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Hydrological simulation of the karst area is significant for assessing water resources
accurately and exploring the relationship in the hydrologic cycle. However, the existence of
sinkholes causes the spatial heterogeneity of aquifers and changes the distribution of
surface water as well as groundwater, which makes the traditional hydrogeological model
difficult to quantitatively characterize the hydrological processes of the sinkhole. Hence,
improving the hydrological model for the karst area is a necessary direction at present. The
soil and water assessment tool (SWAT) is one of the most widely used semi-distributed
hydrological models right now in the world. In this study, we focused on the upper course
of the South Panjiang River and used the pond module of the SWAT model to simulate
karst sinkholes, modifying the source code to realize the rapid response to the recharge in
karst sinkholes. After the improvement, the surface runoff, especially the peak value of the
Xiqiao Hydrological Station at the outlet, has been reduced, while the baseflow of modified
subbasins has been increased and the water yield is under a state of water balance. In
addition, the model evaluation factor R2 was strengthened from 0.76 to 0.83 and NSE was
strengthened from 0.66 to 0.79 of the Xiqiao Hydrological Station during the validation
period. The improved model was used to analyze the spatial distribution of hydrological
components. Also, it was found there are spatial relations between runoff modulus–slope
and baseflow–surface runoff–land use types. The analysis demonstrated that the
improved SWAT model could effectively change the hydrological components and
simulate the rapid replenishment of karst sinkholes.
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INTRODUCTION

Karst is a special landscape shape, which can be classified into carbonate karst, evaporate karst,
and sandstone karst according to the constituting material (Veress 2020). It develops mainly
with groundwater solution of the carbonate rocks when groundwater flows, which exports the
products of dissolution, creating underground voids, and the processes can develop a
hydraulic continuum from the surface to spring (Bakalowicz 2005). Karst is widely
distributed in Southwest China, and a lot of research on karst has been carried out in
these areas, including determining the output characteristics of fissure flows (Li et al.,
2020), estimating groundwater storage and detecting anomalies in karstic regions (Huang
et al., 2019), and investigating the influence of climatic variability on solute dynamics (Liu
et al., 2020).
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The karst aquifer and epikarst are indispensable parts of the
karst area. The karst aquifer constitutes an important source of
water supply. Ford andWilliams, (2007) estimated that 7–10% of
the planet is karst and roughly 20–25% of the global population
depends largely or entirely on groundwater obtained from them.
Typical epikarst phenomena such as spring, cave, sinkhole, and
depression are present under the erosion of water flow. Among
them, sinkholes develop where the rock in the karstic area
undergoes chemical weathering or dissolution through
groundwater movement and infiltration of surface water or
precipitation (Cahalan and Milewski 2015).

However, modeling karst systems is still a complex task and
has been the subject of continuing research globally. A difficulty is
that the geometry of fractures, the position of conduits, and the
interactions between different types of flows are unknown in
many cases (Salerno and Tartari 2009). As an important method,
the hydrological model emerges as time requires. Three types of
mathematical hydrological models can be applied for the karst
flow simulation: theoretical or physical models, conceptual
models, and empirical or black-box models (Deni-Juki and
Juki 2003). The simplest way to model karst hydrology is the
application of “black-box” models. They transfer input to output
without the explicit representation of any physical processes and
ignore the complexity of the aquifer geometry (Halihan and
Wicks 1998). The KAGIS model, artificial neural network
model, and regression model were used to simulate and
predict the hydrodynamic behavior of karst aquifers (Felton
and Currens 1994; Lallahem et al., 2005; Hu et al., 2008;
Valdes-Abellan et al., 2018; Nhu et al., 2020). However, the
results lose their reliability outside the range of conditions
they were calibrated for (Hartmann et al., 2014). Moreover, it
requires long time series of input data, which is difficult for the
data-starved area (Meng and Wang 2010).

The conceptual model is based on a set of equations
transferring input to output, conceptually representing
physical processes, and it is widely used in karst modeling due
to easy implementation (Hartmann et al., 2012). The
Hydrological Model for Karst Environment (HYMKE)
(Rimmer and Salingar 2006; Samuels et al., 2010), Génie Rural
à 4 paramètres Journalier (GR4J) (Sezen et al., 2019), and Karst
Simulation Simplified (K sim2) model (Makropoulos et al., 2008)
are successfully applied in the karst area. However, this kind of
model often discards details in the system dynamics to simplify
the model, and it is difficult to be applied to large-scale basins
(Meng andWang 2010). For the quantitative spatial simulation in
large-scale watersheds, conceptual models are less advantageous
than physical models (Martínez-Santos and Andreu 2010).

The physics-based numerical model generally ignores the
complexity of karst aquifer geometry and interprets the
response with mathematical techniques and empirical
assumptions. These approaches can also simplify the conduit
geometry and interpret the response that the system will
generate (Halihan and Wicks 1998). Karst areas usually lack
data and have a complex structure, and the distributed and
semi-distributed models have advantages. This kind of model
allows grid refinement, and its structure allows for adding and
removing flexible mechanisms. It not only considers the

temporal and spatial variation of hydrological elements but
also reflects the spatial distribution characteristics of basins.
Among them, the semi-distributed model SWAT became
popular in the last decades to specifically address
anthropogenic challenges related to hydrology, nutrient
transport, sediment transport, and crop growth in diverse
climatic, physiographic, and socioeconomic settings
(Piniewski et al., 2019). It has strong applicability in
predicting future changes in water resources, and it is
convenient to use the spatial information provided by remote
sensing technology or computer technology to simulate the
hydrological effects in many different scenarios (Shang et al.,
2019). Therefore, the SWAT model has been used in many
areas, like Minnesota, Michigan, and Colombia of the
United States (Schomberg et al., 2005; Villamizar et al.,
2019), San Pedro watershed of Mexico (Nie et al., 2011),
Amur River Basin of Asia (Zhou et al., 2020), and Ganga
River Basin of India (Anand et al., 2018).

The research methods based on SWAT in the karst area can
be divided into two categories: the unmodified SWAT model
and the modified SWAT model. The research studies which
applied an unmodified model have been carried out in Kenya
(Baker and Miller 2013), China (Xie et al., 2021), Spain
(Martínez-Salvador and Conesa-García 2020), Greece
(Malagò et al., 2016), and other countries. But some
prerequisites are generally required for the application of an
unmodified SWAT model to simulate the karst hydrology. For
example, the geological survey in the study area tends to be
thorough and detailed, and the karst hydrogeological
parameters affecting flow prediction such as infiltration rate
and drainage area can be determined accurately, or researchers
conduct tracing experiments to obtain the actual flow of the
karst underground river and combine the experimental results
with the SWAT model (Amatya et al., 2011; Lauber et al., 2014).
However, the geological surveys in karst areas are often
inadequate, some scholars focus on the improvement of
numerical model performance in the karst area, and there
have been many related explorations and breakthroughs.
Baffaut and Benson, (2009) proposed a way to present the
quick movement of water from the ground surface to the
aquifer in sinkholes by distinguishing the delay time of
seepage from soil and infiltrations from ponds, which
attempt to simulate the karst flow process and pollutant
transport better. Mohammed et al. (Rahman et al., 2016)
incorporated a wetland geometric formula into SWAT to
overcome the limitation of morphometric properties and
scale and shape parameters. This research method to implant
the improved formula into the model to simulate karst
morphology is a way of karst simulation, and the
improvement of the karst hydrologic formula is worth
learning. Palanisamy and Workman, (2014) conceptualized
the sinkholes in the karst watershed as orifices, and flow
through these orifices was modeled as a function of sinkhole
diameter, incorporating the flow components in the SWAT
model; this applies to karst basins dominated by sinkholes.
Wang et al. (2019) combined the lumped model–reservoir
model and semi-distributed hydrologic model SWAT model
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to simulate the water cycle in Xianghualing karst watershed in
southern China, and they used a reservoir to generalize the
recharge from depressions.

Previous efforts have been made to improve the SWAT
model, but there has been little quantitative analysis of karst
sinkhole simulation, particularly for Southwest China. A
systematic understanding of how sinkholes affect karst flow
is still lacking. Baffaut and Benson, (2009) proposed a method to
modify the pond subroutines SWAT to account for a higher
infiltration rate in sinkholes in southwest Missouri. In this
study, we applied the same method in the source area of
South and North Panjiang River basin (SNPB) of Southwest
China. We used the improved SWAT model (version 2012) to
simulate the hydrology process of rapid response in the karst
area and proved the applicability of the improved model in the
study area.

METHODS

Study Area
SNPB is located in Southwest China and on the upper reaches of
the Pearl River watershed. The basin slopes from southwest to

northeast, the western region is a natural mountain barrier, and
the eastern part is on the southeast slope of the Yunnan–Guizhou
Plateau. The South Panjiang River and North Panjiang River are
the two rivers in the watershed, which originate in the same
place—Maxiong Mountains of Yunnan Province.

This study focuses on the source area of the South Panjiang
River, which lies between latitude 25° to 26°N and longitude 103°

to 104° with an area of 2,762 km2 (as shown in Figure 1). The
climate of the study area is a typical subtropical humid monsoon
climate with an average annual temperature of 19.7°C and a
relative humidity of the atmosphere ranging from 76 to 82%.
The warm and wet period from June to September is
distinguishable, with an average precipitation of 1, 279.4 mm,
equivalent to 66% of the total annual precipitation. Except for a
small area of stratified bedrock in the west, the rest of the
distribution lithology is carbonate such as limestone and
dolomite. Under the influence of climatic characteristics,
karst topography is well-developed. The karst drainage
network is distributed tightly and ranges between 11.1 and
15.9 km/km2. A large number of karst sinkholes formed
under the action of long-term water flow erosion and
weathering erosion. These sinkholes are basically cylindrical
and show a closed state.

FIGURE 1 | Location of the study area.
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Data Source
DEM Data
Digital elevation data (DEM) was acquired from the Geospatial
Data Cloud (http://www.gscloud.cn/) with 30 m × 30 m
resolution (Figure 1). It shows the spatial distribution of
regional geomorphology. DEM data were used to analyze
topography and slope, extract river network and sinkholes,
make mask processing, and so on. Moreover, a watershed can
be divided into multiple subbasins based on the river network and
DEM in the SWAT model.

Land Use Type
The land use map of the year 2015 was obtained from the
Resource and Environment Science and Data Center Platform
(http://www.resdc.cn/) with 1000 m resolution (Figure 2). We
reclassified the initial land use map and got six land use types:
farmland (AGRL), forest land (FRST), grassland (PAST), lakes
and other bodies of water (WATR), urban construction land
(URBN), and unused bare land (BALD). “AGRL,” “FRST,” and
“PAST” are the three main land use types of the study area, and
the areas are 823 km2 (30%), 778 km2 (28%), and 925 km2 (34%),
respectively. The farmland near the river channel is mainly used
for aquatic crops such as rice, and some irrigated farmland is used
for crops such as corn and vegetables. Forestland types are mainly
evergreen broad-leaved forest, deciduous broad-leaved forest, and
coniferous forest. Grassland type is mainly natural grasslands
with medium coverage.

Soil Type
Soil data were obtained from the Harmonized World Soil
Database (HWSD) established by the United Nations Food
and Agriculture Organization (FAO) and the International

Institute for Applied Systems (IIASA) in Vienna, which linked
to the soil characteristic database with a resolution of 1000 m ×
1000 m. Each soil type contains physical and chemical properties.
Thus, it plays an important role in the hydrological cycle in
hydrological response units (HRUs) and affects the movement of
water in the soil profile. We calculated the properties of the soil
through the HWSD database, mathematical formula, and soil
water characteristics module from SPAW software (Rao and
Saxton 1995). The soil types which had the same soil names
and properties were defined as the same one, and the final soil
properties were made as a database in SWAT. mdb. The soil data
were reclassified into 14 types as shown in Figure 3.

Meteorological Database
The meteorological data used in the model were taken from The
ChinaMeteorological Assimilation Datasets for the SWATmodel
(CMADS) developed by Prof. Dr. Xianyong Meng (Meng and
Wang 2017) from China Agricultural University (CAU). The
CMADS data set has been modified as a format that the SWAT
model can recognize and use the data set without any format
conversion. The data include daily precipitation, maximum and
minimum temperatures, solar radiation, relative humidity, and
wind speed, from the year 2010 to 2015 at the 20 meteorological
stations.

Hydrological Data
The calibration and verification data are the streamflow data of
hydrological stations from the Institute of Karst Geology Chinese
Academy of Geological Sciences. Average monthly streamflow
data from the year 2012 to 2015 of the Xiqiao station from
research institutes were used to calibrate the SWAT model. In

FIGURE 2 | Classification of land cover types (year 2015). FIGURE 3 | Classification of soil types.
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addition, the daily streamflow data of the same station from
28 July 2015 to 4 October 2015 were also obtained. The location of
the hydrological station mentioned previously is shown in
Figure 1.

Improved SWAT Model
SWAT hydrological model simulation is divided into the
overland flow phase and channel flow phase. The first phase
controls the flow of water, sediment, and pollutants into the
channel within the subbasin. The second phase is the process in
which the flows from the first phase migrate to the outlet. The
hydrologic processes simulated by the SWAT model mainly
include surface runoff, soil infiltration, evapotranspiration,
interflow, and return flow. The hydrology circulation system is
based on the water balance equation (Arnold et al., 1998; HAO
et al., 2006).

The aquifer constructed according to the regular SWATmodel
will be generalized as a loose homogeneous medium, and the
infiltration delay days of soil profiles in karst areas are the same as
in other areas in the traditional SWAT code. However, karst
sinkholes have a phenomenon of rapid vertical replenishment,
and the exchange rate of surface water and groundwater is much
faster than that of other areas, which the regular model cannot
accurately depict. In order to solve this problem, in this study, we
used the pond module in SWAT to conceptualize the karst
sinkholes and modified the algorithm to distinguish the rapid
vertical replenishment hydrological process of the sinkholes.

Pond can receive a portion of the water from the subbasin, and
its water storage is a function of daily inflow and outflow,
including infiltration and evaporation. The outflow of the
pond is simulated according to storage capacity and changes
according to the soil moisture content and the flood season. The
water balance equation of the pond in SWAT is shown in
Formula (1):

V � Vstored + Vflowin − Vflowout + Vpcp − Vevap − Vseep, (1)
where V is the amount of water stored at the end of a day, m3;
Vstored is the amount of water stored at the beginning of a day,
m3; Vflowin is the amount of water that flows into on a given day,
m3; Vflowout is the amount of water that flows out on a given day,
m3; Vpcp is the amount of precipitation over the water body on a
given day, m3; Vevap is the amount of evaporation of the water
body on a given day, m3; and Vseep is the amount of water leakage
on a given day, m3.

The formula for controlling the pond hydrologic process in
SWAT is as follows (Neitsch et al., 2002):

SA � βsa · Vexsa, (2)

exsa � log10(SAem) − log10(SApr)
log10(Vem) − log10(Vpr) , (3)

βsa � (SAem

Vem
)

exsa

, (4)

where SA is the initial surface area of ponds, βsa is a coefficient,V
is the initial volume of water stored in the pond, exsa is an
exponential, SAem is the surface area of ponds when filled to

emergency spillway, Vem is the volume of water stored in ponds
when filled to the emergency spillway, SApr is the surface area of
ponds when filled to the principal spillway, andVpr is the volume
of water stored in ponds when filled to the principal spillway.

The pond module needs to be added at the subbasin scale, and
all sinkholes are generalized with one pond for each subbasin. The
pond was represented in the model by some specific parameter
variables: a fraction of subbasin area that drains into ponds
(PND_FR) and hydraulic conductivity through the bottom of
ponds (PND_K). The parameters V, SAem, Vem, SApr, and Vpr in
the aforementioned formula are also variables that control the
pond in the input interface of the model. The total area of the
sinks in each subbasin is the value of these two parameters: SAem

and SApr. Through weighted statistics, one can obtain the average
depth of the depression and then figure out the volume value:Vem

and Vpr of the pond. The initial volume of water stored in the
pond was set close to 0 m3. The bottom of the pond was endowed
with a large hydraulic conductivity coefficient (10,000), making
all the water flowing into the pond infiltrate and recharge the
groundwater. The catchment area corresponds to the existing
depression refers to the precipitation area of water flowing in the
sinkhole. Hydrological analysis can obtain the catchment area of
depressions in each area and the ratio of this area to the entire
subbasin. Then, the ratio was characterized by setting the
PND_FR parameter in the SWAT model.

In order to realize the change of water transfer speed and
quantity in the vertical direction and rapid recharge of
groundwater aquifer in sinkholes, we modified the original
algorithm of the SWAT model. In the original model code
(shown as Eq. 5), the amount of water from ponds
(rchrgkarst) and percolation from the bottom of the soil
profile in HRU [sepbtm(j)] use the same delay time variable
which represents the duration of water leaving the bottom of the
root zone to reach the shallow aquifer. With improvement,
recharge is divided into two parts: leakage recharge of the soil
profile and rapid recharge of karst sinkholes. The water passing
through the pond was taken out separately, using a specific delay
time variable. According to the empirical coefficient of previous
models we built, the delay time variable of pond leakage was set to
1/50 of the initial value (as shown in Figure 4). After the

FIGURE 4 | Karst sinkhole simulated by the pondmodule in the modified
version of SWAT.
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modification of the SWAT code, the formula for calculating the
daily recharge of the karst aquifer is given as Eq. 6:

rchrg(j)�(1.−exp(−1/delay)) p (sepbtm(j)+gwqru(j)
+rchrgkarst)+ exp(−1/delay) p rchrg1 , (5)

rchrg(j)�(1.−exp(−1/delay)) p(sepbtm(j)+gwqru(j))
+(1.−exp(−1/(delay/ 50))) p rchrgkarst+exp(
−1/delay) p rchrg1 ,

(6)
where rchrg(j) is the amount of water entering the shallow
aquifer on the current day, mm; delay is the groundwater delay
(time required for water leaving the bottom of the root zone to
reach the shallow aquifer), days; sepbtm(j) is the percolation
from the bottom of the soil profile for the day, mm; gwqru(j) is the
groundwater contribution to streamflow on the current day, mm;
rchrgkarst is the amount of water from ponds, mm; and rchrg1 is
the amount of water entering the shallow aquifer on the previous
day, mm.

Numerical Model
Model Setup
In the process of setting up the improved SWATmodel, the DEM
data were used to generate rivers and calculate the direction of

flow. Then, the threshold value of the minimum area in the study
catchment was set at 30000 Ha and generated the river network.
Based on the river network and outlets, the study area was divided
into five subbasins. The soil map and land use map were added to
establish SWAT, and the corresponding index tables were
imported to connect the map properties with the SWAT
database. For slope classification, we selected the multiple
slope method and divided slope into three levels: 0~15, 15~25,
and 25~9,999. After defining HRU and setting the minimum
generative area ratio of land use, soil, and slope at 15, 15, and 10%,
respectively, the SWAT model finally generated 833 HRUs
(hydrological response units) in five subbasins.

We built two sets of models, which are called the original
model and the improved model. No pond module was added to
the original model, but in the improved model, we added the
pond module to simulate karst sinkholes and the code of the
pond was modified at the same time. In the improved model,
the pond module was set in No. 1, No. 4, and No. 5 subbasins
(as shown in Figure 5). Then, the surface area, initial volume,
and volume of ponds when filled to spillway were, respectively,
input into the model to complete the characterization of
the pond.

In this study, we modified the SWAT source code in the
Windows platform application development environment Visual
Studio 2010. The subroutine gwmod. f was modified, and after
modification and successful compilation, we replaced the original
Swat. exe executable.

FIGURE 5 | Division of watershed and location of sinkholes (A). Catchment area of the sinkholes in each subbasin (B).
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Model Calibration and Validation
The SWAT model was calibrated using monthly streamflow data
from 1 January 2012 to 31 December 2013 at Xiqiao stations in
the study area. The Xiqiao Hydrological Station was chosen
because the study area is an independent hydrogeological unit,
and the Xiqiao Hydrological Station is located at the outlet of the
whole basin. The warm up period was from 1 January 2010 to
31 December 2011. The validation period was from 1 January
2014 to 31 December 2015. During the simulation period, the
maximum precipitation was 1171 mm, and the minimum
precipitation was 402 mm, including the wet year and dry
year. Model sensitivity analysis and calibration were carried
out using the Sequential Uncertainty Fitting version 2 (SUFI-
2) approach using the SWAT-CUP interface developed by
Abbaspour (2015). Sensitivity analysis can determine the
parameters that have a greater impact on the model and
improve the simulation efficiency. The sensitivity of the
parameter is determined by t factor and p factor, and the t
factor is positively correlated with sensitivity, but p is
negatively correlated. Model performance was evaluated based
on statistical parameters of the coefficient of determination (R2)
and Nash–Sutcliffe efficiency (NSE) (Moriasi et al., 2007). R2 and
NSE are calculated as follows:

R2 � [∑n
i�1(Qm,i −Qm,avg)(Qs,i −Qs,avg)]2

∑n
i�1(Qm,i −Qm,avg)2∑n

i�1(Qs,i − Qs,avg)2, (7)

NSE � 1 − ∑n
i�1(Qm,i −Qs,i)2

∑n
i�1(Qm,i −Qm,avg)2, (8)

where Qm,i and Qs,i are the ith observed and simulated stream
flows, respectively, Qm,avg and Qs,avg are the mean of the
observed and simulated data, and n is the total number of
observations.

RESULTS

Sinkhole and River Characteristics
We used the hydrologic analysis tool in ArcGIS to identify
negative terrain, calculate negative terrain depth, and generate
catchment areas of the sinkholes. The field survey shows that the
depth of sinkholes in the area is usually between 10 and 20 m, so
we take negative terrain with this depth range as sinkholes.
Because sinkholes are not only negative terrain but also have
closed features, we identified contour lines and removed unclosed

sinkholes. Figure 5 shows the location and catchment area of the
sinkholes. In each subbasin, the area of all sinkholes was taken as
the surface area of the pond and the average depth of all sinkholes
was taken as the depth of the pond. The fraction of the subbasin
area that drains into ponds (PND_FR) was the proportion of the
catchment area of sinkholes to the subbasin area. Sinkhole
parameters are shown in Table 1. It can be seen that the
numbers of sinkholes in subbasins No. 2 and No. 3 are seven
and five, respectively, and PND_FR is less than 0.05. It indicates
that sinkholes are not widely distributed in these two subbasins
compared with other subbasins. Therefore, the pond module was
set in subbasins No. 1, No. 4, and No. 5. When extracting the
river, a real river network map was added for guidance, and the
“burn-in” algorithm in SWAT lowered the elevation of the river
in DEM to generate a near-real river. The extracted river is shown
in Figure 5.

Improved Model Evaluation
During the calibration process, eight parameters were selected
and 200 iterations were carried out in the hydrological stations.
The parameter sensitivity, value ranges, and the final values are
shown in Table.2, and rank stands for the sensitivity sequence.
Soil conservation service curve number CN2 mainly affects
surface runoff. Baseflow alpha factor ALPHA_BF affects the
redistribution of groundwater runoff. Groundwater delay time
GW_DELAY affects the groundwater delay. The three
parameters are very sensitive, which is closely related to the
hydrological process affected by a pond. Other parameters,
such as the depth of water for return flow GWQMN, affect
the generation of baseflow. The deep aquifer percolation fraction
RCHRG_DP is the percolation fraction of the deep aquifer and
describes the characteristics of the deep aquifer. The groundwater
“revap” coefficient GW_REVAP and depth of water for

TABLE 1 | Parameter characteristics of sinkholes in five subbasins.

Subbasin no. Subbasin area
(ha)

Sinkhole number Sinkhole area
(ha)

Sinkhole depth(m) Fraction of
the pond

catchment area

1 90,316 15 20.25 14.83 0.21
2 30,849 7 5.67 12.3 0.05
3 25,723 5 4.05 12.63 0.04
4 35,054 69 109.35 14.43 0.47
5 93,990 28 114.21 14.04 0.36

TABLE 2 | Parameter sensitivity ranking and parameter fitted value range.

Rank Parameter Initial value Fitted value

1 CN2 35–98 60–62
2 ALPHA_BF 0–1 0.9–0.96
3 GW_DELAY 0–500 0–30
4 PND_VOL 0–30 10–24
5 REVAPMN 0–750 650–700
6 RCHRG_DP 0–1 0–0.005
7 GWQMN 0–5,000 300–350
8 GW_REVAP 0.01–0.2 0.01–0.012
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evaporation REVAPMN affect the generation of baseflow by
altering the evaporation of a shallow aquifer. PND_VOL
affects the initial volume of the pond. All parameters were
adjusted by replace, and the parameters identified in this study
are consistent with those related studies (Moreira et al., 2018;
Thavhana et al., 2018; Liang et al., 2020).

Comparison of the Performance of the
Original and Improved Models
The streamflow data of the Xiqiao Hydrological Station were
compared to assess the accuracy and applicability of the improved
model (as shown in Figure 6). We used the same set of
parameters before and after the model improvement, so that
the change of the model only comes from the addition and
improvement of the pond. The results show that for the
original model, the value of R2 is 0.70 and NSE is 0.35 in the
calibration period, while the value of R2 is 0.74 and NSE is 0.61 as
simulated by the improved model. For the original model, R2 and
NSE values are 0.76 and 0.66, respectively, in the validation
period, while the value of R2 is 0.83 and NSE is 0.79 as
obtained from the improved model. Both the linear correlation
and model reliability have been strengthened with the
improvements we proposed. In order to show the difference
before and after improvement in more detail, we selected the
flood season of the year 2015, July 28–October 4, and conducted
daily simulation (as shown in Figure 7), and the result shows the
decrease in peak flow and the increase in baseflow, especially in
August, the simulated peak value and normal flow value are
obviously closer to the measured data.

Change of Hydrological Components After
Model Improvement
According to the output. sub files obtained by the improved
SWAT model, we calculated the average annual surface runoff
depth and baseflow depth of No. 1, No. 4, and No. 5 subbasins.
Compared with the improved model and original model
(Table.3), the surface runoff depth was reduced by 9.2, 13.5,

and 21.4 mm and the reduction rate was 21, 47, and 36%,
respectively. Corresponding with the coefficient PND_FR that
had been set in each subbasin, this result indicates that the
subbasins with the pond let part of surface runoff flow into
the pond, and the proportion of water flow in the pond was the
value of the PND_FR parameter. Corresponding to the decrease
in surface runoff, the baseflow depth of each subbasin increased.
In the subbasins of No. 1, No. 4, and No. 5, the baseflow was
increased by 16.4, 20.3, and 16.1 mm, respectively, which
reflected the recharge of surface runoff to baseflow.

Compared with the original model, in the improved model,
the lateral flow depth was reduced from 22.5 to 18.8 mm in
subbasin No. 1, from 12.2 to 7.5 mm in subbasin No. 4, and 8.0 to
7.1 mm in subbasin No. 5. The water yield is composed of surface
runoff, baseflow, and lateral flow. In the original model, the water
yield of subbasins No. 1, No. 4, and No. 5 was 262.4, 186.6, and
316.6 mm, respectively, and the total water yield was 765.6 mm.
In the improved model, the water yield of subbasins No. 1, No. 4,
and No. 5 was 265.8, 188.7, and 310.6 mm, respectively, and the
total water yield was 765.1 mm. The water yield was basically
under a state of water balance. It can be seen that the recharge of
surface runoff to baseflow caused a decrease in lateral flow, and a
part of the lateral flow was directly converted into the baseflow to
recharge the river.

Spatial Distribution of Hydrological
Components
According to the results of SWAT, we analyzed the spatial
distribution of river discharge, runoff modulus, surface runoff
depth, and baseflow depth. Figure 8 shows that the rivers in the
subbasins No. 1, No. 2, and No. 4 are located in the upstream and
tributaries, and the annual average discharge is 7.2 m3/s, 8.4 m3/s,
and 6.8 m3/s, respectively. The rivers in subbasins No. 3 and No.
5 are located in the downstream and the mainstream, and the
annual average discharge is 19.0 m3/s and 33.6 m3/s, respectively.
The discharge of the river shows the distribution characteristics of
increasing gradually from upstream to downstream and from
tributaries to mainstreams.

FIGURE 6 | Monthly discharge during the calibration period
(2012–2013) and the validation period (2014–2015) before and after model
improvement.

FIGURE 7 | Daily discharge during the flood season in the year
2015 before and after model improvement.
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A runoff modulus is a basic hydrogeological parameter, which
can compare runoff in different subbasins. The slope is a land
feature, and the slope above 15° is classified as a steep slope. We
calculated the runoff modulus and the proportion of slope above
15° for each subbasin (as shown in Figure 8). In subbasin No. 2,
the runoff modulus is 27 L/s·km2, the slope ratio is 0.37, and both
the parameters are the largest. In subbasin No. 5, the runoff
modulus is 8 L/s·km2, the slope ratio is 0.20, and both the
parameters are the smallest. Comparing the runoff modulus
with the slope distribution in Figure 8, the larger the
proportion of steep slopes, the larger the runoff modulus. As
the slope increases, the velocity of surface runoff becomes faster,
the duration of runoff generation on the slope is short, and the
infiltration amount is small. On the contrary, the runoff is large.

The distribution of hydrological components is influenced by
land use. The land use types are mainly farmland (AGRL), forest
land (FRST), and grassland (PAST) in the study area. The surface
runoff depth and baseflow depth generated by these three land
use types in each subbasin were calculated. Figure 9 shows that
for surface runoff depth, AGRL > FRST > PAST. However,

Figure 10 shows that for baseflow depth, FRST > PAST >
AGRL. It can be seen that the surface runoff and baseflow are
related to the land use types. Farmland is more likely to produce

TABLE 3 | Changes in surface runoff depth, baseflow depth, and lateral flow depth in the subbasins No. 1, No. 4, and No. 5 (unit: mm).

Subbasin
no.

Surface runoff Baseflow Lateral flow

Initial Improve Decrease Initial Improve Increase Initial Improve Decrease

1 43.9 34.7 9.2 195.9 212.3 16.4 22.5 18.8 3.7
4 28.8 15.3 13.5 145.6 165.9 20.3 12.2 7.5 4.7
5 59.0 37.8 21.4 249.6 265.7 16.1 8.0 7.1 0.9

FIGURE 8 | Spatial distribution of slope (>15°) proportion (A). Spatial distribution of river discharge and runoff modulus (B).

FIGURE 9 | Average annual surface runoff depth in each subbasin under
different land use types.
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surface runoff, and forest land produces more baseflow due to
water conservation of vegetation. The root system of crops is
underdeveloped and cannot consolidate the soil well. The surface
runoff will wash the surface soil of farmland and generate more
runoff. The phenomenon of soil physical crusting often occurs on
the surface of overcultivated land, which will also increase the
runoff. The forest root system is very developed, and forest soil
has a good structure and porosity; so the infiltration velocity is
fast, which plays the role of intercepting surface runoff and
generating baseflow.

DISCUSSION

For the traditional hydrological process, streamflow is the sum
of surface flow, lateral flow, and baseflow, but in our study area,
the unique karst topography differentiates the process and a
part of water enters the deep aquifer through high-
permeability channels and forms preferential flow (Rimmer
and Salingar 2006). Using the model to accurately show the
surface runoff and baseflow in karst areas is useful for
analyzing the quick and large response of groundwater
discharge to rainfall events, karst underground floods, the
transport of sediment, and organic material.

In this study, we used the pond module in SWAT to simulate
sinkholes. After improvement, the indicators of NSE and R2 have
been strengthened in the 2012–2015 monthly scale simulation. In
the improved model, the simulated flow line is closer to the
observed data, especially the decrease can be observed at the peak
value of the surface runoff at the Xiqiao Hydrological Station. For
subbasins No. 1, No. 4, and No. 5, the surface runoff was relatively
decreased and baseflow was relatively increased after
improvement. This change was due to the addition of the
pond module, which made a part of surface water to quickly
replenish groundwater through karst sinkholes. Moreover, in the
steady stage of the flood season, the flow process line rises, which
reflects that the baseline was elevated. It can be concluded that the
addition of pond module and characterization of karst
morphology will change the amount of surface water and
groundwater resource allocation in the modified subbasin, the

flow distribution between surface runoff and baseflow was
changed, and the improved model outperformed the original
model in terms of both the model fitting effect and model quality
and enabled to simulate the recharge process and the hydrologic
cycle of the sinkholes.

During the simulation, R2 and NSE in the validation
period were better than the calibration period because R2

and NSE are sensitive to the peak value of river discharge.
However, the simulated peak value in June 2012 was much
greater than the observed value. Although the improved
model weakened the surface runoff, it still overpredicted
this value, so R2 and NSE in the calibration period are
smaller than the validation period. The reason for this
phenomenon is the heavy rainfall in June 2012, which
reached 325 mm. The SWAT model is sensitive to rainfall,
and the simulated curve reflects this peak value of discharge
caused by heavy rainfall. But, before six months, this heavy
rainfall is the dry season, with an average of only 22 mm of
rainfall per month. The heavy rainfall recharged the soil
water and karst fissures first so that the observed value did
not show a peak value of discharge.

The karst area simulation is still in the exploration stage,
especially the application results of the SWAT model to depict
karst morphology are not abundant. In Southwest China, some
scholars exposed the karst underground river to the surface and
some scholars generated HRUs according to karst characteristics,
but these studies did not involve the hydrologic process of
sinkholes (Yu et al., 2012; Zhang et al., 2020). Outside of
Southwest China, Palanisamy and Workman, (2014) proposed
KarstSWAT to simulate sinkholes located on the streambed in the
Cane Run watershed. They simulated the horizontal hydrologic
process of flow from the stream channel into the deep aquifer
through sinkholes and then transferred from karst conduits to
spring. But in our study, sinkholes are located all over the
watershed, and we focused on the vertical hydrologic process of
sinkholes rapidly diverting the surface water to the shallow aquifer
through large hydraulic conductivity and short delay time. We
used the pond module in SWAT to simulate sinkholes as same as
Baffaut and Benson, (2009), and their study specifically analyzed
the flow simulation characteristic of the improved SWATmodel in
southwest Missouri. In our study, we further defined a specific
value of delay time in the pond and compared the quantity changes
of hydrology components surface runoff depth and baseflow depth
before and after improvement and analyzed the water balance
relationship. This method is suitable for any karst area with
sinkholes because the area and volume of sinkholes can be
obtained by remote sensing interpretation or field investigation
in any study area, and the pondmodule can generalize the sinkhole
characteristics and describe the vertical connection between the
surface and underground. We successfully simulated sinkholes in
Southwest China, which also proved that this method can be
applied to karst landscapes in different regions. In addition,
field investigation of karst sinkholes is an arduous task
(Bakalowicz 2005; Zisman et al., 2013). We applied the sinkhole
parameters analyzed by DEM to the model and obtained good
results, which provided a method for the simulation of karst areas
with few field investigation data.We aimed at the source area of the

FIGURE 10 | Average annual baseflow depth in each subbasin under
different land use types.
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South Panjiang River in this study. It is necessary to further analyze
the distribution situation of the sinkholes in the whole SNPB and
popularize this method to describe the karst characteristic in more
detail.

CONCLUSION

In this study, we conceptualized the sinkholes as the pond with
large hydraulic conductivity at the bottom, and the fast recharge
response of karst was realized by modifying the groundwater
delay time of the algorithm with the SWATmodel. The improved
model was fitted with the measured data of the Xiqiao
Hydrological Station, and it was verified that R2 and NSE can
achieve satisfactory results. The surface runoff of karst subbasins
No. 1, No. 4, and No. 5 with the pond module was significantly
decreased by 21, 47, and 36% corresponding to the PND_FR
values 0.21, 0.47, and 0.36, respectively. The baseflow of the
subbasins was increased significantly, and the pond module also
made a portion of lateral flow become baseflow. After the
improvement, the evaluation factor R2 of the Xiqiao station
increased from 0.70 to 0.74 and NSE increased from 0.35 to
0.61 during the calibration period. In the validation period, the R2

increased from 0.76 to 0.83 and NSE increased from 0.66 to 0.79.
Using the improved model to explore the spatial distribution of
hydrological components, it was found the runoff modulus in the
study area has a positive correlation related to the slope (>15°)
proportion, the baseflow depth and surface runoff depth are

related to the land use types, farmland produces more surface
runoff, and forest land produces more baseflow. This study
proved that the improved model simulates sinkholes
successfully and has a better effect than the original model.
This method can describe the preferential flow of the karst
sinkhole and the reallocation of surface water and groundwater.
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