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Hydrological connectivity in wetland ecosystems comprises a combination of
hydrodynamic, hydrochemical, and biological characteristics. Hydrodynamic
characteristics are important for the transmission of energy, matter, and information
between surface water bodies and are critical for maintaining the health of wetland
ecosystems. The hydrodynamic characteristics of wetlands are the temporal and spatial
changes in the water level, flow direction, quantity, recharge, and discharge conditions
of surface water and groundwater. Identifying wetland hydrodynamic characteristics
is of great significance in revealing the hydrological patterns and biogeochemical
phenomena of wetland ecosystems. The Momoge National Nature Reserve (MNNR) is
a wetland located in the semi-arid region of northeast China, where the hydrodynamic
characteristics are still unclear. In this study, water level monitoring of surface water
and groundwater in MNNR was carried out, and wetland recharge and discharge
were calculated according to a water balance analysis. The submerged wetland area
was simulated based on an improved distributed hydrological model, SWAT-DSF,
and compared with remote sensing data. The results showed that the dynamic
characteristics of wetland surface water and groundwater are mostly affected by
topography and recharge water sources. The water resources in the reserve are in
a positive state of equilibrium in the wet season (September), with an equilibrium
difference of 276.41 × 104 m3/day. However, it displays a negative equilibrium
state in dry (November) and other (June) seasons, with an equilibrium difference of
−12.84 × 104 m3/day and −9.11 × 104 m3/d, respectively. The difference between the
submerged areas of the MNNR wetland during the wet and dry seasons was 250 km2.

Keywords: wetland, hydrodynamic characteristic, water level monitoring, water balance, Momoge National
Nature Reserve

INTRODUCTION

Wetlands, often vividly described as the “kidneys of the Earth” are a critical part of the surface
covering of our planet. Wetlands, forests, and oceans are three major ecosystems with irreplaceable
functions (Mitsch et al., 2009; Keddy, 2010). Unfortunately, the global wetland area has decreased
by nearly 70% since the beginning of the 20th century (Davidson, 2014; Hu et al., 2017), resulting
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in a sharp decline in the service functions of wetland ecosystems.
Countries worldwide have signed the Ramsar Convention
on Wetlands to deal with and prevent further deterioration.
Therefore, the protection and restoration of wetlands have
become crucial issues for global research (Wang Q. et al.,
2021; Xi et al., 2021). Wetlands comprise interconnected
terrestrial and aquatic ecosystems (Lu et al., 2020; Guo
et al., 2021). Inevitably, water plays a critical role in the
formation, development, succession, and extinction of wetlands.
In particular, hydrological processes are essential for maintaining
the balance of regional water resources and the health of wetland
ecosystems (Johnston, 2020; Makungu and Hughes, 2021).
Most of the transmission of matter, energy, and information
is related to wetland hydrological processes and water cycles.
Therefore, hydrodynamic characteristics govern the stability and
self-maintenance of wetland ecosystems (Singh and Sinha, 2019).

The hydrodynamic characteristics of wetlands include
temporal and spatial changes in the water level, flow direction,
and water quantity, as well as the recharge and discharge
conditions of wetland groundwater and surface water.
Hydrodynamic processes are critical in the formation and
development of wetland ecosystems and habitat patterns by
reshaping wetland topography, changing habitat distribution
structures, and disturbing the physical and chemical properties.
They shape wetland topography and geomorphology mostly
through the erosion and deposition of sediment carried by water
flow. For example, the alternating distribution of shoals and
deep troughs is caused by variations in flow velocity, erosion,
and accumulation. While flow erosion creates the topography
of deep water areas, accumulation creates the shoals (Eulie
et al., 2021). Changes in hydrodynamics affect and control
the distribution pattern and succession of the wetland plant
community. At the local scale, water level, flow state, and other
hydrological conditions cause water stress to plants in wetlands,
affect plant growth, morphological characteristics, and biomass.
In addition, it determines the spatial distribution pattern of
wetland plants. Hydrological processes affect the evolution
of wetland topography by regulating the distribution pattern
of wetland plant communities and the interaction between
nutrients and carbon fluxes. Hydrological processes determine
the essential properties and specific ecosystem structure and
function of wetlands (Evenson et al., 2018a; Qi et al., 2021;
Wu et al., 2021).

Groundwater is an essential form of water and energy
source for wetland ecosystems. In addition to precipitation, the
groundwater spatial-temporal variability and groundwater table
changes are usually driven by evaporation and transpiration
(Roulet, 1990; Carlson Mazur et al., 2020; Galliari et al., 2021).
Moreover, they are accompanied by changes in the structure,
distribution, and development of wetland vegetation and
biological communities (Budzisz et al., 2017; Chen et al., 2021).
However, descriptions of underground hydrological processes
are often ignored or simplified in traditional wetland research.
As a result, the transformation and circulation of materials
and energy between wetland and groundwater systems remain
poorly understood. Thus, further research on their interaction
and ecological effects is required.

The complex interactions of multi-element, multi-scale, and
multi-process wetland ecosystems and the dynamic matching
of hydrological, biological, and ecological processes from
the viewpoint of hydrological connectivity are important
problems to be solved in wetland science. Hydrodynamic
processes are the basic elements of wetland ecosystems.
Based on hydrogeological conditions, topographic features, and
anthropogenic disturbances, the objectives of this study are as
follows: (1) to analyze the characteristics of wetland surface
water and groundwater levels and calculate wetland recharge
and discharge based on water balance analysis, (2) to simulate
the evolutionary process of submerged wetland areas, and (3) to
clarify the horizontal and vertical hydrodynamic characteristics
of the Momoge National Nature Reserve (MNNR). The results
will provide an important basis for exploring the distribution and
evolution of wetland hydrochemical characteristics to achieve
the goal of a continuous process, complete structure, and stable
function of wetland ecosystems.

MATERIALS AND METHODS

Study Area
Momoge National Nature Reserve is an inland wetland and
water ecosystem reserve in the saline-alkali land of western Jilin
Province, China, with a total area of 1,440 km2 from 45◦4225′′
to 46◦18′′N and 123◦27′0′′ to 124◦4′33.7′′E, respectively. The
Nenjiang River flows from north to south and serves as the
eastern boundary of the MNNR (Figure 1). The altitude of the
reserve is between 100 and 171 m, and the land is generally
high in the northwest and low in the southeast. There are
several small and large lakes surrounded by uplands in western
MNNR. However, the eastern part is relatively flat with a
relative elevation difference of only 2–5 m. The MNNR is
located in a semi-arid region and has a temperate continental
monsoon climate with an average annual temperature of 4.2◦C.
The highest temperature occurs in July, with an average
temperature of 23.5◦C, and the lowest temperature occurs in
January, with an average temperature of −17.4◦C. The average
annual precipitation is 391.8 mm. Generally, precipitation is
relatively concentrated from June to September, reaching 300 mm
and accounting for 76.6% of the annual precipitation. The
average annual evaporation was 1,585.1 mm, with the highest
evaporation in May.

Field Monitoring
To understand the water level fluctuation and hydrodynamic
characteristics of natural water in the study area, a detailed
hydrogeological survey was conducted in and around the MNNR.
Sixty-one groundwater table monitoring points were arranged to
cover the entire area using existing boreholes, civil wells, and
exploration wells. Four water level gauges were arranged in the
wetlands from west to east within the MNNR to monitor the
surface water level continuously (Figure 2).

The groundwater table was measured in June, September,
and November 2019. The specific work-monitoring means and
frequencies are listed in Table 1. Combining continuous
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FIGURE 1 | Location of the study area.

groundwater table monitoring data collected from two
monitoring points, Yinghua and Dongerlong, the regional
multi-dimensional hydrodynamic characteristics were
ascertained based on the hydrological and hydrogeological
conditions and water level fluctuation at the above
monitoring points.

Analysis of Water Balance in Momoge
National Nature Reserve
The water budget in the dry (November), wet (September),
and other (June) seasons, including surface water and shallow
groundwater, of the study area was calculated using the water
balance equation:

4Q = Qin − Qout (1)

where, 4Q is the variation in the water resources in the study
area during the equilibrium period (m3/day), Qin is the recharge
of water resources during the equilibrium period (m3/day), and
Qout is the discharge of water resources during the equilibrium
period (m3/day).

According to the actual situation in the MNNR, the water
balance equation can be specified as:

4Q = QP + QC + QS − EW − Et −W ± GW± QG−S (2)

where, 4Q is the change in water resources storage in MNNR;
QP is the precipitation recharge; QC is the recharge of farmland
drainage; QS is the recharge of river flooding; EW is the water
surface evaporation; Et is transpiration; W is groundwater
extraction; GW is the lateral groundwater runoff; a positive
value indicates that the groundwater recharge from the outside
of the MNNR to the interior is greater than the groundwater
discharge; on the contrary, a negative value indicates that the
groundwater discharge is greater than the groundwater recharge;
QG−S is the exchange flux between groundwater and Nenjiang
River; a positive value indicates that the groundwater recharges
the river, and a negative value indicates that the river recharges
the groundwater. The units of the above elements are m3/day,
and each element is calculated according to existing data and
calculation formulas.
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FIGURE 2 | Distribution of surface water level loggers and groundwater table
monitoring sites (Image source: Landsat 8TM band 654 false-color
combination, imaging date: June 20, 2019).

Simulation of Wetland Hydrological
Process
The improved distributed hydrological model SWAT-DSF
(Depressional Storage and Flows, DSF; Evenson et al., 2018b) was
utilized to simulate the wetland hydrological processes. Based on
the improved SWAT model proposed by Evenson et al. (2016),
three hydrological response units (HRUs) are established in the
model: depressional HRUs, non-depressional HRUs discharged
by the depression unit, and non-depressional HRUs discharged
directly into the sub-basin. The wetland in the depression unit
was simulated using the following water-balance equation:

4V = P− ET+ QSurf − QSpill±Qlocal (3)

where, 4V is the variation in wetland water storage (m3/day), P
is the precipitation on the wetland submerged area that changes
with time (m3/day), ET is the evapotranspiration in the wetland
submerged area (m3/day), QSurf is the runoff flowing in from
the non-depression unit in the higher terrain (m3/day), QSpill
is the surface water outflow (m3/day) leaving the wetland via
the delineated outlet for spillage (i.e., when wetland storage
capacity is exceeded).

The upland portion of the depressional HRU (i.e., the upland
area surrounding the wetland and contained within the HRU
depressional boundary) was simulated as having the following
water balance:

4S = P − ET+Qlat,in − Qlat, out − Qgw±Qlocal (4)

where, 4S is the daily water volume change (m3/day) in the
HRU (in the soil profile, shallow aquifer, and deep aquifer),
P is precipitation (m3/day) on the upland portion of the
HRU, ET is evapotranspiration (m3/day) from the upland
portion of the HRU, Qlat,in is subsurface inflow (m3/day)

entering the soil profile from upgradient HRUs, Qlat, out is the
subsurface outflow (m3/day) leaving the HRU and entering
either a downgradient depressional HRU or the reach, Qgw is
groundwater outflow (m3/day) leaving shallow and deep aquifers
and entering the reach, and Qlocal is the net subsurface flow
(m3/day) entering (+) or leaving (−) the upland portion via local
exchange with a wetland.

Qlocal is simulated as:

Qlocal =
(
α× Ksat,w

)
× SADarcy ×

∣∣ywt − ywet
∣∣

β× rw,max
(5)

where, Ksat,w is the saturated hydraulic conductivity (m/day) of
the wetland sediments, ywt is the upland groundwater height,
ywet is the wetland surface water level, SADarcy is the dynamic
submerged area of the wetland, rw,max is the radius at which
the wetland reaches the maximum area, and α and β are the
correction parameters.

Due to limitations of the runoff data, the data from June 2006
to June 2013 were selected to run the model (with June 2006 to
June 2010 and July 2010 to June 2013 as the verification periods).
Moreover, we utilized the water body coverage area, calculated by
the algorithm based on the Google Earth Engine platform in our
previous study (Cui et al., 2021) as the verification data.

The results directly reflected the applicability of the model
to the study area. The relative error, percent bias (PBIAS),
certainty coefficient, R2, and Nash efficiency coefficient (NSE)
were selected to evaluate the simulation results of the model in
this study.

NSE = 1−


∑n

i=1

(
Qobs
i − Qsim

i

)2

∑n
i=1

(
Qobs
i − Qobs

)2

 (6)

PBIAS =

∑n
i=1

(
Qobs
i − Qsim

i

)
× 100∑n

i=1 Q
obs
i

 (7)

R2
=


∑n

i=1

(
Qobs
i − Qobs

)
×
(
Qsim
i − Qsim)√∑n

i=1

(
Qobs
i − Qobs

)2√∑n
i=1
(
Qsim
i − Qsim)2


2

(8)

where, Qobs
i is the observed value, Qsim

i the simulated value, Qobs

is the average of the observed values, and Qsim the average of the
simulated values.

TABLE 1 | Water level monitoring details.

Monitoring
items

Number of
monitoring points

Monitoring
instruments

Monitoring
frequency

Surface water
level

4 Onset Hobo
automatic
recording water
level gauge

Every 15 min

Groundwater
table

61 Steel ruler water
level gauge

Once in dry, wet
and other seasons
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RESULTS

Changes in Surface Water Level
Water level gauges 1 and 2 were located on both sides of the
road within the Baihe Lake. They lacked a surface hydraulic
connection due to the presence of the road. Figure 3 Displays that
the water level at the two points fluctuated and decreased before
May 17, showing the same trends, which were predominantly
driven by atmospheric rainfall and evaporation. However, a water
level difference of 20 cm existed at the two points due to water
head loss during the underground connection formed by seepage
across the road.

From May 17, the water level gradually increased when the
Qianhang drainage station in the upper reaches of Baihe Lake
opened its floodgates to discharge farmland irrigation water into
the area where water level meter 1 was located. Furthermore, the
water level at the point where water level meter 2 was located
also increased because of the underground connectivity. In early
August (the blue columnar area in Figure 3), the water in Baihe
Lake overflowed and spread over the road around the Lake
because of the continuous water level rise. As a result, the surface
water inside and outside the road became partially connected,
and the water level outside the road rose until it reached the
same water level of 68 cm and further merged completely with
the water inside the road.

On September 8, the sluice gate opened and water in Baihe
Lake began to discharge downstream, resulting in the declination
of water level. The water level outside Baihe Lake also decreased
slowly due to the connection, and finally, the two tended to
be consistent. The surface water inside and outside the road

remained connected until it began to freeze in November. The
change in surface connectivity was also caused by water level
variation. Therefore, irrigation and drainage in farming are
the major factors affecting water-level fluctuations from May
to October. The water level variation near Baihe Lake was
mostly affected by natural rainfall, evaporation, and underground
connectivity when there was no irrigation water discharge.
A photograph of the field is shown in Figure 4.

Water level gauge 3 was located on the island west of
the MNNR, and water level gauge 4 was located in a pond
outside the gate of the Harnao Reservoir in the northeastern
part of the MNNR. As shown in Figure 5, although gauges
3 and 4 were geographically far apart, their fluctuation trends
were very similar. Both demonstrated a good relationship with
precipitation, indicating that the two points were affected by
precipitation. In early August and early November 2019, the
water level of gauge 4 increased with an increase in the water level
of the Nenjiang River under the influence of two distinct inflow
processes of the Nenjiang River. In addition, the rising range was
greater than that of gauge 3. This trend reveals a minor head
loss due to groundwater flow during the groundwater connection
between the two points.

Groundwater Dynamic Process
Response of Groundwater to Precipitation
According to the precipitation data of MNNR from 2006
to 2012 and the relationship between the groundwater
depth at monitoring points Yinghua and Dongerlong
(Figure 6), precipitation indicated an overall upward trend.
The groundwater depth at Yinghua also demonstrated an overall

FIGURE 3 | Surface water level fluctuations under artificial regulation.
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FIGURE 4 | Surface connection of Baihe Lake water on both sides of the road (within the red lines).

FIGURE 5 | Surface water level fluctuations affected by precipitation.

upward trend from 2 m in 2006 to 6 m in 2011. Although the
groundwater depth in Dongerlong fluctuated, it remained at
about 6 m. In the densely populated area of Yinghua, owing
to the over-exploitation of groundwater, the groundwater
table gradually decreased with the increase in precipitation.
The decline in the groundwater level will affect the ecological
environment of the wetlands, and it is necessary to explore the
groundwater dynamics of MNNR further.

Seasonal Variation of the Groundwater Flow Field
In the wet, dry and other seasons, groundwater in the MNNR
generally flows from northwest to southeast, driven by the
topography and aquifer floor gradient (Figures 7, 8, 9). In

the northwest, groundwater flows from the uplands to the
surrounding low-lying lakes, forming widely distributed isolated
wetlands. In the central region, groundwater flows from west
to east, and the hydraulic gradient is lower than that in the
northwest. However, local differences in groundwater flow fields
exist due to variations in hydrological conditions. Because of the
rising water level of the Nenjiang River during the flood season,
the floodplain on the west side of the Nenjiang River is submerged
by the river water. Moreover, the infiltration of surface water
increases the groundwater table, changing the direction of local
groundwater that flows toward the west of the MNNR along
the west bank of the Nenjiang River. Groundwater is discharged
to the Nenjiang River the dry season and June. In the western
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FIGURE 6 | Variations of groundwater depths in MNNR.

part of the reserve, there is groundwater recharge from outside
the reserve in the northwest during the wet and dry seasons,
which does not occur in the other season (June). In the middle
of the reserve, except for the groundwater recharge to Baihe Lake
from the uplands, the groundwater generally flows northwest to
southeast. In the wet season, the groundwater table increases
significantly, and the hydraulic gradient becomes higher due to
the increase in precipitation and the rise in the river water level.
By contrast, in the dry season and in June, the hydraulic gradient
of groundwater is relatively low. In particular, a regional cone of
groundwater depression forms in the west of the floodplain of the
Nenjiang River in June.

Groundwater is a major factor maintaining the wetland
water source, and the topography significantly affects the
groundwater flow direction and hydraulic gradient. In addition to
precipitation and artificial recharge, groundwater flows from the
surrounding upland to the lake in the northwest. The evolution
of groundwater flow fields in the central and eastern regions was
mostly affected by the precipitation and hydrological conditions
of the Nenjiang River.

Water Balance Calculation
The primary water sources of MNNR include precipitation,
surface runoff, irrigation drainage, groundwater lateral runoff,
and river infiltration. The recharge and discharge of the MNNR
water resources and equilibrium calculation results are listed
in Table 2. The water resources in the MNNR were in
negative equilibrium during the dry season and in the month
of June, with equilibrium differences of −12.84 × 104 and
−9.11 × 104 m3/day, respectively. These results indicate that
water surface evaporation significantly affects the volume of
water resources in the MNNR. During the wet season, the
water resources in MNNR were in positive equilibrium, and the

equilibrium difference was 276.41× 104 m3/day. The increase in
water resources mostly emerged from the floodplain submerged
by the flood of the Nenjiang River.

Simulation Results of Submerged Area in
Momoge National Nature Reserve
The submerged area of the wetlands varied considerably between
2010 and 2013 (Figure 10). The extent was approximately 50 km2

in the dry season, and a small peak occurred during the snowmelt
period. While the area was generally approximately 300 km2

in the wet season, it reached 400 km2 in 2012. The simulation
results were generally lower in the wet season and higher in the
dry season than observed in the remote sensing observations.
This trend was due to the influence of high vegetation coverage
on remote sensing calculations and the calculation error of
groundwater recharge by the SWAT-DSF. The water level and
wetland discharge can be inferred based on their correlation with
submerged areas.

As for the model simulation accuracy, PBIAS was within
±20%, NSE > 0.5, and R2 > 0.6 (Table 3), which met the
requirements of model simulation accuracy. In addition, the
simulation result of the validation period was better than that of
the calibration period. Therefore, the model results are reliable.

DISCUSSION

Horizontal Hydrodynamic Processes
The analysis of the surface water level fluctuation in the
western part of the MNNR demonstrated that the lakes were
mostly linked by hydrodynamic connections. The surface water
area of the floodplain expands and shrinks with the seasons.
When the level of the Nenjiang River exceeds the banks or
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FIGURE 7 | Groundwater table contour in June 2019 (a.m.s.l).

FIGURE 8 | Groundwater table contour in September 2019 (a.m.s.l).
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FIGURE 9 | Groundwater table contour in November 2019 (a.m.s.l).

TABLE 2 | Water balance calculation results of MNNR (Unit: ×104 m3/day).

Source/sink term Jun. Sep. Nov.

Recharge Precipitation 18.95 5.45 0.95

Surface runoff 0 359.33 0

Irrigation drainage 5.06 8.55 0

Lateral groundwater runoff 6.75 9.86 5.67

River infiltration 0 9.65 0

Total 30.77 392.85 6.63

Discharge Water surface evaporation 29.85 109.87 14.71

Transpiration 2.98 2.34 0

Groundwater exploitation 1.00 0.75 0.55

Base flow 2.60 0.88 1.64

Lateral groundwater runoff 3.46 2.60 2.56

Total 39.90 116.44 19.47

Equilibrium difference −9.11 276.41 −12.84

embankments, the floodplain is submerged. In depressions,
the surface water forms permanent or seasonal wetlands when
the river level drops. The surface water in the uplands flows
back to the river or infiltrates the shallow aquifer. The
horizontal hydrodynamic processes mostly occur on the surface.
Previous research has shown that there are three mechanisms
of horizontal hydrodynamic processes: fill-spill, fill-merge, and
river-floodplain connections.

When the net inflow of an upland wetland exceeds its capacity,
the water overflows into another lower-lying wetland, called
a fill-spill (Spence and Woo, 2003; Tromp-van Meerveld and
McDonnell, 2006; Figure 11A). Fill-merge occurs when the
water depth of one depression exceeds the internal overflow
point of another adjacent depression. In this case, the flow
of material is bidirectional rather than the unidirectional flow
occurring during fill-spill (Leibowitz et al., 2016; Grimm and
Chu, 2020; Figure 11B). Although the wetland storage within
the floodplain differs, the floodplain can reduce and delay
flooding by storing the water overflow from the riverbank.
The floodplain is a depression outside the natural river
embankment, including perennial and seasonal wetlands, among
which the seasonal wetlands are primarily controlled by periodic
floods (Figure 11C). The surface water level monitoring
results indicate that the wetlands west of the MNNR achieve
hydraulic connection by fill-spill. In contrast, wetlands within
the floodplain are hydraulically connected by fill-merge and
river-floodplain connections.

Vertical Hydrodynamic Processes
Wetlands may recharge or discharge groundwater due to
variations in the hydrogeological conditions. The surface water-
groundwater exchange flux is affected by the hydraulic gradient
of the groundwater and wetland surface water along with the
hydraulic conductivity of the aquifer and wetland sediment.
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FIGURE 10 | Simulations and remote sensing observations of the total submerged area of wetland (A: calibration period; B: validation period; blue area represents
the range given across all parameter sets as evaluated for the calibration period).

Precipitation, topography, and underground runoff are the major
factors affecting the groundwater flow field in the study area.
The hydrodynamic characteristics and seasonal variation of
groundwater in the MNNR show that the upland topography
around the lakes and the high permeability of the phreatic
aquifer of Pleistocene sand and loess sub-sand provide favorable
conditions for the flow of groundwater to the lakes. The regional
groundwater flow field displays a hydraulic relationship between
the wetland water and the surrounding groundwater in the
uplands, which is predominantly affected by the shallow local
groundwater flow system (Figure 12). However, the recharge
mode (such as vertical or lateral recharge) and recharge intensity

of groundwater to lake water differ, owing to the difference in
hydraulic gradient and hydraulic conductivity of the sediment
and aquifer. There may be an unsaturated zone of a certain
thickness under the lake sediment due to very fine-grained silt
with low permeability, which can affect the exchange flux between
wetland surface water and groundwater.

Hydrodynamic processes are formed by surface-underground
connectivity. In addition, a comprehensive analysis of
topographic features and statistical characteristics of
hydrological processes controlled by depressions will help
reveal the internal relationship between them and improve
watershed modeling.
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TABLE 3 | Results of the model verification indices.

Calibration (2006.1–2009.12) Validation (2010.1–2013.6)

NSE 0.699 0.823

R2 0.7 0.864

PBIAS −1.80% −1.19%

Simulation of Hydrological Processes in
Wetland
Under the premise of a known topography, there is a functional
relationship between the volume of water resources and the
wetland water level. The water level and volume directly affect
the hydrodynamic characteristics. Therefore, it is important
to obtain accurate water quantities and water levels. The
hydrological processes of small-scale wetlands can be evaluated
using on-site monitoring (Clilverd et al., 2013). However, it is
impractical to explore the hydrological/hydraulic interactions
between wetlands and other water bodies and aquifers in large
catchment areas (Fan and Miguez-Macho, 2011). The application
of hydrological models is a common method for studying the
hydrological processes of large-scale wetlands and watersheds.

Watershed hydrological models have been developed from
lumped conceptual models to physics-based distribution models.
Furthermore, wetlands are directly or indirectly included in
watershed-scale models (Singh, 1997).

In the standard semi-distributed hydrological model, it is
assumed that the entire area of the basin is well connected
with its related outlet. In addition, the surface depression is
usually concentrated at a depth to provide water storage and
discharge functions for the entire basin. However, practically,
the contribution area of the watershed is variable and can be
significantly affected by the spatial distribution and dynamic
connectivity of depressions (Wang N. et al., 2021). Direct water
exchange between wetlands and other water bodies is limited.
From the perspective of filling and overflow, wetlands can
establish hydrological connectivity with downstream wetlands
through local surface flow paths (Brierley et al., 2013).
The recharge and discharge of wetlands and downstream
water surface-groundwater exchange between wetlands and
the surrounding uplands (Hayashi et al., 2016; Ameli and
Creed, 2017) are important for the hydrological process of
the depression, but they are not completely reflected in
most watershed hydrological models. Therefore, a distributed
hydrological model is required for improved simulations of

FIGURE 11 | Mechanisms and types of surface hydrodynamic process (A. fill-spill; B. fill-merge; and C. river-floodplain connections).

FIGURE 12 | Schematic diagram of local groundwater flow system in wetland (modified from Hayashi et al., 2016).
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wetland hydrological processes. In addition, an improved spatial
resolution is required to predict and manage hydrological,
biogeochemical, and biological functions on a larger spatial scale.

The SWAT model provides a limited description of
hydrological exchange in wetlands, especially in terms of the
local underground exchange between wetlands and uplands
and the surface connection between wetlands. The surface and
groundwaters from a single HRU are presumed to flow to
rivers. However, in reality, they flow to the wetlands of the
HRU (considering the model limitations and the complexity
of each wetland separately, it is assumed that there is only one
wetland in each HRU, and each wetland represents a collection
of all scattered wetlands in its HRU). The water stored in
each wetland either flows directly into the sub-basin as surface
overflow or returns to the HRU as seepage. This method limits the
characterization of surface and underground exchange. Surface
water flows directly from the wetland collection to the sub-
basin reach; therefore, it is not possible to simulate the exchange
between wetlands through fill-spill dynamics or surface drainage
characteristics (such as agricultural ditches). For underground
exchange, the original SWAT model largely determines the inflow
and outflow of wetlands as a function of HRU conditions. This
modeling method excludes the representation of the variation in
the water head gradient between wetlands and their surrounding
uplands, while the variation in the water head gradient drives the
amplitude and direction of local underground exchange (inflow
and outflow; McLaughlin et al., 2014).

In wetland hydrological simulations, the vertical
underground-surface interaction cannot be ignored, and further
nuanced dynamic characterization can be combined with the
groundwater model in future research to study the impact of
depressions on the entire hydrological system.

CONCLUSION

The hydrodynamic characteristics of wetlands include the
intensity, amplitude, period, and cycle characteristics of
hydrological regime changes in wetlands. Furthermore,
it explains the hydrological mechanism of hydrological

connectivity in maintaining the structure and function of
wetland systems. Therefore, groundwater plays a critical role
in maintaining the integrity of wetland ecosystems.

The water balance of wetlands is controlled by the strong
influence of watershed runoff and the exchange between wetland
water and groundwater around wetlands. During the simulation
of the hydrological processes of wetlands, the exchange of vertical
groundwater should be completely considered to simulate the
submerged area of wetlands more accurately. The dynamic
change in the hydrodynamic characteristics should be further
verified on a smaller scale and combined with hydrochemistry,
isotope tracking, and other methods in future research.

DATA AVAILABILITY STATEMENT

The original data presented in this study are included
in the article further inquiries can be directed to the
corresponding author.

AUTHOR CONTRIBUTIONS

YL: investigation, data curation, writing – original draft
preparation, and funding acquisition. GC: software,
visualization, validation, and writing – review and editing.
ST: conceptualization and methodology. SW: visualization and
investigation. XL: supervision. All authors contributed to the
article and approved the submitted version.

FUNDING

This research was funded by the National Key Research and
Development Program of China (2019YFC0409103), Chinese
Academy of Sciences (XDA23060402), China Postdoctoral
Science Foundation (2021M693154), Natural Science Foundation
of Changchun Normal University (2021-009), and the Jilin
Association of Science and Technology (QT202029). We
express their deep gratitude to the funding agency for
supporting this research.

REFERENCES
Ameli, A. A., and Creed, I. F. (2017). Quantifying hydrologic connectivity of

wetlands to surface water systems. Hydrol. Earth Syst. Sci. 21, 1791–1808. doi:
10.5194/hess-21-1791-2017

Brierley, G., Fryirs, K., Cullum, C., Tadaki, M., Huang, Q. H., and Blue, B. (2013).
Reading the landscape: integrating the theory and practice of geomorphology
to develop place-based understandings of river systems. Prog. Phys. Geogr. 37,
601–621. doi: 10.1177/0309133313490007
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