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Abstract: Poyang Lake is the largest freshwater lake in China and is characterized by significant
intra-annual variation, with higher water levels and area in the wet season compared to the dry
season. However, the effects of the seasonal variation in Poyang Lake on the local weather are still not
well-recognized. With the help of the weather research and forecasting (WRF) model, we designed
one control experiment (CTL) using the default Poyang Lake level and area data and two sensitivity
experiments, EXPT1 and EXPT?2, the former representing the higher lake level and the greater area of
Poyang Lake in the wet season and the latter representing the lower lake level and the smaller area of
Poyang Lake in the dry season, to assess how these changes affect the local weather. The results of
EXPT1 show that, as the lake’s level and area increase, the latent heat flux (LH), the sensible heat flux
(SH), and the land surface temperature (LST) in the lake area decrease compared to those of the CTL.
Meanwhile, the planetary boundary layer height (PBL), the convective available potential energy
(CAPE), the wind speed, and the vapor flux over the lake decrease as well, indicating increased
atmospheric stratification stability and resulting in a domain-averaged decline in precipitation of
—22.3 mm. However, the low lake level and less area in EXPT2 show increasing SH, LST, PBL, and
wind speed, and decreasing LH and CAPE compared to those of the CTL. The increasing SH and
weakened atmospheric stratification stability in EXPT2 cause a significantly higher wind speed over
the eastern part of the lake. As a result, more water vapor is transported to the east side of the lake
by westerly upper winds, leading to a decreasing precipitation on the western side of the lake and
a slightly increasing precipitation on the eastern side, resulting ultimately in a domain-averaged
decline in precipitation of —23.8 mm in the simulation of the low level and less area of Poyang Lake.
Although the LH and CAPE decline both in EXPT1 and EXPT2, the main cause is the higher water
thermal capacity and lower lake-surface temperature with more lake water for EXPT1 and the lower
evaporation with less lake water for EXPT2. Overall, a deeper and larger Poyang Lake will reduce
the local temperature, inhibit water evaporation from the lake surface, and make the near-surface
atmosphere more stable, resulting in restrained local precipitation. A shrinking lake level and area
will raise the local temperature and the instability of the near-surface atmosphere but reduce water
vapor and enlarge local wind and circulation, resulting in declining precipitation and a changing
fall zone.

Keywords: Poyang Lake; lake level and area; spatiotemporal variation; lake effect; high-resolution
WREF simulation

1. Introduction

Lakes cover only 3.7% of the global land area but are an important component of the
landscape, playing a key role in local water cycles and regional climates [1,2]. Lakes have
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lower albedo, surface roughness, and a higher heat capacity relative to the land surface
and so can substantially adjust the near-surface energy budget. These characteristics
make the lake—atmosphere interactions significantly different from the land-atmosphere
interactions in terms of local circulation and energy balance, as well as the effects on the local
weather and climate [3-6]. Lakes can also affect the movement and intensity of transiting
weather systems, influencing the spatiotemporal distribution of precipitation [7-9]. This
phenomenon occurs not only because of large and deep lakes but also because of small
lakes [10,11]. Therefore, with the significant increase in extreme weather in recent years
calling for urgent attention to regional weather, it is important to understand the effects and
mechanisms of a lake on the local weather to better understand and forecast the regional
weather in lake areas.

With the help of models such as the land surface model (LSM), the advanced regional
prediction system (ARPS), and the weather research and forecasting (WRF) model, re-
searchers have carefully studied the impact of lakes on local weather. For example, Nam Co
Lake is found to have a cooling effect on the air temperature in July-August and a heating
effect on the air temperature in November-December [12,13]. In addition to influencing
land surface, lakes have been found to enhance the downwind precipitation [14,15] since
lakes also supply sufficient water vapor to the near-surface atmosphere [16,17]. During
the late fall and winter, in the Great Lakes region of North America, lakes can warm and
humidify the boundary layer atmosphere, which causes precipitation near the lakes [11,18].
Steiner et al. found that an increasing lake surface temperature results in the expansion of
the lake-effect snowfall area both along and downwind of the lakeshore [19]. On increasing
the lake surface temperature by 3 K in their model, Gohm and Umek noticed a signifi-
cant rise in precipitation produced by the interaction effect of the lake and neighboring
mountains [20].

For lakes that are highly affected by climate change and anthropogenic influences, the
weather impact on the local area when the lake level and area change is also of concern.
The desiccation of Aral Sea and Lake Chad in Africa has led to an increase in surface
temperatures and a more unstable boundary layer in summer, while evaporation has
increased in the Aral Sea and decreased in Lake Chad [21,22]. In China, in the wet season,
Poyang Lake shows a decreasing Bowen ratio with the increase in the lake level [23].
The application of additional water through irrigation can significantly alter the heat
and moisture balance, which is similar to changes in the lake area. Numerous studies
have concluded that when the irrigated area increases, the latent heat in the irrigated
area increases and the surface temperature, the wind speed, and the planetary boundary
layer height decrease [24-26]. However, there are few studies on the impact of a lake’s
intra-annual level and area change on the local weather and climate.

Poyang Lake is a typical puff-type seasonal lake and the largest freshwater lake in
China. The water budget of Poyang Lake is mainly controlled by precipitation and river
runoff. The lake is affected by subtropical monsoon, and 55% of the annual precipitation is
mostly from March to June, resulting in large intra-annual fluctuations in lake water [27,28].
According to the work of You et al., Poyang Lake has significant intra-annual variations,
as we noticed. The water level of Poyang Lake drops to its lowest in winter. With the
increase in precipitation and the inflow of tributaries in spring and summer, the lake
level rises gradually to the maximum [29]. The area of Poyang Lake is the smallest in
January and the largest in July, increasing from January to July and decreasing from August
to January [30]. Thus, the changes in the level and area of Poyang Lake should have a
non-negligible impact on local weather, but this has not been studied yet. Apart from the
seasonal variation, the average water level and area of Poyang Lake have declined in the
past decades [30-32], mainly because of a change in the precipitation and runoff from the
Yangtze River [33-35]. Its annual average surface area shrank by 226 km? in 2000-2010
compared to that in 1991-2000 because of a lack of water. According to Feng et al. [36], the
inundation area in Poyang Lake changed from 714.1 km? in October 2009 to 3162.9 km?
in August 2010. Since the 1990s, the temperature and precipitation in Poyang Lake have
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increased significantly [27,37]. Based on data from the meteorological stations in Poyang
Lake, Tao et al., found that the daily minimum temperature increased significantly during
1959-2010 [38]. Extreme precipitation also intensified during 1960-2012 [39,40]. With
the changes in temperature and precipitation in the Poyang Lake area in recent decades,
the presence of Poyang Lake will increase lake-land temperature, which is conducive to
generating a land—lake breeze and enhancing the convergence [41]. Zou et al. increased
the land surface temperature over Poyang Lake in the WRF model and found that the
lake-effect convection strengthens [42].

Previous studies have mainly paid attention to the influence of the inter-annual
variations in Poyang Lake. The difference in the water level and area of Poyang Lake in the
dry and wet seasons is large, and the resulting change of local heat and moisture is worthy
of attention. For example, flooding occurred in the Poyang Lake area in 2018 because
of heavy precipitation in a short amount of time. In 2022, Poyang Lake entered the dry
season on 19 August, the earliest time in a year for the lake to have entered the dry season
since 1951 when lake information began to be recorded. Therefore, it will be meaningful to
assess its influence on local weather by analyzing its characteristics in the WRF model in
the dry and wet seasons. The goal of this research is to access and compare the effects of
the intra-annual variations in Poyang Lake, including the water levels and areas, on the
regional weather and climate using sensitivity experiments in different lake conditions.
Section 2 describes the study area, data, and the model configuration used in this study.
In Section 3, we mainly analyze the simulation results of the local weather affected by the
different Poyang Lake levels and areas and explain their main mechanisms. Discussions
are provided in Section 4, and conclusions are given in Section 5.

2. Study Area, Data, and Model Configuration
2.1. Study Area

Located in south-central China, Poyang Lake (28°25'-29°45' N, 115°50'-116°45’ E) is
the largest freshwater lake in China and the main tributary of the middle and lower reaches
of the Yangtze River. It is also one of China’s most important wetlands, with a diverse
ecosystem and many biological resources. As a puff-type seasonal lake, its water budget is
mainly controlled by precipitation and runoff from five important tributaries: Raohe River,
Xinjiang River, Fuhe River, Ganjiang River, and Xiushui River. The dry season of Poyang
Lake is generally from October to March, while the wet season is from April to September.
According to Zhang et al., since the 1950s, the highest water level recorded at the Hukou
Hydrological Station was 22.59 m, on 31 July 1998, corresponding to a lake inundation area
of about 4500 km? [43]. The lowest lake level was 5.9 m, on 6 February 1963, corresponding
to a lake area of 146 km?.

2.2. Data

The Poyang Lake area data used in this study are from the Global Surface Water Ex-
plorer (GSW) dataset [44]. The GSW is a set of global-scale continuous surface-water change
datasets developed by Pekel et al., using millions of remote sensing images generated by the
Landsat satellites [44]. The GSW is updated every year and includes the seasonal variation
characteristics of the water basin. In this work, we used the GSW from 2018 to study the
influence of the intra-annual variations in Poyang Lake on meteorological conditions.

Figure 1 shows the maximum and minimum lake areas of Poyang Lake in 2018,
extracted from the GSW and the land-use map of surrounding areas. It shows that in 2018,
compared with the wet season (3175 km?), the lake area in the dry season (1873 km?) had
shrunk by 59%. As the lake shrank, the lake surface was gradually covered by grass, until
the lake was re-inundated in the following year.

The Poyang Lake levels (Hukou station, Hubei, China) of 2018 were obtained from the
Water Information Annual Report of the Ministry of Water Resources of China (available
online: https://global-surface-water.appspot.com/#data (accessed on 1 August 2022). The
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data show that, in 2018, the highest lake level was 17.16 m, on 20 July, and the lowest lake
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Figure 1. Land-use maps in wet (a) and dry (b) season.

2.3. Model Configuration

Developed by the National Center for Atmospheric Research (NCAR), the WRF model
is widely used in operational meteorological forecasting and research [45]. The WRF is a
fully compressible, non-hydrostatic, and terrain-following coordinate model that offers
a variety of parameterization schemes. After years of development and improvement by
many researchers, the WRF has been used in the study of complex mesoscale and small-
scale landscapes, different geographical features, and meteorological and climate processes.
Its lake module is from the CLM 4.5 model, developed and evaluated by Subin et al. [46]
and Gu et al. [47]. The lake module mainly includes three parts in terms of computation:
the heat flux and temperature on the lake surface, the mixing inside the lake, and the
phase transition of the lake. By taking phase transition calculations into account, the model
can theoretically simulate the interaction between the lake and the atmosphere under
different conditions.

In this study, we used the WRF version 3.8 model for our simulations. The simulations
use four layers of nested grids, and the horizontal resolutions are 27 km, 9 km, 3 km, and
1 km. Figure 2 shows the simulation area and terrain conditions overlaying the lake area.
The horizontal grid points from the coarsest resolution (domain 1) to the finest resolution
(domain 4) are 207 x 165, 238 x 334, 508 x 660, and 217 x 316. In addition, WRF pressure
is divided into 30 layers in the vertical direction. The simulation period is from 28 June
2018 to 31 July 2018. Domain 4 is used to evaluate simulation results.
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Figure 2. The domains for WRF simulations and the terrain height (m) for the domain. (a) Domains 1
to 4. (b) The terrain height in domain 4 and Poyang Lake (in blue). The rectangular dashed box in
(b) is the area that will be used for analysis later in the work.

Following the research of Li and Gao [48], we used the following physics param-
eterizations after proper modification to fit the simulation of Poyang Lake: the WRF
double-moment 6-class scheme [49] for microphysics, the RRTMG scheme [50] for both
longwave and short wave radiation, the Noah land surface model [51] for land surface, the
Yonsei University scheme [52] for the planetary boundary layer, and Grell-Devenyi [53] for
cumulus parameterization (for two outer domains).

The forcing data are the National Centers for Environmental Prediction Global Fi-
nal Analysis data (NCEP-FNL, available online: http:/ /rda.ucar.edu/datasets/ds083.2/
(accessed on 1 August 2022)) with a 1° x 1° horizontal resolution and a 6 h temporal
resolution. The Global Data Assimilation System (GDAS) generates the NCEP-FNL dataset
by continuously collecting observational data from the Global Telecommunication System
(GTS) and other data sources.

In the WRF model, the lake level and area were prescribed. The default data were
derived from the 2001 Moderate Resolution Imaging Spectroradiometer (MODIS) satellite.
In 2018, the lake level in the default data was 8.4 m and the lake area was 2970 km?2, which
is 6% smaller than that in the wet season and 37% larger than that in the dry season. In this
study, the water level and area of Poyang Lake using the default conditions in the WRF
model was the control experiment (CTL). Considering the seasonal variability in Poyang
Lake, two sensitive experiments were designed to study the local weather effects of the
Poyang Lake landscape changes. The first one (EXPT1) set the lake level to 17.16 m and the
area as 3175 km? (Figure 1a), which was the maximum value in July 2018. The second one
(EXPT2) set the lake level to 7.59 m and the area as 1873 km? (Figure 1b), which was the
minimum value in 2018. For the shrunk-lake land surface, the vegetation type was set to
grass, according to Hui et al. [54].

Since the maximum lake level of Poyang Lake in 2018 was in July, July 2018 was
selected as the simulation period. Although the lowest water level and the smallest water
area in Poyang Lake was in January, we still used the simulation period of July 2018
for EXPT2 to better compare the differences between the three experiments (one control
experiment and two sensitivity experiments) and their influence on same local weathers and
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precipitation events. Given the default representing a shallow Poyang Lake, the difference
between EXPT1 and the CTL mainly denotes the impacts of lake level increase (8.4 m in
the CTL compared to 17.16 m in EXPT1). However, the difference between EXPT2 and the
CTL mainly denotes the impacts of lake area reduction (2970 km? in the CTL compared to
1873 km? in EXPT2).

2.4. Reference Datasets

The surface air temperature gridded dataset obtained from the National Climate Center
(CMA) was used to evaluate the simulation results. It is a daily 0.5° x 0.5° resolution
dataset from January 1961, produced by spatial interpolation of the in situ observation
data from 2472 national surface meteorological stations in China using the thin plate spline
method combined with three-dimensional geospatial information. The hourly precipitation
grid dataset of the China automatic station and CMORPH merged data (CMORPH-M)
was from the National Meteorological Data Center with a spatial resolution of 0.1° x 0.1°.
This dataset merged the precipitation data from more than 30,000 automatic stations in
mainland China and the USA Atmospheric Administration CMORPH (CPC morphing
technique) satellite-derived precipitation product. The later validation was performed by
comparing the simulation results from the different grid data resolutions for temperature
and precipitation, respectively.

3. Results
3.1. Simulation Evaluations

Figure 3 shows the daily temporal variation in 2 m air temperature (I7) and precipita-
tion simulated by the CTL simulation and observation data (air temperature grid dataset
and CMORPH-M). The simulated T, agrees well with the in situ observation (Figure 3a).
Their correlation is 0.96, which passes the significance test of & = 0.01. The discrepancies
between the CTL simulation and observations occur only for a period of a few days. The
monthly simulated T, has a little cold bias, with a difference of —0.15 °C, compared with
the observation. The daily precipitation (Figure 3b) from the WRF simulation of the CTL is
similar to that from CMOPRH-M. The WRF model captures the main precipitation events
fairly well, especially the extreme events, from the 6 to 10 July. We also notice that the
precipitation is mainly in the first 12 days, accounting for 81.5% of the total precipitation in
July. The correlation between the CTL and the observation for daily precipitation is 0.83,
which passes the significance test of « = 0.01. We also compared the relative humidity (RH)
and the land surface temperature (LST) between the simulation and the station data in
the supplementary material (Figures S1 and S2). Their correlations between the CTL and
the station observation are 0.79 and 0.9, respectively, which pass the significance test of
o = 0.01. The RH and the LST both show a good accuracy.

3.2. Lake Effects on Surface Variables
3.2.1. Lake Effects on the Temporal Changes in the Surface Variables

Table 1 shows the latent heat flux (LH), the sensible heat flux (SH), and the LST
averaged over domain 4 and the rectangular dashed box in Figure 2b. We find that the
statistics averaged over domain 4 are significantly smaller than those averaged in the
dashed box in Figure 2b. For example, the difference in the LH between EXPT1 and the
CTL in the rectangular area is —4.8 W m~2 lower than the LH in domain 4, as well as the
SH in EXPT2. The difference in the SH averaged in two domains is the opposite for the
difference between EXPT1 and the CTL due to the influence of the large extent of land
surface on domain 4. Therefore, to focus on the effects of lake changes on the LH, the SH,
and the LST, in this section, we mainly use the rectangular dashed box in Figure 2b to
analyze the changes in these variables over the lake surface.
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Figure 3. The daily domain-averaged observed (black lines) and CTL (blue lines): (a) 2 m air
temperature (°C) and (b) precipitation (mm) from 1 to 31 July. The domain calculated is in Figure 2b.

Table 1. The averaged latent heat flux (W m~2), the sensible heat flux (W m~2), and the land surface
temperature (°C) in Poyang Lake. The calculation domains are domain 4 and the rectangular dashed
box in Figure 2b.

CTL EXPT1-CTL EXPT2-CTL
Domain4  Rectangular Domain4 Rectangular Domain4 Rectangular
LH 148.6 150.6 —5.6 —-10.4 -7.0 —-11.2
SH 48.1 371 0.8 -1.1 52 13.4
LST 304 30.5 —0.1 —0.3 0.1 0.3

Figure 4 shows the differences of EXPT1 and EXPT2 compared to the CTL for the
LH, the SH, and the LST. Compared to the CTL, the simulated LH, SH, and LST are all
reduced in EXPT1. The days with larger reductions are 1-12 and 25-31 July because of
the precipitation occurring in this period shown in Figure 4d. The rest of the time in July
shows little change in the LH, the SH, and the LST. This indicates that these land surface
variables are not sensitive to the increased lake level and area on no-precipitation days. The
CTL simulates a monthly mean lake surface temperature of around 30 °C in July, with the
latent heat flux dominating the net radiation (Table 1). EXPT1 simulates relatively lower
LH (-104 W m~2),SH (—1.1 W m~2), and LST (—0.3 °C) than the CTL.

In EXPT2, the simulated LH is substantially higher than that of the CTL from 1 to 12
July but then gradually decreases thereafter (Figure 4a). However, the SH and the LST are
significantly higher than those of the CTL in the whole month of July (Figure 4b,c). The
changes in the LH, the SH, and the LST are greater in EXPT2 than in EXPT1. For the spatial
average, EXPT2 has —11.2 W m~2 lower LH and 13.4 W m 2 and 0.3 °C higher SH and
LST, respectively, compared to those of the CTL (Table 1). The possible reason is that when
the Poyang Lake level and area decrease, the water volume of the lake decreases and so
does the heat that can be stored in the lake. Meanwhile, the increased area of the exposed
lakebed covered by grass makes the surface more sensitive to incoming solar radiation.
The effects of lake level and area changes on the LH, the SH, and the LST are pronounced
during precipitation events. When precipitation occurs, its cooling effect may break the
energy balance on the surface, which may have caused irregular fluctuations in the LH,
the SH, and the LST during precipitation days from 1 to 12 July. After the precipitation
stopped on 12 July, the differences in the heat and moisture change at the surface among
the three experiments were mainly contributed to by solar radiation.
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Figure 4. Time series at 3 h intervals of (a) latent heat flux (W m~2), (b) sensible heat flux (W m~2),
(c) land surface temperature (°C), and (d) precipitation (mm). The blue lines are the difference
between the CTL and EXPT1 (EXPT1-CTL). The red lines are the difference between the CTL and
EXPT2 (EXPT2-CTL). The areas used to calculate these four variables have been marked with dashed
lines in Figure 2b.

3.2.2. Lake Effects on the Spatial Distribution of the Land Surface Variables

Figure 5 shows the spatial distribution of the LH, the SH, and the LST of the three
experiments. A higher lake level and a larger lake area led to a lower LH on the lake surface
and most land area, especially for the central region of the lake for EXPT1 (Figure 5b).
This indicates that the evaporation from the lake surface is reduced and the energy release
is suppressed. The SH shows nearly no change on the lake surface for EXPT1, whereas
the SH on the land surface on the west side of the lake is higher than that of the CTL
(Figure 5e). The LST decreases over the lake and increases on the land surface, similar to
the LH (Figure 5h). Since the solar radiation energy is the same in all three experiments,
the energy not used for evaporation and warming the lake surface with lower LH and SH
in EXPT1 is possibly absorbed by the lake water. Thus, the increasing lake level and area
will reduce the evaporation from the lake surface and inhibit energy release.
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Figure 5. The distribution of the mean (a—c) latent heat flux (W m~2), (d—f) sensible heat flux (W m~2),
and (g-i) land surface temperature (°C) from 1 to 31 July. The control experiment (CTL) is shown in
(a,d,g). The difference between the CTL and EXPT1 (EXPT1-CTL) is shown in (b,e/h). The difference
between the CTL and EXPT2 (EXPT2-CTL) is shown in (¢ f,i). The black dashed line maps the Poyang
Lake area in the CTL.
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In EXPT2, the Poyang Lake level is lowered and the area is reduced, resulting in a
significant reduction in the water volume. Figure 5c shows that the LH has decreased
mainly in the area where the lake has shrunk, giving way to land. This shrinking area also
has a significantly greater SH because the land surface has a lower specific heat capacity
than the water and so the SH is more sensitive on the grass-dominated surfaces (Figure 5f).
Similar to the SH, the LST also shows a great increase in the area where the lake has shrunk.
Thus, the spatial variations in the LH, the SH, and the LST indicate reduced evaporation
and enhanced surface warming as the Poyang Lake level and area decrease.

3.3. Lake Effects on the Near-Surface Variables

During precipitation, the humidity near the surface increases and the air temperature
decreases. The shading effect of clouds also diminishes the incoming solar radiation at
the surface, disrupting the heat and energy balance at the surface. Meanwhile, heat and
moisture are redistributed as the landscape changes and the changes in the potential
temperature in the vertical direction affect the atmospheric stratification stability [55].
Since the distribution of the near-surface energy is mainly influenced by surface heat
and moisture, there are differences in the time-averaged potential temperature at 850 hPa
and 1000 hPa (Figure 6a—c) that approximate the change in near-surface atmospheric
stratification stability above Poyang Lake. According to the study of Laird, when the LH
and the SH increase, the stratification stability of the near-surface atmosphere decreases,
and vice versa [56]. To analyze the changes in the near-surface energy more clearly, we
choose the almost no precipitation period from 13 to 31 July.

In EXPT1 (Figure 6b), the LH and the SH are reduced to some extent, resulting in the
higher differences in potential temperature between 850 hPa and 1000 hPa than those in
the CTL. This indicates that the atmospheric stratification stability is enhanced, which does
not benefit the upward movement of energy and water vapor transfer. In EXPT2, the LH
decreases, while the SH increases, but the variation in the LH is smaller than that in the SH,
so the net heat flux at the surface increases, resulting in a decrease in the difference in the
potential temperature between 850 hPa and 1000 hPa. Then the atmospheric stratification
stability decreases and the atmospheric perturbation in the vertical direction increases
(Figure 6¢). These results indicate that an increasing level of Poyang Lake will strengthen
the stratification stability of the near-surface atmosphere, which is not conducive to local
precipitation. However, when its water level and area are less, Poyang Lake will weaken
the stratification stability of the near-surface atmosphere and make it more unstable, which
is helpful for local precipitation.

The planetary boundary layer (PBL) is the lowest layer in the troposphere, which is
also impacted by the LH and the SH through turbulent exchange. Figure 6d—f depicts the
distribution characteristics of the time-averaged PBL from 13 to 31 July. Compared with
the CTL, the PBL of EXPT1 decreases near Poyang Lake and increases in the rest of the area,
which is similar to the distribution of the SH. In EXPT2, however, the PBL dramatically
increases by nearly 400 m in the lake’s shrinking area. This indicates that the decrease in the
SH as the lake level rises and the area increases leads to a reduced upward heat transport
and a decreased PBL for EXPT1. However, when the lake level is low and the area less
(EXPT2), and the lake surface turns to grass, the land-surface area replacing water absorbs
more solar radiation and allows a stronger SH to heat the atmosphere by upward transport,
causing the PBL in this region to rise significantly.
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Figure 6. The distribution of the mean (a—c) potential temperature difference between 850 hPa and
1000 hPa (K), (d—f) the planetary boundary layer height (PBL) (m, and (g-i) CAPE (J kg~ ') from 13
to 31 July. The control experiment (CTL) is shown in (a,d,g). The difference between the CTL and
EXPT1 (EXPT1-CTL) is shown in (b,eh). The difference between the CTL and EXPT2 (EXPT2-CTL)
is shown in (cf,i). The black dashed line maps the Poyang Lake area in the CTL.
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CAPE is one of the indicators to represent the energy possessed by the air in the PBL
and determine whether local precipitation events will occur. It is strongly influenced by
the upward transfer of heat and vapor from near the surface. Figure 6g—i show the spatial
distribution of time-averaged CAPE during 13-31 July. In EXPT1, due to the decrease in
the LH and the SH, the lake surface lacks sufficient heat and moisture to generate CAPE.
The area where the CAPE is reduced is concentrated in the western section of Poyang
Lake (Figure 6h). This is due to the weakening vertical winds in this area, resulting in the
inability of the heat and moisture to promote the CAPE accumulation. Although the SH
increases in EXPT2, the CAPE is lower than that of the CTL (Figure 6i) because there is
not enough water vapor for CAPE accumulation because of the decrease in the lake water
volume. The area of CAPE reduction is also concentrated on the west side of Poyang Lake,
just as in EXPT1. These results indicate that Poyang Lake causes the CAPE to slightly
reduce on the west side of the lake and increase on the east side when the lake level is high
and the area large. However, when the lake level is low and the lake area small, it causes a
significant decrease in the CAPE on the east side and a slight increase on the west side.

3.4. Lake Effects on Precipitation, Water Vapor Flux, and Wind

Changes in the lake can influence local precipitation by influencing near-surface heat
and moisture. Although our previous analysis mainly focuses on the time period of 13-31
July, the precipitation mainly occurs from 1 to 12 July and accounts for 81.5% of the total
precipitation in July. To analyze the effect of Poyang Lake on local weather and climate,
our analysis time in this section is 1-12 July. As shown in Figure 7a, the CTL precipitation
mainly occurs in the areas to the south and west of Poyang Lake, with the center in the
south. However, in EXPT1 and EXPT2, precipitation is substantially lower in this region.
This means that a change in either the lake level or the lake area will decrease precipitation
downwind of Poyang Lake. Compared to the CTL, the domain-averaged total precipitation
in EXPT1 is reduced by 22.3 mm, while in EXPT2, it is reduced by 23.8 mm (Table 2). In
the meantime, precipitation increases on the east side of the lake in EXPT2. Many factors
contribute to precipitation variability: in addition to the changes in near-surface heat and
energy analyzed in the previous section, there are changes in other factors, such as local
water vapor and wind. The two factors will be discussed further.
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Figure 7. The distribution of the mean total precipitation (mm) and 10 m wind speed (m s~!) from 1
to 12 July. (a) Total precipitation in the CTL; (b) difference between the CTL and EXPT (EXPT1-CTL)
in total precipitation and the 10 m wind speed in EXPT1; (c) difference between CTL and EXPT2
(EXPT2-CTL) in total precipitation and the 10 m wind speed in EXPT2. The line AB in (a) is the cross
section used in Figure 8.
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Figure 8. The mean cross sections of the wind (m s~ 1) and water vapor flux (g s ThPa~! em™1) from
1 to 12 July along Figure 7a for (a) CTL, (b) EXPT1, and (c) EXPT2. The dashed purple vertical lines
indicate the extent of the Poyang Lake area. The Y-axis is the height in kilometers.

Table
domain for calculating the wind speed is between the purple vertical lines in Figure 8 and the domain

2. The domain-averaged wind speed (m s~!) and precipitation (mm) in Poyang Lake. The

for calculating the precipitation is shown in Figure 7a.

CTL EXPT1 EXPT2
Wind 24.0 10.8 26.2
Precipitation 89.8 67.5 66.0

To analyze how the Poyang Lake changes influence the precipitation locations, we
choose the area with high precipitation to make the cross sections of the wind and vapor
flux as shown in Figure 8 to analyze the changes in the vertical direction (the location line
of the cross section is shown in Figure 7a). From Figure 8, we can see that the vapor flux
exchange mainly occurs under 400 m, which is the most intense in EXPT2, especially in the
southwest part of Poyang Lake. This change may be due to the fact that although the water
sources are greatly reduced as the lake level and area decrease in EXP2, the higher SH
makes the near-surface atmosphere more unstable (as evidenced in Figure 6c). However,
the water vapor flux in EXPT1 does not change much. This indicates that when the lake
level is higher and the lake area is larger than the default conditions they do not have a
significant influence on water vapor flux.

As for the change in wind, it can be seen from Figure 8a that there is a significant
updraft over Poyang Lake (around 29° N, 116.5° E). In the near-surface layer (mainly under
400 m), the easterly winds transport the heat and moisture to the west side of the lake
and then produce precipitation there. Compared with the CTL, EXPT1 has significantly
lower wind speed above the lake. The average decrease in wind speed is 13.2 m s ! in this
area, which means the decreased SH and LH lead to a more stable near-surface atmosphere
and weaker vertical motion. The weakened easterly wind under 400 m causes less water
vapor to reach the western side of the lake. Moreover, the original westerly winds above
400 m on the western side of the lake are weaker and sink in this region for EXPT1. Thus,
the changed wind and reduced CAPE in EXPT1 are not conducive to the formation of
convection, which ultimately reduces local precipitation.

In EXPT2, unlike EXPT1, the weakened atmospheric stratification stability causes the
wind above the lake to greatly increase. The wind over the lake is also enhanced by the
westerly wind above 4000 m. Compared to the CTL, the domain-averaged wind speed at
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the lake location increases by 2.2 m s~ !. The enhanced updraft transports water vapor to
the east side of the lake, resulting in increased precipitation on the east side of the lake
(Figure 7c), but simultaneously reduces the precipitation on the west side of the lake.

4. Discussion

The great lakes, such as the Great Lakes of North America and Qinghai Lake on
the Tibetan Plateau, have garnered a lot of attention from researchers because of their
local climatic implications [57-60]. Comparatively, the climatic effects of Poyang Lake
have received less attention. The level and area of Poyang Lake fluctuate throughout
the year [61-63]. In 2018, the highest lake level was nearly 10 m, and the maximum lake
area increased by nearly 60% compared to the minimum. In this paper, we set up three
experiments, a control experiment based on the default condition of the Poyang Lake level
and area according to WRF model and two sensitivity experiments for the extreme values
of the lake in 2018. The aim was to discuss the impact of the lake level and area changes
on local weather. Since the study results are based on only two sensitivity experiments, to
reduce the resulting uncertainty of the simulation results, we will carry out more robust
sensitivity experiments based on long time-series lake data in the future.

In addition, we chose only the extreme data of Poyang Lake in 2018 for the simulation,
although, in fact, the lake level and area change throughout the year. Due to the lack of
monthly data on lake level and area, we were not able to do a year-round analysis in the
study. If dynamic Poyang Lake level and area data are used in the WRF model, it may
improve the accuracy of local weather simulation, the way the model simulation accuracy
improved by using the dynamic leaf area index, dynamic crop growth, and dynamic lake
surface albedo [64-67]. In future work, it would be of great significance to introduce
the monthly lake level and area into the WRF model to analyze the interactions between
Poyang Lake and local weather.

It is worth noting that although weather under the two extreme lake conditions from
1951 to 2018 was explored, the extreme dry situation used in this work has come to be
true recently since Poyang Lake reached its historically lowest lake level and smallest lake
area in the summer of 2022. According to the newest reports, the lake level of Poyang
Lake has decreased to less than 8 m in September, which is the lowest level in the same
period in history since 1951. It is only the beginning of September, and the water level
in the whole middle and lower reaches of the basin has almost dropped to the dry water
level in winter. The lake area shrank by 69% in 40 days, transforming it from a lake into a
river. By 26 August 2022, it was still shrinking at a rate of more than 20 km? per day. The
research in this study demonstrates that besides the large-scale climate systems, such as
the subtropical high, the lake—atmosphere interactions may also play a role in the extreme
drought this year.

In fact, Poyang Lake is only a microcosm of the great drought in the Yangtze River
Basin this year. A blue drought alert has been issued. The extreme drought is a huge threat
for many aspects such as, for instance, the survival of aquatic animals. Today, species
such as the baiji dolphin and paddlefish have disappeared, and the finless porpoise is
currently the only freshwater mammal in the Yangtze River. As the flagship species of the
Yangtze River aquatic ecosystem, the population status of the Yangtze finless porpoise is
an important indicator of the health status of the Yangtze River aquatic ecosystem. The
extreme drought had direct impacts on the porpoises in Poyang Lake. First of all, the low
water level compresses the living space of the finless porpoises; second, extreme dry climate
will affect the reproduction of fish in the next year; and third, the extremely low water level
may not provide a relatively safe habitat for these newborn porpoises, which will pose a
great threat to the newborn population. More importantly, climate extremes have been
more frequent in recent years, with more extreme temperature and precipitation events
in China [68-70], and they are going to keep increasing in the future as well. Therefore,
against the background of frequent extreme weather events, the Poyang Lake level and area
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changes may also intensify and show substantial feedbacks to local weather and climate,
and subsequently, the biodiversity of species as well.

Besides the feedbacks of Poyang Lake itself, the nearby cities also have notable impacts
on local weather. The significant thermal effects of cities lead to enhanced atmospheric
instability [71], and urban buildings can also block and split the transiting weather sys-
tems [72]. In addition, irrigation and industrial activities near cities could increase the water
vapor content of the lower atmosphere [73]. For lakes that neighbor cities, the interaction
of an urban heat island effect and the lake-land breeze have a significant impact on the
local circulation and precipitation [74-76]. According Li and Gao [48], the interaction of
Taihu Lake and its adjacent urbans significantly changes the location of precipitation and
enhances the intensity of precipitation. In this paper, we only studied the influence of the
changes in Poyang Lake on local meteorological elements. However, there are many cities
(such as Nanchang, Jiujiang, Poyang County, and Duchang County) near Poyang Lake;
their influences may significantly affect the heat and moisture distribution between Poyang
Lake and the cities, and hence change the local circulations and precipitation. Therefore,
the interaction between the lake and the surrounding urban areas is also an aspect that we
need to focus on in the follow-up work.

5. Conclusions

This study demonstrates the significant effects of intra-annual variations in the level
and area of Poyang Lake on local weather. Sensitivity experiments using the WRF model
show the spatiotemporal responses of heat and moisture to different lake levels and areas
and the subsequent influence on local weather and climate. Our main conclusions are
the following:

e  The change in the LH, the SH, and the LST when the lake level is low and the lake area
is less is greater than when the lake level is high and the lake area is large. Compared
to the default lake level and area in WREF, the spatial distribution of the LH, the SH,
and the LST on the lake surface decreased when the lake level and area increased, and
the domain-averaged LH, SH, and LST decreased by —10.4 W m~2, —1.1 W m~2, and
—0.3 °C, respectively. The LH when the lake level is low and the lake area is small
decreased by —11.2 W m~2. However, the SH and the LST increased by 13.4 W m 2
and 0.3 °C, respectively.

e  The atmospheric stratification stability strengthens and the PBL decreases in the lake
area as the lake level and area increase. In addition, the atmospheric stratification
stability in the PBL shows an opposite change as the lake level and area decrease. The
CAPE decreases on the west side of Poyang Lake but increases on the east side. These
changes indicate that as the level and area of the lake change, the spatiotemporal
distribution of surface heat, and thus the near-surface energy distribution, is changed.

e The water vapor flux and wind over the lake increase when the lake level and area
increase, but the two variables increase when the lake level and area decrease. The
wind over the lake weakened by 13.2 m s~! as the lake level and area increased. When
the low level and area of Poyang Lake decreased, the wind increased by 2.2 m s~ 1.
These changes eventually led to a precipitation decrease when the lake level is high
and the lake area large, with a domain-averaged decrease of —22.3 mm. In contrast,
local circulation and water vapor flux when the lake level is low and the area small,
which led to a precipitation decrease on the western side of the lake and a small
increase on the eastern side, with a domain-averaged decrease of —23.8 mm.

The results of this study provide a preliminary analysis of the impact of Poyang Lake
on local weather, which is a basis for further assessment of the impact of long-term changes
in lake level and area on weather and climate in the Poyang Lake region.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos13091490/s1, Figure S1: Same as the Figure 2 in the
manuscript but added stations in the Figure 2b. The domains for WRF simulations and the ter-
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rain height (m) for the domain. (a) Domains 1 to 4. (b) The terrain height in domain 4 and Poyang
Lake (in blue). The rectangular dashed box in (b) is the area that will be used for analysis later in the
work; Figure S2: The daily observed (black lines) and the CTL (blue lines) (a) relative humidity (%)
and (b) land surface temperature (°C) from 1 to 31 July.
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