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Abstract: The area of regions with a deep groundwater table is expanding in North China Plain (NCP). The characteristics of

groundwater recharge and the value of specific yield have not been well studied in NCP. Therefore, an agricultural area near Lu-

ancheng Experimental Station, Hebei Province, was taken to study the vertical recharge and the specific yield using distributed

water cycle modeling based on a field experiment. Moreover, the groundwater recharge characteristics were also explored. The

results showed that in 2012 and 2013, the potential recharge was 236. 6 mm and 223. 5 mm, while the groundwater recharge was

144. 1 mm and 129. 8 mm, respectively,in the study area. And the daily recharge rate ranges between 0. 370 mm/d and 0. 404

mm/d and 0. 327 and 0. 382 mm/d in 2012 and 2013 respectively. This scenario indicated that the groundwater recharge was rel-

atively stable and the inter-annual and inter-diurnal differences were small due to the regulation and buffering of the deep vadose

zone, Besides, the specific yield of the unconfined aquifer was about 0. 03.

Key words: water cycle; deep groundwater table; groundwater recharge; specific yield; The North China Plain

Large area with a deep groundwater table has
been formed due to long term groundwater over-
exploration'. The amount and characteristics of
groundwater recharge, as well as the specific yield
of the aquifer are fundamental bases for local water
resources management, which have attracted the
attention of researchers. For instance, Kendy et al.
conducted a numerical simulation using 2-meter in-
depth soil moisture observation data at Luancheng
station, to find whether there is vertical recharge in the
deep groundwater table cropland area of NCP. The ob-

tained results verified the existence of vertical recharge
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in the irrigated croplands, which is increasing with the
increase of precipitation”**, Wang et al. " and Tan et
al. ) investigated the amount of the potential recharge
in NCP using tracer experiment. Min et al. studied the
annual recharge and percolation characteristics using
Hydrus based numerical simulations, eddy covariance
and the Chloride Mass Balance (CMB)'!. Recently,
most of studies focus on the annual potential re-
charge at the point scale, which is the deep percola-
tion at the bottom of the root zone and the upper
part of the deep vadose zone. However, the poten-

tial recharge may not necessarily reach the aquifer
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due to the depth of the deep vadose zone. Lu et al.
depicted the lagging of percolation with a linear
reservoir module in the EARTH model, while sim-
ulating the groundwater recharge in Luancheng!’.
Song et al®!. averaged the upper boundary condi-
tions including precipitation and potential evapo-
transpiration in the soil moisture dynamics model-
ling, and revealed that the groundwater recharge
equal to the potential recharge in the long run,and
the water flux maintains 0. 37 mm/d at the depth
of 10 meter. Most of these studies were carried out
in Luancheng,a typical region with a deep ground-
water table, which enhanced the understanding of
the potential recharge and the vertical percolation
process in a deep groundwater table region of
NCP. and revealing some differences with the re-
charge characteristics in regions with a shallow
groundwater table. The aforementioned scenario
suggested that the characteristics of vertical re-
charge and its temporal distribution within one
year under deep groundwater table conditions re-
quired further investigation.

In addition, the estimation of specific yield,
an important index in water resource evaluation,
depends on the understanding of recharge proces-
ses and the amounts of groundwater pumping.
However, the specific yield in a deep groundwater
region ( NCP) is difficult to evaluate because of
the uncertainties in recharge and water pumping.
But different scholars have different views in the
estimation of this specific parameter. Taking Lu-
ancheng for example, Jia et al. "' estimated the
specific yield of unconfined aquifer to range from
0. 14 and 0. 17 based on simulation in ModFlow,
while this index was estimated to vary from 0. 08
to 0. 12 by Zhang et al. "' Moreover, the decrea-
sing groundwater table might lead to change in
the specific yield'"'. Therefore, under current
conditions of groundwater depth, more studies are
required to get a better estimation of specific yield
in the NCP.

Water cycle simulation can provide an effective
perspective for the research of groundwater re-
charge process and quantification of specific yield.

The soil hydrological process is related to surface

hydrological processes and groundwater recharge
process. Moreover, soil moisture also altered due to
groundwater irrigation which has a potential im-
pact on hydrological process including evapotrans-
piration, surface runoff, and deep percolation"' .
This kind of interrelation of each link of water cy-
cle brings great uncertainty to related research.
However, the integrated simulation of evapotrans-
piration, surface water, soil hydrological process
and groundwater movement can make use of this
internal connection to verify each link, which pro-
vides a feasible way to study groundwater prob-
lems. Based on the field experiment in Luancheng,
Hebei province, this study used a distributed water
cycle simulation model Water allocation and Cycle
model (WACM) and groundwater numerical simu-
lation model, MODFL.OW version 2011. 1, to inves-
tigate the characteristics of vertical recharge and
the specific yield in a typical deep groundwater ta-
ble region. This study may contribute to groundw-
ater management in regions which have deep

groundwater table.
1 Study area and methods

The primary method is a numerical simulation
based on a field experiment. The field experiment
was carried out with the cooperation of the re-
search group supervised by Dr. Shen Yanjun of Lu-
ancheng Station, Chinese Academy of Science. The
study area was located in the piedmont area of NCP,
with well-developed irrigated agriculture. Long term
groundwater over-exploitation led to a deep groundwa-
ter table, which ranged between 10 to 45 m from 2012
to 2013 in the study area. This area was a typical deep
groundwater table in NCP. The study area is belonged
to Hutuo River Pluvial Fan and the geological unit
piedmont plain of Tathang Mountain. This Pluvial Fan
included four water-bearing formation. The second for-
mation with the floor depth of 60 to 120 m became the
one being developed after the most upper one, whose
floor was with a depth of 12 to 20 m, being exhausted.
The floor of the second formation was consist of loam
and sandy loam, which formed a stable confining
bed for the second formation and the third one.

Therefore, the second formation could be regarded
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as an unconfined aquifer'™. The third and the
fourth formation were confined ones, and the floor
depths of the fourth one ranged between 308 to 421
m", The decline of the groundwater table was
closly related to the local irrigated agriculture de-
velopment'*). In this experiment, the soil moisture
dynamics in a typical irrigated cropland were moni-
tored including meteorological factors. As for the
soil moisture dynamics, the soil water suction at
the depths as far as 9 meter and the volumetric soil
water content were measured, the design and lay-
out of which was introduced in detail by and Wang
et al. " and Min et al. ', In addition, monitoring
wells were distributed in the four corners (which
are Grain Station, Zhang Village, Courtyard, and
Fantai) of the study area, to record the dynamics of
the groundwater table for the second formation.
The cropland was irrigated with fifteen pumping
wells in this study area.

Irrigation is the most critical water input be-
sides precipitation. To make the amount of irrigation
more reliable in the simulation, an estimation method
is carried out for the irrigation amount on cropland
with winter wheat and summer corn rotation, the dom-
inating land use. First, whether it had been irrigated or
not was judged based on the soil moisture dynamics
and the rainfall on the day. Secondly, an estimated
amount of irrigation was given based on the previous
available records and irrigation survey. Then simulation
was carried out to examine whether the soil moisture
dynamics could coincide with the observed ones un-
der the conditions of the calibrated soil water pa-
rameters after precipitation. The estimated irriga-
tion amount could be adjusted to make the simula-
ted soil moisture dynamics coinciding better to the
observation. The irrigation estimation after adjust-
ment will be closer to that in reality.

The distributed water cycle simulation was
carried out with the coupling of WACM and MOD-
FLOW,and validated by the data from a field ex-
periment.

1.1 WACMA4. 0 and reconstruction of soil
moisture module

WACM series are distributed hydrology model

which simulates the water cycle in coupling nature-
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human system™”'". The latest WACM4. 0 was ver-
ified in the Weihe River basin and Hetao irrigation
WACMA4. 0, soil

processes are simulated by a three-layer balance

District" ), In hydrological
method in which water fluxes between two layers
are estimated based on the water potential gradi-
ent''®). This method does not suffice to depict the
characteristics of soil moisture dynamics in region
which have a deep groundwater table, where the
vertical soil hydrological process is the most im-
portant aspect. Therefore, a 1-D soil moisture dy-
namics model coupling soil evaporation, crop tran-
spiration, and soil moisture dynamics was estab-
lished and integrated with WACM4. 0 as the soil
moisture module, to simulate the vertical soil
hydrological processes in each grid. Also, some
techniques including varying temporal steps and
spatial step were adopted to reduce the time con-
sumption, making it more suitable for distributed
hydrological modeling. The detailed information a-
bout WACM can be found in Li et al''***), The
modified WACM 4. 0 can depict the characteris-
tics of soil hydrologic processes, improving its ap-

plicability in regions which have a deep groundwa-

ter table.
1.2 One-way coupling of WACM and MOD-
FLOW

This study was carried out using one-way cou-
pling of WACM and MODFLOW to simulate the
water cycle in the study area, considering the hu-
man water resource development activities inclu-
ding irrigation. Regular grids of 50 m X 50 m size
were used for the plain area in WACM. And the
land cover was divided into five types,i. e. built-up
area, cropland with the rotation of winter wheat
and summer maize, cultivated grassland, fallow
field, and cropland cultivating walnut. The same
grids were used in the MODFLOW. The water flux
in the deep vadose zone will be always downward
with a deep groundwater table because the capillar-
ity from groundwater would not affect the upper
soil layers. This cloud make the one-way coupling
of WACM and MODFLOW reasonable. WACM
simulated the surface runoff, evapotranspiration,

and soil moisture processes using the meteorologi-
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cal forcing. The MODFLOW simulated the ground-
water dynamics in the water cycle. The water flu-
xes at the lower boundaries of the soil column for
each grid, which were the vertical recharge, impor-
ted to the MODFLOW as the upper boundary con-
ditions.

1.3 Initial and boundary conditions

The year 2012 was taken as the calibration pe-
riod, while 2013 was used as the validation period.
The most important initial condition for the simu-
lation was the soil moisture profile for the deep va-
dose zone. During experiment, the monitoring data
of volumetric soil water content and soil suction
which reach the depth of 15.2 m and 9 m did not
sufficient to provide the soil moisture profile of the
vadose zone of more than 40 m depth. However,
the initial soil moisture profile imposed direct im-
pact on the simulation results of the recharge.
Therefore, pre-heat training was used to obtain the
initial conditions. Three-year period from 2009-
2011 was used to simulate the two different given
initial soil moisture profile. The final condition was
taken as the new initial soil moisture profile and
the three-year pre heat simulation was repeated
with these new soil profile. The final conditions at
the end of 2011 from two different given initial soil
moisture profiles coincide with each other. This
showed a reliable initial soil moisture profile for
the start of 2012.

The initial groundwater head was given with
the interpolation based on the monitoring data. The
groundwater head distribution at the start of a
year (Jan-1) , would not be substantially impacted
by pumping because there was hardly irrigation
during this period, which made the interpolation a
feasible way to represent the spatial distribution of
the initial groundwater head. The contour of the
groundwater head obtained with this method indi-
cated that the groundwater flow from northwest
to southeast, coinciding with the reported flow
field by the Water Resource Bulletin of Shiji-
azhuang. The upper boundary condition was an
atmospheric condition for the soil moisture simu-

lation, while the lower boundary condition was

given head boundary. The soil suction was as-
signed to be zero for the lower boundary of each
column. The upper boundary for the groundwater
dynamics simulation was given head boundary. The
groundwater heads of boundary grids were ob-
tained with interpolation based on the data of mo-
nitoring wells. The stress period and the time step
were both assigned to be 5 days. The leakage from
the second formation to the third one was insignifi-

cant,which was about 3.6 mm per year, estimated
by Shao et al*?".

2 Results and discussion

This study took the year 2012 as the calibra-
tion period, while 2013 was used as validation peri-
od. The analysis of the vertical recharge character-
istics and the specific yield were based on the re-
sults of those two years.

2.1 Calibration and validation

Many parameters were involved in this mod-
el. The most important parameters for the evapo-
transpiration and recharge include crop coeffi-
cient, root distribution with depths, and hydraulic
parameters of soil layers. Specific yield and con-
ductivity matter in the groundwater dynamics. In
the study area wheat, maize, cultivated grass, and
walnut were the main crops. Parameters for the
first two crops were calibrated in the 1-D soil
moisture dynamics simulation. The crop coeffi-
cient of cultivated grass was assumed to be 1. 0,
while that of walnut for each month was esti-
mated based on Zhang et al'?*!. The hydraulic pa-
rameters were given for each soil layer in the va-
dose zone. Particularly, the parameters calibrated in
the 1-D soil moisture dynamics simulation were a-
dopted for the depth of 0 to 6 m,while the vadose
zone deeper than 6 m was generalized as one layer
and their parameters were given based on the dom-
inating soil type(Tab. 1),sand with sandy clay and
medium-fine sand™®”. The spatial variability of the
soil hydraulic properties and groundwater parame-
ters were ignored. Two key parameters specific
yield and conductivity were calibrated to be 0.03

and 20 m/d,respectively.
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Tab.1 The hydraulic parameters of soil layers at different depth of the vadose zone
Depth/m Soil type Saturated (waler f:onlenl/ Residual water c‘omenl/ Saturated condu‘clivily(K«\')/ . ;
(em?® » ecm™) (em? » ecm™®) (cm » min'h)

0.0~0. 3 Silt loam 0. 36 0. 09 0.012 0.010 1.33
0.3~0.9 Silt loam 0. 37 0. 08 0.010 0.012 1.48
0.9~1.1 Silt clay loam 0. 37 0. 10 0.015 0. 028 1.29
1.1~1.6 Silt loam 0. 33 0.07 0. 007 0.023 1. 30
1.6~1.9 Silt clay loam 0. 39 0. 16 0. 008 0. 025 1.25
1.9~2.2 Clay loam 0. 40 0. 17 0. 005 0. 026 1.12
2.2~2.8 Silt clay loam 0.40 0. 15 0. 003 0.018 1. 16
2.8~3.2 Silt loam 0. 39 0. 14 0.016 0.018 1. 26
3.2~3.8 Sandy loam 0. 39 0.11 0. 080 0.017 1. 26
3.8~4.8 Silt loam 0. 37 0. 11 0. 120 0.018 1. 18
4.8~5.2 Loamy sand 0. 43 0.13 0.120 0.015 1. 50
5.2~6.0 Sand 0. 30 0. 05 0. 040 0. 026 2. 20

~g o nd withsandy clay, 0. 30 0.08 0. 080 0.012 1. 40

medium fine sand

The calibration periods and validation period
are the year 2012 and 2013 respectively. Taking the
(evapotranspiration) ET as observation data from
the eddy covariance system as ground truth. The
relative bias was 5. 5% in the data during the cali-
bration period. The simulated and observed values

were 720. 7 mm and 762.9 mm, respectively. The
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The simulation results of soil moisture for the
typical grid with a rotation of winter wheat-summer
maize during the calibration and validation periods are
shown in Fig. 2 and Fig. 3. The simulation error was
evaluated with RMSE (root-mean-square error).

Groundwater dynamics simulation was valida-
ted with the observation data from a monitoring
well in the central area of the study area, which
was more than 200 m far away from all the irriga-

tion wells. The simulation results coincide with the
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Nash coefficient of daily data was 0. 662, while for
monthly data it was 0. 943. For the validation peri-
ods. the relative bias was 6. 0%. The simulated and
observed values were 708. 9 mm and 754. 0 mm, re-
spectively. The Nash coefficient of daily data was
0.601(Fig. 1), while for the monthly data it was
0. 962.
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The ET simulation results during calibration period (year 2012) and validation period (year 2013)

observed groundwater table dynamics, while the
performance during calibration period was a little
better than that in validation period, with RMSE
0.57 m and 0. 61 m,respectively (Fig. 4).

2.2 Vertical groundwater recharge

2. 2. 1  Comparison between recharge at
point scale and regional scale

There were differences between the potential
recharge at the point scale and the regional scale.

The point scale was represented by typical grid
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Fig. 2 The soil moisture simulation results during calibration period (year 2012)
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Fig. 3 The soil moisture simulation results during validation period (year 2013)

18y
— C | STTRRTTE
"":F_F 1—. = el il
- 1n.a -
= atgod e —
= e i ¥
]
LET) . .
b ik RIT) i
[ erertabiy=
Yomy LY

158
L] I1I|.Hl_r|1|i|.||
- = Epnwlatiin -
B L 1. e ; T |
=, ll'l.:.-".': . ey l|_ s
; ] | r
s ol
" ..
WG i RTD i
Tim=Lilaes
Noumr HELY

Fig. 4 The soil moisture simulation results for the year 2012 and 2013

while the regional scale was total study area. The
so-called potential recharge, was the water flux at
the bottom of the root zone at the depth of 2 m.
The water fluxes at the depth of 2 m under crop-
land with winter wheat-summer maize rotation
were always downward''®, while the zero-flux

planes under cultivated grass and fallow field were

shallower. Therefore, the percolation at depth (2
m) would finally reach the groundwater as re-
charge, without upward movement to the root
zone, The simulation results showed that: (1) the
potential recharge of the study area was 236. 6 mm
and 223.5 mm in the year 2012 and 2013; (2) the
potential recharge of the typical grid with the dom-
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inating land cover, winter wheat-summer maize ro-
tation was 234.3 mm and 208.9 mm in the year
2012 and 2013. The potential recharge in the total
study area and a typical grid was close to each oth-
er in 2012 with a gap of 1.7%, while the former
was 12. 2% percent larger than the later in 2013.

The different land-use types in the study area
account for the differences between the potential
recharge at point scale and region scale since the
water fluxes were different under different land-use
types. Taking the water fluxes in the year 2012 as
an example, the evapotranspiration over the crop-
land with rotation of winter wheat and summer
maize, the dominating land use type were reached
740 mm, while for over cultivated grassland and
fallow field were 607 mm and 233 mm, respective-
ly. Correspondingly, the potential recharge was 237
mm over the former land use,while those were 186
mm and 335 mm over the latter two kinds of land-
use types, respectively. Therefore, the structure of
the land use types significantly impacted the water
fluxes including groundwater recharge over region-
al scale,
2.2.2 Potential and actual recharge to ground-

water

Simulation results showed that the potential
recharge at the study area was 236.6 mm and
223.5 mm in 2012 and 2013, while the recharge
reaching the groundwater table was 144. 1 mm and
129. 8 mm respectively. The recharge to groundwa-
ter was significantly less than the potential re-
charge during wet years. In the long run, the poten-
tial recharge and the recharge to groundwater
should be equal, if the increase of storage brought
by the increase of depth of the vadose zone was ig-
nored"?, Therefore, it can be inferred that the re-
charge to groundwater should be larger than the
potential recharge in dry years. Based on this, the
annual variation of recharge to groundwater will be
small in regions with a deep groundwater table.

The vertical recharge within a year is stable.
Fig. 5 presents the daily process of potential re-
charge, or the deep percolation, and recharge to
groundwater during 2012, The deep percolation re-

sponded to the seasonal variation of precipitation.

+ 190 ¢ #H i L5 K

Deep percolation focused on July and August,
which was rainy season, while it remained small in
other months. The deep percolation rate ranged be-
tween 0.02 to 14.33 mm/d. Meanwhile, the re-
charge to groundwater ranged between 0.37 to
0. 40 mm/d. In 2013, the situation was similar, with
the recharge rate ranging between 0. 33 mm/d and
0.38 mm/d. The vertical infiltration processes
were impacted by the hydraulic properties of the
vadose zone, which was generalized in this study,
thus affecting the accuracy of the daily process of
groundwater recharge. Despite this, the simulation
results revealed the key characteristic of recharge,
being stable, which was after the lagging and
smoothing of percolation in the deep vadose zone.
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Fig. 5 The comparison between the groundwater recharge

and the deep percolation in 2012

The significant comparison between the yearly
amounts and the daily processes of potential re-
charge and the recharge into groundwater during
the study period indicated the smoothing and lag-
ging effect on recharge from the deep vadose zone.
This was because, the depth of the vadose zone was
sufficient for the process. The percolation will re-
spond to the atmospheric boundary. The deep per-
colation would be large when the water inputs, in-
cluding precipitation and irrigation, were large and
the evapotranspiration was relatively small. For the
soil layers below the root zone, when the percola-
tion from the root zone was more than the percola-
tion into lower soil layers, the soil moisture will in-
crease, with the hydraulic conductivity increasing
correspondingly. On the other hand, when the per-
colation from the root zone was less than the per-
colation into lower soil layers, the soil moisture

will decrease, with conductivity decreasing. This
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will make the soil moisture to some depth of the
vadose zone varying with some ranges. Moreover,
the percolation into lower soil layers will be more
stable with some of the percolation from the root
zone being absorbed by the layers below the root
zone, which indicated that the percolation was
forced to be more and steadier layer by layer. The
percolation rate will vary within a certain range
with a given climate condition. The limitation of a
variation range decided that there will be a limita-
tion to the soil depth that was affected. In this
study, soil moisture and percolation at the vadose
zone about 3-4 meter below the root zone was af-
fected by these variations, while in the deeper part
of the vadose zone remain relatively steady.

2.3 Specific yield

Based on the calibration results, the specific
yield of the study area was 0.03. There might be
some bias with this result. These biases might two
aspects. The first one was the irrigation amount,
the main source item in groundwater simulation,
did not come from field measurement. The second
one was the study area,relatively small,do not cov-
er an independent aquifer. The boundary conditions
based on interpolation could not totally represent
the actual situation,

Though, the calibration result of specific yield
could be verified by the dynamics of the groundwa-
ter table with the irrigation pumping. The ground-
water table had declined with an annual rate of
0.85 m between 1980 and 2008™"), However, this
was the inter-annual change. It would overlook the
lateral recharge if the specific yield were estimated
based on interannual groundwater table change and
annual groundwater pumping amount. In 2012, the
groundwater table depth increased from 39.48 m
on March 21 to 45. 42 m on June 21,with a change
of 5. 94 m. Similarly, it increased from 40.52 m on
March 11 to 45.3 m on June 16 with a change of
4. 78 m in 2013. The periods with most immense ir-
rigation demand, the maturing periods of winter
wheat and the sowing period of summer maize were
the periods when the groundwater table rapidly de-
clined. Fig. 6 indicated that the groundwater table

dynamics coincided well with the periods and a-

mounts of irrigation for the dominating crop, win-
ter wheat and summer maize. From the middle and
latter part of March to May, there was demand for
spring irrigation, elongation stage irrigation and
booting stage irrigation of winter wheat. In the
central part of June, there were irrigation demand
for summer maize before sowing. Taking the irriga-
tion for summer maize before sowing as an exam-
ple, the irrigation amount range between 60 mm to
70 mm'*!. The decline of the groundwater table at
these monitoring wells ranged fbetween 1. 39 m to
3. 42 m during the middle part of June 2012, with an
average being 2. 27 m. Those ranged between 2. 30 m
to 3. 19 m at the same period in 2013, with the average
being 2. 55 m. The consistent decline of groundwater
table in all the monitoring wells indicated that the
groundwater table declined in the whole study area,
rather than declining in some areas close to the irriga-
tion wells. The lateral recharge, discharge and vertical
recharge were insignificant during an irrigation event
given that all these processes are much slower com-
pared to the groundwater pumping. Then, the spe-
cific yield was estimated to range from 0. 025 to
0. 029, with the average groundwater decline being
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2.4 m after 60~70 mm irrigation pumping in the
same period in 2012 and 2013. The result was very
close to the calibration result of a specific yield,
0. 03. This verified the calibration result of specific
yield from a perspective other than numerical mod-
eling. Therefore, the current evaluation of the spe-

cific yield in this area might be too high.
3 Conclusions

Taking Luancheng Station as a case study,
this paper adopted a new methodology, water cycle
modelling based on field experiment, to investigate
the vertical recharge characteristics and the specific
yield in regions with deep a groundwater table.
The results showed:

(1) the potential recharge of the study area
differed from that of the typical unit with domina-
ting land use type, and the former is 1.7% and
12. 2% higher than the later one in 2012 and 2013
respectively; The difference of potential recharge at
point scale and region scale indicated that the
structure of land use will impose significant im-
pacts on potential recharge;

(2) the recharge to groundwater was stable
with insignificant temporal variations, due to the
lagging and smoothing effect from the deep vadose
zone; the vertical recharge rate ranged from 0. 33
mm/d to 0. 40 mm/d in 2012 and 2013; The differ-
ences between the potential recharge and the re-
charge to groundwater deserve our attention;

(3) the specific yield of the study area at Lu-
ancheng was about 0. 03 when the groundwater ta-
ble depth was between 40 and 45 m. This was
much lower than the current evaluation, which nee-
ded to be taken seriously.

In addition, the vertical recharge was not con-
stant though it showed small temporal variations. The
quantification results based on the conditions inthis
particular study area in 2012 and 2013, but the re-
charge characteristics revealed implications for regions
with similar groundwater table conditions. Moreover,
the adopted methodology such as coupling simulation
of evapotranspiration, surface water, soil moisture and
groundwater dynamics, provided a reference for

groundwater study in other regions,
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This study assumed the dominating vertical re-
charge being piston flow, overlooking the preferential
flow. Additionally, the simulation of groundwater dy-
namics was sensitive to the boundary conditions, with
the study area being relatively small. Similar field ex-
periments and numerical modeling required to be done
in a larger study area in the future.
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