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Abstract: The intra-annual heat exchange process has a considerable influence on the energy
circulation, material metabolism, and ecological succession of lakes. The input and output of heat
in an ice-covered lake provide the basic dynamic force driving changes in the biochemical state of
the lake. Based on the heat balance between the lake surface and the atmosphere, we established a
thermodynamic model for calculating the thermodynamic factors of shallow inland lakes during the
ice and open seasons. The data of the Ulansuhai Lake, Inner Mongolia, from two years (2012 and
2013) are used to analyze the seasonal characteristics and associated influences of the heat budget on
the ecosystem. The results indicated that the monthly mean lake temperature over the past 10 years
was 1.7-2.2 °C lower than in the previous 50 years. The absorbed solar radiation reached up to 210
W/m? in 2012 and 179 W/m? in 2013, and there were clear differences in the heat budget between the
ice-covered and open seasons. The mean net heat fluxes in the ice season were —33.8 and —38.5 W/m?
in 2012 and 2013, respectively; while in the open season water, these fluxes were 62.5 and 19.1 W/m?.
In the simulations, the wind was an important factor for intensive evaporation in summer and the
main driver of the ice cover formation patterns in winter, involving the transmission and diffusion of
material and energy in the lake. The results provide a theoretical foundation for simulating ice cover
growth and ablation processes in shallow lakes. They also present data on the ecological evolution in
these lacustrine environments.
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1. Introduction

Heat exchange between lakes and the atmosphere is an important part of lake water—atmosphere
interaction, and the heat content of lakes provides a sensitive indicator of climate change [1,2].
The surface radiation budget and energy balance are the basis for research on land-atmosphere energy
exchange. In recent years, studies have mainly focused on terrestrial ecosystems [3-5], and lake
ecosystems have been investigated more frequently [6-11]. Compared with land areas, lake waters
have a higher specific heat capacity and lower albedo, leading to substantial differences between
lake—atmosphere and land-atmosphere energy exchange [12]. Therefore, investigating the lake surface
radiation budget and energy balance is critical for understanding the lake-atmosphere heat exchange
mechanisms and for elucidating the global energy budget [13]. Such work will also provide scientific
background information for the management of lake ecosystems.

Because of the high specific heat capacity of lake waters, lake—atmosphere energy exchange is
characterized by lower hysteresis and strength reduction, compared with land-atmosphere energy
exchange. Thus, the land vs. water surface effect can produce a local temperature at the periphery the
lake, influencing the local climate [14,15] and also the circulation of pollutants within the basin [16-18].
In cold regions especially, the heat budget in lakes has a direct effect on ice cover formation, which in
turn has an impact on the lake ecosystem and resident organisms [1,19]. Thermodynamic processes
in lakes are mainly controlled by meteorological conditions, while variation in the heat content of
lakes is an important condition for aquatic habitats. To predict the impact of climate change on
the lake water environment, numerous coupled climate models have been developed [20], such as
Common Land Model [21] and Community Earth System Model 1 [22,23]. However, these models
have been designed for deep lakes (~50 m) and do not apply to shallow lakes. Moreover, existing
studies on the thermodynamic equilibrium in lakes are commonly conducted during the open season,
and the lake water temperature is calculated mainly through climate models from the meteorological
perspective [23]. For example, Cheng et al. [24] investigated the spatiotemporal distribution of radiation
and energy budgets in the shallow Taihu Lake (2 m water depth) by fitting multiple evaporation models
to this lake. They also simulated lake—atmosphere heat exchange by building a closed thermodynamic
model in East Taihu Lake [24]. Using the CIM4, Deng et al. [25] modeled the heat and water fluxes
in shallow lakes, including the Taihu Lake. Through analyzing the eddy diffusion parameters,
Dai et al. [26] also simulated water temperature and variations of heat fluxes in Taihu Lake using a
one-dimensional thermal diffusion model. They observed completely different heat variation patterns
and water—atmosphere exchange characteristics in Taihu Lake to those in deep lakes [27]. Therefore,
studies on the heat energy budget can provide information on phenomenological change for research
on seasonally ice-covered shallow lakes [28-30].

Dimictic, cold climate lakes, such as Ulansuhai Lake in Inner Mongolia, are covered by ice
and remain in a relatively stable state for several months in a year [31]. Generally, these lakes do
not pose a threat to residents in the surrounding areas. Therefore such lakes have received little
attention concerning their thermodynamic and hydrological processes. However, the ice cover
plays an important role in water temperature, flow, and mixing in winter, and it also influences the
lake—atmosphere heat exchange, resulting in a remarkable seasonal difference compared with the
open-water season. This variation can lead to new problems in eutrophic lakes, where environmental
self-remediation is delayed and even pollutants are aggregated. A deeper understanding of the
intra-annual thermodynamic process in seasonally ice-covered lakes is required.

The present study is based on the thermodynamics in a shallow bay associated with freezing [32].
The objective was to establish a numerical model of a heat budget in a shallow lake in a cold and arid
region, based on the lake-atmosphere exchange of matter and energy. The results provide a theoretical
foundation for further research on ice-covered shallow lakes and ice thickness prediction models.
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2. Materials and Methods

2.1. Study Area

Ulansuhai Lake (40°36’—41°03" N, 108°43’-108°57" E) is a large macrophytic lake, the largest
wetland at this latitude and very rare in desert and semi-desert regions (Figure 1). The annual mean
precipitation and potential evaporation are 170 and 2300 mm, respectively. The lake has a mean surface
elevation of 1019 m and a mean water depth of 1.4 m, with a surface area of 306 km? [33] and a mean
annual temperature of 7.3 °C. The ice-covered season lasts 100-130 day and the annual mean thickness
of the ice is 0.63 m [34].

100 ?0 E 108 90 E 16 90 E 124 100 E 108°42°0"E  108°46'0"E 108°50'0"E  108°54'0"E  108°58'0"E
N N .
rkutsk X ’/,z
Ulan-Ude o V< — P &
. v AR 3 z
- Russia iz
° eundt 1o = =
S : . ° E
8 P =
3 i
Ulasnbastar 5
S Vb 5
: KHENTH Xz -
5
o
| MONGOLIA :
=) ~Srrery Harbin LS /ﬁ/ 2
§ ¢z :
2 g
INNER MONGOLIA bracgini g //%0/ )
£ Sz 2 %os ¥
g e - . _g ;E 9 .
o Legend 8§ 2 g
o ae JBeing National Boundary S g
<) 5 C Legend
\ ; =1L Janje Bohai - YallowRiver H &"’m g .
i v ~~_Sea i B @é Water area |5
< Taiyuan 0 S=. < s
o N Shpazhuang {777 Irrigation District o @.ﬁ" Reed 3
/ 2 E S
© - il { 2 S 1 © £ _—
Xining 51 ( ) Bayannaoer City ; & Channels
TR 3 i \ . BRR 2 & ) 0 25 5 10 |
H l NA L7d Inner Mongolia AT S —— | 2

T - T T 108°380°E | 108°420°E  108°46'0°E  108°500°E | 108'540°E
100°0'0"E 108°0'0"E 116°00"E 124°0'0"E

Figure 1. Location of Ulansuhai Lake.

2.2. Data Acquisition and Processing

The air temperature data of 1977-2014 and the daily mean temperature, humidity, cloudiness,
precipitation, and evaporation data series of 2012-2013 (Figure 2) were acquired from meteorological
station no. 53433 from the “China Meteorological Data” website [35]. These data, except evaporation,
were used as the input variables for heat balance calculations; the daily mean evaporation series was
used as a test parameter for the numerical calculations [36]. The entire heat balance calculation was
implemented based on MATLAB R2012a, OriginPro 8.0, and Visual Fortran 6.
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Figure 2. Daily mean temperature, humidity, cloudiness, precipitation, and evaporation in Ulansuhai
Lake from 2012 to 2013.

2.3. Energy Budget Components of an Ice-Covered Lake

2.3.1. Intra-Annual Heat Balance Equation between the Lake Surface and the Atmosphere

The total heat content of the lake comprises latent heat and sensible heat. Taking the reference
heat content Uy to correspond to the liquid water phase at 0 °C, the heat content of the lake per unit
area is expressed as U = Uy + E, where

Iy ho
E= | puca(T=Ts)dz+ | pil-(1=v)Ls+ (T - Ty)]dz, (1)
[t

where hy, hp, and hp are the elevations of the upper surface of the ice, the bottom of the ice cover,
and the bottom of the lake, respectively, v is the volume fraction of liquid water occupied by the ice
layer, p and p; are the intrinsic densities of the liquid water and ice, respectively, ¢, and ¢; are the
specific heats of liquid water and ice, respectively, Ly is the latent heat of freezing, T is the temperature,
Ty is the freezing point, and z is the vertical coordinate. The snow layer is regarded as part of the ice
layer.

Equation (1) is differentiated as follows:

ho
dE aT
T=0 [10dx  routou @
hp

where Q) is the surface heat balance, Qg is the solar radiation, « is the thermal conductivity, A is the
light attenuation coefficient, Q4 is the advective heat flux, and Q) is the heat introduced by mass
change. The direction of energy entering the lake is defined as a positive direction. The net surface
heat flux is the dominant factor.
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The intra-annual surface heat balance can be simplified as follows:

Qn:Qs+QL+QH+Qe+QP/ (3)

where Q) is the net solar and atmospheric heat flux to the lake surface, Qg is the net solar radiation, Q.
is the net terrestrial radiation, Qg Hand Q, are the turbulent sensible and latent heat fluxes, and Qp is
the heat energy variation caused by precipitation.

2.3.2. Net Solar Radiation

Net solar radiation is the direct and diffuse radiation from the sun reaching the ground after being
attenuated by the atmosphere. This quantity can be directly measured or estimated from astronomic
and atmospheric data. According to Igbal [37], the net solar radiation is influenced by solar elevation
angle and atmospheric transparency, as:

Qs = c0s ZTy(Z,e)E(N, Z) (ro/7)*Qse, 4)

where Z is the solar zenith angle—namely, the angle between the zenith direction and the sun,
complement of the solar elevation angle, T}, is the atmospheric clear sky transmittance [23], ¢ is the
atmospheric vapor pressure, F is a reduction due to cloudiness N (0 < N < 1) [38], ¥ and rj are actual
and mean Earth-Sun distances, respectively, and Qsc = 1367 W/m? is the solar constant (the value
recommended by the World Meteorological Organization).

2.3.3. Net Terrestrial Radiation

Net terrestrial radiation is the difference between the thermal radiation received from the sky to
the ground and the thermal emission from the lake water/ice surface. The surface emission is given by
the gray body law:

Qr, = e0To?, (&)

where ¢ is the emissivity of water/ice/snow (ewater = 0.99 and €jce/snow = 0.97), 0 = 5.67x1078 W/m?2-K*
is the Stefan-Boltzmann constant, and T is the absolute temperature of the surface.

Because it is difficult to obtain monitoring data for T), this is estimated by the integral interpolation
method described by Launiainen and Cheng [39]. The ice/water layer is discretized for a grid, and
then the heat conduction through ice is gradually evaluated by iteration (Newton’s iterative method)
from the bottom (0 °C) to the top (atmospheric temperature) of the ice cover. Finally, the temperature
of the atmosphere—-ice interface is taken as the ice surface temperature. The heat conduction equation
of ice and the boundary conditions is expressed as follows:

aT(z,t) 9 9T (z,t
pelz )5 - 2 (k)72 ~ ata), ©
k _ Tt
TE=T,
T =T, , Th =Twu . @)
TP =Tiz)

In Equation (7), k is the time step count for dt, and j is the layer count of ice. The boundary
conditions reveal that the temperature in the last layer of ice is equal to the temperature of the upper
surface of the ice. The temperature at the undersurface of the ice layer is the same as in the ice bottom.
The temperature at the snow layer undersurface is equal to the temperature at the top surface of the ice
cover, and the initial condition is set as the temperature at the undersurface of the ice cover equal to
the ice-water interface.
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Terrestrial radiation is a relatively complex quantity that is strongly affected by atmospheric
conditions, such as water droplets, dust, and gas molecules, at different heights and temperatures.
This radiation is estimated using Equation (8) [40]:

QLﬂ = EaUTa4/ (8)

ea = €a(N,€) = (a +be'/?)(1 4+ cN?), )

where ¢, is the effective atmospheric emissivity, and a, b, and ¢ are the constants 0.68, 0.036 m/bar?/2,
and 0.18, respectively.

2.3.4. Turbulent Heat Flux

The turbulent heat flux between the atmosphere and the lake surface consists of sensible heat flux
and latent heat flux, calculated using the following equations:

Qg = PanCH(Ta - TO)Ua/ (10)

Qe = paLECE(9a — 0) Uy, (11)

where p, and ¢, are the density and specific heat capacity, respectively, of the atmosphere. Lg = 2.5
M]J/kg is the evaporation enthalpy, g9 and g, are the specific humidity at the lake surface and the air,
respectively, at a height of 2 m near the lake surface [41], U, is wind speed, Cy (Stanton constant) and
Cr (Dalton constant) are heat exchange coefficients, which can be regarded as constants at standard
atmospheric pressures, that is, 1.0 X 1073 and 1.5 x 1073 [42].

The calculation of turbulent heat flux coefficients is performed using the following equations [32]:

-1 -1
= 2mE-yy2 ( zZ_ E)
Ch K (ln 2 l,[)ML) In % 1#;, I ’ (12)
z 2\ z z\™
— 2 2 z Z 2
Co=x (ln - l’bML) (ln - l,DhL) , (13)
= -1
0.61Tc
0-617¢,Qe , (14)
QnLe
where x = 0.4 is the von Kdrman constant, 1y, 1, and ¢, are universal functions describing the
influence of atmospheric surface stability on the gross heat conductivity, and z/L = C is a dimensionless
height, and L is the Monin—Obukhov length (Equation (14)), in which the parameters are determined

using the iterative method recommended by Launiainen and Vihma [43]. The wind speed data series
U, was obtained by interpolating the 8-h wind speed at 2-m height recorded at the monitoring station.

L= —u;Tpan[gKQh(l +

2.3.5. Precipitation

Precipitation affects the heat exchange at the upper surface of the ice cover via sensible heat and
phase transitions. The sensible heat flux of precipitation can be neglected, but phase transitions may
bring significant fluxes. This flux is expressed as:

Qp = ple(Tp = To) + Lyxe]P, (15)

where p and c are the density and specific heat capacity of the precipitation (liquid water or solid
ice), respectively, xp = —1, 0, or 1 represents the phase transitions of solid-to-liquid, no transition, or
liquid-to-solid, respectively, Ly = 335 k]/kg is the latent heat of freezing, Tp and T are the temperatures
of precipitation and lake surface, respectively, and P is precipitation, mm/day.
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2.4. Simulation Test

The calculation results were verified using the radiation data from the Urad Front Banner
meteorological station (National Meteorological Station no. 53336; 41°20'24’" N, 108°18’36’" E) in
the study area. Because the maximum daily irradiance was relatively continuous, this quantity was
compared with the calculated total solar radiation to test the calculation accuracy. The calculated
value was equivalent to the daily mean total radiation, while the data from the meteorological station
represented the daily maximum. The coefficient of determination R? was used as the statistical test
parameter [44]. The calculation is shown in Equation (16):

n 0.5

R = Y (- A)s-5)

i=1

n

> (a7

i=1

n

Y(si —§)2r'5, (16)

i=1

where A; is the testing sample, A is the mean of the testing sample, S; is the tested sample, and S is the
mean of the tested sample.

2.5. Selection of Typical Years

To ensure that the intra-annual heat balance at the lake surface possesses the climate characteristics
of the study area, it is necessary to select typical years with the multiyear average climate characteristics.
Here we determined the typical years based on multiyear air temperature data. The correlation
coefficient of monthly cumulative average temperatures between 2012 and 2013 versus 2006-2014
reached 0.997 (Table 1). So, the meteorological data of 2012 and 2013 were used to estimate the
intra-annual heat balance at the surface of Ulansuhai Lake.

Table 1. Correlation coefficient of monthly temperature from 2006 to 2014.

Year 2006-2014 2006 2007 2008 2009 2010 2011 2012 2013 2014
Monthly mean
from 2006 to 1
2014
2006 0.996 1
2007 0.994 0.982 1
2008 0.992 0.992 0.976 1
2009 0.993 0.981 0.992 0.978 1
2010 0.992 0.990 0.988 0.979 0.980 1
2011 0.991 0.987 0.988 0.982 0.980 0.989 1
2012 0.997 0.993 0.989 0.991 0.992 0.982 0.984 1
2013 0.997 0.993 0.993 0.991 0.987 0.990 0.984 0.995 1
2014 0.995 0.992 0.981 0.990 0.991 0.981 0.979 0.995 0.989 1
3. Results

3.1. Calculation of Thermodynamic Components

3.1.1. Net Solar Radiation Flux

Solar radiation is the main source of various thermal systems on Earth. It also plays a leading role
in the heat balance system of lakes, especially in the northern lakes with seasonal ice cover. In the
northern hemisphere spring, due to the enhancement of solar radiation, the water under the ice cover
becomes warmer and the ice cover starts to ablate. During autumn and winter, because of the low
level of solar radiation and air temperature, the lake loses heat via thermal radiation, conduction, and
evaporation. The water temperature decreases continuously until it reaches a supercooled state, and
then phase transition takes place, and the ice cover is formed with further heat loss (sketch of the
surface energy balance in ice-covered lakes is shown in Figure 3).
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Precipitation
Sqlar radiation ; .

Horizontal diffusion

Figure 3. Sketch of the surface energy balance in ice-covered lakes. If the lake atmosphere is taken as
the main body, upward arrows are positive, that is, there is energy from the lake to the atmosphere.

The net solar radiation showed similar features in 2012 and 2013. The mean flux was 210 W/m?2
and ranged from 0 to 828 W/m? in 2012, while in 2013 the mean flux was 179 W/m? and ranged from
0 and 758 W/m?. In 2012, the mean value was 78 W/m? in the ice-covered season and 228 W/m? in
the open season. In the following year, the values in the ice-covered and open seasons were 68 W/m?
and 229 W/m?, respectively. However, the growth rate of solar radiation was higher in the spring of
2013 than in the spring of 2012. In late February 2013, the net solar radiation had already increased to
the level reached only in mid-March in 2012, more than 10 days difference. Consequently, the date
of ice breakup was earlier in 2013 than in 2012. Solar radiation decreased more rapidly during the
autumn of 2013 than in 2012. In early October 2013, the level had already reached the value recorded
in mid-to-late October 2012.

The dynamic intra-annual variation of the total solar radiation in 2012 and 2013 compared with
the daily maximum irradiances measured at the meteorological station. The R? values were 0.80 and
0.79 (by Equation (16)) for the total daily solar radiation flux of 2012 and 2013, respectively. This result
indicated that the calculation accuracy generally met the requirements.

Solar radiation was relatively high in 2012. However, due to the long ice-covered season and thick
ice cover, ice melting consumed a large portion of the radiation energy in 2012.

3.1.2. Net Terrestrial Radiation Flux

The distribution patterns of longwave radiation were generally similar in 2012 and 2013.
Wintertime longwave radiation averaged —65.3 W/m? (—61.4 W/m?) in 2012 (2013). The solar radiation
arriving at the ground surface is not completely absorbed, as part of it is also reflected by the ground
into the atmosphere. The reflectivity of surface objects to solar radiation depends on their surface
properties and state. Generally, a light-colored object has a higher reflectivity than a dark one, and a
smooth surface has a higher reflectivity than a rough surface. The reflectivity of a snow surface is
considerably high at ~60%, while the reflectivity of a still water surface is only ~2%. In the northern
hemisphere, the solar radiation is relatively intense during summer, while the reflectivity of the water
surface is relatively low; therefore, most of the heat is used to warm the lake water. In early spring,
the heat absorbed by the lake water melts the ice layer, which is responsible for warming the lake
from 4 °C to the maximum water temperature. When the temperature rises, the characteristics of
the high specific heat capacity of water begin to appear; part of the heat absorbed and stored by the



Sustainability 2020, 12, 7832 90f17

water in daytime is then lost at night in the form of radiation. Their longwave radiation state in the
summertime is closer to the characteristics of terrestrial radiation compared with deep lakes and
oceans. During winter, solar radiation energy is relatively low, but the snow-free ice cover also has
high absorptivity. The absorbed energy is mainly used to prevent water from cooling in the early stage
of freezing and is used for phase transition of ice in the initial stage of ice cover melting. Moreover,
because the atmospheric radiation is much lower than terrestrial radiation in winter, the wintertime
longwave radiation appears to be negative.

3.1.3. Turbulent Radiation Flux

The latent heat flux is represented mainly by heat loss due to evaporation from the water surface or
sublimation from the ice surface. Occasionally, it may result in heat gain by condensation or deposition.
Since the intensity of summertime solar radiation was greater in 2012 than in 2013, the latent heat loss
in summer also followed the same trend (Figure 4a,b). In 2012, the intra-annual mean daily latent heat
flux was —58.5 W/m? (—213.8~42.6 W/m?). The daily mean latent heat flux was —38.6 W/m?2 during the
ice-covered season, shifting to —68.6 W/m? during the open season. In 2013, the mean daily flux was
—33.8 W/m? (—196.1~25.6 W/m?2). The daily mean was —44.4 W/m? during the ice-covered season and
—12.3 W/m? during the open season. The latent heat released from the lake into the atmosphere was
mainly from the evaporation of the water surface, in the ice season, the mean was the deposition of
water vapor on a surface dominated by sublimation. Ice flowers on the surface were common scenery
in winter.

Sensible heat flux is caused by the temperature difference between the atmosphere and the
lake water surface. The air temperature is lower than the lake surface temperature during autumn
and winter, which results in energy transfer from the lake to the atmosphere. Conversely, the air
temperature is higher than the lake surface temperature in spring and summer, which results in energy
transfer from the atmosphere into the lake. In 2012, the intra-annual daily mean sensible heat flux
was —2.7 W/m? (-33.4~74.3 W/m?). The monthly mean sensible heat flux was 1.5 W/m? during the
ice-covered season, which changed to —20.0 W/m? during the open season. In 2013, the mean flux was
—5.5 W/m? (—34.6~24.5 W/m?). The monthly mean was 6.5 W/m? during the ice-covered season and
—28 W/m? during the open season (Figure 4c,d).

To some extent, sensible and latent heat fluxes are synchronized in permanently ice-free lakes,
such as Taihu Lake [25], because the phase transition only involves evaporation. However, the variation
occurs earlier for sensible heat flux than for latent heat flux in seasonally ice-covered lakes, because the
energy released by the phase transition of the ice cover has a delaying effect on the variation of sensible
heat flux. For example, water does not freeze in the early stages before the temperature reaches the
freezing point. It solidifies into ice and releases energy during the growth. The ice cover also damps
the flow of heat from the lake to the atmosphere. Therefore, the ice cover provides a relatively stable
temperature environment for aquatic life in winter. In spring, the solar radiation absorbed by the lake
is mainly used for phase transition (solid-to-liquid). Even if the air temperature rises greatly in a short
time, the minimum water temperature under the ice can remain above 0 ° C under the protection of
the ice sheet. Hence the water temperature does not vary dramatically as long as the ice is present.
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Figure 4. Turbulent radiation in 2012 and 2013. (a) Latent heath flux 2012, (b) latent heath flux 2013,
(c)sensible heath flux 2012,(d) sensible heath flux 2013.
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3.1.4. Precipitation Heat Flu

Precipitation heat fluxes are significant only in phase transitions. Positive values reveal that the
precipitation undergoes a liquid-solid phase transition on the ice surface, and negative values indicate
that snow falls onto the lake surface and absorbs energy to melt into water. Summer precipitation does
not contribute much to lake heat content. Precipitation in Ulansuhai Lake is mainly concentrated in
summer, while the winter is dry and windy with almost no snow accumulation on the lake surface.
The winter precipitation heat flux averaged to 2 W/m? in 2012 and —1 W/m? in 2013 (Figure 5). A heat
flux of less than 5 W/m? has a minor influence on the heat budget of the entire lake [45].
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Figure 5. Precipitation heat flux variation in 2012 and 2013.

3.1.5. Net Heat Flux

Ulansuhai Lake gained heat on average 300 days per year in 2012 and 2013 (Figure 6). In 2012
(2013), the net heat flux averaged —33.8 W/m? (-38.5 W/m?) during the ice-covered season, with a range
between —74.8 and —1.3 W/m? (~125.2 and 7.1 W/m?). The net heat flux averaged 62.4 W/m? (19.1 W/m?)
during the open season, with a range from —95.8 to 272.1 W/m? (from —125.2 to 122.1 W/m?).

During the open season, the net heat flux was positive and the exchange was intense. This is
because Ulansuhai Lake is shallow and has high solar radiation flux in summer. The lake water absorbs
energy that raises the water temperature and conducts heat downward to the sediment. Since the
small volume of a shallow lake has a limited heat storage capacity, the sediment becomes another
main area for the storage of lacustrine heat. If the lake water has high transparency and the sediment
deposits are rich in organic matter and dark in color, the sediment absorbs solar energy directly and
the water temperature can rise faster. Moreover, due to the frequent windy weather and high water
vapor transfer intensity over the lake, the evaporation of the shallow lake is high.

During the ice-covered season, the lake water temperature is higher than the atmospheric
temperature. Latent heat is released from the formation of ice, and the amount of ice remains limited
since this heat needs to be conducted through the ice. Therefore, the ice-covered season is in a heat-loss
state. When the ice cover has formed, it blocks the direct contact between the water and the atmosphere
that plays a key role in suppressing the heat loss. Under these conditions, the heat stored at the lake
bottom is continuously delivered to lake water. In addition to sunlight, this is the only pathway to
obtain heat in the water under the ice. The ice cover ensures that the lake water can provide a suitable

environmental temperature for maintaining aquatic life, even if the external air temperature is around
—-20 °C.
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Figure 6. Net heat flux in 2012 and 2013.

4. Discussion

4.1. Influence of Wind on Seasonal Lakes

The wind is an important driver of hydrodynamic processes in shallow lakes and it plays a decisive
role in the transfer, transport, and diffusion of material and energy in lakes [23,28]. The wind has two
main effects on the ice cover of shallow lakes in the ice season. Firstly, in the early stage of freezing,
the ice cover is fragile and can be easily broken by the force of the wind. For example, in Ulansuhai
and Hulun lakes in Inner Mongolia, the weather is often windy in the winter. When the initial ice cover
(thickness of 3-5 cm) breaks up, the crushed ice is driven toward the shore by winds until the kinetic
energy flux is consumed by friction, and the ice piles up and rides on the shore. With the decreasing
air temperature, the broken ice is consolidated to form a new ice cover on the leeward side with an
uneven surface. In the upwind direction, the new ice cover is regenerated into the open lake water
with a smooth surface [34]. The smooth ice often does not accumulate snow or form a snow cover
when windy weather is frequent in winter, but snow-covered patches exist in the rough ice. Because of
the high albedo of the snow surface [13,42], light cannot easily pass through snow-covered ice to reach
the deeper water. In the winter, this phenomenon, to some extent, also inhibits photosynthetic capacity
and has a consequent influence on the aquatic ecosystem.

Ulansuhai Lake is a representative lake in the Inner Mongolian Plateau of northern China, which
is mainly controlled by the temperate, arid climate [46]. Northwesterly winds are prevalent in the lake
throughout the year (Figure 7), with a calm frequency of 8.5%. The frequency of northwesterly winds
in the ice season is higher than in the open season, with a calm frequency of 20.2%. This is because
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of the influence of the temperate monsoon climate from the southeast in summer, which has a calm
frequency of 16.5%. The wind speeds appeared to be higher in the spring and lower in the autumn in
both 2012 and 2013. The mean wind speed in 2012 was 1.5 m/s, with a maximum of 5.9 m/s, and in
2013 these were, respectively, 1.6 m/s and 7.8 m/s (Figure 8). The lake surface experienced a windy
state year-round that is also an important factor leading to intensive surface water evaporation.
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Figure 7. Wind direction frequency of Ulansuhai Lake from 2012 to 2013. (a) Ice-covered season,
(b) open season, (c) the whole year.
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Figure 8. Daily wind speed of Ulansuhai Lake in 2012 and 2013 (taken from 2-m height).

During the open season, the wind and wave effects are conducive to gas exchange between the
lake water and the atmosphere [8,20,25]. However, in a lake with an endogenous pollution problem,
stirring the lake water increases the intensity of nutrients and pollutants released from sediments.
In the early stage of freezing, windy weather leads to the smooth ice formation in the northwestern
region of the lake. Meanwhile, rough ice is formed by the aggregation and freezing in the southeastern
region. These formation patterns affect the distribution of surface snow and even influence aquatic
ecosystems under the ice [36]. When simulating the initial freezing and melting, the heat flux in
shallow lakes is considerably disturbed by the wind force during the early spring and late autumn.
In early freezing and late melting periods, the mechanical forcing of wind may break the ice cover
and forced displacements. Then the surface and, further, the heat fluxes are strongly modified [32],
and thermal and mechanical forcing consists of a coupled system.

4.2. Mechanism of Intra-Annual Heat Exchange Process in an Ice-Covered Lake

A correlation analysis was performed on the monthly temperature data in 20042014 to select
the years representative of typical temperature variations over the past 10 years. The climate in
northern China entered a new 30-year cold cycle starting around the year 2000 [47,48]. From the period
1977-2014 to 2006-2014 (Figure 9), the mean monthly air temperature dropped by 1.7-2.2 °C.
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Figure 9. Monthly temperature comparison for the years 1977-2014 and 2006-2014.

A sketch of surface energy balance in ice-covered lakes is shown in Figure 3. When the ice has few
impurities, the solar radiation that passes through the ice layer to reach the underwater layer not only
plays a crucial role in the ice ablation but also has a strong influence on lake photosynthesis in winter.
When the precipitation takes the form of a solid phase (e.g., snow and hail), it decreases the energy of
the lake; when it is in a liquid phase (>0 °C), the energy of the lake system increases [13,32]. At the
ice-water interface, thermal energy transmits from the water layer to the ice, the heat flux from water
takes 5 W/m? as a reference value [33], while the release and absorption of latent heat are determined
by the growth and ablation of the ice cover [29,36].

5. Conclusions

(1) Comparing the monthly temperatures in 1977-2014 and 2006-2014, we found that the mean
temperature dropped by 1.7-2.2 °C compared with the past 50 years. We selected 2012 and 2013 as
typical for the simulation. The simulated net solar radiation flux showed a similar evolution with the
maximum daily irradiance, R? ~ 0.8. The model can therefore be used to describe the intra-annual heat
flux variation in the lake area.

(2) The solar radiation was relatively high in the shallow lake in northern China, with a mean net
solar radiation flux of 197.5 W/m? in 2012-2013. The intra-annual heat budget substantially differed
between the ice-covered and open seasons. The net solar radiation averaged 73 W/m? during the ice
season, while it changed to 228.5 W/m? during the open season. Precipitation had little influence on
the heat budget of the entire lake.

(3) Northwesterly winds were prevalent in Ulansuhai Lake throughout the year. The calm
frequency of northwesterly winds was 20.2% during the ice-covered season. The lake area was
influenced by the temperate monsoon climate from the southeast direction during summer, with a
calm frequency of 16.5%. The wind speed appeared to be higher in spring and lower in autumn for
both 2012 and 2013. Winds had an influence on the climate of the lake for both the ice-covered and
open seasons during the simulations. Summer was an important factor for intensive evaporation,
while winter was a strong driver of ice cover formation.

In summary, the heat content of lakes mainly comes from the heat energy reserve in summer.
Following ice-cover formation in winter, there is no substantial water temperature variation in shallow
lakes. Heat exchange between the ice surface and the atmosphere is the major factor for ice growth and
ablation. Understanding heat exchange above the ice cover can provide a clear physical background
for the simulation of ice thickness in lakes.
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