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Abstract: The accurate simulation of lake-air exchanges can improve weather and climate predictions,
quantify the lake water cycle and provide evidence for water demand management and decision
making. This paper analyzes the thermal stratification and surface flux of eastern Lake Taihu
and evaluates three common surface models: CLM4-LISSS, E-ε and LAKE. The results show that
the thermal stratification and lake-air exchanges are greatly affected by the weather conditions
and have obvious diurnal variations in the Lake Taihu. The eddy exchange coefficient (EEC) in
the thermodynamic equation varies greatly with the weather conditions and the water depth too,
and an accurate parameterization scheme is important for the temperature simulations. The lake
surface temperature simulation results of the CLM4-LISSS model have the highest accuracy due to
the more accurate EEC simulation, with a correlation coefficient (CC) of 0.94 and a root mean square
error (RMSE) of 0.85 ◦C, and latent flux simulation with a CC of 0.78 and a RMSE of 55.32 W m−2.
Moreover, the submerged plants in shallow water have obvious influences on the radiation, thermal
transferring and eddy motion. The E–ε model can accurately simulate the surface temperature with
submerged plants consideration, though a better scheme to deal with surface flux and turbulence
dissipation in the areas of submerged plants is still need to be developed. The physical process in the
LAKE model is comprehensive, while when it is used to simulate Lake Taihu and other shallow lakes,
the EEC is large and needs to be adjusted.
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1. Introduction

Surface modeling of lakes is a critical process to estimate the fluxes on the lake surface for
numerical simulations of weather and climate [1]. The accuracy of the results is important for weather
prediction [2–4], climate change [5,6] and pollutant dispersion simulations [7,8]. Hydromechanics
and thermodynamics provide theoretical framework for the development of mathematical models for
lakes and reservoirs. At present, the 1-D models, which are widely used in the field of atmospheric
science, assume that the physical properties of lake water are horizontally uniform and only the heat
transfer of lake water in the vertical direction is considered. Three schemes have been proposed for
lake surface process estimates: (1) two-layer parametric models based on similarity theory, such as
Flake [9]; (2) 1-D thermal diffusion models with parameterized eddy diffusion in water, including
the Hostertler model [10], the MINLAKE scheme [11], LISSS [12,13]; and (3) more sophisticated 1-D
turbulence closure schemes that consider the turbulent motion of water, such as the Lagrange DYRESM
model [14], the E–ε SIMSTRAT turbulent closure model [15] and the LAKE model [16,17].
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Comparisons and assessments of different lake models are commonly performed. The LAKEMIP
project aims to confirm the essential physical processes that can be represented by models of lake physics,
lake chemistry, lake hydrology and lake biology (especially climate simulations and weather forecasting)
in different applications and further explore and improve their parameterization schemes [18].
Stepanenko et al. used five lake models (FLake, CLM4-LISSS, LAKE, LAKEoneD and Simstrat)
to simulate and evaluate Sparking Lake, Lake Kivu, Kossenbkatter and Valkea-Kotinen. All of the
models can simulate the lake surface temperature well but not the water temperature. This phenomenon
occurs because the calculation of the surface temperature is based on the Monin-Obukhov similarity
theory, whereas the calculation of the water temperature is influenced by the different eddy exchange
coefficients (EECs) used in different lake models. Sensitivity tests of lake depth indicate that accurate
lake depths can improve the simulation results.

In lake models, the parameter settings, including the lake depth, internal EEC, extinction
coefficient, surface roughness length and salinity, are important for lake thermodynamic simulations
and must be adjusted according to the lake characteristics [19]. In the lake simulation with different
depths, the key parameters in the model, such as the EEC of the water and the roughness of the
lake surface, have a significant influence on the thermodynamic characteristics of the lake. A lake
model (CLM4-LISSS), coupled with a weather prediction model (weather research forecasting: WRF),
was used for sensitivity analysis in order to determine the effects of the physical parameters on the
simulation results of Lake Superior and Lake Erie which have different depths [20]. Xu et al. [21]
pointed out that there was an obvious bias when the lake scheme in WRF3.7.1 is used to simulate
the lake-air interaction of Lake Erhai, so the extinction coefficient, surface roughness length and EEC
must be adjusted in water surface-air simulations. The extinction coefficient significantly affects water
temperature when the water is clear, though it almost has no effect when the water is turbid [22].
The usage of satellite data to determine the lake extinction coefficient can effectively enhance the
simulation accuracy [23]. The evaluation of seven lake models to Africa’s great lakes showed that the
models that account for the effects of salinity and dissolved gasses on water column stratification can
accurately represent the meromictic state of Lake Kivu [18]. However, it is crucial to incorporate this
estimate in lake thermodynamic simulations when the lake bottom is affected by heat flow [17].

Lake Taihu has two distinct characteristics [24]. Firstly, it is third largest freshwater lake in China,
with an area of 2400 km2, but the mean depth is only 1.9 m; therefore, it is a typical shallow lake.
Shallow lakes have less heat storage than deep lakes and significant diurnal variations in the surface
temperature and water temperature at different depths. The thermal stratification of the Lake Taihu
is stable during the day and unstable at night, and the daily cycle of stratification causes convective
mixing and obviously influences the water heat exchanges [25]. Secondly, many submerged plants
grow in eastern Lake Taihu. They can reduce sediment resuspension [26], enhance the strength of the
lake’s thermal stratification [27], modify the water transparency, and influence the heat transfer in the
water [28,29].

In previous studies of Lake Taihu, Deng et al. [30] used the CLM4-LISSS lake model to successfully
simulate the lake-air exchange by decreasing the EEC to 2% of the original value. However,
the distributions of submerged plants are different in different areas of Lake Taihu. The vegetation is
denser in the eastern part of the lake, so the decrease in EEC must be determined again. Cheng et
al. [31] applied the E-ε eddy dynamic closure lake model to simulate the effects of submerged plants on
Lake Taihu. The EEC in this model is parameterized according to the turbulent kinetic and dissipation
equations, and the dissipative term only depends on the drag of the submerged plants but does not
include the dissipation caused by the fluid motion itself. The LAKE model also adopts the method of
directly solving the turbulent kinetic and dissipation equations. These equations are different from
those in the E-ε model. In addition, the E-ε model considers the effects of submerged plants on radiant
heat transfer in the water. All three lake models have advantages, and it is unknown which would be
most suitable and what physical processes are necessary or still need to be improved for simulations of
eastern Lake Taihu.
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To address these scientific questions, we use flux platform observations from Lake Taihu to
evaluate the performances of the CLM4-LISSS, E-ε and LAKE models for simulating the lake-air flux
exchanges and lake temperature in August, 2012. This study is expected to accurately quantify the
water cycle in the Taihu Basin for weather and climate forecasting and to provide evidence for water
resource management and decision making.

2. Materials and Methods

2.1. Three 1-D models for Lake Taihu

Lake Taihu is located in Eastern China and is characterized by shallow water. Many submerged
plants grow in the eastern part of the lake during the summer, and the water is more turbid due to the
submerged plants and algae. Based on these characteristics, the CLM4-LISSS, E-ε and LAKE models
were chosen for the simulation because of their good performance in shallow lakes, including Lake
Taihu (1.9 m mean depth), Otter Lake (6.4 m mean depth) and Groer Kossenblatter See Lake (2 m
mean depth). Three lake models are all vertical 1-D column model. The layer configuration and
parameterization scheme of lake-air eddy flux, scheme of EEC and consideration of sediment effects
can be seen from Table 1.

Table 1. Comparison of physical processes in three lake models.

Lake Type Vertical
Stratification/Layers

Parameterization Scheme
of Eddy Flux between Lake

and Atmosphere

Parameterization
Scheme of EEC

Consideration of
Sediment Layers

CLM4-LISSS multilayer/10 layers Monin-Obukhov Similarity
Theory

Henderson–Sellers
scheme [32] Yes

E-ε lake model multilayer/50 layers Empirical function Eddy kinetic energy
prediction equations No

LAKE multilayer/10 layers Monin-Obukhov Similarity
Theory

Eddy kinetic energy
and dissipation

prediction equations
Yes

2.1.1. CLM4-LISSS Lake Model

CLM4-LISSS (Community Land Model version 4–Lake, Ice, Snow and Sediment Simulator) is
an improved version of CLM4-Lake that was developed by the National Center for Atmospheric
Research (NCAR) and Lawrence Berkeley National Laboratory [12]. The model uses two main
equations: the lake surface energy balance equation, and the vertical 1-D water temperature equation.
The small depth, large surface area, and availability of numerous submerged plants of Lake Taihu
produce a strong drag force, which weakens the interaction between wind and waves, and reduces
the eddy mixing. Meanwhile, the surface roughness and turbidity of water are also changed due to
wind and waves interaction. Modifications of these model parameters, including the EEC, surface
roughness and the penetration of short radiation in the water body, can improve the lake-air flux
exchanges simulation [30].

2.1.2. E-ε Lake Model

The E–ε turbulence kinetic closure lake model, which was developed by Herb and Stefan at the
University of Minnesota [33], can be applied to open water and shallow lakes with submerged vegetation.
This model combines the 1-D vertical thermodynamic equation and turbulent kinetic equation.
The effects of submerged plants on radiative transport and turbulent exchange are parameterized in
this model. The surface energy balance equation in this model is the same as that in CLM4–LISSS,
whereas the surface flux is calculated by an empirical formula. In this model, the turbulence kinetic
energy equation is composed of a vertical diffusion term, a buoyancy term, and a dissipation term.
The dissipation term(epsilon) is parameterized according to the plant surface area per unit volume
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and the total drag coefficient. The EEC in the thermodynamic equation is solved by this model and
the turbulent kinetic equation, but the molecular diffusion coefficient is not included. For shallow
lakes, heat exchange between water and sediment is an important part in water heat balance. However,
there are no sediment layers in E–ε lake model and the bottom boundary temperature is set to be
a constant.

2.1.3. LAKE Model

The LAKE model, which was proposed by Stepanenko and Lykossov at Moscow State
University [16], is a 1-D model considering the water layer and sediment layer in the calculations of
the water heat balance and lake-air flux exchange. It has proven to be suitable for the simulation of
shallow, turbid midlatitude lakes [34]. The LAKE model also applies the turbulent kinetic energy and
dissipation equations to obtain the solution of the EEC. It also contains the sediment heat transfer
process, which is different from the E-ε lake model.

To evaluate the three models, the same values of the parameters were used. The water surface
albedo was set to 0.055 based on observations. The extinction coefficient of the surface layer for three
models was 5 m−1, the EEC in CLM4-LISSS was reduced to 1.8% of the original value, and other
parameter settings can be found in Deng et al. [30]. The parameter settings in the E-ε model were those
used in Cheng et al. [31], and the height of the submerged plants was set to 1.2 m based on the actual
conditions in Lake Taihu. The parameters in the LAKE model are the same as those in the E-ε model.
The detailed parameters setting is shown in Table 2.

Table 2. The parameters used in the evaluation of the three models.

CLM4–LISSS E–ε Lake Model LAKE

Lake surface albedo 0.055 0.055 0.055

Extinction coefficient of
water turbidity 5 m−1 5 m−1 5 m−1

Extinction coefficient of
submerged plant — 0.02 m2 gdw−1 —

EEC

Kh = 0.018ku∗ z
p0

exp(−kz)
(1+37ri2)

k: Karman constant
u∗: surface friction velocity

z: layer depth of lake
p0: neutral value of turbulent

Prandtl number
ri: Richardson number

ri =
−1+[1+40N2k2z2/(u∗2 exp(−2kz))]

20
N: Brunt-Vaisala constant

Kh = CkZm
√

E
Ck : a constant, set to be 0.1

Zm : mixing length
coefficient

E : turbulent kinetic energy.

Kh = 10λ0 +
V
V0
(λmax − λ0)

λ0: molecular diffusivity
V: wind speed

V0: wind speed at which
eddy diffusivity reaches its

maximum
λmax = 150 W (m K)−1

Macrophyte height — 1.2m —

Macrophyte biomass
density — 100 gdw m−3 —

2.2. Observation Data

The observational data from the Bifenggang(BFG: 31◦16′ N, 120◦39′ E) observation platform site
in eastern Lake Taihu were collected in August 2012. The site is located approximately 4 km from
the eastern shore (Figure 1). An eddy covariance system was set up on the platform at a height of
8.5 m above the lake surface, consisting of a three-dimensional sonic anemometer (CSAT3, Campbell
Scientific Inc., Logan, UT, USA) and an open path infrared CO2/H2O analyzer (EC150, Campbell
Scientific Inc., Logan, UT, USA). The system was used to measure the three-dimensional wind speed
and CO2/H2O density at a frequency of 10 Hz. Radiation data were collected by a four-component
radiometer (CNR4, Kipp & Zonen B. V., Delft, The Netherlands). The air temperature, relative humidity,
wind speed and wind direction were collected by a microclimate system at a height of 8.5 m above the
lake (Dynakmet, Dynamax Inc., Houston, TX, USA). In addition, the water temperatures at depths of
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20, 50, 100, and 150 cm and the water bottom were measured by a water thermometer (109-L, Campbell
Scientific Inc., Logan, UT, USA).

The downward short-wave and downward long-wave radiation observed by the four-component
radiometer and the air temperature, wind speed, wind direction, humdity obtained from the
microclimate system of the BFG observation platform were used as driving data for lake models.
In August 2012, there were no missing data from the microclimate station and radiation data.

Lake surface temperature, sensible heat flux and latent heat flux were used for model evaluation.
The lake surface temperature was calculated by using the observed values of upward long-wave
radiation according to Stephen Boltzmann’s law. Sensible heat flux and latent heat flux were not
directly observed, but can be calculated from the original data of eddy correlation system after a series
of processing including coordinate rotation and density correction. The missing rate of turbulence
flux data in August 2012 was 7%. The missing data were interpolated with the mass transfer equation
according to Xiao et al. [35]. The closure of energy balance was 71%. Detailed descriptions of the flux
observation platform on Lake Taihu and the data quality control as given by Lee et al. [24], Wang et
al. [36] and Xiao et al. [35].
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Figure 1. Locations of Lake Taihu and observation platform, BFG.

3. Results and Discussion

3.1. Lake Surface Temperature

The weather conditions at the BFG site during August 2012 are shown in Figure 2. The average
temperature in August was 28.5 ◦C, and the maximum temperature was 36.4 ◦C. The wind speed in
August was low with an average wind speed of 5.4 m s−1. The typhoon Sura affected the area from 3
August to 4 August, and the local wind speed reached 12.8 m s−1. On 9 August, due to the typhoon
Haikui, the maximum wind speed was more than 18.3 m s-1. Most of early August was cloudy, and the
weather was good during most of middle and late August. The maximum solar radiation occurred at
noon and was 976 W m−2.

As a shallow lake, the surface temperature is greatly influenced by the weather conditions and
has distinct daily variations. On clear days (e.g., 15 August 2012), the diurnal range of the lake surface
temperature reached 9.2 ◦C (Figure 3), whereas it was relatively small (3–5 ◦C) on cloudy and windy
days (e.g., 9 August and 28 August). The distinct diurnal variation in surface temperature caused by
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the weather conditions can be simulated by all of the models, and the CLM4-LISSS model yielded
the best results with a correlation coefficient (CC) of 0.94 and a root mean square error (RMSE) of
0.85 ◦C (Table 3). The E-ε model also yielded good simulation results with a correlation CC of 0.93 and
an RMSE of 0.98 ◦C. The results of the LAKE model had a CC of 0.82 and an RMSE of 1.45 ◦C, therefore
it required further adjustment.
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Table 3. Statistical analysis of simulated and observed values in different layers of lake water
temperature in Taihu in August 2012.

CC Centralized RMSE (◦C)
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(20 cm)
TW

(50 cm)
TW

(100 cm)
TW

(150 cm) TS
TW

(20 cm)
TW

(50 cm)
TW

(100 cm)
TW

(150 cm)

CLM4 0.94 0.94 0.94 0.96 0.95 0.85 0.64 0.59 0.42 0.53
E-ε 0.93 0.93 0.92 0.90 0.8 0.98 0.68 0.66 0.65 1.03

LAKE 0.82 0.93 0.89 0.58 0.06 1.45 0.64 0.78 1.20 1.49
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The three models used the same surface albedo, emissivity and extinction coefficient, the lake
surface temperature was mainly influenced by the surface heat flux calculation scheme and the heat
transferring in the water between the surface and the bottom. In August, the dense submerged plants
at BFG influenced the eddy diffusion and the solar radiation transfer in the water, thus restraining
the downward heat dispersion from the lake surface. In the CLM4-LISSS model, the effect of the
submerged plants on turbulence is considered by decreasing the eddy diffusivity by 1.8%, which makes
the simulated and observed surface temperatures consistent. However, the simulated diurnal variation
of the lake surface temperature was still less than the observations, and the lower temperature at night
cannot be simulated. Dale et al. [27] showed that submerged plants in lakes affect the thermal properties
of the lake water, and it is possible that the overall specific heat capacity of the lake decreases when
submerged plants are concentrated in the lake; this is not considered in the model, so the simulated
daily range is relatively small.

The E-ε model has a more suitable design for the aquatic environment in eastern Lake Taihu
because it considers the effects of extinction and fluid damping of submerged plants. The calculation
of the lake surface temperature is only affected by the energy balance of the lake body and not affected
by the water temperature of the sediment layer, therefore, the simulated lake surface temperature is
better. However, similar to the CLM4-LISSS model, the simulated diurnal range was low.

The daily maximum lake surface temperature can be accurately simulated by the LAKE model,
but the minimum temperature was overestimated, and the simulated daily variation in the surface
temperature was relatively small. Moreover, the model cannot accurately simulate the response of the
lake surface temperature to cooler weather. There were large differences in the lake surface temperature
on 9, 23–24 and 28–29 August; on 24 August, the difference reached 4.5 ◦C.

3.2. The Thermal Stratification of Lake

The thermal stratification of Lake Taihu is also significantly influenced by the weather. Figure 4a
shows the observed lake temperature with depth. The water temperature stratification at the BFG site
was divided into three conditions: significant water temperature stratification, no stratification and
weak stratification.
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When wind speed is low, the water stores heat during the day, and the stratification is obvious.
The thermal stratification is strong during the day due to direct heating by solar radiation. The water
surface temperature is higher than the atmospheric temperature at night, and the lake surface releases
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heat, which weakens the thermal stratification. However, the upper water is always hotter than
the lower part, and the water temperature is thermally stable for the entire day. Significant water
temperature stratification occurred from 12 to 21 August. As shown in Figure 2, the temperature began
to rise during this period. The daily average wind speed was only 2.8 m s−1 on 15 August. The highest
lake surface temperature was 36.40 ◦C at 15:00, and the temperature difference between the surface
and bottom reached 7.39 ◦C.

On cloudy days and when the wind speed was high, less heat reached the lake surface, and the
strong wind strengthened the dynamic mixing of the lake body. The heat that reached the surface of
the lake was rapidly transferred downward, and the water temperature became vertically uniform
(3–4 August, 9 August, 23–24 August). On the days before or after a weather event, such as 1–2
August, 5 August, 7–8 August, 10 August, 21–22 August, and 25–31 August, there was low thermal
stratification in the lake.

The simulations of the thermal stratification are shown in Figure 4. The downward heat mixing
process during clear days could be simulated by all three models (11–21 August), and the vertically
uniform water temperature stratification under mechanical mixing by strong wind (3–4 August,
9 August, and 23–24 August) was simulated by all of the models. The simulated water temperature
from CLM4-LISSS (Figure 4b) is slightly higher than the observation (Figure 4a), probably because the
surface energy closure hypothesis used in the model is not accurate for the real atmosphere and results
in the higher simulation values. In general, the water temperature simulation is better above a depth of
1 m. In the deeper water, there are numerous submerged plants. The current scheme of CLM4-LISSS
does not consider the influence of submerged plants on eddy diffusion and the storage of heat in water,
so more heat is transferred downward, and the simulated water temperatures are higher than the
observations. Golosoy and Kirillin [29] showed that when the heat storage of submerged plants is
not considered, the simulated lake bottom water temperatures in the summer would be higher than
the observations.

The E-ε model can accurately estimate the surface temperature but underestimates the temperature
in deeper water (Table 3) because the downward heat diffusion is restrained at approximately 1 m
(Figure 4c). Due to the submerged plants, it is difficult for solar radiation to reach the bottom. Figure 5
hows the solar radiation received at different water layers using the E-ε model, and the radiation was 0
at a depth of 0.8 m, which resulted in the underestimation of the water temperature in deeper layers.
In addition, this model does not consider the bottom sediment effects, which should be the heat sink in
the summer and not be ignored in shallow lake simulations [34].

The accuracy of the water temperature simulation by the LAKE model decreases in the lower
layers of lake. At 1.5 m, the CC between the simulation and the observation decreased to 0.58 (Table 3).
On clear days, the very small eddy diffusion in the upper layer only allows the heat exchange to occur
in the upper layer and makes it difficult to transfer heat downward, which results in the lower water
temperature at the bottom. When the wind is strong, the eddy diffusion is relatively large, which causes
the overestimated water temperature at the bottom (Figure 4d).

The results shown in Figure 3, Figure 4 and Table 3 show that the CLM4-LISSS model is better than
the other two models. The overall average CC is 0.94, and the RMSE of each water layer temperature is
less than 1 ◦C.

3.3. Differences in EEC and their Effects on Thermal Stratification Simulation

Water bodies are significantly different from the land. When heat enters a water body, the eddy
motion has a significant impact on the thermal stratification of the water temperature. Figure 6 shows
the vertical distribution of the EEC in August 2012. Deng et al. [30] indicated that the use of the 2%
EEC of [32] in Lake Taihu results in the better estimations of lake temperature. The weak vertical
mixing is possibly related to the low flow velocity (the time that the water remains is approximately 350
days) [37] and small ratio of depth to area. The large area (2500 km2) and shallow water (1.9 m) lead to
a small depth to area ratio (0.0008) and strong resistance of the lake to the three-dimensional motion
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of water and turbulent mixing induced by wind. In this study, we consider the effects of submerged
plants on reducing turbulence and decrease the EEC to 1.8% in the CLM4-LISSS model.
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Figure 6 compares the EECs in the three model, and it can be seen that the weather conditions
directly affect the distribution of the EEC in Lake Taihu. On clear days, such as 11 August to 22
August, the lake water was stable, and the EEC was low. The LAKE model simulated a stronger eddy
above 50 cm that reached 30 cm2 s−1, and there was no eddy diffusion below 50 cm, resulting in little
heat transfer to the deeper layers, therefore the temperature at lake bottom was significantly lower.
The turbulent dissipative process in the E-ε model mainly depends on the influence of submerged
plants in the water. The submerged plants in eastern Lake Taihu are higher in the summer, reaching
1.2 m, and radiation heat is stored in the lake above a depth of 1.2 m (Figure 6); this leads to a thermally
stable layer, so the EEC is almost zero (Figure 4b), resulting in a higher simulated temperature in the
upper layer (Figure 3). The EEC simulated by the CLM4-LISSS model is less than 10 cm2 s−1, and it
can reach the deeper part of the lake. The comparison chart (Figure 3) and the statistical data (Table 3)
show that the simulated water temperatures are most consistent with the observed data.

During cloudy and windy weather (4, 9 and 28 August), there was no strong radiation heat source,
and the higher near surface wind drove the turbulent motion of the water body, so the turbulent mixing
was greatest with the largest EEC. The maximum EEC of the CLM4-LISSS model is 46.5 cm2 s−1, that of
the E-ε model is 49.7 cm2 s−1 and that of the LAKE model is 58.4 cm2 s−1. The LAKE model always
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yields a large EEC on these days, and the EEC simulated by the E-ε model is limited to the water body
above a depth of 1.2 m, which leads to differences in the simulations of the lake temperature.

3.4. Lake Surface Energy Flux

The observed sensible and latent heat fluxes are shown by the black solid lines in Figure 7.
The latent heat flux dominates the lake energy distribution, when the local wind speed is high,
the exchanges of latent heat and sensible heat are strong, and both the sensible heat and the latent
heat flux increase substantially. For example, high near-surface wind speeds occurred on 9 August,
23 August, and 28 August (Figure 2c), and the observed latent heat flux increased significantly to
a maximum of 310.6 W m−2 on 23 August (Figure 7b). During sunny weather, such as 11 August to 22
August, the radiation was strong (Figure 2b). During this period, the average wind speed was less
than 5 m s−1, and the latent heat flux showed clear daily variations.

Comparisons of the simulated and observed heat fluxes every half hour are shown in Figure 7,
and the CCs and RMSEs were calculated to better analyze the flux differences (Table 4). All three
models can simulate the ranges of sensible heat and latent heat fluxes. When the weather is clear,
the daily variation in the lake surface flux is obvious. The three models can capture the daily range
of the lake surface flux. The simulation results of the CLM4-LISSS model are most consistent with
the observed values on both sunny and cloudy days, with a CC of 0.78 and an RMSE of 55.32 W m−2,
and the CC of the sensible heat flux was higher, reaching 0.86 (Table 4). The determination of the
surface parameters in the CLM4-LISSS model is very complicated. Deng et al. [30] determined the
values of the momentum, heat and water vapor roughness length based on observation data from Lake
Taihu and used them in the model. By considering the Monin-Obukhov length and friction velocity
under different stability conditions, the calculation scheme for the surface flux can be determined.
Based on this evaluation, the scheme can be used to calculate the surface flux of Lake Taihu.

The E-ε model is better for simulating the lake surface temperature. However, the lake surface
flux was calculated using an empirical function, only the temperature difference between the lake
surface and the air and the wind speed were considered, and the turbulence exchange coefficient for
the flux was not calculated. The simulated sensible heat flux is more consistent with the observations,
although the simulated latent heat flux is significantly greater than was observed, especially under
high wind speed conditions. The maximum wind speed at the surface of the lake reached 18.3 m s−1 on
9 August, and the observed maximum latent heat was 184.6 W m−2, whereas the E-ε model simulation
reached 467.6 W m−2.
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Table 4. Statistical values of simulation and observation of surface heat flux in Lake Taihu in August 2012.

CC Centralized RMSE
(W m−2)

H LE H LE

CLM4 0.86 0.78 11.61 55.32
E-ε 0.77 0.72 11.56 64.53

LAKE 0.71 0.55 10.96 61.96

The formula used to calculate the surface flux in the LAKE model is similar to that in the
CLM4-LISSS model. While due to the EEC bias the simulated lake surface temperature is high
(Figure 8a), which results in a systematic error of the surface sensible heat flux of approximately
10 W m−2, and the simulated peak latent heat flux of the LAKE model is smaller than that of the E-ε
simulation, but it is still larger than the observations, and the CC is small (Table 4).
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Figure 8b,c presents a comparison of the monthly average heat fluxes between the observations
and simulations. The observed sensible heat flux, which is smaller during the daytime and larger
at night, can be simulated well by all three models, though the simulated daily ranges are larger
than the observations. The observed latent heat is high during the day and low at night and has
obvious daily changes that are consistent with those of the lake surface temperature due to the stronger
evaporation at higher temperatures. Even though the simulated lake surface temperature, sensible
heat and latent heat of the CLM4-LISSS model are more consistent with the observed data, the sensible
heat and latent heat are smaller than the observations during the day. The probable reason is the
slightly lower simulated surface temperatures, which can be seen in Figure 7a. The simulated lake
surface temperatures of the LAKE model are higher (Figure 7a) than the observations, and the sensible
heat is significantly greater (Figure 8b). In addition, the latent heat is overestimated for the entire day.
The simulated temperatures of the lake surface from the E-ε model are consistent with the observations,
and the maximum value during the day is approximately 2 ◦C lower than the observations. However,
because the empirical function depends on the wind speed on the lake, the calculated latent heat flux
is much greater than the observations, and the sensible heat is smaller than the observations.
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The differences between the flux simulations occur firstly because the EECs are different,
which leads to differences in the lake surface temperature and further influences the heat fluxes.
These were analyzed in detail in the previous sections. The momentum, heat, and water vapor
roughness of the lake surface are important to the fluxes of the CLM4-LISSS and LAKE models.
However, Deng et al. [30] showed that the best evaluation results of the flux observation data from
Lake Taihu were obtained when these parameters were set to constants, therefore, this study used the
same roughness value as in Deng et al. [30]. However, due to the differences between the water body
and surfaces, the momentum, heat and water vapor roughness of the lake surface can change due to the
wind and wave motion caused by the weather conditions and the local thermal circulation. However,
the current application is problematic. The parameterization relationship between the wind and wave
motion and roughness is not clear. Moreover, even though CLM4-LISSS provides better simulation
results, the bottom water temperature is still overestimated because the effects of submerged plants on
heat storage, conduction and eddy diffusion are not considered.

In addition, because the BFG observation site is relatively close to the shore, it is affected by urban
heat islands circulation and the local lake breeze. The existence of these local circulations and the
effects of geostrophic wind under different weather conditions may have large impacts on the surface
heat transport of lakes, which may cause the lake surface energy exchange to not be closed, whereas
the model was developed based on the assumption of energy closure, which would influence the
simulation results. Figure 9 shows the diurnal variations of the monthly averages of the surface energy
components in August, where Qg is the heat transfer from the surface layer to the lake, (1 − β) Rs is
the heat storage at the surface layer of the lake, β is the proportion of the heat entering the water, and
the sum of Qg and (1 − β) Rs is the heat storage Q in the water. Due to the use of the same extinction
coefficient in the three models, there is no difference in the downward heat transfer ((1 − β) Rs) between
the models, but there is a difference in the heat transfer from the lake surface layer to the lake water
because it is related to the water temperature. Due to the small proportion of sensible heat flux in the
total energy, the differences between the simulations and observations of the sensible heat flux are
also small, and the simulated latent heat flux is slightly greater than the observations. Wang et al. [36]
showed that the monthly average of the closure of the energy balance in the Lake Taihu area is 71%,
which may be the potential cause of the simulation results being greater than the observed data.
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Figure 9. Simulation and observation of average monthly variation of lake surface layer energy in
Taihu in August 2012. Rs is net radiation flux, L↓ is downward long-wave radiation, L↑ is upward
long-wave radiation, and LE is latent heat Flux, H is the sensible heat flux, Qg refers to the heat transfer
from the surface layer to the lake, and (1 − β) Rs refers to the heat storage in the surface layer of the lake.
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4. Conclusions and Discussion

In this paper, three lake models were used to simulate the lake-air exchange in the submerged
plant area of eastern Lake Taihu in August 2012. The characteristics of the thermal stratification and
the effect of the EEC of the lake body on the water temperature were analyzed.

Lake Taihu is a shallow lake, and the thermal stratification is significantly influenced by the
weather conditions. On sunny days, the lake is thermally stable, with the maximum daily diurnal range
of the lake surface temperature reaching 8.2 ◦C and the maximum temperature difference between
the lake surface and the bottom reaching 7.39 ◦C. On cloudy days, few heat accumulates in the lake,
the strong wind causes eddy motion in the water body, and the heat transferring increases, so the
structure of thermal stratification is not obvious.

The three models (CLM4-LISSS, E-ε and LAKE) can simulate the diurnal variation in the lake
surface temperature in August 2012. The CLM4-LISSS model gives the best simulation results with
a CC of 0.94 and an RMSE of 0.85 ◦C. The main differences are the higher surface temperatures at
night. In addition, because the lower layer of the model does not consider the influence of submerged
plants, more heat is diffused downward, so there are some deviations. The E-ε model produces a better
simulation than the LAKE model; the CC is 0.93, and the RMSE is 0.98 ◦C. However, the performance
of the E-ε model decreases in the deep water. The water temperature at the bottom is underestimated
because the submerged plants restrain the radiation transfer to the deep water and reduce it to 0
at a depth of 1 m, so it is difficult to heat the water in the lower layers. Moreover, because of the
dissipative effect of submerged plants on eddy flow, the EEC in the water body at a depth of 1.2 m
and below is nearly 0, and the heat cannot transfer to the lower layers. A comparison of the EECs
shows that the EEC of the LAKE model is too high in the windy days. As a result, the transferring of
heat increases, and the temperature stratification decreases, and in sunny days for the eddy diffusivity
remains in upper layer of the water and the heat is hard to transfer downward.

The results of this study indicate that the latent heat flux in the three models can simulate the daily
variation in the lake surface flux, but all of the models overestimated the latent heat flux to some extent,
probably because the observed energy balance is not closed. The CLM4-LISSS model provides a more
comprehensive consideration of the latent heat flux calculation and thus obtains better simulation
results. The E-ε model overestimates the latent heat flux because it uses an empirical function that
depends on the local wind speed to calculate the flux. The LAKE model has higher sensible heat and
latent heat than the observations due to the overestimated surface temperature.

This study indicates that the model suitable for Lake Taihu still need to be developed based on
the current models. Figure 10 presents the framework of the new model. The calculation of the surface
flux of the lake is better when the Monin-Obukhov theory is used and the accurate EEC scheme is
important for simulating the lake-air exchange. A roughness parameterization scheme that is suitable
for shallow lakes and is able to describe the interaction between wind and waves needs to be developed
further. How to reasonably describe the influence of submerged plants on the thermal stratification of
shallow lakes requires careful consideration. In addition, for the shallow lake model, the heat exchange
between water and sediment can’t be ignored. This paper uses the observations at a single site to
evaluate different lake models. Eight years of data are available from five different sites on Lake Taihu.
These data will be used to evaluate the models to reduce the temporal and spatial effects on simulations
by different models.

The 1-D model was used to simulate the area with dense submerged plants in Lake Taihu in
this paper. The current model ignores the effect of horizontal movement of water on heat transfer.
The water flow in this region is relatively slow due to the influence of submerged plants. Therefore,
the simulation results based on the 1-D model were in good agreement with the single site observations.
However, it is very important to develop 3-D models that consider the movement of water and the
horizontal heterogeneity of the physical characteristics of lake body when simulating the lake-air
exchange of the entire lake. At present, the rapidly increased speed of supercomputers is also helpful
to the realization of this work.
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