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Abstract: Heat flux is important for studying interactions between atmosphere and lake. The heat exchange between air-water interfaces
is one of the important ways to govern the temperature of the water surface. Heat exchange between the air-water interfaces and the
surrounding environment is completed by solar radiation, conduction, and evaporation, and all these processes mainly occur at the
air-water interface. Hulun Lake was the biggest lake which is also an important link and an indispensable part of the water cycle in
Northeast China. This study mapped surface energy budget to better understand spatial and temporal variations in Hulun Lake in China
from 2001 to 2018. Descriptive statistics were computed to build a historical time series of mean monthly heat flux at daytime and
nighttime from June to September during 2001-2018. Remote sensing estimation methods we used was suitable for Hulun Lake (R* =
0.81). At month scale, shortwave radiation and latent heat flux were decrease from June to September. However, the maximum sensible
heat flux appeared in September. Net longwave radiation was the largest in August. The effective heat budget showed that Hulun Lake
gained heat in the frost-free season with highest value in June (686.31 W/m?), and then steadily decreased to September (439.76 W/m?).
At annual scale, net longwave radiation, sensible heat flux and latent heat flux all show significant growth trend from 2001 to 2018 (P <
0.01). Wind speed had the well correlation on sensible heat flux and latent heat flux. Water surface temperature showed the highest coef-
ficient in sensitivity analysis.
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1 Introduction many times worldwide, especially the effects of global

warming. Hulun Lake is one of lakes located in the arid
Over a couple of years, the impact of global climate and cold regions of northern China. It is an important
change on humans has been observed and recorded link and an indispensable part of the water cycle in these
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regions (Wang et al., 2010). Studies have shown that
owing to the warming and drying of the climate, the
supply of water in Hulun Lake is decreasing, and has
caused the level of water dropped, a shrinking of the
surface of the lake, a large reduction in the surrounding
reeds, the migration from the area of a large number of
rare birds, and serious deterioration of the ecological
environment (Mao, 2017).

In recent decades, the importance of changes in fea-
tures of inland lakes, such as area and water level, to
changes in climate and water cycle has been recognized
(Zhang et al., 2011; Chen et al., 2016; Qiao et al., 2019).
It can also help us understand global climate change in a
broader context. An important feedback of a lake to cli-
matic warming is the change of lake surface water tem-
perature (LSWT). LSWT is one of the most fundamental
drivers of ecosystem structure and function, which af-
fects the rates and equilibrium positions of chemical
reactions and the rates of metabolic processes. More-
over, the heat exchange between air-water interfaces is
one of the important ways to govern the temperature of
the water surface. Because the heat exchange between
the air-water interfaces and the surrounding environ-
ment is completed by solar radiation, conduction, and
evaporation, and all these processes mainly occur at the
air-water interface (Woolway et al., 2016; Yang et al.,
2019). The net rate of heat exchange at water surface is
the sum of the rates at which heat is transferred by ra-
diative processes, evaporation, and conduction between
water and overlying air that govern water surface tem-
perature. The net rate can be evaluated in terms of a
thermal exchange coefficient and an equilibrium tem-
perature, both of which depend on observable meteoro-
logical variables (Edinger et al, 1968). In addition, tem-
perature difference between water and air also affects
the heat exchange in the air-water boundary layer, which
is crucial to understanding the hydrological cycle (Al-
cantara et al., 2011).

Heat flux is important for studying interactions be-
tween atmosphere and lake, and is also affected by
warming over the northeastern China. Thermal cycling
is usually triggered by huge thermal contrasts, which
come from the lake and surrounding land. Thermal cy-
cling often has serious effects on transportation and air
pollution in lake basins. Storms in downwind areas will
be intensified by large lakes because they are important
sources of atmospheric moisture (Pour et al., 2017). In

addition of the periods of high algal movement (Bogard
et al., 2017), water of lake is often saturated with Car-
bon Oxide than the atmosphere and plays as the source
of carbon in the atmosphere (Cole et al., 1994). What’s
more, atmospheric CHy (Wang et al., 2019) and N,O
(Huttunen et al., 2003) also source from lake.

Traditionally, most analysis on the heat flux of lakes
was based on in-situ measurements, which are dispersed
and rarely collected from optimal locations (Hébert and
Dunlop, 2020). In addition, it seems consuming time
and expensive if the measurements are performed in-situ
(Hodges et al., 2016). The data of heat flux and water
temperature at high spatio-temporal resolutions are re-
quired for more utilizations, for example, the monitoring
system for the changes of climate, research on the water
quality management, aquaculture, fishery, habitats of
aquatic organisms and hydrological cycle. Some re-
searchers also used thermal infrared remote sensing in
freshwater ecosystems to draw cyclic patterns
(Schladow et al., 2004). Overall temperature (Alcantara
et al., 2011) and surface dimensions (Xu et al., 2009;
Sharaf et al., 2019; Virdis et al., 2020) and to mark the
upwelling events (Steissberg et al., 2005).

However, little research has been devoted to the re-
sponse of the thermal variables of lakes, specifically
changes in the heat flux. The study area of this work, the
Hulun Lake, was one of the representative freshwater
lakes in temperate continental climate, which was the
biggest lake in Northeast China and the fifth biggest
fresh water lake in China (Mao, 2017). Based on mete-
orological data and remote sensing data, we reveal the
spatial and temporal evolution patterns of heat flux us-
ing the heating exchange estimation method in Hulun
Lake at daytime and nighttime from June to September
during 2001-2018, and analyze the climate factors that
affect its changes. This study mapped surface energy
budget in order to better understand spatial and temporal
variations in Hulun Lake. Studying the heat flux of the
Hulun Lake facilitates analysis of the heat exchange
method between the air-water interface and the sur-
rounding environment, which is crucial to understanding
the hydrological cycle.

2 Materials and Methods

Such methodology means was developed upon the con-
cept of allocating the impacts to which the lakes are ex-
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posed. They have been described by Alcantara et al
(2010), including longwave, shortwave radiation, sensi-
ble heat flux and latent heat flux in the region. Wind in-
tensity, relative humidity, air temperature, atmospheric
surface pressure, by which the strength of all the energy
transferring through the air-water interface are deter-
mined. The budget of surface energy for the Hulun Lake
was figured out employing the data about the surface
temperature of lake from Moderate Resolution Imaging
Spectroradiometer (MODIS) water surface temperature
(WST) and the data on the wind speed, air temperature
and relative humidity from reanalyzed data. In order to
further explore the relationship between each heat flux
and different climate factors, sensitivity analysis and cor-
relation analysis on them were conducted to provide im-
pact and feedback of environmental changes on heat
flux. The results provide a deeper understanding of each
heat flux, which can provide better insight into global
climate change.

2.1 Study area

Hulun Lake (48.06°N—49.04°N, 117.01°E~117.07°E)
was the biggest lake in Northeast China and the fifth
biggest fresh water lake in China (Mao, 2017) (Fig. 1).
The lake has a water depth about 8.0 m at maximum
when the lake elevation is 545.3 m a. s. | (above sea
level). The study area was in the mid-temperate conti-
nental steppe climate, and was located in the semi-arid
region of the mid-high latitude temperate zone. The cli-

mate is characterized by long, cold winters, heavy winds
in spring, and a short cool summer with rapid cooling in
autumn. Hulun Lake freezes for a long period in the
winter. Ice begins sealing the lake at the end of October
and thawing generally starts at the beginning of May.
The layer of ice can be as thick as over 1 m (Zhang,
1998). Owing to the large heat capacity and strong
evaporation of the lake, its water surface temperature is
lower than the atmospheric temperature, and tempera-
ture along the lake was lower than that of the surround-
ing land.

2.2 Data and Methods

2.2.1 Hydrometeorological data

The daily mean wind intensity (m/s), relative humidity
(%), mean air temperature ('C), atmospheric surface
pressure (mb), were from China meteorological forcing
dataset (1979-2018) (Yang et al., 2018), China Mete-
orological Administration Land Data Assimilation Sys-
tem (CLDAS-V2.0) of real-time product dataset (http://
data.cma.cn/dataService/cdcindex), GRAPES MESO
China and surrounding area numerical forecast products
(http://data.cma.cn/data/cdcdetail), China Global At-
mosphere Reanalysis Products for 40 yr (CRA-40)
(http://data.cma.cn/data/), and National Centers for En-
vironmental Prediction (NCEP) and National Center for
Atmospheric Research (NCAR) (Kalnay et al., 1996;
Dee et al., 2011). China meteorological forcing dataset
(1979-2018), CMA Land Data Assimilation System
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Fig. 1 Location and DEM (digital elevation model) of Hulun Lake in China
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(CLDAS-V2.0) of real-time product dataset,
GRAPES_MESO China and surrounding area numerical
forecast products, and China Global Atmosphere Re-
analysis Products for 40 yr (CRA-40) integrate conven-
tional meteorological observation data of China Mete-
orological Administration, they provide high spatial and
temporal resolution reanalysis data (Yang et al., 2010).
NCEP/NCAR reanalysis data performs quality control
and assimilation on observations from various sources
to obtain a complete set of reanalysis data, which has
been widely applied as an alternative long-term refer-
ence data (Hu, 1997; Goswami et al., 2004). Mean daily
net shortwave radiation flux variables with China mete-
orological forcing dataset (1979-2018) a to better match
the MODIS product, mean value of net shortwave radia-
tion was calculated at an interval of eight days from
June to September.

2.2.2  Satellite data

The MODIS water surface temperature (WST) level
21-km nominal resolution data (MOD11A2, version 5,
2015) were obtained from the National Aeronautics and
Space Administration Land Processes Distributed Active
Archive Center (Wan, 2008), used for Terra imagery of
clear-sky MODIS from June to September from 2001 to
2018 was selected by visual inspection for a total of 286
daytime images and 286 nighttime images. The
WST-MODIS data have been extensively validated for
inland waters and are considered as accurate (Oesch et
al., 2005). A mask of shoreline isolating the land from
water was constructed employing images of Landsat 8
Operational Land Imager (OLI) to keep the warm
and cold pixels isolated anomalously by the lake shore-
line (Sentlinger et al., 2008). All the masked images of
MODIS were verified to guarantee all the pixels to be
removed in the border. The mask was constructed em-
ploying the normalized difference water index (NDWI)
algorithm raised by McFeeters (1996).

This work is mainly divided into four aspects (Fig.
2): MODIS product, reanalyzed data, spatiotemporal
analysis of heat flux, and relationship between heat flux
and climate factors.

2.2.3 Surface energy budget

The budget of surface energy for the Hulun Lake was
figured out employing the data about the surface tem-
perature of lake from MODIS WST and the data on the
wind speed, air temperature and relative humidity from
reanalyzed data. Researching the energy exchanging
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Fig.2 The flowchart of this study

from a lake to the atmosphere is crucial for learning the
operation of an aquatic mechanism and its feedback to
the variations in the climatic and environmental condi-
tions (Bonnet et al.,, 2000). The exchanges of heating
through the surface of water was counted by the means
described by Henderson-Sellers (Henderson-Sellers,
1986) as below:

oy = Ps(1— A) — (@i + st + Pir) (1

where ¢y is the surface heat flux balance, ¢ is the inci-
dent shortwave, A4 is the albedo of water (0.07), Cogley
(1979) suggests that an annual global mean value of
0.07 would be appropriate, and this value is averaged
over both cloudy and cloud-free conditions. ¢; is the
longwave radiation flux, ¢ is sensible heat flux, and ¢y
is latent heat flux. The variables listed in Eq. (1) are ex-
pressed in unit of W/m’.

The incident shortwave radiation ¢ was calculated
using the following equation (Schladow et al., 2004):

¢ = a,x ¢ x(sind)" (1-0.65C*) @

where a; = 0.79 and b; = 1.15 are the parameters of
calibration decided by comparing with the data of ra-
diometer, ¢, = 1390 W/m? is the solar constant, d is the
solar zenith angle, and C is the cloud cover index fig-
ured out employing the empirical relation of Reed
(1977).
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The net longwave (LW) radiation (¢;), corresponding
to the difference between outgoing flux and incoming
flux (LW1]= LW1— LW|), was calculated as (Lowe,
1977):

¢, =exoxT*x(0.39-0.05E,"°)x (1-AxC) +
3)
48><G><TS3><(TS—7;)

where ¢ is the water emissivity of thermal infrared
(0.97), o is the constant of Stefan-Boltzmann, 7 is water
surface temperature (WST, C), T, is surface air tem-
perature (C), 1 is the Reed’s (Reed, 1977) correction
factor (0.8), and E, the partial pressure of vapor (mb).
The latter parameter was derived from the equation:

4)

E, =0.6108><R><H><exp[ 17.271, ]

T, +237.3

where R is relative humidity and H the saturation vapor
pressure which was calculated using the polynomial
approximation by Lowe (1977). The nonradiative en-
ergy term accounts for the sensible and latent heat
fluxes. The sensible heat flux was estimated as follows
(Large et al., 1997):

Pg = P, xC, x Cy xU x (I, = T,) %)

where ¢y is the sensible heat flux (W/m?), p, is the den-
sity of air (1.2 kg/m), C; is the specific heat capacity of
air (1.005 x 10° J/(kg'K)), Cy is the coefficient of tur-
bulent exchange (1.1 x 1073), and U is surface wind
speed (m/s).

The latent heat flux was calculated as follows (Large
etal., 1997):

0.622
P

a

(6)
where ¢ is the latent heat flux (W/m?), Cg is the coeffi-
cient of turbulent exchange (1.1 x 107), L is the va-
porization of latent heat (2.501 x 10° J/kg), Eq is the
saturation vapor pressure and P, is the atmospheric sur-
face pressure (mb). Energy exchange also occurred

¢,f:pa><CE><L><U><(E

sat

><TS—R><H><Esat><Ta)><

through precipitation, and biological and chemical reac-
tions in the body of water, as well as in the exchanging
from Kinetic to the energy of thermal. Nevertheless,
those energy terms were regarded less to be deleted.
2.2.4 Sensitivity analysis

In order to analyze the sensitivity of different influenc-

ing factors, we used a method, the basic principle of the
one-variable-at-a-time approach (OAT) for sensitivity
analysis is to calculate the small changes (such as 10%
increase or decrease) caused by each parameter near its
best estimate. The rate of change in the model output,
the absolute value of the rate of change represents the
sensitivity of the parameter (Cho et al., 2016). The OAT
method is the most frequently applied technique in the
modeling literature (Saltelli and Annoni, 2010; Sun et
al., 2012). Output variations are evaluated with respect
to fractional change in one input parameter, while the
other parameters are held constant. In this study, each
input parameter was perturbed by +10% relative to its
reference value. The sensitivity of the jth input parame-
ter is calculated by:

5= U= 7

@i

where j is meteorological elements, Aj is the perturbed
input parameter, ¢ is heat flux before changing each
meteorological factor. Past studies have shown that
omitting these components from the energy budget of
lakes does not significantly affect the results (Bolsenga,
1975; Sturrock et al., 1992; Winter et al., 2003). The
latent and sensible heating fluxes were figured out for
night time and day time employing the surface water
temperature of monthly mean produced from the prod-
ucts of MODIS.

3 Results

3.1 Validation of net shortwave radiation

We used the method described by Henderson-Sellers to
estimate the net shortwave radiation. To evaluate the
reliability of estimated net shortwave radiation, a com-
parison with daily net shortwave radiation variables
with China meteorological forcing dataset (1979-2018)
was conducted. Mean value of net shortwave radiation
was calculated at an interval of eight days from June to
September. The value of net shortwave radiation in
China meteorological forcing dataset (1979-2018) was
used to validate our estimation. The coefficient relating
the estimated net shortwave radiation to the reanalysis
data was R* = 0.81 (n = 16) (Fig. 3). The root means
square errors (RMSE) was 55.13 W/m’. Because of the
net shortwave radiation mainly depends on the solar
altitude angle and has a dynamic process within a day.
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Fig. 3 Evaluation of the estimated net shortwave radiation over
Hulun Lake in 2015

And our estimated net shortwave radiation was based on
MODIS LST products. The transit time of MODIS was
about 11:30 am. At this moment, the solar altitude angle
was larger, and the net shortwave radiation value was
also larger. Based on long-term meteorological observa-
tion records, Alcantara et al. (2010) estimated the
shortwave of the Itumbiara reservoir by using the same
method as ours. The simple regression between their
estimated and measured shortwave shows a R* = 0.72
Thus,
our used the method might fit more to the data set that
we used China meteorological forcing dataset
(1979-2018). Our results could be acceptable under this
circumstance.

(Alcantara et al., 2010) in Itumbiara reservoir.

3.2 Annual surface energy budget

The relative errors in net radiation indicate that the
balance of the surface heat flux was affected mainly as
the regions with radiation of longwave and sensible
heat flux were pushed by the variations among the wa-
ter and air temperatures, whereas flux of latent was
affected by the intensity of wind (Henderson-Sellers,
1986). We estimated the spatially-averaged monthly
means over Hulun Lake of each type of radiative or
heat flux, using reanalysis data and satellite data from
2001 to 2018.

3.2.1 Shortwave radiation

Shortwave radiation (¢s) was the main component of the
surface radiation balance, which affects the changes of
other radiation components dramatically. According to
Eq. (2), ¢s mainly dependent on the solar zenith angle,

which relies on the latitude for a given remote sensing
image. It was also affected by altitude, atmospheric
conditions and cloud cover. A seasonal variation showed
in the mean monthly ¢ with a significant decline from
June to September (Table 1). The highest value of ¢
appeared in June, which was 897.87 W/m”, and Sep-
tember was lowest value in the whole growing sea-
son .The average ¢s from June to September was 796
W/m’.

3.2.2 Net longwave radiation

The net longwave radiation (¢;) expresses the net bal-
ance between outgoing ¢; from the lake and incoming
long wave radiation from the atmosphere. Positive val-
ues indicate a loss of energy from the lake, and the
greater the contrast between water and air temperatures
is, the larger the flux. For net long wave radiation, a loss
of energy occurred throughout the growing season in
both daytime and nighttime. The difference between
lake and atmospheric temperatures decreased in day-
time, and therefore, daytime losses were the greatest
(Fig. 4). Daytime ¢; increased from June to August
(139.99 W/m?), and decreased into September (128.28
W/m?®). ¢; at nighttime declined from June to July
(159.57 W/m?), and rise up by the August (162.85
W/m?). It then declined again slightly in September
(157.57 W/m?).

3.2.3 Sensible heat flux

A negative sensible heat flux (¢y) occurs when surface
loses heat by convective and advective processes, and
flux was positive when surface gains heat (Fig. 5). For
daytime, ¢ was positive for all months during the in-
vestigation period, which gradually increases from June
to September. Lowest value occurred in June (4.73
W/m?®), although September was a month of typical heat
gain, with highest value was reached 6.17 W/m®. At
nighttime, ¢ was negative for all months of the grow-
ing season. There was no obvious change trend in ¢.
The lowest value appeared in September (—30.27 Wm?).
The highest value occurred in July (—21.06 W/m?) that
was due to advection caused by relatively high wind
intensity (4.1 m/s).

Table 1 Estimated mean monthly shortwave radiation (¢) over
Hulun Lake (W/m?)

Jun. Jul. Aug. Sept.

Shortwave radiation 897.86 877.01 785.18 622.96
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Fig. 4 Estimated monthly mean net longwave radiation over Hulun Lake from June to September during daytime and nighttime
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Fig. 5 Estimated monthly mean sensible heat flux over Hulun Lake from June to September during daytime and nighttime

3.2.4 Latent heat flux

The monthly latent heat flux (@) over Hulun Lake was
positive (Fig. 6), explaining a heat gain at daytime and
nighttime from June to September. In general, trend of ¢
was identical to that of ¢ for both daytime and nighttime.
As air temperature decreased, the same trend goes with ¢y
from June to September. According to the Fig. 6, the ¢
was related to atmospheric saturation difference. In June,
atmospheric temperature was at its peak, saturation dif-
ference was large, the evaporation capacity was strong,

and ¢ was large. However, in September, temperature
was relatively low, saturation difference is small, the
evaporation capacity is relatively weak, and ¢ was small.
¢ was forcefully affected by diurnal variations in bound-
ary seam of atmosphere, stablized conditions was needed
for its enhancement (Lerman et al., 1995). As per the Zhu
and Lofgren (Lofgren and Zhu, 2000), an active ¢y nor-
mally takes place where atmosphere was stable above the
body of water, with small amount of mixed turbulent in
the boundary seam of atmosphere.
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Fig. 6 Estimated monthly mean latent heat flux (¢ys) over Hulun Lake from June to September during daytime and nighttime

3.2.5 Net flux

Daytime flux was always positive, corresponding to a
source of energy (Fig. 7), whereas ¢y during nighttime
always corresponded to a loss of energy from lake (nega-
tive values) because of the cessation of ¢. This result
occurred because the loss terms (back long wave radia-
tion, sensible heat flux, and latent heat flux) were usually

not counterbalanced by the source terms (shortwave and
atmospheric long wave radiation). At daytime, ¢y was
nearly similar to that of ¢. ¢y steadily decreased from
June (686.31 W/m?) until September (439.76 W/m?).
Nighttime, absolute value of maximum of @y appeared in
June (~202.82 W/m?). The value of daytime ¢y was al-
ways greater than the absolute value of nighttime ¢y.

a June-Daytime € July-Daytime € August-Daytime € September-Daytime
— T T T T T T T T T T T e
420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

Net flux (W/m”)

June-Nighttime d  July-Nighttime

h September-Nighttime

3
N

f August-Nighttime

f

[ 1

=210 -204 -198 -192 -186

-180

-174 -168 -162 -156 =150

Net flux (W/m*)

Fig. 7 Estimated monthly mean net flux (¢y) over Hulun Lake from June to September during daytime and nighttime
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3.3 Inter-annual surface energy budget
As showed in Fig. 8, the inter-annual trend of surface
energy budget was estimated by inverted heat fluxes of
radiation over Hulun Lake during the period of
2001-2018. According to Eq. (2), shortwave radiation
(¢s) was dependent on the solar zenith angle, which re-
lies in turn on the latitude for a given remote sensing
So the ¢ lake
were determined by Julian date of year.

The trends of daytime and nighttime longwave radia-

image. in one specific inland

tion (¢;) were similar (Fig. 8a). It has a significant
growth trend from 2001 to 2018 during daytime (P <
0.01). The perennial average at daytime was 136.34
W/m’, whereas the range of ¢; was 128.08-146.12
W/m’. The trend in different time periods was not com-
pletely consistent. It increased from 2001 to 2005 and
then decreased, with the minimum value occurred in
2008 (128.08 W/m?). A slight rise of ¢; occurred from
2008 to 2018. Moreover, the nighttime ¢; displayed a
similar trend of that at daytime. The multi-year average
of ¢ at nighttime was 164.81 W/m”. However the range
of ¢ was 151.4-170.96 W/m” at nighttime.

The value of sensible flux (@y) was much smaller
than the value of ¢;. But trends at the daytime and
nighttime for ¢y were similar for ¢; (Fig. 8b). The ¢
showed a significant increasing trend from 2001 to 2018
(P <0.01). The average ¢ during the daytime was 5.37
W/m?, while the ¢ range was 2.27-11.2 W/m>. The ¢
decreased from 2001 to 2007, reached its minimum at
2007 (2.27 W/m®), but then increased from 2007 to
2010. It increased again slightly in 2011 until 2014.
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Similarly, the average of ¢ during nighttime was
—24.58 W/m”. Inter-annual range was from —14.87 to
~34.35 W/m’. The nighttime ¢y decreased from fluctua-
tions in 2001 to 2010, but increased to 2011 (-34.37
W/m®), where it reached a maximum, and then de-
creased to 2018.

Latent heat flux (¢ had the same as ¢y, and @y
showed a clear growth trend from 2001 to 2018 (P <
0.01) (Fig. 8c). During daytime, the average value of ¢¢
was 6.64 W/m?, and ¢ range was 4.3-9.8 W/m”. The ¢
increased from 2001 to 2012 and then decreased during
the period of 2012-2018. The tendency in ¢ at daytime
was similar with that of nighttime. The average of ¢y
during the nighttime was 7.83 W/m?, but the range was
4.41-11.7 W/m>. The @ incidence fluctuated moder-
ately from 2001 to 2011, and a slight reduced from 2011
to 2016, then increased to 2018.

The net flux (¢, ) was positive at daytime, with an
average value of 563.4 W/m”. However, night ¢y Wwas
negative, with an average value of —197.925 W/m’.
N
2001-2018 (P < 0.01) (Fig. 8d). At daytime, ¢ in-

creased from 2001 to 2007, and reached its maximum
(575.34 W/m®), then decreased steadily until 2018. The

nighttime ¢, was also a slight decreased trend in

Daytime showed a significant reduction in

2001-2018. However, the trend of nighttime ¢, was

similar to that at daytime, with the absolute maximums
occurred in 2011 (-225.21 W/m?) and lowest absolute
values in 2008 (~170.34 W/m?).
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Fig. 8 Estimated components of the energy budget for daytime and nighttime during 2001-2018
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4 Discussion

Lake-atmosphere interactions are an important compo-
nent of climatic systems. On the one hand, a lake has an
important impact on the regional climate through its
own physical properties (low albedo relative to the sur-
rounding area, large heat capacity, etc.) (Bonan, 1995).
On the other hand, climate change alters the physical
and chemical properties of the lake, which affects
evaporation from the lake and energy exchange with the
atmosphere (Oswald and Rouse, 2004). Lake water sur-
face heat fluxes are affected by many different climatic
factors, including air temperature, differences in satu-
rated water vapor pressure, wind speed, efc. (Nordbo et
al., 2011). How changes in different climate factors af-
fect each component was an important part of our re-
search in this study.

4.1
climate factors

Relationship between longwave radiation and

We performed linear regression analysis according to
Eq. (3) to determine the changed in ¢, that were related
to E,, T, and T,. The results of linear correlation analy-
sis of several influential factors were showed in Fig. 9.
The values of ¢; were positively correlated with £, and
showed a better correlation during daytime (R> = 0.35)
and nighttime (R2 = 0.03) (Figs. 9e, 9f). There was a
stronger correlation between ¢; and 7y at nighttime (R

a 8
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5l o e
T 189 e 2.0 ¢ *
e »=0.11x+0.99
. R*=0.26
16
145 150 155 160
¢ (W/m’)
20
P [ y=-0.03x+21.9
519 ®  ®=0.0099
S s{ ® ° %
@ 197 el ... .
R [ R P S—
o R |
. L]
16 y i
145 150 155 160
b (W/m’)
L4TS
—_ L]
-g 1.3 -~ .40 """" )
£ o0
< o L
K121, @ »=0.013x-0.73
° ® R’=0.36

145 150 155 160
4. (W/m®)

time (R2 = 0.11) than there was during daytime (R2 =
0.03) (Figs. 9a, 9b). However, we did detect a small
correlation between ¢ and T, (R2 < 0.01; Figs. 9c, 9d.
The change in ¢; was influenced by multiple interact-
ing factors, so that the impact of each factor on its own
was relatively small.

Our model input parameters involve various water
surface parameters as well as meteorological data. The
water surface parameters were obtained either directly
or indirectly from satellite remote sensing inversion, and
the meteorological data were obtained from weather
station measurements. As a result of using several dif-
ferent data sources, there were many uncertainties in the
input parameters applied in the model. In order to fur-
ther explore the sensitivity of each flux to different cli-
matic factors, a sensitivity analysis was used to provide
crucial information regarding climate change.

For a more intuitive comparison, it is more appropri-
ate to use the absolute value of each sensitivity coeffi-
cient for comparative analysis. The sensitivity coeffi-
cients of ¢; and of each climate element were showed in
Fig. 10. The effect of various climate elements on ¢;
during daytime and nighttime was dominated by 7. The
sensitivity coefficient was 0.1 during daytime and 0.08
at nighttime. This was followed in magnitude by the
effect of T,; the sensitivity coefficient was 0.07 during
daytime and 0.04 at nighttime. The sensitivity coeffi-
cient corresponding to £, was small.
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Fig. 9 Relationships between annual average net longwave radiation (¢,;), partial vapor pressure (£,), and water surface temperature
(T;), as estimated by Moderate Resolution Imaging Spectroradiometer water surface temperature (MODIS WST) products, and air tem-
perature (7,) during daytime (a; c; ) and nighttime (b; d; f) in Hulun Lake, China
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4.2 Relationship between sensible heat flux and
climate factors

According to Eq. (5), the exchange of ¢y between the
lake and the atmosphere was controlled mainly by 7
and T,, as well as by U (Liu et al., 1979; Webb et al.,
1980). The results were showed in Fig. 11. The values of
@ were positively correlated with wind speed U, indi-
cating a good correlation (Figs. 11c, 11d); R at night-

20

[
wl?e y=-0.17x+18.48
~ . o [K=034
ELE 3’. )
S ] e e e L ]
& N o
16 4 ° Y
13
5
4 4
@ 3
g .
S 2 1 % y=0.19x+2.22
14 R*=0.5
0 . .
1 3 5 7 9 113
¢>¢(W/mz)
19T
124 . L4 y=0.0096x+17.147
o -
5 oo ® R*=0.001 o®
g
&~
13
¢sf(W/mz)
3
~ |8 y=0.15x+0.05
Q24 F®=078 ®
< oy .
114 e & ...
e ! ®e &%
‘..
0 e—19a r
1 3 5 7 9 113
By (W/m®)

Fig. 11

time was 0.87 and in the daytime was > (.5). Due to
solar radiation during daytime, there was a weak corre-
lation between ¢ and U during daytime. However, be-
cause there was no solar radiation during nighttime, the
correlation between ¢ and U was good. The best corre-
lation was showed by ¢@¢ with U, and a similar conclu-
sion was also drawn for Lake Valkea-Kotinen (Nordbo
et al., 2011). However, there was a negative
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correlation between ¢y and T,, for which R? during the
daytime was 0.34 and at nighttime was 0.01 (Figs. 11a,
11b). The regression analysis also showed a poor corre-
lation between ¢y and T, (Figs. 1le, 11b; R* < 0.01)).
This was because ¢ correlated better with the differ-
ence between Tyand T, (Figs. 11g, 11h; R* during day-
time was 0.78 and at nighttime was 0.41).

The sensitivity coefficients of ¢y and of each climate
element were showed in Fig. 12. During daytime, the
sensitivity coefficients of 7, and 7, were both greater
than 2.2, indicating that they were the main climatic
factors affecting ¢ T, was more sensitive to ¢ than T,
although the sensitivity coefficients 75 and T, both
showed slightly different trends. However, the sensitiv-
ity coefficient corresponding to U was small (0.1). The
sensitivity coefficients of trend for ¢ was different be-
tween daytime and nighttime. At nighttime, the influ-
ence of various climatic factors on ¢ was mainly that of
T,, with a sensitivity coefficient of 0.3, followed by the
effect of T,, with a sensitivity coefficient of 0.19. The
corresponding sensitivity coefficient for U was the
smallest (0.13).

4.3 Relationship between latent heat flux and cli-
mate factors

According to Eq. (5), ¢¢ was related to E,, T, U, and P,.
A linear correlation analysis of several climate factors
was employed, and the results were showed in Fig. 13.
The values of ¢ were significantly positively correlated
with U (Figs. 13e, 13f; R” during daytime was 0.85 and
at nighttime was 0.81). However, the values of ¢ were
negatively, and strongly, correlated with P, (Figs. 13g,
13h; R* during daytime was 0.54 and at nighttime was
0.49). The next most significant correlation was between

—k—{] —8—Ts—0—Ta

Sensitivity coefficients

¢ and T, Figs. 13a, 13b), whereas ¢y and E, were the
least correlated (Figs. 13c, 13d). In the study of Lake
Valkea-Kotinen by Nordbo et al. (2011), the correlation
between ¢ and E, was higher than that between ¢y and
U. This was due mainly to the fact that Lake
Valkea-Kotinen is surrounded by forests, and the winds
blowing over and around the lake are weaker. So the
effect of U on ¢ exchange was less than that of Hulun
Lake. The above results indicate that U, E,, T, and T,
are the critical drivers of changes in energy, and they
also demonstrate that the stability of the atmospheric
boundary layer plays an important role in energy trans-
fer involving ¢ (Liu et al.,2009).

The sensitivity coefficients of ¢y and of each climate
element were showed in Fig. 14. It can be seen from
the figure that the greatest effect of the various climate
elements on ¢ during daytime and nighttime was
mainly that of 7§, and the sensitivity coefficient was
0.34 during daytime and 0.2 at nighttime. The results
of the sensitivity analysis of ¢y to climate factors dur-
ing daytime and nighttime were virtually identical, and
the order of the sensitivity coefficients was: 75 > T,> U >
P,.

The results of the sensitivity analysis of heat flux to
climatic parameters were slightly different from the
correlation results. We performed sensitivity analyses
based on established formulas in order to identify the
most influential input parameters. The results of the
correlation between heat flux and different climate ele-
ments were obtained from the correlation analysis of the
meteorological data as measured by a weather station
located in the proximity of the study area. As the two
analyses were based on different parameters, the differ-
ent methods led to completely different conclusions.
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Fig. 12 Annual variation distribution of sensitive coefficients for sensible heat flux (¢) and climate factors during daytime (a) and

nighttime (b) in Hulun Lake, China
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5 Conclusions

Lake heat flux is an important part of the water balance
element. It can also help us understand global climate
change in a broader context. We present a set of simula-
tion schemes for heat flux based on reanalysis data and
satellite data. On the basis of this, exchange of heat
across the water surface was computed to outline the
temperatures of surface water and budget of surface en-
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latent heat flux (¢y) and climate factors during daytime (a) and night-

ergy to strengthen our understanding of the temporal
and spatial variability of heat flux in Hulun Lake from
2001 to 2018.

We used the method which was described by Hen-
derson-Sellers was suitable for Hulun Lake (R* = 0.81).
At month scale, mean monthly shortwave radiation in-
creased significantly from June to September. The latent
heat flux decreased from June to September. Sensible
heat flux increased from June to July and then decreased
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to September, and net longwave radiation increased
from June to August and then decreased. The efficient
heating budget indicated that, in the frost free season,
Hulun Lake gained heat and thus acted as a heat sink. It
had maximum value in June, then steadily decreased to
September. For the heat flux of daytime, a lowering pat-
tern from the shoreline to the middle part of the lake,
whereas this thermal pattern was inverted at night. On
the inter-annual scale, net longwave radiation and sensi-
ble heat flux both showed a clear growth trend from
2001 to 2018 (P < 0.01). The net flux was positive dur-
ing daytime, and was negative at nighttime. However,
the daytime net flux showed a significant reduction
trended in 2001-2018 (P < 0.01).

In the correlation analysis, the net longwave radiation
and partial pressure of vapor are good correlated (R* >
0.3). However, latent heat flux and sensible heat flux
were well correlated with wind speed (R* > 0.7). On the
other hand, in the sensitivity analysis, water surface
temperature had the highest sensitivity. Heat exchange
between the air-water interfaces and the surrounding
environment and mainly occur at the air-water interface.
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