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Abstract: Spatiotemporal modeling of wetland environments’ hydrodynamics and water quality
characteristics is key to understanding and managing these ecologically important areas’ physical
and environmental properties. We developed a two-dimensional numerical model based on the
MIKE 21 module to analyze flow and pollution dynamics in the island-dominated Sanyang wetland
of eastern China. Three simulation periods representing annual precipitation cycles were used to
model freshwater discharge and water quality in the wetland. The results showed that the flow
velocity in the study area had hydrodynamic characteristics typical of such a setting, with an average
monthly flow velocity ranging from 0.01 to 0.04 m/s, contributing to an increased risk of serious
eutrophication. The water quality problems (represented by ammonia nitrogen, NH3-N, and total
phosphorus, TP, levels) peaked during the early summer peak rain season, followed by a gradual
decline during a later flood period and the lowest values during the fall/winter dry period. Moreover,
the spatial distribution of NH3-N and TP levels decreased from northwest to east, reflecting the
influence of a highly polluted source. Our results provide a useful context for restoration efforts in
the Sanyang wetland and other similar areas.

Keywords: Sanyang wetland; MIKE 21; water quality; NH3-N; TP; hydrodynamic modeling

1. Introduction

Wetlands, sometimes described as “the kidneys of the landscape” [1,2], play an im-
portant role in providing ecological services to both humans and wildlife. These include
shelter, habitats, food, protection from catastrophic flooding, irrigation, and carbon se-
questration [3–5]. However, wetlands have rapidly degraded globally due to intensifying
anthropogenic activities, such as pollutant loading from agricultural practices and in-
dustrial wastewater discharge [6,7]. The development of new, powerful, and data-based
techniques is fundamental to urgent wetland restoration efforts.

Rapidly developing computer technology, databases, and information/image anal-
ysis techniques have been applied to the planning and restoration of new and degraded
wetlands. For example, Klemas [8] reviewed remote sensing techniques used in wetland
management and found that analysis of satellite and aircraft imagery, combined with
on-the-ground observations, allowed researchers to accurately and cost-effectively de-
termine short-term changes and long-term trends in wetland vegetation and hydrology.
Weston et al. [9] used GIS (Geographic Information System) to optimize hydraulic analysis
of macro- and micro-scale flow paths for wetland restoration, showing that this approach
was capable of developing a useful representation of physical sites for further modeling.
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Huang et al. [10] used remote sensing and GIS techniques to determine regions most suited
for wetland preservation/restoration. This approach was especially helpful in guiding the
conversion of farmland to wetland. However, although many studies have shown that
hydrology is a critical factor in wetland restoration, the hydrodynamics and water quality
characteristics of many wetlands are not clearly defined or understood due to limited
datasets for numerical modeling.

Traditional methods used to investigate the spatiotemporal characteristics of water
quality are based on field measurements and laboratory analysis, but such data are often
limited in scope while being time-consuming and costly to collect. Thus, various numerical
models have been developed to study the hydrodynamic and environmental characteris-
tics of wetlands and lakes. For instance, Somes et al. [11] developed a two-dimensional
depth-averaged model based on MIKE 21 to examine factors controlling flow in different
wetland zones. This approach was capable of reproducing wetland flow distributions
far more efficiently than field investigations could. Hossainzadeh et al. [12] studied the
spatiotemporal distribution characteristics of wetland chemical oxygen demand using the
MIKE 21 hydrodynamic and pollutant convection diffusion model. Gargallo et al. [13]
developed a mechanistic model for treating eutrophic water in free water surface con-
structed wetlands to simulate the removal of total suspended sediment and its relationship
to phytoplankton and total phosphorus (TP). Wester et al. [14] proposed an enhanced
quasi-two-dimensional modeling strategy that can accurately simulate river and wetland
dynamics for large wetland areas to better understand their hydrodynamics. Dou and
Jia [15] established a two-dimensional hydrodynamic and water quality coupling model by
using MIKE 21 to evaluate different engineering measures aimed at improving wetland
water quality.

Although such research has verified that numerical models improve the scientific
understanding of water quality variations in different types of wetlands, few studies
have reported on the spatiotemporal characteristics of water quality in highly channelized
wetlands with many islands. In this study, we focused on the island-dominated Sanyang
wetland in coastal China, using a two-dimensional hydrodynamic and water quality MIKE
21 model to investigate the unique hydrodynamic characteristics of this distinct setting and
better define the area’s spatiotemporal distribution of water quality. Our study made up
for the deficiency of previous studies in the spatial and temporal characteristics of water
quality in highly channelized wetland with many islands. It provides an example for the
research on water quality characteristics of the similar island-dominated wetlands around
the world. At the same time, it can also help to identify the influencing factors of water
quality deterioration in the management of these wetlands, and provide a scientific context
for further local wetland management.

2. Materials and Methods
2.1. Study Area

The Sanyang wetland (120◦40′–120◦44′ E and 27◦56′–27◦58′ N, Figure 1) is located in
the southeastern region of Wenzhou City, Zhejiang Province, a location that is well-known
for its fast economic development over the last two decades. The wetland area covers
~12.5 km2, and there are about 161 islands in the complex river network. The average
water depth is ~2.5 m with a flat bed gradient. In terms of biodiversity, there are 83 families
and 168 species in the wetlands. The number of woody plant species is about 106, and
most aquatic plants are emerged plants. The Sanyang wetland is generally called the
West Lake Cultural Landscape of Wenzhou, as it plays an important role for local people,
such as providing sightseeing opportunities and edible fruits. The potential value of
the Sanyang wetland has been estimated at 55,332 yuan ha−1 yr−1 [16]. However, with
rapid economic development, a large amount of pollutants from agriculture and industry
has been discharged into the wetland, and the wetland environment has been severely
damaged [17].
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Figure 1. Location and detailed map of the Sanyang wetland, Wenzhou City, China.

The region is located in a subtropical monsoon climate zone with alternating winter
and summer monsoons. It has a moderate climate, sufficient sunshine, four distinct seasons,
abundant rainfall (annual precipitation and evaporation are 1113–2494 mm and 1468.7 mm,
respectively), and is occasionally impacted by typhoons, heavy rain, and floods. The peak
rain season in late spring and early summer (April 16 to July 15) typically has the largest
number of consecutive precipitation days in the year. The flood period in summer and
autumn (July 16 to October 15), which is dominated by Pacific subtropical high pressure,
has the highest rainfall. The dry period from October 16 to April 15 is controlled by cold
high pressure. The frost-free period is 226–241 days, and the annual amount of sunshine
ranges between 1442–2264 h.

2.2. Numerical Models

Sanyang wetland is a large shallow water wetland; the water vertical mixing is
relatively uniform, the uneven distribution of space plane is more significant. Therefore,
in order to reflect the overall variation characteristics of water quality in the study area,
a two-dimensional mathematical equation with average water depth is used to describe
the characteristics of water quality movement in Sanyang wetland. In this study, MIKE 21
model was selected to construct the mathematical model of water environment in Sanyang
wetland. The MIKE 21 model is a widely used hydrodynamic model [18], and it was
developed by the Danish Hydraulic Institute. The model is based on the cell-centered finite
volume method, preferring the unstructured flexible mesh approach using triangular grid
elements over a fixed grid system (i.e., quadrilateral elements of equal dimensions). It has
the ability to provide variable grid resolutions to represent the much smaller dimensions of
the study area. It includes hydrodynamic, transport, ecological/oil spill, particle tracking,
mud transport, sand transport, and inland flooding modules [19]. MIKE 21 can allow
longer strides, which can greatly reduce the calculation time when the accuracy is not high.
In this study, MIKE 21 model is preferred to simplify the modeling process, ensure the
robustness of the simulation method, and reduce the cost of simulation calculation.
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2.2.1. Equations

The mathematical model was based on the shallow-water equations of the two-
dimensional numerical solution method and the Navier–Stokes equations of the three-
dimensional incompressible Reynolds value uniformity. This approach is subject to the
Boussinesq hypothesis and the assumption of hydrostatic pressure. The finite volume and
computational grid unstructured methods were used in the mathematical model along
with a flexible boundary surface and dynamic complex terrain. The following equations
were used:

(1) Hydrodynamic control equations:
Continuous equation:
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(2) Water quality equation:
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where h(x, y, t) is the water depth (m); d(x, y, t) is the water depth variation over time (m);
ξ(x, y, t) is the free surface elevation; p, q(x, y, t) are the discharge per unit width in the x
and y directions (m3/s·m), respectively; g is the gravitational acceleration (m/s2); C(x, y)
is the Chezy resistance (m1/2/s); f = 2Ω sin φ is the Coriolis force coefficient (Ω is the
angular velocity of earth rotation, and φ is the latitude of Earth); V is the flow velocity
(m/s); u, v are the mean flow velocity along the water depth in the x and y directions
(m/s), respectively; Vx, Vy are the flow velocity components in the x and y directions
(m/s), respectively; Ω(x, y) is the coefficient of the Coriolis force; ρw is the water density
(kg/m3); Pa(x, y, t) is the atmospheric pressure (kg/m·s); x and y make up the cartesian
coordinate system; τxx, τxy, τyy are the tangential stresses; C is the pollutant concentration
(mg/L); Ex, Ey are the turbulent diffusion coefficient and dispersion coefficient in the x and
y directions (m/s2), respectively; S—are the source or sink terms for flow; and F(C) is the
biochemical reaction.

2.2.2. Conditions and Parameters

Conditions and parameters were set default, and the observational data are as follows:
(1) Boundary conditions:
Rivers feeding and draining the wetland respectively represent sources and sinks

of water and pollution. To simplify and shorten the computational time, 19 main rivers
(Table 1, Figure 2) were selected for use in the model with reference to the continuity
equation and mass conservation equation of pollutants. The location of these rivers with
reference to the study’s monitoring and analysis points is shown in Figure 2.

(2) Initial conditions:
The initial water level, discharge, and water quality were determined from 2016

monitoring data. The initial velocity of the flow field was set to zero, the initial water level
was set to 4.7 m, and the initial concentrations of ammonia nitrogen (NH3-N) and TP were
set to 5.2 and 0.31 mg/L, respectively.
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Table 1. Primary rivers entering and exiting the Sanyang wetland.

Number River Name Number River Name

1 Sanyangtiao 11 Shanqianzhi
2 Wangtanyang 12 Shangongdian
3 Qianhediananhe 13 Dongfengtou
4 Henggangtou 14 Zhongxingqiao
5 Laodianhou 15 Caozhaiyang
6 Dongyang 16 Shuilangyangnan
7 Dianqian 17 Shuilangyangxi
8 Lincun 18 Shangcaihou
9 Shengmenhou 19 Haipai
10 Yongfengqiao
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(3) Hydraulic parameters:
The critical Courant–Friedrichs–Lewy condition was set as 0.8 to ensure stable opera-

tion of the model. The Manning number in the rivers, determined by the sediment particle
size and water depth of the river bed, was set to 38 m1/3/s. The eddy viscosity coefficient
was calculated using the Smagorinsky formula, where the Smagorinsky factor, Cs, was set
as 0.28.

The Smagorinsky formula:
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where µt is the turbulent viscosity at sublattice scale; ∆i is the mesh dimensions along axis
i; Cs is the Smagorinsky factor; Ck is Kolmogorov constant.

Water levels between the water and land boundaries can be determined by the differ-
ence between dry and flood conditions. If the calculated water level had a good fit with the
observed level, it was used in the calculation; otherwise, it was discarded. The dry, flood,
and wetting depths were set to 0.005, 0.05, and 0.1 m, respectively.

The wind friction coefficient is a weak function of wind speed. For medium and
strong winds in open seas, a value of 0.0026 produces good results, but, for gentler breezes,
a smaller coefficient is needed. If wind speed changes are included in a model, the friction
coefficient must be set as a change coefficient. In this case, as the average wind speed in
the area is 2.3 m/s, the friction coefficient was set as 0.0026.

(4) Water quality parameters:
The degradation coefficients KNH3-N and KTP of NH3-N and TP were drawn from

results for similar wetlands and set to 0.0069/d and 0.001/d, respectively, according to
previous studies in similar wetlands [20–23].

2.3. Model Validation
2.3.1. Hydrodynamic Model Validation

The hydrodynamic parameters were calibrated and verified by the measured water
level data from the Sanyang wetland. The water level monitoring point C13 (Figure 2) is the
only water level monitoring point in this area, so we selected this point for the verification
of observed and simulated water level values (Figure 3). Due to the limitation of data col-
lection, the calibration time we choose is from 1 January to 31 December 2016. The relative
error (δ) was selected to evaluate the fitting effect of the simulated and measured values.

δ = ∆/L× 100% (9)

where δ is the relative error; ∆ is the absolute error; L is the true value.
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Figure 3. Comparison of observed and simulated water level values at monitoring point C13 in the Sanyang wetland
during 2016.

The result shows that δ = 0.03% in the validation of water level. This suggests
that the model produced a well-fitted curve which could accurately reflect the hydrody-
namic characteristics of the Sanyang wetland and be confidently used for further water
quality simulations.

2.3.2. Water Quality Model Verification

The observed and simulated values for NH3-N and TP throughout 2016 were verified
at points C1, C3, C5, C11, and C13 with an error level below 20% (Figure 4). These points
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were selected because they each represent a direction so that makes sure that all directions
are covered. The calculation results of relative error in the validation of water quality
shows in the Table 2.
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Figure 4. Comparison of observed and simulated water quality data in 2016 for ammonia nitrogen (NH3-N) and total
phosphorus (TP) at monitoring points C1: Zhangjiaqiao River; C3: Lujiaan River; C5: Xiaheng River; C11: Qicaoqianchi
River; and C13: Zhangyanfengmenqianhe River.
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Table 2. Calculation results of relative error in the validation of water quality.

NH3-N TP

Point δ Point δ
C1 −5.4% C1 −1.6%
C3 −6.0% C3 −7.7%
C5 −11.4% C5 19.2%

C11 −11.4% C11 19.2%
C13 4.4% C13 1.5%

The relative error of each point is basically controlled within 20%, suggesting that the
simulation result of the model is good. The model accurately reflected the tendencies of
the hydrodynamic and water quality trends and could thus be applied to the simulation
and analysis of the water environment in the study area.

3. Results
3.1. Hydrodynamic Characteristics

The flow velocity in the Sanyang wetland was 0–0.150 m/s (mean: 0.013 m/s),
0–0.154 m/s (mean: 0.014 m/s), and 0–0.593 m/s (mean: 0.022 m/s) during the dry,
peak rain season, and summer flood periods, respectively. The annual mean velocity was
relatively slow (0.013 m/s). The higher flow velocity was located on the southwest sides of
the wetland, and the flow pattern showed the typical flow characteristics of a river flow
regime. The results showed that there were some small current circulations in some of the
open water areas, and the flow was stagnant in some channels without outlets (Figure 5).
The main flow direction of the Sanyang wetland runs from west to northeast, with a certain
amount of circulation inside the wetland.
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Figure 5. Monthly variations in mean flow velocity in the Sanyang wetland in 2016.

The seasonality within the same year is the same across the historic years in the
Sanyang wetland, so we analyzed the results based on the simulation results in 2016. The
period division is shown in the following Table 3.

Table 3. The division of the different periods.

Period Months

Dry Season October 16 to April 15
Peak Rain Season April 16 to July 15

Wet Season July 16 to October 15

Figure 6 shows the results of the spatial distribution of the flow velocity. Each figure
uses the same color band, with one color representing one flow velocity and one figure
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representing one period. Overall, the average flow velocity in the Sanyang wetland did
not change significantly throughout the year with a variation range within 0.5 cm/s
(Figure 5). The flow patterns are consistent with the regional precipitation patterns. The
flow velocity was lowest during the dry period (Figure 6a), increased during the peak rain
season (Figure 6b) to its peak during the summer flood period (Figure 6c), and gradually
decreased and remained relatively stable during the next dry period. The maximum flow
velocity of Sanyang wetland is about 5.7 cm/s, and the flow velocity of most waters is below
2.5 cm/s. The velocity is higher in the western entrance area, the interchange of rivers
in the middle area, and the eastern exit area. In the severely insufficient hydrodynamic
reaches (the flow velocity below 0.5 mm/s), the water body is easily affected by the input
of organic matter from the outside, which may cause local water quality deterioration.

3.2. Spatiotemporal Distribution of Water Quality Indicators
3.2.1. Ammonia Nitrogen (NH3-N)

The average monthly mean NH3-N concentration in the Sanyang wetland varied from
3.47 to 7.05 mg/L, indicating serious eutrophication (Figure 7). The NH3-N concentration
in the dry period fluctuated within a narrow range from January to March, reached its
maximum value in May before decreasing steadily to its minimum value in October, and
slowly increased again. Figure 8 shows the result of the spatial distribution of the NH3-N
concentration. Each figure uses the same color band, with one color representing one
NH3-N concentration and one figure representing one period. Concentration of NH3-N in
Sanyang wetland is at a high level of 3.8–6.4 mg/L, and the variation is obvious in different
periods: During the peak rain season, the concentration of NH3-N in the water body is high,
which is mainly higher than 5.6 mg/L (Figure 8b). During the wet season, the concentration
of NH3-N in water body is relatively low, mainly in the range of 3.8–4.4 mg/L (Figure 8c).
During the dry season, the NH3-N concentration in the water body is relatively low, mainly
in the range of 3.8–4.4 mg/L (Figure 8a). The concentration of NH3-N in Sanyang wetland
is high in the peak rain season, and the concentration of NH3-N in the seriously polluted
area is at a higher level in each section.
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3.2.2. Total Phosphorus (TP)

The spatiotemporal distribution of TP was similar to that of NH3-N. The monthly
mean concentration ranged from 0.38 to 0.49 mg/L, again confirming serious eutrophication
(Figure 9). The TP concentration in the dry period remained at around 0.38 mg/L, began to
increase during the onset of the peak rain season in April, reached its maximum value in
May, and then slowly decreased. The TP concentration remained stable during the summer
flood period and decreased during the transition into the dry season. Figure 10 shows the
result of the spatial distribution of the TP concentration. Each figure uses the same color
band, with one color representing one TP concentration and one figure representing one
period. Similar to NH3-N, TP reached its widest spatial distribution during the peak rain
season (Figure 10b), followed by the flood period (Figure 10c) and dry period (Figure 10a).
During the peak rain season, the concentration of TP in water body was high, which was
higher than 0.4 mg/L. During the wet season, the concentration of TP was high, mainly in
the range of 0.32–0.36 mg/L. During the dry season, the concentration of TP is relatively
low, mainly in the range of 0.24–0.30 mg/L. The TP concentration in Sanyang wetland
was high in the peak rain season and wet season, and the TP concentration in the severely
polluted area and the wetland outlet area was at a higher level in each section.
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4. Discussion

The results showed that our model reflected the flow patterns and water quality in
the Sanyang wetland well. In contrast to the traditional field monitoring method, our
model showed a much longer time scale as well as more comprehensive spatial scale flow
and water quality information, which can help managers better understand the wetland
conditions and design better and more economical restoration schemes [24,25].

The flow velocity was low in the Sanyang wetland, indicating that the residence time
in the wetland is long. As previous studies have shown, hydrodynamic characteristics are
essential factors in the transport of pollutants, and less water exchange and long residence
times increase the risk of eutrophication [26–28]. The main reason for the low flow and
circulation in the wetland is that the river network is densely interconnected by channels
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surrounding the numerous islands. Moreover, the topography is relatively flat, and the
wind in this area is not strong [29].

Water quality is an important factor in managing wetlands. Our results indicated that
the water quality status in the Sanyang wetland is serious, which corroborates previous
findings that the water quality in the study area is extremely poor [30]. This suggests
that N and P sources from inlet rivers need to be better controlled. Both NH3-N and TP
concentrations in the Sanyang wetland were highest in the northwest and lowest in the
east, mainly because the predominant water supply comes from the Wenruitang River
network to the west [31].

The Wenruitang River causes the wetland water body to become black and emit a
strong, foul odor [17]. N and P concentrations gradually decreased in the inner areas of the
wetland, possibly because the wetlands are able to remove some pollutants from the flow,
which is similar to a pattern documented in China’s Taihu Lake [32]. The water quality
in the wetland was poorer in the peak rain season, with increased N and P flow in the
wetland, thereby increasing the NH3-N and TP concentrations.

The NH3-N and TP levels in the central part of the wetland were lower, which may
have resulted partly from dramatic rainfall over a short period of time diluting the NH3-N
and TP levels. This result was similar to that of Ji et al. [33], who found that copious
rainfall played a significant role in improving the water quality of the Wenruitang River by
decreasing N and P concentrations. Rainfall can also increase the dissolved oxygen in the
water and contribute to reducing pollutant concentrations. Similarly, the NH3-N and TP
concentrations were lower during the dry season, which might have resulted primarily
from lower pollutant levels entering the wetland.

The results from our modeling study revealed spatiotemporal variations in the wetland
environment. The flow velocity of the wetland was small, and this finding can help
managers to select mitigation methods, such as the diversion of water from other rivers or
lakes, as has been used in other studies [24,34–37]. This approach can increase the water
velocity and shorten the water retention time; for example, the studied wetland can be
connected with the Oujiang River nearby (Figure 1) to shorten the water retention time [38].
In addition, the spatiotemporal variations in NH3-N and TP could indicate where and when
some methods should be carried out for improving wetland water quality. We can analyze
the hydrodynamic and water quality characteristics of wetlands from the simulation results,
and help identify the key causes and factors leading to the pollution. According to the
spatiotemporal variation of NH3-N and TP, targeted measures can be taken to improve
wetland water quality. We can identify exactly when and where reductions need to be made
to what pollutants. For example, in some stagnant water areas, the concentration of NH3-N
and TP is easy to be too high, then measures such as ecological floating beds [39–41] and
water-lifting aeration can be treated. In this sense, the modeling results provide valuable
hydrodynamic and water quality information on the Sanyang wetland, which can help
wetland managers to restore and implement relevant measures accurately.

5. Conclusions

In this study, the MIKE 21 model was adopted to analyze the spatiotemporal dis-
tribution of water and pollutants (NH3-N and TP) in the Sanyang wetland during 2016.
The results showed that the model can improve understanding of the hydrodynamics
and water quality of the wetland. The spatiotemporal characteristics of the flow pattern
could be useful for carrying out restoration measures and identifying the main reasons
for poor water quality. However, the water quality is related to many factors (e.g., tem-
perature), and further research should therefore take more factors into account. Future
work should also incorporate more basic ecological data just like temperature, humidity,
and species for a more powerful model setup, which can be even more useful for restoring
degraded wetlands.
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