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Abstract: In this paper, the effects of littoral submerged macrophytes on weak stratification conditions
in a small and shallow lake are investigated. Diverse submerged macrophytes occupying a large
portion of the littoral zone act as resistance to water motions and affect lake hydrodynamics.
Strong solar radiation and mild wind forcing typically occurring during the summer season result
in weak stratification characterized by a diurnal cycle with a temperature differential of 1–3 ◦C.
Temperature and circulation dynamics of a small and shallow lake are depicted by extensive field
measurements and a three-dimensional non-hydrostatic model with a generic length scale (GLS)
approach for the turbulence closure and drag forces induced by macrophytes. Results show that
the effects of macrophytes on velocity profiles are apparent. In the pelagic area, the circulation
patterns with and without macrophytes are similar. The velocity profile is generally characterized
by a two-layer structure with the maximum velocity at both the water surface and the mid-depth.
In contrast, inside the littoral zone, the mean flow is retarded by macrophytes and the velocity profile
is changed to only one maximum velocity at the surface with a steeper decrease until 2.0 m depth
and another slight decrease to the lake bottom. From the whole lake perspective, littoral macrophytes
dampen the horizontal water temperature difference between the upwind side and download side of
the lake. Macrophytes promote a stronger temperature stratification by retarding mean flows and
reducing vertical mixing. Overall, this study shows that the temperature structures and circulation
patterns under weak stratification conditions in a small and shallow lake are strongly affected by
littoral vegetation.

Keywords: small and shallow lake; submerged macrophytes; weak stratification; non-hydrostatic
model; circulation pattern; temperature structure

1. Introduction

Small shallow lakes are the most abundant lake types in the north temperate landscape. A great
deal of research has been conducted on the biology and ecology of small shallow lakes [1–6],
but few studies have focused on circulation patterns and thermal structures. Generally, there are
two distinguished features in small and shallow lakes. First, weak stratification is commonly observed
in a shallow water system (mean depths 3–4 m), where wind- and cooling-induced mixing reaches
the lake bottom [7]. This weak stratification modifies the vertical velocity profile, which can affect the
spatial distributions of plankton communities [8,9]. Second, submerged macrophytes, common seen in
shallow eutrophic lakes, can affect the lake’s ecology and water quality [10,11]. Littoral macrophytes
can form a transition zone between terrestrial and aquatic systems [12,13]. The concentration gradient
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in nutrients, sediment and other contaminants between littoral macrophytes and open pelagic zones
can be large, causing an active exchange of constituents [14]. Furthermore, rooted plants of the littoral
zone can enrich the water with nutrients and organic matter, stimulating pelagic production and
sedimentation. In view of this important fact, better understanding the effects of weak stratification
and littoral submerged vegetation on the spatial and temporal variability of circulation and temperature
in small and shallow lakes is highly desired [15].

Weak thermal stratification with surface-to-bottom temperature differentials of 1–4 ◦C has been
reported and studied recently [16–21]. In summer seasons, water temperatures closely follow the
diurnal cycle of solar radiation and air temperature. Changing meteorological conditions with
wind shear at the lake surface can quickly shift from a stratified period to a well-mixed regime
on a daily or even hourly basis, depending on the intensity of vertical mixing produced by the
wind [22]. Nevertheless, small and shallow lakes, in contrast to large lakes, have short fetches
and are usually affected by wind sheltering due to onshore surroundings [20,23]. Reduction of
wind-induced mixing can affect temperature stratification to cause active upper layers to be separated
from nutrient-rich bottom layers, which is important to biological production and photosynthesis [24].
Overall, the evolving weak stratification, sometimes characterized by a diurnal cycle due to the net
surface heat loss during nighttime, can create negative buoyancy fluxes to affect vertical transport
and mixing.

Submerged macrophytes play an important role in controlling the transport and spatial
distribution of chemical and biological activities through hydrodynamic processes [25]. For example,
macrophytes can retard flow velocities [26,27], attenuate surface waves [28] and effectively dampen
the wind generated turbulences to penetrate from the surface to greater depths [29]. Consequently,
macrophytes can trap and deposit suspended sediments [30] to enhance geomorphic stability [31].
Submerged macrophytes can strengthen daytime stratification due to both reduced wind mixing and
increased solar radiation attenuation that result in a higher temperature difference and a stronger
near surface stratification [19,32]. In other words, submerged macrophytes can alter the role of wind
shear mixing and net heat flux to affect the hydrodynamic characteristics in small and shallow lakes.
Macrophytes in the more open and actively turbulent water can act as drag [29]. Macrophytes in the
short-fetch and low-turbulence water can promote weak density-driven motions by shading from solar
heating. In spite of our knowledge on the role of macrophytes [25–31] in hydrodynamic processes,
there are still limited studies that have investigated the dynamics of small shallow lakes with littoral
submerged macrophytes.

Previous studies have attempted to reveal the effects of weak stratification and littoral
submerged vegetation on temperature and circulation dynamics in small shallow lakes. Herb and
Stefan [32] depicted local stratification in the presence of submerged macrophytes by developing a
one-dimensional (1D) model with vertical production, transport and dissipation of turbulent kinetic
energy caused by different weather conditions. Nevertheless, results cannot explain the situation
where there is large horizontal advection in lakes with a non-uniform distribution of macrophytes [33].
Two-dimensional (2D) depth-averaged models were employed to address the horizontal circulation
and temperature dynamics [23,34]. Further efforts have been paid to incorporate the vertical variation
of horizontal velocities in the depth-integrated models [35,36], but the vertical stratification has yet
to be addressed. Lin and Wu [37,38] and Lin [39] examined thermally-driven flows over vegetated
sloping bottoms with an idealized, linear, vertically-solved slice analytical model. It was reported
that vegetation can significantly change the circulation pattern of the open water zone to a large
extent. The studies also cautioned that the three-dimensional topography can greatly affect the
circulation patterns. Using a three-dimensional (3D) hydrodynamic model with a hydrostatic pressure
assumption [40,41], Coates and Folkard [29] pointed out that the mechanical drag of macrophytes
plays a more important role than light attenuation. Recently, Kimura, et al. [20] investigated diurnal
dynamics in a small shallow lake under wind sheltering effects and showed that maximum subsurface
velocities were caused by weak stratification. Vilas, et al. [42] explored the impacts of littoral vegetation
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on spatial and temporal variation of temperature and dissolved oxygen in an urban lake. However,
the impacts of submerged macrophytes on both the three-dimensional circulation pattern and thermal
structure of small lakes under weak stratification conditions have not yet been reported.

The purpose of this paper is to investigate the effects of weak stratification and littoral submerged
macrophytes on circulation and temperature dynamics in a small and shallow lake. Specifically,
we conducted extensive field measurements to depict 3D circulation patterns and temperature
structures using an acoustic instrument and multiple thermistor chains. The spatial distribution
of littoral macrophytes was mapped using a GPS depth sounder. A spatially distributed array of
wind sensors was also deployed over the lake area to capture wind sheltering. We employed a
three-dimensional non-hydrostatic hydrodynamic model [43,44] with a generic length scale (GLS)
approach for the turbulence closure and vegetation-induced drag forces to simulate the effects of
macrophytes on lake circulation patterns and thermal structures.

2. Materials and Methods

2.1. Study Site

Lake Wingra (43◦3′ N, 89◦26′ W), located in Madison, Wisconsin, has a surface area of 1.3 km2

and a shoreline length of 5.9 km with mean and maximum water depths of 2.7 m and 4.3 m (excluding
two small dredge holes), respectively. The largest fetch is approximately 2 km along the N–NE
wind directions. Along the prevailing S and SW direction, the fetch ranges between 400 and 1000 m.
The riparian shoreline is mostly undeveloped, being largely surrounded by trees with heights typically
10 m above the water surface. The wind-sheltering due to these trees reduces the wind exposure of the
lake [20]. Lake Wingra is a eutrophic drainage lake in a highly urbanized watershed [45,46]. During
the summer, approximately 30% of the lake surface area is littoral habitat containing macrophytes of
various species. Although the abundance of individual species might vary significantly from year to
year [47,48], long-term observations indicated that the most common macrophytes are submerged
milfoils and the second most abundant plants are Ceratophyllum demersum, commonly knowns as
coontails. Both species mostly spread offshore up to 2.0 m depth [49]. The spatial distribution of
littoral macrophytes has generally remained constant over decades [47,48,50,51]. Figure 1 shows the
spatial distribution of littoral-zone vegetation in Lake Wingra: https://olw-lwrd.countyofdane.com/
Management/Aquatic-Plants/Aquatic-Plant-Management).

Water 2018, 10, x FOR PEER REVIEW  3 of 18 

 

circulation pattern and thermal structure of small lakes under weak stratification conditions have not 
yet been reported.  

The purpose of this paper is to investigate the effects of weak stratification and littoral 
submerged macrophytes on circulation and temperature dynamics in a small and shallow lake. 
Specifically, we conducted extensive field measurements to depict 3D circulation patterns and 
temperature structures using an acoustic instrument and multiple thermistor chains. The spatial 
distribution of littoral macrophytes was mapped using a GPS depth sounder. A spatially distributed 
array of wind sensors was also deployed over the lake area to capture wind sheltering. We employed 
a three-dimensional non-hydrostatic hydrodynamic model [43,44] with a generic length scale (GLS) 
approach for the turbulence closure and vegetation-induced drag forces to simulate the effects of 
macrophytes on lake circulation patterns and thermal structures. 

2. Materials and Methods  

2.1. Study Site 

Lake Wingra (43°3′ N, 89°26′ W), located in Madison, Wisconsin, has a surface area of 1.3 km2 

and a shoreline length of 5.9 km with mean and maximum water depths of 2.7 m and 4.3 m (excluding 
two small dredge holes), respectively. The largest fetch is approximately 2 km along the N–NE wind 
directions. Along the prevailing S and SW direction, the fetch ranges between 400 and 1000 m. The 
riparian shoreline is mostly undeveloped, being largely surrounded by trees with heights typically 
10 m above the water surface. The wind-sheltering due to these trees reduces the wind exposure of 
the lake [20]. Lake Wingra is a eutrophic drainage lake in a highly urbanized watershed [45,46]. 
During the summer, approximately 30% of the lake surface area is littoral habitat containing 
macrophytes of various species. Although the abundance of individual species might vary 
significantly from year to year [47,48], long-term observations indicated that the most common 
macrophytes are submerged milfoils and the second most abundant plants are Ceratophyllum 
demersum, commonly knowns as coontails. Both species mostly spread offshore up to 2.0 m depth 
[49]. The spatial distribution of littoral macrophytes has generally remained constant over decades 
[47,48,50,51]. Figure 1 shows the spatial distribution of littoral-zone vegetation in Lake Wingra: 
https://olw-lwrd.countyofdane.com/Management/Aquatic-Plants/Aquatic-Plant-Management). 

 
Figure 1. Lake Wingra bathymetry and the distribution of littoral-zone vegetation. Symbols (●, □ and 
×) represent the locations of wind (W1-W8), water temperature (WT, CT, ET), and velocity profile 
measurements (A, B, C, D, and E), respectively. 

2.2. Field Observations 

Figure 1. Lake Wingra bathymetry and the distribution of littoral-zone vegetation. Symbols ( , � and
×) represent the locations of wind (W1-W8), water temperature (WT, CT, ET), and velocity profile
measurements (A, B, C, D, and E), respectively.

https://olw-lwrd.countyofdane.com/Management/Aquatic-Plants/Aquatic-Plant-Management
https://olw-lwrd.countyofdane.com/Management/Aquatic-Plants/Aquatic-Plant-Management


Water 2019, 11, 128 4 of 17

2.2. Field Observations

Field measurements were carried out in the summer and early fall of 2004. First, wind sensors
(R.M. Young microvane with a 3-cup anemometer) were deployed at eight locations (Figure 1) to
account for the spatial variation of the wind forcing. At each location, wind speed and direction
were measured every 2 minutes at 1 m above the lake surface. The data were extrapolated to 10 m
above the surface using the power law [52] to calculate wind forcing by the aerodynamic drag
relationship [53]. The wind forcing over the whole lake was determined by bilinear interpolation
of wind velocity components. Second, water temperature was measured using water temperature
sensors, manufacture by Onset. Three thermistor chains were deployed at the west, center and east
locations in the lake (Figure 1), with each chain consisting of six thermistors vertically spaced 0.5 m
apart in the water column. At the top of each buoy attached to the thermistor chains, an Onset
HOBO Thermocouple recorded the air temperature. All temperature data were recorded at 2-minute
intervals. Cloud cover data were obtained from the database of National Climate Data Center (http:
//cdo.ncdc.noaa.gov/ulcd/ULCD) located in Madison Dane County Regional Airport about (Truax
Field), about 10 km northeast of Lake Wingra. Shortwave solar radiation and relative humidity
data were available from the database of the rooftop monitoring station at the Atmospheric, Oceanic
Space Science Building at University of Wisconsin–Madison (http://rig.ssec.wisc.edu/), about 0.5 km
north of Lake Wingra. Third, vertical profiles of water velocities were collected using a 600 kHz RDI
Workhorse Sentinel Acoustic Doppler Current Profiler (ADCP). The ADCP was mounted in a wood
frame to achieve floating capability. For each weather event of interest, the ADCP was moved around
the lake to measure the circulation pattern. The ADCP was floated at the surface and faced down,
horizontally being secured by three cables each attached to an anchor. The data were recorded for at
least 30 min at each location to eliminate possible frame oscillation and rotation caused by irregular
surface waves. Vertical velocity profiles were separated into 10 cm interval bins with a sampling rate
every 10 s. Lastly, littoral macrophytes were mapped through extensive field surveys. Macrophyte
density was determined by visually counting the number of individual vegetation stems in 1 × 1 m2

plots throughout the littoral zone. The spatial distribution of littoral macrophytes was obtained by
tracking the littoral boundary using a boat-mounted GPSmap 188 sounder, Garmin (International Inc.,
Olathe, KS, USA) with a horizontal spatial resolution of 25 m.

2.3. Hydrodynamic Model

A three-dimensional, non-hydrostatic, free-surface, primitive-equations model [54] on the
Cartesian Arakawa C grids [55] is used. The model employs the partial-cell approach [56,57]
to discretize bathymetries. The model has been extensively evaluated for inviscid surface water
waves [57,58] and was further extended to include the generic length scale (GLS) approach for the
turbulence closure and a drag force model to simulate flows through/over aquatic vegetation and
thermal changes in a lake [43,44]. In contrast to the hydrostatic-pressure assumption that simplifies
the vertical momentum equation to balance between the pressure gradient and gravity only [59],
non-hydrostatic models that keep the full vertical momentum equation can be applicable for various
processes like surface waves [60,61], flows over steep bottom topographies [62], evolution of nonlinear
internal waves [63,64], and wind-driven upwelling over broader spatial and temporal scales [40,41].

In this paper, we briefly summarize the key features of the non-hydrostatic model. Detailed
governing equations including the Reynolds-averaged continuity and momentum equations for the
flow field, transport equation for temperature, and an equation of state that links water density
to temperature can be found in the work of Wu and Yuan [54] and Wu, et al. [43]. To simulate
aquatic macrophytes, we assume macrophytes as clusters of rigid vertical cylinders with small
diameters so that vegetation-induced drag forces are added in the x, y and z directions of the Cartesian
coordinate, respectively.

Fx =
1
2

ρwλCDu
√

u2 + v2 (1)

http://cdo.ncdc.noaa.gov/ulcd/ULCD
http://cdo.ncdc.noaa.gov/ulcd/ULCD
http://rig.ssec.wisc.edu/
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Fy =
1
2

ρwλCDv
√

u2 + v2 (2)

Fz = 0 (3)

where ρw is the water density, λ is the total projected area of vegetation in a unit volume of mixture of
water and vegetation (λ = DvNv , with Dv being the diameter of the single vegetation stand and Nv

is the total number of vegetation stands per m2); CD is the bulk drag coefficient, where u and v are
horizontal velocity components in x and y coordinate directions, respectively; Fz is zero by assuming
the vegetation field as an anisotropic dissipative media [37,65].

The horizontal and vertical viscosity terms originating from Reynolds-averaging are obtained
through the turbulence closure model. The horizontal eddy viscosity is computed from the
Smagorinsky sub-grid model [66] while the horizontal eddy diffusivity is assumed to be same as the
horizontal eddy viscosity. The vertical eddy viscosity and eddy diffusivity are evaluated by accounting
for the third-order moments and pressure correction terms in terms of stability functions that describe
the competing effects of shear and stratification [67]. The turbulent kinetic energy and the turbulent
length scale are determined from the GLS approach that solves two equations, one for the turbulent
kinetic energy and one for a generic parameter for the turbulent length scale. The vegetation-induced
wake production is

W = Fxu + Fyv (4)

by assuming that the vegetation-induced drag-force terms in the momentum equations dominate
the turbulent diffusive terms [68,69]. A detailed description of the GLS turbulence closure and its
implementation to this model can be found in the work of Wu, et al. [43]. To account for heat transfer
at the lake bed, we follow Jin, et al. [70] to thermally couple sediment beds and the water column by

Kv
∂T
∂z

= −Chb
ρwCpw

ρbCpb

√
u2

b + v2
b(Tb − Tw) (5)

where Kv is the vertical eddy diffusivity; Chb is a dimensionless convective heat exchange coefficient;
ρb, Cpb and Tb are the density, specific heat and temperate of the bottom sediments, respectively; ub and
vb are the velocity components at the lake bed; and Tw is the water temperature at the lake bed.

The governing equations of the non-hydrostatic model are solved by an efficient implicit
method [58]. The turbulence quantities are updated after the mean-flow quantities and the temperature
equation is solved lastly at each time level. The transport equations are solved using a simple forward
scheme in time, which treats the advection horizontal diffusion terms explicitly and the vertical
diffusion fully implicitly. We use the 1D Superbee total maximum variation scheme [71] to compute
the advection term in the x, y and z directions, and the standard central scheme is used for horizontal
and vertical diffusions. The model has been extensively validated against many free-surface flow
problems [43,44,54,57]. Overall, the non-hydrostatic model is capable of simulating lake temperature
stratification and vegetation effects on flow motions of various kinds such as linear and nonlinear
waves from deep to shallow water [43,58].

2.4. Model Setup

The model is setup with a horizontal grid size of 50 m, which is determined by grid-refinement
tests from 100 m, 50 m and 25 m to yield grid-independent results of the circulation pattern and thermal
structure. A vertical resolution of 0.25 m is used to obtain the velocity profile. The total grid number
is 47 × 29 × 15, in the x-, y- and z-directions, respectively. According to the field observations on
mapping macrophytes, we classify the lake surface into three areas based upon the observed vegetation
density as a dense, sparse colony with mixed species and no vegetation. Specifically, the area with
dense vegetation is characterized with λ = 10 m−1 (1000 macrophyte stands per 1 m2 with diameter
of 0.01 m), while λ = 1 m−1 (100 macrophyte stands per 1 m2 with diameter of 0.01 m) is used to
classify the sparse area. Figure 1 shows the spatial pattern of macrophyte distribution from the 2004
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survey and the distribution generally agrees with patterns obtained in 1991 and 1992 surveys (i.e.,
Figure 4 in Reference [48]). At last, the bulk drag coefficient of macrophytes is chosen to be 1.13 based
on Garcia, et al. [65].

The hydrodynamic model is driven by meteorological data including solar radiation,
air temperature, wind speed and direction, as shown in Figure 2. The wind stress at the water
surface is calculated over each cell via an aerodynamic drag relationship with a wind speed-dependent
drag coefficient and based on an interpolated wind field at 10 m height [53,72]. The dense forest
around the shoreline can produce a sheltered zone over the lake surface, which can result in a
relatively inhomogeneous wind field [20]. It was revealed that the affected lake surface ratio is
between 10% to 20%, consistent with the estimation of 12–18% based on the formula of Markfort,
et al. [73]. A spatial bilinear interpolation for wind stress is employed to address different forest
densities around the lake. Since the temperature transport equation is driven by meteorological data
including turbulent heat fluxes, longwave radiation and solar radiation, we calculate evaporative
(latent) and sensible turbulent heat fluxes using wind speed, air temperature and relative humidity
via bulk aerodynamic methods [20]. Net longwave radiation is calculated based on air temperature,
surface water temperature and cloud cover data [20]. Based upon Secchi depth measurements and
sensitivity analysis, a shortwave solar radiation attenuation coefficient of 1.0 m−1 is appropriate for
the period of simulations [74]. The bottom friction coefficient is selected as 0.002 [20,72]. A time step of
60 s is chosen, yielding a ratio of simulation time to real time of about 1:15. The model is initialized
on Day 253 at midnight with a zero velocity over the lake and a temperature measured at the central
location (see Figure 1) at that time. The simulation lasts for 8 days until Day 261, and the first 24 h
are used to spin up the model. Prior to the simulation, the model was carefully calibrated with field
measurements and the water velocities and temperature fields predicted by the model are in good
agreement with field observations within 10% errors.
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3. Results and Discussion

3.1. Temperature Structures

The highly dynamic thermal structure of Lake Wingra in the summer is discussed here. Figure 3
shows the time series of the measured water temperature profile at the central location during
September 10 (Day 254) to September 18 (Day 261). Depending upon wind shear and heat transfer at
the lake surface, Lake Wingra can shift from stratified periods to well-mixed regimes on a daily or even
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hourly basis. The weak stratification (with bottom-to-surface temperature differential of order 1 ◦C)
occurred on Days 254 and 255, while it was intensified on Day 256 under very calm wind conditions
(see Figure 2). The bottom-to-surface temperature difference reached 2.5 ◦C around 6 pm. Afterwards,
the stratification was weakened but not destroyed by the nocturnal negative surface buoyancy heat
flux. On Day 257, stratification decreased for a few hours due to wind-induced mixing. As wind
became moderate, stratification tended to re-develop. The combined effects of a strong wind, a reduced
solar radiation and a cooling front destroyed the stratification (see Figure 2), leading to well-mixing
on Day 259. Overall, water temperature exhibited an immediate response to surface heat fluxes with
evident diurnal cycling, except on Day 259 when significant air cooling and cloud cover weakened the
diurnal temperature structure.
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The comparison between the time series of modeled and measured water temperature profiles
at the central location is also shown in Figure 3. Overall, the simulation results predicted by the
non-hydrostatic model incorporating vegetation effects agree well with field observations over a 7-day
period (from Day 254 to Day 261) with differences less than 0.5 ◦C overall except for the bottom
temperature on Day 257. The model faithfully reproduces the weak stratification on Days 256 and
257 and mixing on Day 259. The model also captures the weak stratification occurring on other days.
On Day 258, that is at the middle of a 3-day southerly wind event, the model reasonably resolves
weak stratification, providing the base for further examining circulation patterns in the next section.
Two points are worthwhile discussing here. First, at depths close to the lake bottom (i.e., 2.5 and
3.0 m below the water surface), the predicted temperatures during the day generally match well but
slightly mismatch during the night time. In the past, the zero bottom heat flux, typically employed
in simulations of relatively deep, strongly stratified lakes [75,76], can lead to an over prediction of
bottom water temperature. In this paper, the use of Equation (5), bottom heat flux exchange with
Cpb = 0.001 [77] and ρb ranging from 1010 kg/m3 for mud to 1800 kg/m3 for sand, enables the model
to reliably capture weak stratification. Overall, both field measurements and modeling results indicate
that the heat exchange at the water-lakebed interface can play an important role in maintaining weak
stratification. Second, the model, however, does not fully resolve the high-frequency oscillations of
small-scale internal waves [78,79], since the model was run under a spatial resolution of 50 m, which is
unlikely to simulate complex sub-grid scale oscillations [80].
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3.2. Velocity Prfoiles

Figure 4 shows the comparison of averaged water velocity profiles between model results and
field measurements with error bars consisting of standard deviations and instrument errors over an
ensemble average period of 30 min for each of the five locations (see Figure 1) between 12 pm to 5 pm
during Day 258. Both wind magnitudes and directions during the measurement period were relatively
steady. The lake was under a southerly wind with an average speed of 4 m/s. Generally, the velocity
profiles at the pelagic A, B, C, and D locations dominated northward velocities at the water surface
along the direction of the wind and strong return southern velocities at about 1.5 to 2.0 m below the
surface. The magnitude of return velocities was comparable to surface currents, both being up to
5 cm/s. The profile of northward velocity was marked by a strong shear. The eastward velocity, on the
other hand, had a smaller magnitude with a profile of almost zero velocity. Overall, the modeled
results are better than those predicted by a hydrostatic hydrodynamic model [20], suggesting that a
non-hydrostatic model is capable of predicting velocity profiles under a weak stratification condition.
At location E, close to the littoral zone, profiles of both northward and eastward velocities were
different from those at the pelagic locations, indicating that littoral macrophytes somehow could
complicate circulation patterns. A comparison between model results and field measurements shows a
good agreement in the eastward direction but apparent discrepancy along the northward direction.
Specifically, the modeled surface velocity follows the wind direction but field measurements show
an opposite direction. This mismatch may be attributed to the velocity change due to patches of
small-scale dense submerged macrophytes [81]. Another possibility is the complicated flow profiles
due to horizontal large eddies at the boundary of the littoral zone [81–83]. To resolve the flow pattern
at the littoral zone boundary, an anisotropic turbulence model in combination with a fine enough grid
resolution [84,85] is suggested for future study.
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lower panels, respectively, between modelled results (solid lines) and field observations (circles) with
error bars at the five velocity measurement locations (see A, B, C, D, and E in Figure 1). Model results
are averaged over the 5-h measurement interval, while observations represent half hour averages.
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3.3. Effects of Macrophytes

The effects of macrophytes on three-dimensional circulation patterns and velocity profiles are
examined by comparing two modeling scenarios with and without littoral macrophytes. Figure 5 shows
the horizontal circulation patterns of Lake Wingra. At the water surface, the contour line is plotted to
delineate the area where velocity magnitude changed at least 50%. Inside the littoral zone, macrophytes
greatly retard the mean flow and velocity magnitudes are remarkable decreased. In the pelagic area
and far away from the littoral macrophyte zone, the flow patterns with and without macrophytes
are similar. Nevertheless, velocity magnitudes in general are reduced to a large extent. Between the
littoral macrophyte zone and the pelagic area, the flow patterns changed significantly, especially in the
northwest shoreline. At 2 m below the water surface, the circulation patterns, as shown in Figure 5,
are similar over the whole lake area, due to sparse littoral macrophytes at that lake depth. Figure 6
compares the modeled and measured profiles of total horizontal velocities at two locations. At location
B (see Figure 1), which is located in the pelagic area of the lake, the model with littoral macrophytes
shows minor effects on velocity profiles. Similar results are also seen at locations A, C and D far
away from the littoral zone and are not shown here for brevity. In general, it is found that a two-layer
structure profile with one maximum velocity at the water surface and the other one at the mid-depth
due to weak stratification, consistent with the results reported by others [20–22]. The velocities of
the upper layer are approximately parallel with the wind direction. In contrast, the velocities of the
lower layer have an opposite direction due to the pressure gradient that is caused by the water level
set up on the leeward shore. Velocity gradients along the depth are governed by the stratification
that is affected by turbulence, which will be discussed later. At location E (see Figure 1) in the littoral
zone of the lake, the effects of macrophytes become evident. The model without macrophytes cannot
match the measured velocity profile. In contrast, the model with macrophytes reliably captures the
measured total horizontal velocity profile that has the maximum at the surface, a steeper decrease
until 2.0 m depth and another slight decrease to the lake bottom. In short, the non-hydrostatic model
with a generic length scale (GLS) approach for the turbulence closure and drag forces induced by
macrophytes faithfully depicts the effects of macrophytes on three-dimensional circulation patterns
and velocity profiles in Lake Wingra.
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Figure 6. Comparison of velocity profiles between field observations (circles) with error bars and
modelled results with (solid red lines) and without (black dashed lines) littoral macrophytes at location
B in the pelagic area and location E in the littoral zone. The upper panel shows velocity magnitudes
and the lower panel shows directions.

The effects of macrophytes on thermal structures are also examined by comparing two modeling
scenarios with and without littoral macrophytes. Figure 7 shows the surface temperature field at
4 pm on Day 258. The model scenario without macrophytes shows that the water temperature on
the upwind side of Lake Wingra is lower than that on the downwind side, as large as 1 ◦C difference.
The surface currents driven by the southerly wind during this period convey the warm water to
the leeward shore where vertical currents bring them to deeper regions as return flows. The model
scenario with littoral macrophytes appears to reduce the temperature difference to 0.5 ◦C, suggesting
that the littoral macrophytes can dampen the horizontal temperature difference by altering circulating
patterns, net heat fluxes, or the combination of both (see Figure 5). We further compare the modelled
temperature and velocity structures in Figure 8. The upper panel shows the temperature field and
velocity circulation pattern along the cross section at x = 1250 m in Figure 7 following the wind direction.
Overall, the temperature structures are similar but macrophytes appear to retard the horizontal velocity
to enhance stratification inside the littoral zone at the north shore, as shown in the top right of the
figures. The model scenario with macrophytes suggests that the buoyancy force due to the stable
stratification interacts with the downward vertical velocity to develop stronger stratification. The lower
panel shows the temperature field and circulation pattern along the cross section y = 500 m in Figure 7
perpendicular to the wind direction. On the eastern part of Lake Wingra, the model scenario with
macrophytes shows the bottom temperature which, in comparison with that without macrophytes,
decreases to develop a stronger stratification inside the littoral zone and even extends to the pelagic
zone. The overall surface-to-bottom temperature difference increases by about 20%, which is caused
by the reduction of wind mixing due to the vegetation-induced drag force. Previous studies suggested
that submerged macrophytes can enhance daytime stratification and reduce the mixed layer depth by
increased solar radiation attenuation and reduced wind mixing [32,33,72]. In this paper, it is found
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that the three-dimensional temperature structures in a small and shallow lake can be affected by
velocity retardation and vertical mixing reduction due to littoral macrophytes, which have not yet
been reported in the literature before.
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Figure 8. Modelled temperature fields and velocity circulation patterns of a cross section following
(upper panel), and perpendicular to (lower panel), the wind direction without and with littoral
macrophytes. The upper panel is the cross section along x = 1250 m and the lower panel is the cross
section along y = 500 m, which are marked by the dashed lines in Figure 7.

3.4. Effects of Weak Stratification

The effects of weak stratification on velocity profiles are examined by comparing two modeling
scenarios with and without considering the temperature transport equation, i.e., baroclinic and
barotropic scenarios, respectively. All parameters in the model are kept unchanged. Figure 9 shows
the modeled total horizontal velocity at location B. Under the barotropic or no weak stratification
scenario, the velocity magnitude is relatively smaller (see dashed line in Figure 9). The velocity profile
has large gradients near the water surface and the lake bed, but is constant at the mid-layer, which is
totally different from the two-layer velocity profile under the baroclinic scenario. In other words,
a smooth and log layer velocity profile under the barotropic scenario is replaced by the two-layer



Water 2019, 11, 128 12 of 17

velocity profile under the baroclinic scenario, suggesting the importance of weak stratification in
affecting the velocity profile in the pelagic zone. Furthermore, current velocities without considering
the effects of weak stratification are significantly under predicted. Figure 9 shows the profiles of eddy
turbulent viscosity at location B for the two scenarios. The eddy turbulent viscosity under the baroclinic
scenario obtained by the turbulence closure model is suppressed by temperature stratification, yielding
much smaller magnitudes in comparison to those of the barotropic scenario. Under identical wind
forcing, a larger velocity gradient is required in the presence of stratification to produce the similar or
equivalent shear stress (note that the shear stress is equal to the product of eddy viscosity and velocity
shear). Interestingly, the turbulence-induced viscous effect on velocity profiles is also recognized
by References [86,87] in tidal currents, although both studies did not focus on weak stratification.
Overall, the two (baroclinic and barotropic) modeling scenarios indicate that weak stratification is of
fundamental importance to velocity profiles in a small and shallow lake.
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4. Summary and Conclusions

This paper presents a modeling study that aims to address the effects of littoral submerged
macrophytes and weak stratification on temperature and circulation dynamics of a small and shallow
lake under mild to moderate wind conditions during the summer time. Extensive field measurements
including macrophyte mapping and spatially distributed arrays of water velocity, water temperature
and wind fields were conducted. A three-dimensional non-hydrostatic model with a generic length
scale (GLS) approach for turbulence closure and vegetation-induced drag forces was incorporated
to reveal the effects of macrophytes on temporal and spatial dynamics of thermal structures and
circulation patterns. Results show that diurnal dynamics of weak stratification with a temperature
differential of 1–3 ◦C over a 3 m depth is sensitively subjected to wind speeds and net heat fluxes
from the water surface and lake bottom. Based on the model scenarios and field measurements,
the effects of macrophytes on velocity profiles and circulation patterns are apparent. In the pelagic
area, the circulation patterns with and without macrophytes are similar but inside the littoral zone
macrophytes greatly retard the mean flow. In contrast, littoral macrophytes significantly change the
two-layer structure profile with the maximum velocity at both the water surface and the mid-depth
under weak stratification to a profile consisting of only one maximum velocity at the surface with two
different decreasing rates to the lake bottom. Furthermore, littoral macrophytes retard the horizontal
temperature difference by altering circulating patterns, net heat fluxes, or the combination of both.
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A stronger temperature stratification is also formed due to vertical mixing reduction, which arises
from retarding mean flows. The role of weak stratification on velocity profiles in Lake Wingra is
also elucidated through the comparison of horizontal velocity profiles and turbulent eddy viscosities.
The two-layer velocity profile is captured by the baroclinic model scenario, in contrast to the monotonic
velocity profile with smaller magnitudes obtained from the barotropic model scenario. Magnitudes of
eddy turbulent viscosity under the baroclinic scenario are much smaller due to the suppression by
temperature stratification.

Small and shallow lakes have been regularly reckoned as fully mixed homogeneous systems
in the past. While a great deal of progress in understanding the role of weak thermal stratification
with surface-to-bottom temperature differentials of 1–4 ◦C has been made [5,16–22], future studies
are suggested to address the effects of diverse macrophytes commonly occupying a large portion of
water on temperature and circulation dynamics in shallow lakes. The development of models that
account for various vegetation types, such as floating-leaved and free-floating plants [88], are highly
desired to represent their impact on drag and light attenuation conditions. This type of study requires
high-fidelity hydrodynamic modeling in a real lake environment, in which flow motions in horizontal
and vertical dimensions might be equally significant. In this context, 3D non-hydrostatic modeling is
highly recommended.
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