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The spatial variation of lake surface water
temperature of Poyang Lake in summer and its

impact on regional precipitation
Miaoxia Tian, Haibo Zou, Jing Zheng, Anning Huang, Qi Huang

 Abstract—With Moderate Resolution Imaging
Spectroradiometer (MODIS) land surface temperature products,
the spatial distribution of lake surface water temperature (LSWT)
in Poyang Lake (PL) during summer are explored. Results show
that the high-LSWT areas at noon (13:30 local solar time) are
mainly located in the southwest, south and east of PL where the
water depth is relatively shallow, while the low-LSWT regions
are situated in the middle and north of PL where the water depth
is relatively deep, and the spatial difference can reach 1.5 °C.
This distribution is obviously different from the previous finding
(i.e., high LSWT in middle of north of PL, and low LSWT in
southwest of PL). By night (01:30 local solar time), the
distribution is roughly consistent with that at noon, rather than
opposite. This is mainly induced by the relatively high air
temperature over the PL region at night, which can not only
increase the downward longwave radiation of atmosphere, but
also decrease the heat transport from lake to air, favorably
reducing the heat loss in PL and slowing down the cooling of PL.
To reveal the effects of the spatial variations of LSWT on
regional precipitation, two sets of experiments, i.e., non-update
(NOUP) experiment with default LSWT and update (UP)
experiment with LSWT originated from MODIS data, are
conducted, and results show that UP experiment obviously
improves precipitation simulation in PL region. Diagnoses
indicate that the effects of LSWT on local precipitation are
accomplished through adjusting the low-level upward motion
and atmospheric instability.
Index Terms—Poyang Lake, Lake surface water temperature,
Spatial variation, Precipitation, Atmospheric instability.
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I. INTRODUCTION
AKE surface water temperature (LSWT) indicates the
water temperature at the depth of about 10 cm from the
lake surface [1]. It plays a crucial role in biochemical

processes and hydrodynamics and can change the level of
eutrophication in lakes and their surrounding ecosystems [1-3],
ultimately affecting sediment decomposition [4], algal blooms
[5], and fish growth [6]. Importantly, LSWT also can change
air temperature [7], air moisture [8], and airflow [9-11] over a
lake, finally affecting the precipitation in the lake region [12-
16].

How does LWST affect local precipitation? In fact, the
water and heat exchange between lakes and the overlying air
are the ways lakes affect regional weather and climate [8,17].
However, the heat exchange mainly depends on the
temperature difference between lakes and the overlying air
[18,19]. Although the water vapor exchange directly depends
on the saturated vapor pressure deficit (i.e., the difference
between saturated vapor pressure and vapor pressure) and
wind speed of air over lakes [18-20], the saturated water vapor
pressure over lakes is decided by LSWT [21]. Apparently,
LSWT affects local precipitation by influencing the exchange
of heat and water vapor between lakes and the overlying air.
Wright et al. [22] and Zou et al. [23] indicated that the
precipitation intensity in a lake region is closely correlated
with the LSWT intensity and suggested that the intensity and
location of precipitation are closely related to the spatial
distribution of LSWT [24].

The variation of LSWT of a lake with space is complex and
usually related to the location and depth, as well as the climate
background. The LSWTs in the northern part of Erhai Lake,
Qinghai Lake, and Dianchi Lake are higher than those in the
southern part [25-27], while the LSWT in the northern part of
Lake Superior is lower than that in the southern part [28]. The
eastern parts of Lake Tahoe, Taihu Lake, Vättern, and Lake
Superior are warmer than their western parts [29-31].
Furthermore, the deep-water areas of the Great Lakes in North
America [19] and Namco Lake in China [28] are warmer than
their shallow-water areas in winter, and in summer the
shallow-water areas are in turn warmer than the deep-water
areas. Wang et al. [27] also indicated that the central area of
Dianchi with deep water was warmer than its near-shore areas
with shallow water at nighttime, and in the daytime, the
situation was opposite.

Poyang Lake (PL) is the largest freshwater lake and the
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second-largest lake in China. It is a seasonal lake, and in
summer, its water coverage typically exceeds 3000 km² and
even reaches 3500 km². The size of PL is similar to that of the
Great Salt Lake in western America. At present, studies on the
LSWT of PL mainly focus on the seasonal and interannual
variations [32-34], while the spatial variations of LSWT in PL
have rarely received attention. As early as 1989, Xu and
Ouyang [32] used a research vessel to conduct a short-duration
investigation for the spatial variation of LSWT in PL during
daytime in July and found that the spatial difference of LSWT
could exceed 1.5 °C, with the high LSWT in the middle of
north of PL and low LSWT in the southwest of PL. However,
the short-duration investigation and the lack of nighttime
sampling limit the generalizability of the results. Moreover,
the variations in the climate background and lake basin of PL
may also alter the spatial distribution of LSWT in the lake.
These suggest that the spatial variation of LSWT in PL is still
unclear, e.g., whether the spatial distribution during the day is
the same as that at night?

Some studies have shown that PL can influence regional
precipitation, including enhancing crossed storms [35,36],
weakening crossed storms [37,38], and producing isolated
convection [11]. However, the spatial variation of LSWT in
PL is still unclear, and its effects on regional precipitation are
also unclear. Recently, with the development of satellite
remote sensing technology, satellite-based land surface
temperature, such as the Moderate Resolution Imaging
Spectroradiometer (MODIS) products, has not only a large
observational area but also a high spatial resolution and high
accuracy. It has been widely applied to monitor the LSWT of
lakes around the world. For example, the Great Salt Lake in
North America [39], Qinghai Lake [26] and Hulun Lake in
China [40], and Victoria Lake in Africa [41].

Therefore, in this study, we will use MODIS products to
reveal the spatial variation of LSWT of PL. Subsequently,
with the assistance of on-site observations, we will reconstruct
a 3D (spatial and temporal) LSWT data of PL based on the
spatial variation of MODIS LSWT, and feed the 3D LSWT
data into a regional numerical weather model, with the aim of
revealing the effect of spatial variation of LSWT on local
precipitation. The remainder of this paper is organized as
follows: Section 2 describes PL and the data used in this study,
while the spatial variation characteristics of LSWT in PL are
analyzed in Section 3. The effects of spatial variation of
LSWT in PL on local precipitation are explored in Section 4,
and the conclusion is given in Section 5.

II. DATA AND PL

A. Data and processing
This study employs the synthetic product of MODIS

MOD09A1, which provides an estimate of the surface spectral
reflectance across 7 bands of Terra satellite, to identify the
water body of PL. The MOD09A1 data has a horizontal
resolution of 500 m × 500 m and a temporal resolution of 8 d, in
which band 4 (corresponding to the green wavelength) and band
6 (corresponding to the mid-infrared wavelength) are used to

construct the identification index of the water body. The land
surface temperature product MYD11A2 with the horizontal
resolution of 1000 m × 1000 m and the temporal resolution of 8
d, which are produced by the Aqua satellite platform with the
MODIS instrument, is employed to explore the spatial
distribution of LSWT of PL. The MODIS MOD09A1 and
MYD11A2 products are obtained from
https://ladsweb.modaps.eosdis.nasa.gov, and their time ranges
are from January 2003 to December 2023. It is noted that the
MODIS MOD09A1 data in the PL region (i.e., the data serial
number h28v06) are recorded by the Terra satellite at
approximately 10:30 local solar time (LST) and 22:30 LST
every eight days, while MYD11A2 data are recorded by the
Aqua satellite at approximately 01:30 local solar time (LST)
and 13:30 LST every eight days. The MODIS MOD09A1 and
MYD11A2 products are stored in Hierarchical Data Format
using the integerized sinusoidal (i.e., ISIN) projection. The
MODIS Reprojection Tool (MRT) is utilized to decode and
reproject these MODIS data into the geographic coordinates
with a horizontal resolution of 1 km × 1 km.

The 1-h LSWT data with an accuracy of 0.1 °C in July from
2017 to 2019 at the Nanjishan (NJS) buoy station (Fig. 1b),
which is built by Jiangxi Normal University, was applied to
assist MYD11A2 in building 3D (spatial and temporal) LSWT
in PL. The water depth of the buoy station in July is about 2 m,
and the temperature sensor is about 10 cm away from the water
surface. The monthly mean 2-m air temperature at 02:00 LST at
Duchang (DC) and Yongxiu (YX) stations from 2003 to 2023
were used to analyze the longwave radiation difference and heat
exchange between lake and air. The National Centers for
Environmental Prediction (NCEP) Final (FNL) data from July-
August 2020, with a horizontal resolution of 1° × 1° and a
temporal resolution of 6 h, are applied to drive the Weather
Research and Forecasting (WRF) model. The NCEP FNL data
are obtained from
https://rda.ucar.edu/datasets/ds083.2/index.html. The
accumulated rainfall at 231 meteorological observational
stations around PL and radar quantitative precipitation
estimation (RQPE) with the horizontal resolution of 0.01° ×
0.01° from 1 July to 31 August 2020 are used to assess the
performance of the WRF model. The rainfall and RQPE data
are obtained from the meteorological observatory of Jiangxi
Province, China, and the RQPE is derived by the Gated
Recurrent Unit neural network model [42].

B. PL
PL is located on the southern bank of the middle and lower

reaches of the Yangtze River, in the northern part of Jiangxi
Province, within the East Asian Monsoon zone (Fig. 1a). It is
the largest freshwater lake and the second-largest lake in China.
PL spans approximately 130 km from north to south, with a
width ranging from 3 km to 75 km in the east-west direction,
and an average width of 30 km during the wet season. PL is a
relatively shallow lake with an average depth of about 6 m in
the wet season [43], but the spatial distribution of water depth is
not uniform. The lake basin presents an overall pattern with
lower elevations in the north and middle and higher elevations
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in the southwest and southeast. In the north and middle of PL,
the altitudes of the lake basin are generally less than 10 m, and
can even reach -6 m (Fig. 1b). However, the altitudes of the lake
basin in the southwest and southeast of PL are normally more
than 12 m or even 14 m (Fig. 1b). Moreover, there are some
steep mountains with the altitude of over 500 m to the west and
northwest of PL such as Lushan, Mufu Mountain, and Meiling,
and some hills with an altitude of blow 300 m to the northeast
of PL (Fig. 1b). Under the environmental condition of high
temperature and humidity in the monsoon region, coupled with
complex terrain, local convection occurs frequently over PL and
its nearby areas in summer.

Fig. 1 (a) The location of PL in China, and (b) the altitudes of
the lake basin of PL and its nearby areas. The blue line depicts
the Yangtze River and the red rectangle represents the PL
region in (a), and the JX denotes the Jiangxi Province. The
small dots in (b) indicate the rain gauge stations, while the
large purple dots represent the hydrological, meteorological or
buoy stations.

PL is in fact a seasonal lake, and its water area closely links
to the rainfall in Jiangxi and the water level of the Yangtze
River. In order to reveal the mean variation of the water area
of PL, the Modified Normalized Difference Water Index
(MNDWI), which has been widely used to identify water
pixels in satellite data [44], is selected to recognize the water
body of PL. The expression of MNDWI [45] is as follows:

( )
( )
Green MIRMNDWI
Green MIR





(1)

Where MIR denotes the MOD09A1 mid-infrared band
reflectance, Green denotes the green band reflectance, and
the MNDWI value spans from -1 to 1. Generally, the MNDWI
value of a pixel with water is greater than 0, while that with
land is lower than 0. However, affected by mixed pixels (since
the horizontal resolution of MOD09A1 is relatively low, it
may often occur near lake shore), atmospheric correction,
changes in water level caused by the movement of the land-
water boundary, etc., the MNDWI values in some land points
near water body may be also greater than 0. Therefore, setting
appropriate thresholds can separate the water bodies from the
land more effectively, reducing the uncertainty of water body
identification near lake shores. Referencing the studies of Sun
et al. [46] and Xie et al. [47], the MNDWI threshold to
identify water points is set to 0.05 during January-April and
October-December, and 0.1 during May-September.

The evolution of the averaged water area of PL in different

months from 2003 to 2023 is shown in Fig. 2. It is noted that if
a point is a water pixel in more than 50% of samples in a
given month, this point is regarded as a water point, otherwise
this point is considered a land point. There is an obvious
seasonal variation in the water coverage of PL (Fig. 2). The
large water areas of PL appear from June to August, with an
area of above 3000 km2, while the small water areas occur
from October to February in the next year, with the area of
below 1500 km2. The largest water area of PL is present in
July with an area of 3444 km2, while the smallest water area is
in January with an area of 1283.8 km2. It can also be seen
from Fig. 2 that the area of PL begins to expand obviously
from April to June, and this period is just the main rainy
season of Jiangxi province (Fig. 3a) and the rising season of
the Yangtze River water level [48]. However, the water area
of PL decreased rapidly in September and October (Fig. 2),
which mainly resulted from the end of the rainy season of
Jiangxi province (Fig. 3a) and the decline of water level in the
Yangtze River [48]. The evolution of the water area of PL is
similar to that of Dai et al.[49] and Xie et al. [47].

The water areas of PL are large (more than 3000 km2) from
June to August (Fig. 2), and the effects of PL on local
precipitation/convection also mainly occur in this period [36].
Therefore, the spatial distribution of LSWT in PL from June to
August is statistically analyzed in this paper. Since the water
areas of PL in a month in different years may also vary, it is
necessary to first identify whether a point/pixel is a water
body when calculating the mean LSWT. If a point is a water
body, the surface temperature of this point will be used to
calculate the mean LSWT.

Fig. 2 The monthly mean water area of PL from 2003 to 2023.
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Fig. 3 (a) The monthly mean precipitation and rainy days at
YX site, and (b) the ratio of valid MODIS LSWT data over PL
from 2003 to 2023.

III. THE SPATIAL DISTRIBUTION OF LSWT IN PL
Fig. 4a shows the distribution of LSWT in PL at noon in

June. The main high-temperature areas mainly occurred in the
southwest, southeast, and northeast of PL, with the LSWT of
above 27 °C, while the low-temperature areas mainly appeared
in the middle and north of PL, with the LSWT of below
26.0 °C. The comparison between Fig. 1b and Fig. 4a reveals
that the high-temperature areas are mainly located in the
shallow-water areas of PL, while the low-temperature areas
are mainly situated in the deep-water areas of PL, and the
LSWT in the deep-water area can be 1.5 °C lower than that in
a shallow-water area. The LWST distributions in the Great
Lakes [28], Namco Lake [19], and Dianchi Lake [27] also
appear to have a similar characteristic, with higher LSWT in
shallow-water areas and lower LSWT in deep-water areas
during the daytime. The distributions of LSWT of PL in the
daytime of July and August are similar to that in June, with
high-temperature areas in the southwest, southeast, and
northeast of PL, and low-temperature areas in the middle and
north of PL, except that the LSWT in July and August is about
2 °C higher than that in June. The spatial distribution of
LSWT in PL is quite different from the finding of Xu and
Ouyang [32] in that the middle of the north of PL is a high-
temperature area, while the southwest of PL is a low-
temperature area. This may be a result of the variations in the
climate background of PL region and the lake basin of PL (e.g.,
the project of returning farmland to lakes was accomplished in
1998).

At night (i.e., 01:30 LST), the distribution of LSWT of PL
(Fig. 4d) is roughly consistent with that at noon (Fig. 4a) in
June, except that the LSWTs in southeast of PL are relatively
low rather than high (Fig. 4d). In midsummer (i.e., July and
August), the distributions of LSWT in PL at night are more
consistent with those at noon, and the low-temperature area in
the southeast of PL (i.e., Fig. 4a) is also switch to a high-
temperature area (Fig. 4e-f). It is noted that due to the
continued radiation cooling of PL from 01:30 LST to sunrise,
this distribution does not fully represent the distribution of
LSWT in PL during nighttime. Moreover, it also can be seen
from Fig. 4 that in midsummer (Fig. 4b-c), the LSWTs near
the shorelines of PL at noon are significantly warmer than
those in other areas (especially on the north shorelines of PL),
and such phenomenon does not occur in the night (Fig. 4e-f).
This may be a result of land (with high surface temperature)

contamination of water pixels near the lakeshore due to the
relatively low horizontal resolutions of MODIS MYD11A2
and MOD09A1 products, causing the overestimation of
LSWT. Reinart et al. [50] also discovered a similar
phenomenon and indicated that the high LSWT near the
shoreline of a lake may be induced by the warming of the
adjacent land during the daytime.

In order to further examine the distribution of LSWT in PL
at noon (13:30 LST) and night (01:30 LST), the spatial
correlation is conducted between monthly mean LSWTs at
noon and night. Since the north (i.e., latitude 29.3° N) and
south (i.e., latitude < 28.7° N) of PL are narrow (Fig. 4a),
LSWT data may be more heavily affected by the nearby land.
Therefore, the data of LSWTs in the large central water area
of PL (i.e., 28.7°N ≤latitude≤29.3°N) is used to calculate the
spatial correlation. Moreover, the LSWT data near the
shoreline of PL are also excluded, aiming to further reduce the
effect of land contamination in the daytime [50]. Results show
that the correlation coefficients in June, July, and August are
0.11, 0.41, and 0.23, respectively, all of which passed the
reliability test of 99%. This further confirms the positive
correlation relationship between LSWTs at noon and night in
summer, especially for July and August.

Fig. 4 The distribution of monthly mean LSWT (℃) of PL at
daytime (13:30 LST, a-c), nighttime (1:30 LST, d-f) from 2003
to 2023, and their difference (daytime-nighttime).

The above analysis reveals that the spatial distribution of
LSWT in PL is similar between noon (13:30 LST) and night
(01:30 LST), characterized by high-temperature areas
predominantly located in the southwest, south, and northeast
regions, and low-temperature areas concentrated in the central
and northern parts of the lake. Interestingly, this pattern
contrasts with other lakes, such as Dianchi Lake, where the
LSWT distributions at noon and night are roughly opposite
[27]. In fact, even for PL, the LSWT distributions during
autumn and winter exhibit an opposite trend between noon and
night (not shown), with spatial correlation coefficients of
approximately -0.2. This raises a question: why does PL
exhibit a similar spatial distribution of LSWT between noon
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and night during summer?
Solar radiation serves as the primary energy source to drive

LSWT in a lake due to its high energy input. During the
daytime, different areas of PL with varying water depths
receive similar solar radiation. Since the water depth of PL is
relatively shallow, solar radiation can penetrate the water body
and reach the lake bottom. As a result, the soil in the lake
bottom can also be directly heated by solar radiation, and the
heated thickness of the soil is usually concentrated within a
relatively thin layer [51]. Therefore, in shallow-water regions
with low water column, the solar radiation can noticeably
warm up not only the water body but also the soil of the lake
bottom, causing a higher LSWT due to the water mixing and
the heat diffusion from the bottom. In contrast, in deeper-
water areas, the solar radiation is distributed over a larger
volume of water and that arrived at the bottom is relatively
weak, resulting in a lower LSWT. This mechanism explains
the LSWT distribution in PL at noon (Fig. 4a-c).

However, in the nighttime, solar radiation disappears, and
the energy budget of lake surface is as follow:

L H E G   (2)
Where L the net longwave radiation, H and E are sensible

heat and latent heat flux, and G is the heat transfer between
lake surface and water body [8]. The terms of L and H are
calculated by the following formulas [52,53]:

a a s sL T T     (3)

( )h s aH C U T T  (4)
Where Ts and Ta are LSWT and air temperature,

respectively. a and s are the emissivity of atmosphere and
lake (normally, the former is smaller than the latter). ρ is the
air density, σ is the Stefan-Boltzmann constant, U is the
horizontal wind speed, and Ch is the heat exchange coefficient.
It can be seen from Eq. (2)-(4) that the temperature difference
between lake surface and air play an important role in the
energy budget. If the Ts > Ta, L < 0 and H > 0, resulting in a
quick loss of energy in a lake and a rapidly decrease in LSWT.
In contrast, if Ts < Ta, H < 0 and L is small negative value or
may even greater than 0. In this case, the lake losses energy
slowly or may even gains energy from atmosphere, resulting
in a slow loss of energy in a lake and a slowly decline in
LSWT. Overall, Ts-Ta is a key factor to affect the rate of
cooling of LSWT, and the larger the Ts-Ta, the stronger the
cooling of LSWT.

Fig. 5 illustrates the monthly variations in the 2-m air
temperature at DC (located north of PL and upstream of PL
during winter) and YX (situated southwest of PL and upstream
of PL during summer), as well as the monthly mean LSWT of
PL at night (01:30 LST). The 2-m air temperatures at DC and
YX are nearly identical and are significantly lower than the
LSWT of PL from January to May and October to December.
This suggests that the large Ts-Ta accompanies a rapid loss of
energy in PL at night during winter, which results in a rapid
cooling (especially for the shallow-water area), ultimately
leading to an opposite spatial distribution of LSWT between
noon (13:30 LST) and night (01:30 LST). However, in

summer, due to the influence of the Western Pacific
Subtropical High, the 2-m air temperature rises markedly and
approaches or even slightly exceeds the LSWT of PL at night
(01:30 LST), with a small Ts-Ta. Xu and Ouyang [32] also
indicated the Ts-Ta of PL in summer is obviously smaller than
that in winter based on the hydrological observational data at
08:00 LST. Therefore, at night in summer, the loss of energy
in PL is slow, and the cooling of PL is slow, finally resulting
in a similar spatial distribution of LSWT between noon (13:30
LST) and night (01:30 LST).

Fig. 5 The monthly mean 2-m air temperature at DC and YX,
and the LSWT of PL at nighttime (i.e., 01:30 LST) from 2003
to 2023.

IV. SIMULATION STUDY OF THE EFFECT OF LSWT IN
PL ON REGIONAL PRECIPITATION

Fig. 4g-i shows the diurnal range of LSWT (i.e., the difference
in LSWT between noon and night) in PL. The diurnal ranges in
the main body of PL during July and August are generally less
than 1.5 ℃, which is significantly smaller than those in June
(diurnal ranges are usually more than 2 ℃ or even 2.5 ℃).
However, Wang [54] and Yang et al. [55] utilized site-
observation data of LSWT to discover that the diurnal range of
LSWT in water bodies tended to be larger on sunny days, and
lower on rainy and cloudy days [54,55]. This raises the question:
why is the diurnal range of MODIS LSWT notably larger in June,
which has more rainy or cloudy days, compared to July and
August, which have more sunny days? Fig. 3b reveals that the
valid ratio of MODIS LSWT data at night (noon) in June is less
than 30% (40%), significantly lower than those in July and
August. This is primarily due to the higher frequency of rainy and
cloudy days in June (Fig. 3a). Moreover, the matching rate of
MODIS LSWT data between noon and night (i.e., the proportion
of days with valid MODIS LSWT data at both noon and night
over PL region) is also low, at approximately 36%, which is
about half of those in July and August. The high mismatch rate of
MODIS LSWT data between noon and night in June likely
contributes to the larger diurnal range observed in Fig. 4g, as it
may inadvertently incorporate daily variations or even annual
variations. Therefore, the diurnal range of LSWT of PL in June
may not accurately represent the actual diurnal variation.
Consequently, the subsequent numerical simulations and analyses
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will focus on July and August. It is worth noting that the high
mismatch rate of MODIS LSWT data between noon and night in
June does not affect obviously the spatial distribution of LSWT.

A. Model configuration
This study utilizes the WRF model version 4.2, released in

April 2021, to simulate the effect of LSWT in PL on regional
precipitation. Three one-way nested domains are used in the
model, with the outermost domain (i.e., the largest domain)
centered at the point (28.5°N, 116.2°E). The three domains have
301 (281), 241 (241), and 181 (171) grids in the east-west (south-
north) direction, and the corresponding grid spacing is 9 km, 3
km, and 1 km, respectively. The configuration of the physical
schemes in the model is the same as that in the studies [11,23]
and is as follows: the Grell-Freitas scheme is applied in the
outermost domain, and no cumulus parameterization schemes are
used in the middle and innermost domains. Since the advantages
of simulating precipitation in the lake region [56-58], the
Thompson microphysics scheme and the unified Noah land-
surface scheme are adopted in the three domains. The schemes
for the planetary boundary layer and longwave radiation are set to
the Rapid Radiative Transfer Model and the Yonsei University
schemes, respectively. The initial and lateral boundary conditions
of the model come from the 6-hourly NCEP FNL data.

B. Experimental design
To investigate the influence of LSWT in PL on regional

precipitation, two sets of experiments were designed. The first is
the non-update (NOUP) experiment, where the LSWTs of PL are
directly derived from the WRF model and remain constant in
both space and time. In the NOUP experiment, the LSWT of PL
is fixed at approximately 28°C for July and August. The second
experiment, referred to as the update (UP) experiment,
incorporates both the spatial and temporal variations of LSWT in
PL. In the UP experiment, the LSWTs in the innermost domain
are derived from a combination of the spatial distribution of
MODIS LSWT and the temporal evolution (diurnal variation) of
in-situ observations at the Nanjishan (NJS) station (Fig. 6). The
LSWT changes in the UP experiment are implemented by
updating the bottom boundary conditions (i.e., setting
sst_update=1 in the WRF model), with an update frequency of 1
hour. It is noted that the WRF model settings in the NOUP and
UP experiments are identical, except for the treatment of LSWT
in the innermost domain. Both the NOUP and UP experiments
were conducted 62 times from 1 July to 31 August 2020. Each
simulation started at 20:00 LST on the previous day and ended at
08:00 LST on the following day, spanning a total of 36 hours.
The first 12 hours were allocated as spin-up time for the model,
while the simulations from the subsequent 24 hours were used for
verification and analysis.

Fig. 6 The Hourly LSWT data in July at NJS averaged from 2017
to 2019.

Specifically, the LSWTs of PL in the UP experiment are
calculated by the following formula:
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Where MDT ( MNT ) indicates the averaged MODIS LSWT at
noon (night) from July to August from 2003 to 2023. In other
words, MDT is the average of Fig. 4b and Fig. 4e, while MNT is the
average of Fig. 4c and Fig. 4f. TM is the average of MODIS
LSWT between noon and night, and TO is the mean hourly
LSWT at NJS (i.e., Fig. 6). A represent the amplitude of the
diurnal variation of MODIS LSWT. It can be seen from Eq. (5)-
(7), the restructured LSWT includes not only the spatial
distribution information that is similar to that of MODIS LSWT,
but also the diurnal variation information that is analogous to that
of in-situ observation.

C. Results
1) Precipitation: The distribution of the observational

accumulated precipitation in the PL region from July to August
2020 is shown in Fig. 7a. Clearly, the large precipitation is
mainly located to the southwest and northeast of PL, with the
maximum precipitation exceeding 700 mm. In the south and
southeast of PL, most of the stations have accumulated
precipitation of less than 400 mm or even 300 mm. Due to the
lack of observation stations over PL, it is difficult to reveal the
accurate distribution of precipitation over PL in Fig. 7a. To
address this problem, the RQPE is also calculated by the Z-R
relationship of Z=79R1.68, which is obtained by the optimal
method based on the observations of radar reflectivity and
precipitation [42]. Fig. 7b shows the distribution of the
accumulated RQPE during July-August 2020. The distributions
of RQPE (Fig. 7b) are quite similar to that of the observation in
the rain gauge (i.e., Fig. 7a), with the large precipitation situated
to the southwest and northeast of PL, and the small precipitation
located to the south and southeast of PL. This also verifies the
accuracy of RQPE. Importantly, Fig. 7b shows that the
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precipitation over PL (especially in the southeast of PL) is
smaller than that to the north, west, and east sides of PL,
suggesting that PL may decrease the precipitation over it. It is
noted that the very small RQPE near the NC radar site (i.e., the
area within the red circle in Fig. 7b) is mainly induced by the
radar blind zone in the short range.

Fig. 7 The accumulated precipitation (mm) in July-August
2020 for (a) the observation in the rain gauge, (b) the RQPE,
(c) the simulation of the NOUP experiment and (d) the
simulation of the UP experiment.

The simulated precipitation of the NOUP experiment is shown
in Fig. 7c. The large precipitation is mainly situated to the
northwest and south of PL, with the maximum precipitation
exceeding 700 mm or even reaching 800 mm, while the small
precipitation is mainly located in the middle, north, and southeast
of PL, with the minimum precipitation below 300 mm or even
200 mm. Compared with the observations (i.e., Fig. 7a-b), the
simulated precipitation in the middle and north of PL (i.e., the
areas within the purple circles) is obviously weak, with a
decrease of about 200 mm. However, on the south side of PL,
the NOUP experiment simulates precipitation exceeding 700
mm, which is markedly greater than that of the observations,
with an increase of about 400 mm. Apparently, the NOUP
experiment does not simulate the distribution of precipitation in
the PL region well. In the UP experiment, the simulated
precipitation in the middle and north of PL (the purple circles in
Fig. 7d) has obviously increased compared to the NOUP
experiment, while the simulated precipitation in the south of PL
(the blue circle in Fig. 7d) has decreased remarkably, with a
decrease by about 300 mm. The distribution of precipitation
simulated by the UP experiment is closer to that of the
observation. Clearly, the UP experiment has demonstrated better
performance in simulating precipitation in the PL region than the
NOUP experiment. This indicates that introducing the temporal
and spatial variations of LSWT in the WRF model can improve
the simulation capability of precipitation in the PL region.
2) Atmospheric instability: Although precipitation is a

complex physical process of the atmosphere, it is generally

formed by the lifting and condensation of air rich in water
vapor. Usually, precipitation can be divided into systematic
precipitation with a large scale and convective precipitation
with a relatively small scale. The underlying surface with a
relatively small scale often cannot significantly affect the
systematic precipitation, but can evidently influence
convective precipitation. Also, the precipitation in the PL
region in the summer (especially from July to August) is
mainly convective precipitation. Johns and Doswell [59]
indicated that the development of convective precipitation
needs to meet several basic ambient conditions, such as low-
level uplifting movement which is the key factor in
determining whether the near-surface air can be uplifted, and
atmospheric instability which can promote the air uplifted
from the near surface to continue to rise in the middle and
lower troposphere. The convective available potential energy
(CAPE) is an important index for evaluating atmospheric
instability and reflects the overall instability of the atmosphere.
Therefore, it has been widely used to forecast or diagnose
convective storms or precipitation [11,16,60,61]. Usually, a
large CAPE usually indicates that strong convection or
precipitation is likely to develop.

Fig. 8a-b illustrates the CAPEs of the NOUP experiment
and the UP experiment averaged from July to August 2020.
The mean CAPEs of the NOUP and UP experiments are
relatively large over PL and its nearby areas, with a value
above 1000 J kg−1 (except for the area near Lushan),
indicating that convective precipitation is likely to develop in
the PL region during this period. However, there is an obvious
difference in the distribution of CAPEs. Specifically, in the
NOUP experiment with the default LSWT (Fig. 8a), the
CAPEs over PL are significantly smaller than those elsewhere
(except for the area near Lushan). However, in the UP
experiment with the updated LSWT, the CAPEs over PL are
significantly greater than those of elsewhere (Fig. 8b). Fig. 8c
shows the difference in CAPE between the two experiments. It
is clear that the CAPEs over PL have a remarkable increase
after updating the LSWT in the WRF model, with a maximum
increment of more than 200 J kg−1, while the CAPEs in the
area around PL have a decrease of 0-150 J kg−1. By comparing
Fig. 7 and Fig. 8, it can be seen that in the areas with the rise
of precipitation in the UP experiment compared to the NOUP
experiment, the CAPEs increase significantly (i.e., the area
over PL) or change slightly (i.e., the area north of PL), but in
the areas with the decline of precipitation, the CAPEs decrease
remarkably (i.e., the area south of PL). This suggests that the
increased CAPE contributes to the rise of precipitation over
PL, and the decreased CAPE contributes to the decline of
precipitation to the south of PL.

In fact, CAPE is the integrated amount of work that the
upward buoyancy force would perform on an air parcel if it
rose vertically through the entire atmosphere [62] and is
significantly affected by the near-surface air temperature and
humidity. The changes in LSWT in the UP experiment
(compared to those in the NOUP experiment) can directly
affect the near-surface air temperature and humidity through
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the exchanges of water vapor and heat between PL and its
overlying air [11]. Subsequently, the near-surface air over PL,
which has been affected by the PL, can be outwardly advected
and diffused under the low-level wind, finally affecting the
near-surface air temperature and humidity over the nearby
areas of PL. This is responsible for the changes in CAPE over
PL and its nearby areas in the NOUP and UP experiments.

Fig. 8 The CPAE (J kg-1) averaged from July to August 2020
in (a) NOUP and (b) UP experiments, and (c) their difference
(i.e., UP-NOUP). (d-f) are the same as (a-c), except for the
upward motion with a velocity of exceeding 0.1 m s-1.
3) Low-level uplifting: Although CAPE is an important

index to indicate whether strong convective precipitation is
likely to develop, the release of CAPE requires that the near-
surface air mass can be uplifted above the level of free
convection (LFC). If an air parcel with a large CAPE is not
uplifted above the LFC, the CAPE cannot be released, and
convective precipitation is also not likely to develop. However,
whether the near-surface air parcel with a large CAPE can be
lifted above the LFC is closely related to the intensity of the
uplift movement of low-level air. Therefore, the low-level
uplift movement is also a key factor for the development of
convective precipitation [59], and the low-level uplift
movement is related to the underlying surface [63,64].

Fig. 8d shows the mean upward velocity with an intensity
of more than 0.1 m s-1 at 975 hPa in the NOUP experiment.
Apparently, the strong uplift movement occurs mainly near the
topography, indicating the uplift effect of topography on air at
a low level. This is also the main reason why topography
produces precipitation under certain conditions. It can also be
seen from Fig. 8d that the mean upward velocities over PL are
obviously smaller than those elsewhere, which may be

induced by the small surface roughness over lakes. The
distribution of vertical velocity exceeding 0.1 m s-1 in the UP
experiment (Fig. 8e) is quite similar to that in the NOUP
experiment (Fig. 8d), and it is very difficult to distinguish the
discrepancy between them with the naked eye. Therefore, the
difference in the mean upward velocity with an intensity
exceeding 0.1 m s-1 between the UP experiment and the
NOUP experiment is calculated and shown in Fig. 8f. After
updating the LSWT in PL, the 975 hPa upward motions over
PL and its northeast side are remarkably increased, while they
are dominated by the weakened upward motions to the south
of PL. This implies that the increased upward motion over PL
and its northeast side contributes to the enhancement of
precipitation, while the weakened upward motion to the south
of PL contributes to the weakening of precipitation in the UP
experiment.

According to the above analysis, it can be suggested that the
decrease in precipitation to the south of PL is jointly induced
by the weakening of upward motion and atmospheric
instability (i.e., CAPE) in the UP experiment, while the
increase in precipitation over PL is jointly induced by the
enhancements in upward motion and atmospheric instability.
However, the increase of precipitation in the northeast of PL
mainly results from the enhanced upward motion in the UP
experiment.

V. CONCLUSION

Based on the MODIS LSWT and MOD09A1 products from
2003-2023, this study analyzes and reveals the spatial
variations of LSWT in PL. Combining the spatial distribution
characteristics of MODIS LSWT and the temporal evolution
of LSWT in NJS buoy station, a 3D (horizontal and time)
dataset of LSWT of PL during July-August is restructured.
Then, the restructured 3D dataset of LSWT is introduced into
the WRF model to simulate the precipitation during July-
August 2020 over PL region, improving the accuracy of the
simulated precipitation over PL region.

During summer (June-August), the high-LSWT areas at
noon are mainly located at the east and south of PL where the
water is relatively shallow, while the low-LSWT areas are
mainly situated in the middle and north of PL where the water
is relatively deep. At night, the distribution of LSWT in PL is
roughly consistent with that at noon. This is obviously
different from that of PL in the winter season and other lakes
such as Dianchi (Wang et al., 2021). Corresponding diagnosis
suggests that this is mainly induced by the high air
temperature at night over PL region under the control of the
Western Pacific Subtropical High. The air with high
temperature at night can prevent the cooling of PL by
enhancing the downward longwave radiation of the
atmosphere and reducing the heat transport from lake to air,
finally making the spatial distribution of LSWT at night
(01:30 LST) roughly consistent with noon.

In order to reveal the effects of spatial variation of LSWT in
PL on regional precipitation, the non-update (NOUP)
experiment with the default LSWT in the WRF model and the
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update (UP) experiment with the restructured 3D LSWT were
conducted. Results show that compared to the NOUP
experiment, the UP experiment obviously improves the
simulation of the precipitation in PL region. Diagnoses show
that the effects of LSWT on local precipitation are
accomplished by adjusting the atmospheric instability and
upward motion at the low level. Concretely, the decrease in
precipitation to the south of PL is jointly induced by the
weakening of upward motion and atmospheric instability (i.e.,
CAPE) in the UP experiment, while the increase in
precipitation over PL is jointly induced by the enhancements
in upward motion and atmospheric instability. However, the
increase of precipitation in the northeast of PL mainly results
from the enhanced upward motion in the UP experiment.

Although this study has revealed the spatial variation
characteristics of LSWT in PL, it is conducted by MODIS
land surface temperature products. Since the MODIS products
are obtained based on optical remote sensing, the LSWT in PL
is only available on sunny days without clouds and rainfall.
Therefore, the spatial distribution of LSWT in PL may not
completely represent the distribution on cloudy and rainy days.
Moreover, MODIS MYD11A2 data is recorded at 01:30 LST
and 13:30 LST, and it may not commendably reflect the
maximum and minimum of LSWT in PL. Therefore, more site
observation and radar remote sensing data are required to
discover the spatial distributions of LSWT in PL. Since the
restructured 3D LSWT in PL is based on the spatial
distribution of MODIS LSWT and the diurnal variation of
NJS-site observation, it doesn’t include daily variation and
may not reflect the spatial distribution of LSWT on rainy and
cloudy days. In addition, the diurnal variation of different
points in PL may also not be the same as that in NJS station.
Therefore, there is still some room to further improve the
accuracy of the simulated precipitation in the PL region.
Especially, 3D lake models, which are closer to reality as they
can simulate the thermal dynamics in the longitudinal, lateral,
and vertical directions and used in other lakes [65], should be
fully coupled into the atmosphere model to improve the
simulations of precipitation in the PL region.
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