Table 2 is 0.58 in modulus). Therefore, the cali-
brated model can be regarded as a representative realization
of reality and used for further analysis. All aspects of uncer-
tainty will be treated in a real-time model version in which
uncertainty is taken into account by ensemble techniques (pa-
per in preparation).

3.2.2 Large flow model

Sources and sinks in the large flow model are conceptualized
similarly to the Guantao model. The infiltration from pre-
cipitation and infiltration from applied irrigation water were
calculated with Hydrus 1-D and combined in the groundwa-
ter recharge package. The Weixi channel infiltration is sim-
ulated as a defined flux boundary instead of using the river
package. The infiltration flux is extracted from the Guantao
model and then assigned to corresponding cells in the large
model. The groundwater discharge from pumping wells is
simulated in the well package. An adequate zero-flux bound-
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Figure 4. Calculated monthly recharge flux at different soil depths.

Figure 5. Calculated and observed monthly time series of groundwater heads at four available long-term observation wells.

ary of the large flow model is defined by testing the sensi-
tivity of the heads at the boundary location to sources and
sinks in Guantao. The boundary is sufficiently far away from
Guantao if heads induced by Guantao sources and sinks are
close to zero. As a result, the following boundary was cho-
sen: in the west the model is bounded by the mountains,
while it is bounded by the Yellow River in the east. These
boundaries coincide with the natural boundaries of the NCP.
The northeast and southwest are chosen approximately par-
allel to groundwater contour lines (Fig. 6a), which are suffi-
ciently far away to exclude any influence of Guantao sources
and sinks. As only the effect of Guantao drivers is of interest
in the large model, all sources and sinks outside of Guantao
are set equal to zero.

To solve the large model, its parameter distributions are re-
quired. The absolute values of parameters outside of Guantao
in the large model are not decisive in the study; only the pa-
rameter values close to the Guantao boundary are important.
The hydraulic conductivity and specific yield within Guantao
have the same values as the calibrated parameters from the
Guantao flow model, while the model parameters outside of
Guantao are taken from the literature (Liu et al., 2011). The
parameter distributions used in the large model are shown in
Fig. 7. The sensitivity of the results with respect to the large
model’s parameters will be explored later. The large ground-
water flow model is also constructed using VMF-USG. The
modeled area is discretized into 144 829 cells horizontally
(Fig. 6). The transmissivity is calculated by multiplying the
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Figure 6. Discretization map of the large model.

Figure 7. Parameter distributions map for the NCP (modified based on figures in the literature; Liu et al., 2011).

hydraulic conductivities by the aquifer thickness obtained
from the Guantao model in each time step, which means that
the transmissivity is constant in each time step but is updated
from time step to time step to take into account the changing
saturated aquifer thickness. The aquifer thickness outside of
Guantao is assumed equal to the average aquifer thickness of
the Guantao area. The initial condition is set to zero, which
is based on the assumption that the inside drivers of Guantao
are in a quasi-steady state. This is consistent with the Guan-
tao flow model, which uses the results from the steady-state
model as the initial condition in the transient model.

3.2.3 hout flow model

The model for outside contributions is a small-scale model
with the Guantao administrative boundary as the model
boundary. The model structure and parameters are defined in
the same way as in the Guantao flow model. Since this model
is used to determine the groundwater head within Guantao

caused by outside drivers, the source and sink terms inside
are set to zero. The transmissivity used in the model is de-
fined in the same way as in the large model. The specified
head values on the Guantao border are obtained by subtract-
ing the head changes determined by the large flow model
from the measured heads on the boundary. Since the initial
heads for the large model are zero everywhere, the initial
heads for the hout flow model are equal to the initial heads
of the Guantao flow model.

4 Results and discussion

4.1 Groundwater flow characteristics in Guantao

The groundwater contour map calculated from the steady-
state model is presented in Fig. 8. Two groundwater depres-
sion cones have formed in Guantao, which have a dominant
influence on the groundwater flow direction, with head gra-
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Figure 8. Groundwater contour map of the steady state (in m a.s.l.).

dients from the outside towards the centers of the depression
cones. The large-scale regional groundwater flow is directed
across the NCP from southwest to northeast. Due to over-
pumping, the groundwater level has been declining contin-
uously since the 1960s (Cao et al., 2013). The intensive lo-
cal pumping caused the development of numerous depres-
sion cones in the NCP. Analysis of past data shows that
the depression cone in Guantao formed in the early 2000s
(Zheng et al., 2010; Shao et al., 2013; Cao et al., 2013).
The groundwater flow characteristics are consistent with the
conclusions from former studies. Groundwater-level gradi-
ents are steeper in the east than in the west, which is caused
by the higher observed head values on the eastern bound-
ary, especially in its southeastern and northeastern sections.
The groundwater recharge from precipitation and irrigation
amounts to 141 000 m3 d−1, which is over 87 % of the to-
tal input into Guantao. The net inflow from the specified
head boundary accounts for only 12 % of the total input. The
Weiyun River is located on the eastern boundary of Guantao
County. Since the Guantao boundary is simulated as a speci-
fied head boundary, the infiltration from the Weiyun River is
contained in the net inflow from the head boundary. The in-
filtration from the Weixi channel constitutes about 1 % of the
total inflow. The main sink is due to pumping wells extract-
ing groundwater from the aquifer. It amounts to over 96 % of
the total outflow. The rest of about 4 % is due to boundary
flow directed to the outside. The imbalance between inflow
and outflow through the specified head boundary amounts to
about 8 % of the total inflow.

The groundwater balance of the transient model is pre-
sented in Fig. 9. The boundary inflow and main channel infil-
tration are not shown in the figure because they occupy only
a small part of the total groundwater recharge. The infiltra-
tion from precipitation and irrigation fluctuates gently with

Figure 9. Annual water budget for the period 2003–2012.

time due to the delayed and damped groundwater recharge
from precipitation and irrigation backflow through the long
soil column as discussed in Sect. 3.2.1. The pumping rate
fluctuates strongly in the first 6 years, while after that its vari-
ability decreases. This is due to the temporal behavior of pre-
cipitation, which directly (and without delay) influences the
groundwater withdrawals for irrigation in summer (Fig. 2).
The aquifer storage increases when groundwater recharge
exceeds groundwater withdrawals. This is the case in 2003,
where groundwater storage recovers by 19.6× 106 m3 a−1.
In the following years, it fluctuates negatively and positively
and reaches a smaller value of recovery of 2.7×106 m3 a−1 at
the end of the simulation period. Between 2003 and 2011 the
groundwater storage is depleted at a rate of 0.18×106 m3 a−1

only, which confirms that using the data set of 2003–2011 for
the steady-state model was justified. The dashed line in Fig. 9
represents the annually averaged groundwater-level dynam-
ics in Guantao County. It is obvious that the groundwater
head increases with decreasing groundwater withdrawals.

4.2 Groundwater-level changes due to inside and
outside drivers

After running the three corresponding numerical models, the
spatial distribution of the groundwater level and its decompo-
sition at the final time step are presented in Fig. 10. The large
light green area in Fig. 10a with 1hGuantao values around
zero indicates that the large model boundary is sufficiently
far away from Guantao to make the chosen boundary con-
ditions irrelevant. 1hGuantao gradually changes to non-zero
values around and in the Guantao area, where inside drivers
dominate. Within Guantao the values of 1hGuantao change
from −5 m in the south to 4 m in the north (Fig. 10b), which
means that the driving forces inside Guantao did not con-
tribute to groundwater head changes (1hGuantao) in the cen-
tral part of the county. The groundwater depression cone in
the south is attributed to the locally intensive groundwater
exploitation. The groundwater head contour map in Fig. 10c
shows that groundwater in Guantao flows from northeast and
southeast to the groundwater depression cone, which is con-
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Figure 10. The spatial distribution of the groundwater head and its decomposition in Guantao at the final time step. (a) refers to the spatial
distribution of head changes due to inside drivers calculated by the large model; (b) is a zoom into the large model showing only Guantao
County (1hGuantao); (c) is the groundwater head map of Guantao obtained from the Guantao model (hGuantao); (d) is the groundwater head
distribution determined by outside drivers and obtained from the hout flow model (hout); (e) shows the inconsistency of 1hGuantao in the
large model; (h) refers to the distribution of the updated 1hGuantao; (g) shows the error of the updated 1hGuantao.

sistent with the result obtained from the steady-state model.
The groundwater head gradients are steep in the east, while
they are flat in the west. The groundwater flow field deter-
mined by outside drivers is more uniform than changes su-
perimposed by inside drivers (Fig. 10d). Its flow is from east
and south to northwest. The regional groundwater flow di-
rections in Guantao are governed by both inside and outside
drivers, while the groundwater head depression cones formed
in Guantao are caused by inside drivers.

The groundwater head in Guantao and its decomposi-
tion obtained from numerical models are supposed to satisfy
Eq. (1). The difference between the 1hGuantao calculated by
subtracting Fig. 10d from Fig. 10c according to Eq. (1) and
the 1hGuantao obtained from the large flow model is shown
in Fig. 10e. Without an error it should be zero everywhere.
Apparently, the error is quite large in the over-pumped area.
It varies from −1.7 m in the south to 0.8 m in the north.
This error is caused by the difference in the types of bound-
ary conditions used in the three numerical models. For the
large model, there are no specified heads on the Guantao bor-
der. However, if one superimposes two solutions, the bound-
ary has to be superimposed consistently as well. To prove
this, another small-scale numerical model within Guantao’s
administrative boundary is used to update 1hGuantao within
Guantao County. This 1hGuantao flow model within Guantao
has the same model structure, parameters and sources and
sinks as the Guantao model. The only difference is that the
values for 1hGuantao along the specified head boundary are
obtained from the large model. After running the 1hGuantao
flow model within Guantao with this boundary condition,
the new distribution of 1hGuantao is shown in Fig. 10f. The

distribution of the updated 1hGuantao is the same as shown
in Fig. 10b, but the absolute values are different, varying
from −7 m in the south to 5 m in the north. This shows that
the specified head condition on the Guantao border limits
the influence of inside drivers. The difference between the
1hGuantao calculated according to Eq. (1) and the 1hGuantao
obtained from the small-scale model is shown in Fig. 10e.
The error is uniformly very small, with a maximum of 0.03 m
(Fig. 10g). The error distribution in other time steps can
also be calculated in the same way. The largest error over
the whole time period is around 0.04 m, which is accept-
able given the limited accuracy of the numerical solution.
This means the correct results are obtained if we calculate
1hGuantao according to Eq. (1). This method is chosen in all
the following discussions.

The groundwater head in the Guantao flow model can be
decomposed at any grid point and at any time. The time series
of groundwater heads and their decomposition at three cho-
sen locations are shown in Fig. 11 (two are located within
Guantao and one is on the boundary). The black solid line
refers to hGuantao obtained from the Guantao model, the
dashed line represents hout obtained from the hout flow model
in Guantao and the dotted line is 1hGuantao, which is calcu-
lated using Eq. (1). Panels (a) and (c) show that hout changes
more smoothly in time than hGuantao and 1hGuantao. The dy-
namics of hGuantao follow the same pattern as 1hGuantao,
which means that the temporal groundwater head fluctua-
tions within Guantao are caused by inside drivers. It is ob-
vious that the hout in the south increases quickly at the be-
ginning of the simulation period and later levels off at some
value. The fluctuations of hout on the boundary are compara-
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ble to those within Guantao, because the specified boundary
heads, containing both the influence from inside and outside
drivers, do not fluctuate much (panel b).

4.3 Inside and outside contributions

The contour color map of groundwater head changes be-
tween the last and first time steps and its decomposition into
inside and outside contributions are shown in Fig. 12. Figure
12a shows that the groundwater heads decrease in the south
and increase in the north, with δhGuantao varying from −2
to 1.5 m. A similar trend is also observed in the distribution
of δ1hGuantao (Fig. 12b). The value of δhGuantao varies from
−6 m in the south to 4 m in the north, while the distribution
of δhout shows the reverse trend of increasing towards the
south and decreasing towards the north, with values varying
from 5 to −3 m (Fig. 12c). Therefore the groundwater head
changes in Guantao are determined by both inside contri-
butions (δ1hGuantao) and outside contributions (δhout). The
inside contribution shows a more pronounced difference be-
tween south and north, which is largely compensated by the
outside contribution.

To explore the groundwater head change and its decompo-
sition in detail, three specific locations are chosen (Fig. 11).
The groundwater head change in the north of Guantao
County increases by 0.9 m over the modeled time span, re-
sulting from a decrease in δ1hGuantao by 0.2 m and an in-
crease in δhout by 1.1 m (Fig. 11a). This indicates that the
outside contribution (δhout) dominates the groundwater head
changes (δhGuantao). δhGuantao in Fig. 11b only increases by
0.02 m, with the value of δ1hGuantao implying an increase
of 0.36 m compensated by δhout with a decrease of 0.34 m.
In this case, both inside and outside contributions play an
important role in determining the final groundwater head
changes in the central part of Guantao County. In the south,
δhGuantao is the result of a decrease of 5.5 m from δ1hGuantao
and an increase of 4.7 m from δhout (Fig. 11c). In brief, the
groundwater head change over time in the whole of Guan-
tao County is around 0.12 m (δhGuantao), of which −1.94 m
is caused by inside contributions (δ1hGuantao) and +2.06 m
is due to outside contributions (δhout). This amounts to an
aggregated change in groundwater head over time of 4 m, of
which 48.5 % is contributed by inside drivers while 51.5 % is
contributed by outside drivers. This further proves that con-
sidering the inside contribution only is not sufficient to as-
sess the efficiency of groundwater management in Guantao.
In such areas, decomposing groundwater head changes into
inside and outside contributions is particularly important. In
order to do justice to the work of the Guantao Water Depart-
ment, the head changes due to the inside contribution should
be the correct criterion in the assessment. Its trend will show
how the internal gap between pumping and recharge devel-
ops distributed in space. Only this quantity can be influenced
by measures taken in Guantao.

4.4 Sensitivity of head change and their decomposition
to model-calibrated parameters

The sensitivity of the model to parameter changes is ana-
lyzed to test its robustness. The parameters, hydraulic con-
ductivities and specific yields are perturbed by an increase
of 50 % in the individual runs, while the recharge infiltra-
tion ratios are perturbed by an increase of 20 %, respec-
tively. (Parameters include four hydraulic conductivity val-
ues K1–K4 and four specific yield values Sy1–Sy4 for the
Guantao model, and six more hydraulic conductivity val-
ues K5–K10 as well as six more specific yield values Sy5–
Sy10 for the large model.) When hydraulic conductivities
and specific yields are perturbed, the groundwater heads on
the boundary in the Guantao flow model are not changed,
while the 1hGuantao on the Guantao administrative bound-
ary obtained from the large model will be influenced. Thus
the hout values on the boundary in the hout flow model in
Guantao are also changed according to Eq. (1). As stated in
Sect. 3.2.1, the recharge infiltration ratios are used to cal-
culate the groundwater recharge with Hydrus 1-D. Unlike
the hydraulic conductivities and specific yields, the perturbed
recharge infiltration ratios change sources within Guantao,
which will have an impact on the boundary heads. To make
the boundary heads for the Guantao model consistent with
the perturbed inside sources, the following procedure is im-
plemented: first 1hGuantao is computed with the large model
using the groundwater recharge from Hydrus 1-D and the
perturbed recharge infiltration ratios. The new groundwater
heads on the Guantao boundary are then calculated based on
Eq. (1) considering the hout obtained in Sect. 4.2. Then the
Guantao groundwater model runs using the consistent values
for boundary heads and sources to calculate the groundwa-
ter heads in Guantao. In the next step, the hout flow model in
Guantao is run using the consistent values for parameters to
calculate the groundwater heads in Guantao determined by
outside drivers. Then 1hGuantao is updated based on Eq. (1).
Finally, the groundwater head change and its decomposition
according to Eqs. (6) to (9) can be determined.

The model sensitivity to parameters is expressed by the
normalized composite sensitivity (SNC) which is defined in
Eq. (12).

SNC,i =

√
n∑
j

(

(
Y ij−Y

i,0
j

Pper,i−Pi

)
×Pi)2

n
(12)

Y ij is any of the modeled groundwater head changes (refer-
ring to δhGuantao, δ1hGuantao, and δhout in the study) in obser-
vation well j over the modeled time span using the perturbed
model parameters Pper,i (m); Y i,0j is the modeled groundwa-
ter head change in observation well j using the unperturbed
model parameters Pi ; n is the total number of observations.

The normalized sensitivities of the Guantao head change
(δhGuantao), the inside contribution (δ1hGuantao) and the out-
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Figure 11. Time series of groundwater heads in Guantao at three selected locations and their decomposition.

Figure 12. Spatial distribution of changes in groundwater head over the modeled time span and its decomposition.

side contribution (δhout) to parameters and recharge infiltra-
tion ratios are presented in Fig. 13. The higher values of sen-
sitivity to recharge infiltration ratios indicate that recharge
has the strongest influence on the groundwater head changes
and their inside contribution. The hydraulic conductivities
and specific yields (K5 to K10 and Sy5 to Sy10) in the large
model exert the same influence on the inside and outside con-
tributions since all the parameters are located outside of the
Guantao area. The sensitivities of the models to the thick-
ness shown in Fig. 13 are obtained by increasing the aquifer
thickness outside of Guantao by a factor of 2. The aquifer
thickness outside of Guantao influences the values of trans-
missivity in the large model; therefore, the thickness influ-
ences both inside and outside contributions and has no influ-

ence on the Guantao head changes. The highest sensitivity
to specific yields within Guantao (Sy1 to Sy4) was observed
in the inside contribution, followed by the outside contribu-
tion and the Guantao head changes. The smallest sensitivity
to hydraulic conductivities within Guantao was observed for
the outside contribution. K1 and K2 exert a larger influence
on the Guantao head changes (δhGuantao) than on the inside
contribution (δ1hGuantao).

4.5 Inside and outside contributions affected by the
pumping rate

Similar simulations are also carried out regarding the Guan-
tao pumping rates. In a sensitivity test the pumping rate is
increased by 20 %. The procedures to guarantee consistency
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Figure 13. The normalized sensitivity of head change and contributions to parameters and recharge ratios.

are similar to those used for changing the recharge infiltra-
tion ratios (see Sect. 4.4). The spatial distributions of ground-
water head changes and their decomposition with the per-
turbed pumping rate are shown in Fig. 14. The differences in
groundwater head changes range from−5 m in the southwest
to −4 m in the northeast (Fig. 14a). δ1hGuantao is around
−11 m in the southwest and increases to a maximum of 1 m
in the northeast. In contrast, the outside contribution δhout
is negative in the northeast and increases to 6 m in the south-
west. After increasing the pumping rate by 20 %, the ground-
water head change over time averaged over the whole of
Guantao County is−3.32 m (δhGuantao), of which−5.37 m is
caused by inside contributions (δ1hGuantao), while +2.05 m
is due to outside contributions (δhout). Compared to the re-
sults from Sect. 4.3, the increased pumping rate increased the
inside contribution from 48.5 % to 72.4 % when compared to
the aggregated groundwater head change.

Two specific locations (one in the south and the other in
the north) are chosen to analyze the influences from inside
and outside contributions on the groundwater head changes.
The δ1hGuantao in the north decreases by 5.1 m, while δhout
only increases by 1.1 m. The two components determine
that δhGuantao decreases by 4 m over the modeled time span.
This indicates that inside contributions (δ1hGuantao) play a
much more important role in determining the groundwater
head changes (δhGuantao). In the south the groundwater head
changes show a decrease of 3.9 m, of which + 4.7 m is from
the outside contribution and−8.6 m from the inside contribu-
tion, which means that in this region δhGuantao is influenced
by both inside and outside contributions.

4.6 Inside and outside contributions affected by
specified head boundary conditions

To explore the impact of the boundary conditions on the
groundwater head change and its decomposition, the Guan-
tao model is run with specified heads on the boundary in-
creased by 2 m uniformly. The differences between the mod-

els with and without changing the values of the boundary
heads are shown in Fig. 15. Positive values indicate an in-
creasing trend in the component compared to the results
without increased specified head values. Since there are no
changes in sources and sinks in Guantao, the difference in
δ1hGuantao is around zero everywhere (Fig. 15b). The dif-
ferences in δhGuantao and δhout are increased by 2 m almost
everywhere except on the boundary, where the differences
are zero (Fig. 15a and c). It is clear that changing specified
heads on the boundary will only have a strong impact on the
outside contribution. It is also important to keep in mind that
the Weiyun River infiltration is implicitly considered in the
specified head boundary condition, which is supposed to in-
fluence the inside contribution.

5 Conclusions

This study demonstrates how to decompose the groundwa-
ter head changes within a political boundary into inside and
outside contributions using numerical models. The ground-
water head in Guantao was calculated using the Guantao
flow model. The groundwater head changes on the Guan-
tao boundary caused by inside drivers were computed in a
large model with a boundary far from the Guantao adminis-
trative boundary. The difference between values on the Guan-
tao boundary from the two models is assigned as a specified
head boundary condition for the hout flow model in Guan-
tao to calculate the groundwater head contribution in Guan-
tao determined by outside drivers. There are no sources and
sinks in this model. To eliminate inconsistencies caused by
the different types of boundary conditions in the small and
big models, the 1hGuantao within Guantao can either be cal-
culated according to Eq. (1) or recomputed by using a small-
scale groundwater flow model with the Guantao administra-
tive boundary as the prescribed head boundary with bound-
ary values for1hGuantao obtained from the large flow model.
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Figure 14. Spatial distribution of groundwater head change over the modeled time span and its decomposition: influence of decreased
pumping rate.

Figure 15. Differences between the model runs with and without increased specified heads on the boundary.

The steady-state model of Guantao was used to calibrate
hydraulic conductivities and recharge infiltration ratios us-
ing data averaged over the 9-year time interval from 2003
to 2011. All hydraulic conductivities and recharge ratios are
sensitive to head observations, with recharge infiltration ra-
tios having higher sensitivities than hydraulic conductivities.
The identified recharge infiltration ratios are correlated with
each other, with correlation coefficients around −0.6. The
calibrated hydraulic conductivities and recharge infiltration
ratios are kept fixed in the transient model, and four zonal-
specific yield values are also calibrated. Hydrus 1-D is used
to generate the groundwater recharge at the groundwater ta-
ble since the soil column leads to considerable delay and
damping of the seepage at the surface. The calibrated ground-
water heads fit observations quite well, with an ERMS of less
than 2 m.

Based on numerical models discussed in the study, the
groundwater head in Guantao at any time and at any point
can be decomposed into the groundwater head changes de-
termined by inside drivers and the groundwater head deter-
mined by outside drivers. The groundwater head change over
the whole modeled time span can correspondingly be decom-
posed. The groundwater head in Guantao decreased by −2
to 1.5 m. The inside contribution induced a decrease by −6
to 4 m, while the outside contribution caused a variation be-

tween a decrease of 3 m and an increase of 5 m. The ground-
water head change and its decomposition in three specific lo-
cations show that the groundwater head change in the north
is impacted mainly by the outside contribution, while in the
center and south both inside and outside contributions deter-
mine the development of groundwater head changes. On av-
erage, 48.5 % of groundwater head change over time is con-
tributed by inside drivers, while 51.5 % is contributed by out-
side drivers. We showed that a separation of inside and out-
side contributions to groundwater head changes is feasible.
Only by separation of contributions can one prove whether
the groundwater control efforts in Guantao are successful or
not. It could well be that Guantao’s management is func-
tioning but that due to the outside contribution, the observed
groundwater head changes are still negative.

The sensitivity of groundwater head change and its de-
composition to various model parameters was analyzed by
perturbing parameters by 50 % and 20 %. The results show
that model outputs are sensitive to hydraulic conductivi-
ties, specific yields and recharge infiltration ratios within
Guantao itself. Parameters outside of Guantao have an in-
fluence on the large model and the hout flow model only. The
recharge infiltration ratios have a stronger influence on the
groundwater head change (δhGuantao) and the inside contri-
bution (δ1hGuantao) than hydraulic conductivities and spe-
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cific yields. The same is true for the pumping rates. After
increasing the pumping rate by 20 % everywhere, the inside
contribution is increased from 48.5 % to 72.4 % in terms of
the aggregated groundwater head change. Guantao shallow
aquifer is currently not or only very slightly over-pumped.
It is feasible to get the aquifer into equilibrium at present
groundwater levels.
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