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Abstract: In semi-distributed hydrologic models, it is difficult to account for the impacts of wetlands
on hydrologic processes, as they are based on lumped, subbasin-scale wetland concepts. It is a chal-
lenge to incorporate the influences of individual small wetlands into watershed-scale models by using
lumped parameterization. The objective of this study was to improve watershed-scale hydrologic
modeling by taking into account real wetland features during the wetland parameterization. To
achieve this objective, a joint modeling framework was proposed to couple a surface delineation
algorithm with a semi-distributed hydrologic model and then applied to the Upper Turtle River
watershed in North Dakota, USA. The delineation algorithm identified the topographic properties
of wetlands, which were further utilized for wetland parameterization. A nonlinear area–storage
relationship was determined and used in the estimation of the wetland-related parameters. The
results demonstrated that the new joint modeling approach effectively avoided misestimating the
wetland-related parameters by accounting for real topographic characteristics (e.g., storage, ponding
area, and contributing area) of identified wetlands and their influences, and provided improved
modeling of the hydrologic processes in such a wetland-dominated watershed.

Keywords: surface delineation; SWAT; wetland-dominated watersheds; watershed hydrologic
modeling; joint modeling framework

1. Introduction

Wetlands play a significant role in watershed hydrologic processes, and watershed hy-
drologic models are useful tools to assess their impacts [1–3]. Wetlands can alter watershed
water balance by affecting surface runoff generation and other hydrologic processes [4–11].
The effects of wetlands vary because of the diversity of wetland topographic features [4,5,7,10].
For instance, using a semi-distributed hydrologic model, Evenson et al. [6] found that
compared with smaller wetlands, larger wetlands acted as hydrologic “gatekeepers” that
prevented surface runoff from reaching streams. Martinez-Martinez et al. [10] revealed that
the areas of wetland had significant impacts on streamflow, while the depths of wetland
did not. Golden et al. [7] found that wetlands farther away from a stream had greater
capacity for increasing streamflow than those closer, due to the sequencing of watershed
hydrologic connectivity in their study area. Blanchette et al. [4] found that contributing
area was important for a wetland to provide hydrologic services, especially for mitigating
extreme stream flows. Thus, the variability in the size, spatial distribution, and contributing
area of wetlands makes their hydrologic functions and influences more complicated.
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Watershed hydrologic modeling facilitates the assessment of the impacts of wetlands
and their losses or restorations [6,9,10,12]. Evenson et al. [6] conducted hydrologic model-
ing for different wetland scenarios, showing a consistent potential of increased downstream
flooding from wetland losses. Lee et al. [9] found that wetland losses reduced the baseflow
contribution and increased the inter-monthly variability of downstream flow, especially
during extreme flow conditions. Martinez-Martinez et al. [10] showed that wetland restora-
tions had a negligible impact on the long-term average daily peak flow, but only had
slight impacts on the reduction in average annual maximum peak flow. Wetlands have
been widely acknowledged as providing critical ecosystem services to humans, yet they
have also been destroyed and altered by human activities at very high rates around the
world [13]. In recent decades, the restoration and creation of wetlands have become impor-
tant means to mitigate some of that damage [14]. It is therefore of great importance that the
impacts on watershed hydrologic processes of changes in wetland sizes and distributions
can be accurately assessed and predicted, not only because of loss of wetlands but also due
to addition of newly constructed wetlands.

Watershed hydrologic models have been used to assess the impacts of wetland losses
and restorations (e.g., [4,15–23]). Among the existing hydrologic models, the Soil and Wa-
ter Assessment Tool (SWAT) with a built-in wetland module has been widely employed
and/or modified for wetland-based hydrologic modeling [2,5,6,9,10,24–29]. The wetland
module incorporated in SWAT depicts wetland hydrologic processes at a subbasin level
using a lumped concept. To perform wetland routing, several wetland-related parameters
are required to calculate the inflow, outflow, and seepage of the lumped wetland. How-
ever, the oversimplified, subbasin-scale wetland with the lumped parameters hinders the
application of SWAT, especially in complex wetland systems such as the Prairie Pothole
Region (PPR) [30]. It is particularly difficult to assess the impacts of wetlands on hydrologic
processes using SWAT without accurate estimation of the wetland-related parameters.
Liu et al. [31] found that the lack of accurate hydraulic conductivity of the wetland bottom
resulted in overestimation of percolation.

Various approaches have been used to estimate wetland parameters in SWAT, in-
cluding the fraction of the subbasin area draining into the lumped wetlands (Fr), four
shape parameters of the lumped wetlands (i.e., maximum surface area (SAmx), maxi-
mum storage volume (Vmx), normal surface area (SAnor), and normal storage volume
(Vnor)), and the effective saturated hydraulic conductivity of the lumped wetland bottoms
(Kwet) [1–3,10,11,27,29,32]. Due to the lack of real data, many studies simply utilized some
assumed values. For example, an assumed wetland depth is used to determine the wetland
volume parameters [2,3]. Similarly, the hydraulic conductivity of the wetland bottom is
frequently assumed as zero [1,2]. Alternatively, the wetland parameters are estimated
based on the limited data from field survey or surface delineation tools. Wang et al. [29]
estimated the soil saturated hydraulic conductivity of the entire watershed from a field
survey and set it as the hydraulic conductivity of the wetland bottom. To some extent,
these methods made certain improvements to wetland modeling by incorporating the
actual wetland topographic features. However, to the best of our knowledge, few studies
have accounted for the dissimilar properties of real wetlands in the estimation of Vnor and
SAnor. Instead, Vnor was assumed as constant proportions of Vmx and SAnor was assumed
as constant proportions of SAmx across different subbasins [1–3,11,29,32]. Thus, there is
room for improvement to apply such methods to wetland-dominated watersheds.

The current work was part of a collaborative study that addressed the overall question
of how much wetland is needed within a watershed to significantly reduce sediment and
pollutant loads downstream. To answer this question, the first step was to improve existing
hydrologic models regarding hydrologic functioning of wetlands. Therefore, the objective
of this study was to improve the hydrologic modeling in a wetland-dominated watershed
by taking into account real wetland features through wetland parameterization. To achieve
this objective, a joint modeling framework was proposed to couple the Hydrologic Units
Delineation for Depressions and Channels (HUD-DC) [33] with SWAT. HUD-DC was used



Water 2023, 15, 2518 3 of 19

to identify wetlands and their spatial distributions, maximum ponding areas, maximum
storage, and contributing areas, while SWAT was utilized for watershed hydrologic model-
ing. A new procedure was proposed for wetland parameterization by coupling HUD-DC
and SWAT. Here, the joint modeling approach was applied to the wetland-dominated
Upper Turtle River (UTR) watershed in North Dakota, USA.

2. Materials and Methods
2.1. Overall Modeling Framework

To enhance the wetland module in SWAT, a joint modeling framework, which coupled
HUD-DC with SWAT, was proposed (Figure 1). In this framework, the wetland parameters
in SWAT were estimated based on the topographic features of the wetlands identified
by HUD-DC. A three-step modeling procedure was performed: (1) surface delineation,
(2) wetland parameterization, and (3) SWAT modeling (Figure 1). In step 1, watershed
delineation was performed using ArcSWAT [34] and wetland delineation was performed
using HUD-DC. The subbasin features were obtained based on the fully filled digital
elevation model (DEM) during the watershed delineation, while the wetland topographic
properties of each subbasin were extracted from the fully filled DEM, the original DEM [35],
and the National Wetland Inventory data [36] during wetland delineation. In step 2,
wetland parameterization was performed by coupling HUD-DC and SWAT. In step 3,
SWAT modeling enhanced by the results from step 2 was performed. As detailed in the
following subsection, this new procedure of wetland parameterization takes full advantage
of the combination of the delineation results from both ArcSWAT and HUD-DC and the
soil properties from the SWAT database, which ensures that the parameters used for the
routing of the wetlands reflect their actual conditions.

2.2. HUD-DC Wetland Delineation

HUD-DC [33] is an ArcGIS-based tool developed mainly for topographic delineation
with a focus on identifying surface depressions and channels. The algorithm of HUD-DC
was primarily based on the depression-oriented delineation methods [37–39]. The related
delineation approaches and algorithms have been widely tested over a decade in a series
of depression-oriented hydrologic modeling studies (e.g., [33,37–43]). Based on both the
original DEM and the fully filled DEM, HUD-DC identifies depressions, channels, and
their contributing areas as two types of hydrologic units (i.e., puddle-based units and
channel-based units), as well as the connectivity between the hydrologic units. HUD-DC
implements the depression identification module and the channel and unit identification
module successively. The depression identification module consists of four major steps:
(1) identifying the filled cells, (2) searching for potential depressions, (3) removing the fault
depression cells, and (4) determining the final depressions. The filled cells are identified
based on the elevation difference between the original DEM and the fully filled DEM. Then,
the adjacent filled cells are assigned mutual IDs based on the elevation of the filled DEM,
where the cells with a mutual ID are considered a potential depression. For each potential
depression, the cells without hydrologic connectivity with other cells are removed. Finally,
each modified potential depression is identified as the final depression and its threshold(s)
are also identified. Note that since the focus on the surface delineation is at the watershed
scale, only the highest-level depressions are identified, which may contain various lower-
level depressions that potentially merge during rainfall/snowmelt events. In the channel
and unit identification module, channels, puddle-based units, channel-based units, and the
connectivity between the hydrologic units are identified. The channels and their ending
points are determined based on the fully filled DEM. The “Watershed” function in ArcGIS is
employed to delineate the puddle-based units based on the depression thresholds and the
channel-based units based on the channel ending points. Finally, the IDs of the depressions
and channels are assigned to their associated hydrologic units. In this study, HUD-DC
was utilized to delineate the topographic features of wetlands, including their spatial
distributions, maximum ponding areas, maximum storage, and contributing areas.
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2.3. Introduction to SWAT Modeling

SWAT is a semi-distributed, physically based hydrologic model where a watershed
is generally divided into a number of subbasins [44], each of which is further divided
into many hydrologic response units (HRUs). The impoundment water routing is not
considered in SWAT because the watershed delineation is based on the fully filled DEM.
Instead, SWAT allows off-channel impoundment water routing at the subbasin level based
on a lumped pond/wetland concept. Thereafter, channel routing is performed throughout
the drainage network. In the wetland module of SWAT, the aggregate of surface runoff
and lateral flow is divided into two components, which are determined by a fraction
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parameter of the lumped wetland. The first component is summed to the subbasin outlet
directly, while the second one is routed through the lumped wetland before it is divided
into two parts. The first part is added to the subbasin outlet as the wetland outflow, which
is determined by using four shape parameters of the lumped wetland. The second part is
added to groundwater as wetland seepage, which is determined by the effective saturated
hydraulic conductivity of the lumped wetland bottom.

In the wetland module, four shape parameters are used to determine the area–storage
relationship of the lumped wetland. The outflow and the storage volume of the lumped
wetland of a subbasin at any daily time step are given by [28,44]:

Voutj,k =


0 i f Vj,k < Vnorj

Vj,k−Vnorj
10 i f Vnorj ≤ Vj,k ≤ Vmxj

Vj,k −Vmxj i f Vj,k > Vmxj

(1)

in which

Vj,k = Vj,k−1 +
(

Frj × Asubj
− SAj,k

)
× qsubj,k

+ Rj,k × SAj,k − 0.6× EToj,k × SAj,k − Kwetj × SAj,k × T (2)

Vj,k+1 = Vj,k −Voutj,k (3)

where Voutj,k is the outflow volume of the lumped wetland of subbasin j at time step k [L3],
Vj,k is the volume of the water stored in the lumped wetland of subbasin j at time step
k [L3], Vnorj is the normal storage of the lumped wetland of subbasin j [L3], Vmxj is the
maximum storage of the lumped wetland of subbasin j [L3], Vj,k−1 is the volume of the
water stored in the lumped wetland of subbasin j at time step k-1 [L3], Frj is the fraction
of the subbasin area draining into the lumped wetland of subbasin j, Asubj

is the area of
subbasin j [L2], SAj,k is the ponding area of the lumped wetland of subbasin j at time step k,
which is determined by the area–storage relationship [L2], qsubj,k

is the surface runoff and
lateral flow in subbasin j at time step k [L], Rj,k is the precipitation of subbasin j at time step
k [L], EToj,k is the potential evapotranspiration from subbasin j at time step k [L], Kwetj is
the effective saturated hydraulic conductivity of the lumped wetland bottom of subbasin
j [L/T], T is the time step length [T], and Vj,k+1 is the volume of the water stored in the
lumped wetland of subbasin j at time step k+1 [L3].

2.4. Wetland Parameterization

The wetland parameters in SWAT were estimated by coupling HUD-DC and SWAT.
The distribution and areas of subbasins from the watershed delineation in ArcSWAT and the
soil properties from the SWAT database were required. Based on the subbasin distribution,
the ID, spatial distribution, maximum ponding area, maximum storage, and contributing
area of each individual wetland in a subbasin were derived from the HUD-DC wetland
delineation results. Since the wetland routing in SWAT modeling was at the subbasin level,
the wetland parameterization was also performed for each subbasin.

As Fr determines how much surface runoff and lateral flow from a subbasin will flow
into its lumped wetland [28], it can be defined as the ratio of the ponding and contributing
area of all wetlands in a subbasin to the corresponding subbasin area with an assumption
of a spatially even generation of surface runoff and lateral flow among different HRUs
within the subbasin. Thus, the Fr of a subbasin can be estimated by:

Frj = ∑n
i=1 (Ampa i,j + Acai,j

)
/Asubj (4)

where n is the total number of real wetlands in subbasin j, Ampai,j is the maximum ponding
area of the real wetland i in subbasin j [L2], and Acai,j is the contributing area of the real
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wetland i corresponding to its maximum ponding area in subbasin j [L2]. The shape
parameters of the lumped wetland SAmx and Vmx for a subbasin can be expressed as:

SAmxj = ∑n
i=1 Ampai,j (5)

Vmxj = ∑n
i=1 Vmsi,j (6)

where Vmsi,j is the maximum storage of the real wetland i in subbasin j [L3].
According to Equation (1), the lumped wetland will not release outflow until the

stored water volume reaches its Vnor. In this study, when any real wetland begins to release
its outflow, the stored water volume of all real wetlands in a subbasin was considered as
the Vnor of the corresponding lumped wetland. To identify the timing of water release for
real wetlands, their maximum ponding areas, maximum storage, and contributing areas
were utilized. For a real individual wetland, the time when its maximum storage was fully
filled by the surface runoff and lateral flow from its contributing area and the rainfall on its
maximum ponding area was assumed as the time when it began to release outflow. The
smaller the storage and the larger the maximum ponding and contributing area, the shorter
the time required for the filling process. To identify the real wetland with the shortest
time, a ratio of the maximum storage to the maximum ponding and contributing area
(i.e., storage-area ratio) of each wetland was calculated. The individual wetland with the
minimum storage-area ratio was considered as the wetland with the shortest filling time
and the earliest outflow release. When it begins to release its outflow, the storage of all
wetlands in subbasin j (Vnor j) can be estimated as the product of their maximum ponding
and contributing areas and the minimum storage-area ratio, as described in Equation (7):

Vnorj = rSAminj ×∑n
i=1 (Ampa i,j + Acai,j

)
(7)

in which

rSAminj = min
{

rSA1,j, rSA2,j, . . . , rSAi,j, rSAi+1,j, . . . , rSAn,j
}

(8)

rSAi,j = Vmsi,j/ (Ampa i,j + Acai,j

)
(9)

where rSAminj is the minimum storage-area ratio in subbasin j [L], and rSAi,j is the storage-
area ratio of the real wetland i in subbasin j [L]. SAnor is the ponding area of the lumped
wetland when the water storage reaches its Vnor. To estimate SAnor for a subbasin, the
quantitative correlation between the accumulative maximum storage and the accumulative
maximum ponding area of all individual wetlands in the subbasin was determined based
on the wetland delineation results from HUD-DC. Thus, SAnor for a subbasin was estimated
by the quantitative correlation and Vnor.

Kwet was estimated as the weighted average of the hydraulic conductivity values of
the soils under the real wetlands, which were gained from the SWAT database. Thus, Kwet
of a subbasin is given by:

Kwetj =
∑n

i=1 ∑m
l=1 Ksoll,i,j × Asoll,i,j

∑n
i=1 Ampai,j

(10)

where m is the total number of soil types of the top soil layer under the real wetland i
in subbasin j, Ksoll,i,j is the hydraulic conductivity of soil type l under real wetland i in
subbasin j [L/T], and Asoll,i,j is the area of soil type l under real wetland i in subbasin j [L2].
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2.5. Study Area and Model Setup

In this study, the UTR watershed in North Dakota, USA (Figure 2) was selected
to test the performance of the joint modeling framework. The UTR watershed covers
an area of 664.24 km2, including parts of Grand Forks and Nelson counties in North
Dakota, and drains to the outlet located at the USGS gaging station 05082625 Turtle River at
Turtle River State Park near Arvilla, ND (47◦55′55′′ N, 97◦30′51′′ W). The surface elevation
varies from 293 to 481 m across the watershed. Based on the 2019 NLCD (National Land
Cover Database), the UTR watershed is mainly covered by agricultural land (67.03%) and
wetland (8.92%).
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watershed.

A 10 m DEM and the reservoir distribution data (Figure 2) were used for watershed
delineation. The DEM was obtained from the USGS 3D Elevation Program and the reservoir
data were obtained from the ND Department of Water Resources (Table 1). A two-step
delineation procedure was performed by using the “Watershed Delineator” in ArcSWAT. In
the first step, the DEM-based method was selected for stream definition and 23 subbasins
were identified. Then, the distributions of the identified subbasins were compared with
the distribution of reservoirs. Note that a “reservoir” in SWAT model is only allowed to
be located at the stream network node (i.e., subbasin outlet). Based on the distribution
of reservoirs, four more subbasin outlets were added manually during the second-step
delineation, which resulted in 27 subbasins.
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Table 1. Summary of the major input data and their sources used for the joint modeling.

Data Sources

Digital Elevation Model (DEM) 3D Elevation Program [35]
Soils Soil Survey Geographic (SSURGO) Database [45]
Land Use and Land Cover (LULC) National Land Cover Database (NLCD) [46]

Daily Precipitation, Max and Min Temperatures Parameter-elevation Regressions on Independent Slopes Model
(PRISM) [47]

Daily Solar Radiation, Wind Speed, and Relative Humidity Prediction Of Worldwide Energy Resources (POWER) Data
Access Viewer [48]

Reservoirs North Dakota Department of Water Resources (NDDWR)
(Unpublished)

Wetlands National Wetlands Inventory [36]

During HRU analysis, the LULC data from the National Land Cover Database, soil
types from the Soil Survey Geographic (SSURGO) Database, and the slopes generated from
the DEM were utilized. The selected thresholds were 5% for LULC, 10% for soil, and 0%
for slope [49]. Eventually, 631 HRUs were defined based on the reclassified 15 LULC types,
182 soil types, and 3 slopes. Meanwhile, the curve numbers for all HRUs were determined
for surface runoff simulation for each HRU, except for the HRUs defined by water LULC.

HUD-DC was used to gain wetland topographic properties based on the DEM and the
National Wetlands Inventory (NWI) data. The DEM with a horizontal resolution of 10 m
was selected for this watershed-scale modeling [30]. The NWI data were used for wetland
delineation. To complete the wetland delineation for a subbasin, the original DEM was first
clipped by the subbasin shapefile to obtain the clipped DEM within the subbasin. Secondly,
the clipped DEM was clipped by the NWI to obtain the clipped DEM within the NWI,
which was used to determine the ID, spatial distribution, maximum ponding area, and
maximum storage of each wetland using the depression identification module in HUD-DC.
Finally, using the channel and unit identification module in HUD-DC, the contributing
area of each wetland was identified based on the results from the depression identification
module and the clipped DEM within the subbasin. Following the methods for wetland
parameterization, the wetland delineation results from HUD-DC and the soil profile in
the SWAT database generated from the SSURGO database were utilized to estimate the
wetland-related parameters for all subbasins.

The variable storage routing method in SWAT was selected for channel routing. Based
on the reservoir information from NDDWR, the reservoir parameters in the SWAT model
were estimated. The daily precipitation and maximum and minimum temperature data
were downloaded from the Parameter-elevation Regressions on Independent Slopes Model
(PRISM), and daily solar radiation, wind speed, and relative humidity data were down-
loaded from the Prediction Of Worldwide Energy Resources (POWER) Data Access Viewer.

Using the observed discharge data at the watershed outlet obtained from the USGS
National Water Information System [50], the SWAT-CUP (Calibration Uncertainty Pro-
gram) [51] was employed for calibration and validation of the joint model. Specifically,
the SUFI-2 (Sequential Uncertainty Fitting, version 2) algorithm [52] was utilized for the
calibration and uncertainty analysis. The entire modeling consisted of a 1-year period (2010)
for warmup, a 3-year period (2011–2013) for calibration, and a 4-year period (2014–2017)
for validation. Two statistical metrics were used to assess the model performance: (1) Nash–
Sutcliffe efficiency (NSE) [53], which has been widely used to evaluate the performances of
hydrologic models, and (2) percentage bias (PBIAS). The NSE and PBIAS, respectively, are
given by:

NSE = 1− ∑
p
k=1(Ok − Sk)

2

∑
p
k=1

(
Ok −O

)2 (11)

PBIAS =
∑

p
k=1(Ok − Sk)× 100

∑
p
k=1(Ok)

(12)
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where p is the total number of time steps, Ok is the observed discharge at time step k [L3/T],
Sk is the simulated discharge at time step k [L3/T], and O is the mean observed discharge
[L3/T].

To demonstrate the improved capabilities of the coupled HUD-DC and SWAT mod-
eling system, two other SWAT models were also developed for the UTR watershed. In
comparison model 1 (CM1), an original SWAT without the support of the delineation
results from HUD-DC was developed. In CM1, the spatial distribution and areas of the
wetlands were gained from the LULC data and utilized during the HRU analysis to reflect
the impacts of wetlands as wetland HRUs, instead of simulating using the wetland module.
Furthermore, to demonstrate the benefits of the proposed estimation methods for Vnor
and SAnor, comparison model 2 (CM2) was also developed, in which the wetland-related
parameters were estimated using the same method as the joint model, except that Vnor and
SAnor were assumed to be the same as the corresponding Vmx and SAmx [29,32].

3. Results and Discussion
3.1. Delineation of Wetlands

Based on the delineation results from HUD-DC, puddle-based units (Figure 3a),
channel-based units (Figure 3a), and highest-level depressions (Figure 3b) were identified.
Based on the DEM clipped by the wetland polygon of the NWI (Figure 3c), the highest-level
depressions within the NWI wetland area accounted for an area of 29.34 km2 (Figure 3d).
Thus, the area of the corresponding puddle-based units was 118.63 km2 (Figure 3e). Finally,
the maximum ponding areas and contributing areas of 5786 individual wetlands across 27
subbasins in the UTR watershed were determined (Figure 3f).
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Figure 3. Delineation results: (a) puddle-based units and channel-based units; (b) highest-level de-
pressions; (c) National Wetlands Inventory; (d) highest-level depressions within the NWI; (e) puddle-
based units corresponding to the highest-level depressions within the NWI; and (f) identified ponding
and contributing areas.

Table 2 lists the wetland topographic properties for all subbasins determined by HUD-
DC. The number of wetlands and their maximum ponding areas, maximum storage, and
contributing areas varied among the 27 subbasins. The total maximum ponding area
accounted for 4.42% of the watershed area and the total contributing area of the wetlands
accounted for 13.44% of the watershed area, indicating that the surface runoff generated
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from 17.86% of the watershed area flows into the wetlands. In subbasin 12, the proportion
of the total maximum ponding and contributing area to the subbasin area was as high
as 71.23%.

Table 2. Wetland topographic properties for all subbasins.

Subbasin Area (km2)
Number of

Wetlands
Maximum Ponding Area Contributing Area Maximum

Storage (104 m3)Area (km2) Percentage Area (km2) Percentage

1 40.792 200 0.855 2.10 3.312 8.12 202.607
2 12.050 38 0.076 0.63 0.487 4.04 3.266
3 18.123 93 0.160 0.88 1.175 6.48 5.271
4 3.796 7 0.013 0.34 0.185 4.87 1.271
5 21.153 91 0.080 0.38 0.898 4.25 2.305
6 7.599 4 0.008 0.11 0.017 0.22 0.409
7 43.748 628 3.029 6.92 10.180 23.27 268.418
8 25.589 200 0.181 0.71 1.448 5.66 3.412
9 4.356 123 0.118 2.71 0.542 12.44 1.591
10 68.716 354 2.943 4.28 6.506 9.47 199.461
11 3.719 1 0.001 0.03 0.010 0.27 0.014
12 22.630 707 4.774 21.10 11.345 50.13 249.907
13 19.789 351 4.178 21.11 8.044 40.65 397.397
14 4.073 121 0.157 3.85 0.976 23.96 2.513
15 45.900 166 0.215 0.47 1.568 3.42 9.454
16 47.839 811 3.939 8.23 13.947 29.15 338.077
17 8.557 78 0.245 2.86 1.233 14.41 37.719
18 31.656 465 4.064 12.84 9.811 30.99 547.857
19 33.766 156 0.161 0.48 1.225 3.63 3.656
20 26.144 425 1.344 5.14 5.670 21.69 250.435
21 32.292 111 0.272 0.84 1.451 4.49 24.786
22 23.335 145 0.208 0.89 1.335 5.72 7.389
23 31.652 180 0.519 1.64 2.852 9.01 97.408
24 3.732 25 0.054 1.45 0.267 7.15 2.090
25 24.389 101 0.131 0.54 0.903 3.70 4.875
26 31.804 130 1.391 4.37 2.838 8.92 373.399
27 27.040 75 0.222 0.82 1.064 3.93 7.925

3.2. Wetland-Related Parameters

Based on the wetland topographic properties at the subbasin level (Table 2), the
wetland-related parameters used in the SWAT model were estimated using the wetland
parameterization method proposed in this study. The results are shown in Table 3. Since the
proportions of total maximum ponding and contributing areas of the 27 subbasins ranged
from 0.30% to 71.23%, the estimated values of Fr varied from 0.003 to 0.712. Estimated
by their maximum ponding areas and the maximum storage of all wetlands (Table 2),
Vmx ranged from 140 m3 to 5.48 × 106 m3 and SAmx ranged from 0.1 ha to 477.4 ha for
all subbasins (Table 3). Based on the maximum ponding area, maximum storage, and
contributing areas of all individual wetlands in a subbasin, Vnor was calculated using
Equations (7)–(9) for all subbasins, ranging from 1.3 m3 to 278.8 m3 (Table 3). In addition,
the area–storage relationships of individual wetlands of all subbasins were derived from
the maximum ponding areas and maximum storage of the wetlands (Figure 4) and utilized
to estimate the corresponding SAnor, which ranged from 0.1 ha to 2.1 ha (Table 3).
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Table 3. Wetland-related parameters for all subbasins.

Subbasin Fr (-) SAnor (ha) Vnor (m3) SAmx (ha) Vmx (104 m3) Kwet (mm/h)

1 0.102 1.1 104.2 85.5 202.607 28.6
2 0.047 0.5 278.8 7.6 3.266 32.4
3 0.074 0.3 41.4 16.0 5.271 28.9
4 0.052 0.2 18.0 1.3 1.271 32.4
5 0.046 0.3 38.1 8.0 2.305 32.4
6 0.003 0.1 185.9 0.8 0.409 13.2
7 0.302 1.2 118.9 302.9 268.418 28.2
8 0.064 0.8 21.2 18.1 3.412 21.2
9 0.152 0.2 4.0 11.8 1.591 19.1

10 0.138 0.4 7.0 294.3 199.461 24.8
11 0.003 0.1 140.1 0.1 0.014 32.4
12 0.712 2.1 201.0 477.4 249.907 28.9
13 0.618 0.5 37.3 417.8 397.397 27.8
14 0.278 0.4 17.0 15.7 2.513 23.7
15 0.039 0.1 1.3 21.5 9.454 25.2
16 0.374 1.4 156.0 393.9 338.077 27.5
17 0.173 0.2 157.9 24.5 37.719 24.0
18 0.438 1.1 121.0 406.4 547.857 22.9
19 0.041 0.5 14.9 16.1 3.656 25.7
20 0.268 1.4 115.4 134.4 250.435 17.8
21 0.053 0.2 13.4 27.2 24.786 31.7
22 0.066 0.5 26.9 20.8 7.389 53.2
23 0.107 0.1 3.0 51.9 97.408 33.5
24 0.086 0.3 177.0 5.4 2.090 25.6
25 0.042 0.2 3.6 13.1 4.875 32.4
26 0.133 0.4 32.3 139.1 373.399 56.9
27 0.048 0.5 74.1 22.2 7.925 43.2
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3.3. Joint Model Performance for Wetland-Influenced Areas

A total of 17 parameters were selected for the calibration of the joint model since they
had smaller p-values and, in particular, the simulated outlet discharge was found to be
more sensitive to these 17 parameters. Table 4 lists the calibrated values or ranges of the
17 parameters.
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Table 4. Calibrated parameters for the UTR watershed.

Parameters Description Acceptable Range Calibrated
Values/Ranges

SMTMP Threshold temperature for snowmelt (◦C) −5 to 5 2.11
SFTMP Snowfall temperature (◦C) −5 to 5 1.68
TIMP Snowpack temperature lag factor 0 to 1 0.56
SURLAG Surface runoff lag coefficient 0 to 24 10.25
CN2 Curve number ±25% of initial values 4.7% of initial values
ALPHA_BF Baseflow recession constant 0 to 1 0.67
GW_DELAY Groundwater delay (days) 0 to 500 78.90

REVAPMN Threshold depth of water in the shallow
aquifer for “revap” to occur (mm) 0 to 1000 327.50

ESCO Soil evaporation compensation coefficient 0 to 1 0.76
SLSUBBSN Average slope length (m) ±25% of initial values 13.7% of initial values
HRU_SLP Average slope steepness (m/m) ±25% of initial values 19.5% of initial values
SOL_AWC Available water capacity of the soil layer ±25% of initial values −15.3% of initial values
SOL_BD Soil bulk density (mg/m3) ±25% of initial values 8.1% of initial values

CH_K1 Effective hydraulic conductivity in tributary
channel alluvium (mm/h) 0 to 300 40.08

CH_K2 Effective hydraulic conductivity in main
channel alluvium (mm/h) 0 to 500 24.88

CH_N2 Manning’s “n” value for the main channel 0 to 0.3 0.29

Kwet
Effective saturated hydraulic conductivity of
the wetland bottom (mm/h) ±25% of initial values −15.0% of initial values

Figure 5 shows the comparison of the hydrographs simulated by the joint model
against the observed data. Its performance was evaluated by using two statistical metrics
for both calibration and validation periods (Table 5). The NSE values are 0.82 for the
calibration period and 0.61 for the validation period and the PBIAS values are 5.01%
for the calibration period and 6.50% for the validation period, indicating that the model
performance is “very good” in the calibration period and “satisfactory” in the validation
period [54]. In the entire simulation period (2011–2017), the UTR watershed received
an average annual precipitation of 582.7 mm, which generated 84.9 mm surface runoff.
The average annual evapotranspiration, as the major loss term of the watershed, was
493.8 mm. In addition, 76.2 mm water flowed out of the watershed through its outlet. On
average, surface runoff contributed 74% of the streamflow, while the remaining 26% of
the streamflow came from baseflow. Figure 5 shows slight underestimations, especially
for the early spring peaks induced by snowmelt in some years (e.g., 2013, 2014, and 2017),
which can be attributed to the limited capability of SWAT in simulating complex hydrologic
processes in cold regions. Similar issues were also observed by Tahmasebi Nasab et al. [55],
Zeng et al. [30], and Shabani et al. [49] in their SWAT applications. The model’s performance
was also affected by the lumped methods (e.g., SCS-CN) in the daily SWAT modeling [56]
and the simplifications in the semi-distributed, watershed-scale model [41].

Table 5. Performances of the joint model in the calibration and validation periods.

Statistical
Metrics

Calibration Period Validation Period

Metrics Value Model
Performance Metrics Value Model

Performance

NSE 0.82 Very good 0.61 Satisfactory
PBIAS (%) 5.01 Very good 6.23 Very good
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3.4. Joint Model vs. Two Other SWAT Models

Compared with the joint model, an overestimation of 5.5% for CM1 and an under-
estimation of 4.5% for CM2 in the simulated average annual surface runoff from 2011 to
2017 for the UTR watershed were observed. To further examine these differences, sub-
basin 12, a wetland-dominated subbasin (Figure 6) was selected, and the corresponding
overestimation and underestimation for the two models were 22.2% for CM1 and 30.0%
for CM2.
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Figure 6. Land use and land cover (LULC) of subbasin 12: (a) reclassified LULC; (b) identified
maximum ponding areas of wetlands and the corresponding contributing areas; (c) LULC used
for hydrologic response unit (HRU) definition; (d) agricultural land and hay from the used LULC;
(e) water and wetlands from LULC; and (f) agricultural land and hay from the used LULC and
identified ponding areas.
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In CM1, the spatial distribution and areas of the wetlands were gained only from
the reclassified LULC data (Figure 6a) instead of the identified wetlands (Figure 6b) from
HUD-DC. In CM1, to simulate the surface runoff from wetlands, the reclassified LULC
was utilized to define HRUs including wetland HRUs with their curve numbers. Note that
not all the reclassified LULC types were used to determine the curve numbers of HRUs
due to the thresholds set for LULC (5%), soil (10%), and slope (0%) for HRU definition.
Only four LULC types (i.e., water, wetlands, agricultural land, and hay) (Figure 6c–e) were
utilized to define the 35 HRUs (including six wetland HRUs) in subbasin 12. Thereafter, the
reclassified LULC used for HRU definition was termed “used LULC” (e.g., used water). In
addition, the area of the used LULC was different from the area of its corresponding HRU
defined in SWAT. For example, the area of the used wetlands (Figure 6e) was 3.87 km2

smaller than the wetland area of 7.40 km2 in the original reclassified LULC (Table 6). In
addition, the area of the finally defined wetland HRUs of 7.73 km2 was different from
both of them (Table 6). The surface runoff from the 35 HRUs was simulated based on
their curve numbers, except for the nine water HRUs, which accounted for 10.89% of the
subbasin area (Table 6). In the 7-year simulation period, the surface runoff generated from
the wetlands in subbasin 12 was determined based on the curve number of 84.90 and the
area of the wetland HRUs of 7.73 km2 (Table 6). However, in the joint model and CM2, in
addition to the simulation based on curve numbers in CM1, wetland routing after the runoff
generation was simulated based on the identified maximum ponding areas of wetlands and
the corresponding contributing areas (Figure 6b). In this case, the volumes of the surface
runoff contributing to streamflow in the main channel were different in the three models.

Table 6. Different types of wetland-related land use and land covers in comparison model 1 (CM1),
comparison model 2 (CM2), and joint model and their areas and percentages in subbasin 12.

Land Use and Land Cover Types Area (km2) Percent (%)

Wetlands in the original reclassified LULC 7.40 32.71
Used wetlands for HRU definition 3.87 17.11

Defined wetland HRUs in CM1, CM2, and joint model 7.73 34.16
Water in the original reclassified LULC 1.56 6.88

Used water for HRU definition 1.23 5.45
Defined water HRUs in CM1, CM2, and joint model 2.46 10.89

Maximum ponding area in CM2 and joint model 4.77 21.08
Maximum ponding area and its contributing area in CM2 and joint model 16.12 71.23

In the joint model and CM2, after the surface runoff from each HRU in subbasin 12
was added at the subbasin level, it was divided into three portions based on the estimated
wetland-related parameters. According to the estimated Fr of 0.712, 28.8% of the surface
runoff generated from subbasin 12 was simulated as for CM1, while the remaining 71.2%
of the surface runoff was divided into two parts. These two parts were determined by the
percentages of the ponding area and its corresponding contributing area of the lumped
wetland. During each time step, the ponding area and its corresponding contributing area
were updated based on the dynamic water budget and the fixed shape parameters of the
lumped wetland. The ponding area ranged from 0 to 4.77 km2, while the corresponding
contributing area ranged from 16.12 km2 to 11.35 km2 (Table 6), showing an inverse rela-
tionship. When the ponding area reached its maximal value of 4.77 km2, its corresponding
contributing area was 11.35 km2. At each time step, the surface runoff corresponding to the
contributing area was routed as an inflow of the lumped wetland, while the ponding area of
the lumped wetland was treated as the water HRUs. Thus, the surface runoff corresponding
to the ponding area was removed from the modeling system to avoid repetitive simulation.

Figure 7 shows the simulated hydrographs of subbasin 12 from April to June 2013.
Compared with the joint model, significant overestimation in CM1 and underestimation in
CM2 were observed. The overestimation in CM1 can be attributed to the lack of wetland
routing and the smaller wetland-related areas than the identified ponding and contributing
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areas in the joint model (Table 6). In CM1, the area of wetlands and water extracted
from the LULC map (Figure 6e) accounted for 22.56% of the area of subbasin 12, and
the corresponding HRUs defined in CM1 accounted for 45.05%. However, in the joint
model, the maximum ponding area and its corresponding area accounted for 71.23%,
indicating a much higher wetland-related area. In addition, both CM1 and CM2 showed a
steeper recession (Figure 7). This is likely due to a failure to account for the influences of
smaller individual wetlands, such as retention and hierarchical release of the ponded water
in their wetland parameterization. Similar findings on the impacts of smaller wetlands
were emphasized by Zeng et al. [30] in their study involving the comparison between a
wetland-enhanced SWAT model and the original SWAT model.
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3.5. Impacts of Vnor and SAnor

Different performances in surface runoff simulations for wetland HRUs and other
HRUs between the joint model and CM2 were also observed. Compared with CM1 (i.e., no
wetland routing), the surface runoff contributing to the main channel from all non-water
HRUs simulated by both the joint model and CM2 decreased (Table 7) due to the wetland
routing after surface runoff generation. In subbasin 12, the surface runoff in 2013 simulated
by CM2 for the wetland HRUs and two other types of HRUs decreased almost equally,
71.12–71.17% (Table 7). However, in the joint model, the corresponding surface runoff from
the wetland HRUs decreased 29.46%, greater than that from other HRUs (19.24–21.91%)
(Table 7). Such a difference between the wetland HRUs and other HRUs in the joint model
reflected the impact of the distribution of LULC (Figure 6). The distribution of the identified
maximum ponding areas of wetlands (Figure 6b) was similar to that of water and wetlands
(Figure 6e), rather than the agricultural land and hay (Figure 6d). Furthermore, except
for a partial overlap with the identified contributing area, most of the agricultural land
and hay had no overlap with the identified ponding areas (Figure 6f). In this case, when
a wetland routing process was implemented based on the identified maximum ponding
areas and contributing areas, the wetland HRUs exhibited a greater impact on surface
runoff generation than other HRUs (i.e., agricultural land and hay).
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Table 7. Changes in the simulated surface runoff contributing to the main channel from HRUs in
subbasin 12 in 2013 compared with CM1.

HRUs Joint Model (%) CM2 (%)

Hay −21.91 −71.16
Agricultural land −19.24 −71.12

Wetlands −29.46 −71.17

The performance differences between the joint model and CM2 can be attributed to
the roles of Vnor and SAnor. In a semi-distributed model, the lumped parameterization for
wetlands in SWAT can take into account the overall impacts of all wetlands at a subbasin
level (e.g., through SAmx and Vmx), instead of the impacts of individual wetlands [4,10].
Zeng et al. [30] also indicated the drawbacks of ignoring the impacts of smaller depressions
in SWAT. In addition, Blanchette et al. [4] emphasized the significance of smaller-storage
wetlands with larger contributing areas in extreme flow conditions. In this study, to
incorporate the influences of individual small wetlands into the joint model, Vnor and SAnor
(Table 3) were estimated based on the identified smaller individual wetlands and the area–
storage relationships of individual wetlands. Thus, the differences among the four wetland
shape parameters in the joint model were much larger than those in CM2. For example, the
estimated Vmx of 2.5 × 106 m3 for subbasin 12 was much larger than the estimated Vnor of
201 m3 in the joint model, while in CM2, Vnor was assumed to be the same as Vmx [29,32].
In SWAT, when the lumped wetland module at the subbasin level was split into each HRU
for wetland routing of surface runoff, the proportions of the wetland volumes of HRUs
were proportional to the areas of HRUs. However, because of the exponential area–storage
relationship of the lumped wetland in the wetland module [44], the proportions of the
wetland ponding areas of HRUs were not proportional to the areas of HRUs [28]. The larger
differences among the four wetland shape parameters led to the stronger influences of
the exponential area–storage relationship, which was the technical reason for the different
performances at the HRU level between the joint model and CM2.

4. Summary and Conclusions

A joint modeling framework was proposed by coupling HUD-DC and SWAT to
enhance watershed hydrologic modeling under the influence of wetlands. In the framework,
HUD-DC was utilized to delineate wetlands and identify their topographic properties
(including their spatial distribution, maximum ponding areas, maximum storage, and
contributing areas), while ArcSWAT was used for delineating subbasins. A new method
was developed to estimate the wetland-related parameters in the SWAT wetland module
and enhance the subbasin-level wetland modeling in the semi-distributed SWAT model.

The coupled HUD-DC and SWAT modeling system was applied to the UTR watershed
in North Dakota and compared with two other SWAT models to demonstrate its unique
features and applicability for wetland-influenced watersheds, especially those in the PPR.
The steeper recession of the hydrographs simulated by the two comparison models can
be attributed to their failure to account for the influences of smaller individual wetlands
in their wetland parameterization. The joint model provided improved modeling results
since it incorporated more characteristics of real wetlands delineated by HUD-DC through
the wetland parameterization process in this study, which enhanced its applicability to
wetland-dominated areas. Specifically, the spatially varying wetland features, such as
ponding area, contributing area, storage, and hydraulic conductivity of the wetland bottom,
were incorporated in the SWAT wetland module at a subbasin level. The new approach
proposed for wetland parameterization allows us to consider the impacts of individual
wetlands and smaller wetlands, especially wetlands with smaller storage and a relatively
larger ponding and contributing area, which strengthened the wetland module in the
joint model. In particular, based on the wetland delineation and parameterization results,
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the nonlinear area–storage relationships of real wetlands were determined for different
subbasins and incorporated in the joint model.

In summary, the joint modeling framework accounted for the actual topographic
characteristics of the identified wetlands, which effectively avoided misestimating the
wetland-related parameters in SWAT. The joint modeling framework, enhanced by the
surface delineation algorithm HUD-DC and the wetland parameterization approach, is
applicable to wetland-influenced watersheds, providing improved modeling of hydro-
logic processes.

It should be noted that further improvement in the lumped, subbasin-scale wetland
module of SWAT at the HRU level to distinguish the hydrologic processes among individual
wetlands would enhance the hydrologic modeling performance for wetland-dominated
watersheds. In addition, joint modeling with stochastic weather generators can help
address many important issues such as wetland protection and restoration, extreme events
analysis, and water resources management [57]. In addition, acquisition of subbasin-level
observed discharge and wetland data would facilitate improved assessment of the model
at smaller scales.
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