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Abstract: Significant temporal and spatial variability in soil moisture (SM) is observed during the
warm season in China and its surrounding regions. Because of the existence of two different evapo-
transpiration regimes, i.e., soil moisture-limited and energy-limited, averaging the land–atmosphere
(L–A) coupling strength for all soil wetness scenarios may result in the loss of coupling signals.
This study examines the daytime-only L–A interactions under different soil moisture conditions, by
using two-legged metrics in the warm season from May to September 1981–2020, partitioning the
interactions between SM and latent heat flux (SM–LH, the land leg) from the interactions between
latent heat flux and the lifting condensation level (LH–LCL, the atmospheric leg). The statistical
results reveal large regional differences in warm-season daytime L–A feedback in China and its sur-
rounding areas. As the soil becomes wetter, the positive SM–LH coupling strength increases in arid
regions (e.g., northwest China, Hetao, and the Great Indian Desert) and the positive feedback shifts
to the negative one in semi-arid/semi-humid regions (northeast and northern China). The negative
LH–LCL coupling is most pronounced in wet soil months in arid regions, while the opposite is true
for the Tibetan Plateau. In terms of intraseasonal variation, the large variability of SM in north China,
the Tibetan Plateau, and India due to the influence of the summer monsoon leads to the sign change
in the land segment coupling index, comparing pre- and post-monsoon periods. To further examine
the impact of SM anomalies on L–A coupling and to explore evapotranspiration regimes in the North
China Plain, four sets of sensitivity experiments with different soil moisture levels over a period of
10 years were conducted. Under relatively dry soil conditions, evapotranspiration is dominated by
the soil moisture-limited regime with positive L–A coupling, regardless of external moisture inflow.
The critical soil moisture value separating a soil moisture-limited and an energy-limited regime lies
between 0.24 m3/m3 and 0.29 m3/m3. Stronger positive feedback under negative soil moisture
anomalies may increase the risk of drought in the North China Plain.

Keywords: soil moisture; daytime-only mean land–atmosphere coupling; sensitivity experiment;
evapotranspiration regime; drought

1. Introduction

Numerous studies have revealed that regional climate variability is partly due to the
interactions between the land surface and the atmosphere and demonstrated the impor-
tance of land–atmosphere (L–A) coupling in shaping the development of weather and
climate systems across various spatial and temporal scales [1]. Land–atmosphere coupling
facilitates the daily circulation of clouds and precipitation, significantly influencing the
water cycle [2,3]. At the daily time scale, L–A interactions affect the evolution of con-
vective systems and precipitation triggering [4–6], as well as weather-scale atmospheric
circulation [7,8]. It also contributes to the monsoon activity and regional climate on a
seasonal scale [9]. In the context of global warming and worsening anthropogenic climate
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change, the amplified L–A coupling will exacerbate the frequency and intensity of extreme
events (e.g., extreme hot temperatures and heat weaves, compound soil and atmospheric
drought, and floods) [10–15].

The “hot spots” of land–atmosphere coupling have been identified through observa-
tion and numerical modeling. The key regions appear to be unevenly distributed, mainly
in transitional zones with semi-arid and semi-humid climates (e.g., the central Great Plains
of North America, the Sahel, and northern India) [16–19]. Recent studies have indicated
a trend of strong coupling zones shifting to non-transitional zones due to the increase in
incoming shortwave radiation and the reduction in soil wetness [20,21]. Soil moisture
(SM) is an important component of the global and regional energy and water balance.
As a critical land surface variable, a great deal of work on L–A coupling is based on the
effect of SM on the atmosphere or unusual changes in climate such as precipitation and
temperature [16]. Based on the chain of physical processes, the whole process of L–A
coupling is often split into several parts. The anomalies of SM affect evapotranspiration by
partitioning incoming energy into latent and sensible heat fluxes, which in turn influence
moisture and heat within the boundary layer, subsequently affecting precipitation [3,22]. In
the absence of strong moisture advective effects, local evapotranspiration provides water
vapor for precipitation and consumes most of the energy absorbed by the land surface.
The latent heat flux affects low-level water vapor and moist static energy. For the positive
feedback, when the soil is wet, the soil moisture evaporates due to the heating effect of
solar radiation, leading to a decrease in the Bowen ratio (the ratio of sensible to latent heat
flux) [17]. This will increase the low-level water vapor and moist static energy, thereby low-
ering the lifting condensation level (LCL). The negative feedback is influenced by a larger
portion of the sensible heat flux, which affects the average temperature of the boundary
layer. The increase in temperature leads to greater buoyancy generated by turbulent kinetic
energy, resulting in a lower boundary layer [23]. For convective precipitation to form, the
top of the planetary boundary layer (PBL) should exceed the LCL [24]. In general, moisture
and temperature within the boundary layer collectively determine the LCL. Therefore, the
evapotranspiration of the land surface plays a crucial role in the L–A coupling process.

Seneviratne et al. [3] discussed two evapotranspiration mechanisms and pointed out
the existence of sensitivity intervals of SM. In regions dominated by the soil moisture-
limited evapotranspiration regime, SM constrains the variability of evapotranspiration
and the soil moisture–precipitation feedbacks are largely determined by the interactions
between SM and evapotranspiration [19]. Under an energy-limited regime, evapotranspi-
ration is independent of soil wetness, indicating that no significant L–A feedbacks occur.
The statistical analysis of different climate conditions showed that in climatologically wet
regions, the sensitivity of precipitation with respect to soil moisture is higher during dry
months than in wet months and vice versa in climatologically dry regions [19]. Through the
multiyear global land–atmosphere coupling experiment (GLACE), the coupling strength
over areas with dry (wet) climate is enhanced during wet (dry) years since the resultant
soil wetness enters into the sensitive range from a relatively insensitive range [25].

In China and its surrounding regions, previous studies have paid more attention to
the spatial distribution and seasonal changes of L–A coupling, based on monthly, 10-day,
pentad, or daily data and pointed out that there are obvious differences in the coupling
strengths calculated from data at different time scales [26–28], but with a lack of research
on daytime-only L–A coupling characteristics. Since the processes through which solar
radiation affects the distribution of energy at the surface are mainly concentrated during the
daytime, the land–atmosphere coupling metrics should focus on the processes affected by
the heating of solar radiation during the daytime and the research with daytime-only mean
data is conducive for enhancing the understanding of L–A coupling [29,30]. In addition,
both large interannual and intraseasonal variations in soil moisture during the warm season
in China and its surrounding areas exist, especially northern China [31]. Because of the
existence of an insensitive range of soil moisture in evapotranspiration regimes and the
high sensitivity of soil moisture–atmosphere coupling to climate change [32], L–A coupling



Atmosphere 2024, 15, 221 3 of 18

may show fluctuations with the change in soil wetness. The simple averaging of the L–A
coupling strengths for all soil moisture conditions leads to coupling signal loss. Therefore,
it is necessary to explore the coupling strength under different soil moisture backgrounds,
which is helpful for predicting extreme weather events or climate change.

Overall, this research comprises two major parts. First, we investigate the strength
of the L–A coupling under different soil moisture conditions during the warm season in
China and its surrounding regions. Furthermore, we utilize the Weather Research and
Forecasting (WRF) model to carry out the sensitivity experiments to investigate the impact
of soil moisture anomalies on L–A coupling in the North China Plain, which is one of the
hotspots in L–A coupling and is prone to droughts and preliminarily discussion of the
effects of SM anomalies on the risk of drought.

2. Data and Methods
2.1. Study Region

This paper focuses on China and its surrounding areas (mainly India) as the study
area. The East Asian region, where China is situated, is bordered by the Pacific Ocean
to the east, the Indian Ocean to the south, and the Tibetan Plateau to the west. Figure 1
depicts a map of elevation, which generally shows a gradual decrease from west to east.
The area has various surface features and is influenced by the monsoons during warm
seasons, exhibiting varying climatic conditions [33].
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Figure 1. Topography (units: m) in China and its surrounding areas. The elevation data are from
the Global 30 Arc-Second Elevation (GTOPO30 10 min) dataset: https://lta.cr.usgs.gov/GTOPO30
(accessed on 22 January 2024). The blue box represents the model simulation domain. The inner red
box represents the area where soil moisture is modified in four sensitivity experiments.

2.2. ERA5 Data

The study of L–A coupling has been constrained due to the lack of observational
data for a long period [34,35]. The development of reanalysis datasets provides time-
continuous and global data for research, which can compensate for the lack of ground-
based observations and satellite data [27]. In this study, we have employed ERA5 (the
fifth-generation reanalysis dataset from the European Centre for Medium-Range Weather
Forecasts) [36]. The ERA5 reanalysis data have been proven to be highly applicable at
daily, monthly, and annual scales, offering higher spatial and temporal resolution and
more accurate global precipitation and evapotranspiration compared to ERA-Interim [36].
ERA5 data accurately capture the daily cycle of summer precipitation in the North China
Plain [37]. Sun et al. [38] compared the precipitation, surface latent and sensible heat
(SH) fluxes, boundary layer height, 2 m temperature, and specific humidity in the Tibetan
Plateau of ERA5 with observational data, indicating that the variables in ERA5 are relatively

https://lta.cr.usgs.gov/GTOPO30
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reliable. A large number of studies have used ERA5 for the research of L–A coupling in
China or globally. Yin et al. [30] calculated the strength of global L–A coupling using
ERA5 data at different time scales and the “hot spots” were consistent with the GLACE
experiment [16,39]

In this study, hourly ERA5 reanalysis data at 0.25◦ × 0.25◦ horizontal sampling are
used for statistical analysis, including 0–7 cm soil moisture (SM [m3/m3]), latent heat
flux (LH [W/m2]), 2 m temperature (T2m [K]), dew point temperature (D2m [K]), horizon-
tal winds (U-component of wind, V-component of wind [m/s]), and specific humidity
(q [kg/kg]). The study period is the warm season (from May to September) from 1981
through 2020.

2.3. Methods
2.3.1. Land–Atmosphere Coupling Strength

The land–atmosphere coupling strength represents the extent to which the atmosphere
responds to anomalies in the state of the land surface [39]. The estimates of L–A feedback
typically use linear statistical methods (e.g., correlation coefficients and linear regression)
or numerical simulation experiments [2,39–41], among which the two-legged index can
better represent the coupling strength than correlation alone [40,41]. It divides the coupling
in the L–A interaction chain into two steps: a land leg and an atmospheric leg. The land
section represents the coupling between the state of the land (typically soil moisture) and
surface heat, moisture, or momentum flux. The atmospheric leg is the coupling between
the land surface flux and the atmospheric state.

The metrics can be formulated as follows [40,41]:

ISM–LH =
dLH
dSM

σSM = ρ(SM, LH)× σLH (1)

ILH–LCL =
dLCL
dLH

σLH = ρ(LH, LCL)× σLCL (2)

where ISM−LH and ILH−LCL are the coupling strengths of the land and atmospheric leg,
respectively; ρ represents the correlation coefficient between two variables; σ is the standard
deviation; and SM, LH, andLCL (lifting condensation level) represent the land state, the
surface flux, and the atmosphere, respectively. The LCL (m) can be estimated from T2m and
D2m: LCL = 125 × (T2m − D2m).

We calculated the L–A coupling strength based on daytime-only mean data. The
daytime-only mean data were obtained by averaging the time steps between 08:00 and
20:00 local time [30]. Before calculating the coupling strength, the daytime-only mean
data were first de-trended and de-seasonalized cyclically to reduce the effects of seasonal
differences [27]. Based on the above method, a coupling index was obtained for each month
during the warm season of each year at each grid point. We calculated the coupling indexes
in the region (5◦ N–60◦ N, 70◦ E–140◦ E), encompassing the whole of China and India. To
study the differences of the coupling under different climatic conditions, the 200 months
(warm seasons of 40 years) were classified into the following three types according to
the monthly soil moisture anomalies for each grid point: wet (60 months in total, with
12 wet samples in each of the months of May–September; the criterion for the selection
of the wet month for a given grid point is that the average SM for that month must be
greater than the 70th percentile), neutral (80 months, with 16 intermediate months in each
of May–September; an intermediate sample was selected if the average SM in that month
lies between the 30th and 70th percentiles), and dry (60 months, with 12 dry soil months in
each of May–September; a dry month was selected when the average SM in that month
is less than the 30th percentile). The samples for each grid point varied between dry,
neutral, and wet months. The land and atmosphere leg metrics were calculated for the
three SM scenarios.
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2.3.2. Model Setup

In order to further investigate the mechanism of L–A interactions under different soil
moisture conditions and the potential influence on regional precipitation, we employed
WRF 4.0 for sensitivity experiments. Four sets of soil moisture sensitivity experiments
were conducted: driest, dry, wet, and wettest. We decoupled the evolution of SM with
the atmosphere by replacing the initial value of SM with a constant value. With the above
approach, the SM influenced atmospheric variables but the changes in these variables were
not fed back to the SM, providing a more intuitive reflection of how atmospheric status
changed with soil wetness. The initial soil conditions for the first layer were from ERA5.
The maximum SM value in this dataset within the study area during the warm seasons
of 2011–2020 was about 0.447 m3/m3 and the minimum was near 0.07 m3/m3. The soil
moisture in the North China Plain (35–40◦ N, 114–120◦ E; Figure 1) in the four sets of
sensitivity experiments changed to 0.07, 0.196, 0.322, and 0.447, respectively.

In this study, we conducted four soil wetness initializations for 10 warm seasons,
totaling 40 WRF simulations (4 SM levels × 10 years). The meteorological initial and lateral
boundary conditions were derived from ERA5 reanalysis data updated every 6 h with
a spatial resolution of 0.25◦ × 0.25◦. The simulation domain was centered at (116.8◦ E
34.2◦ N), with horizontal grid points 91 × 102 (the grid distance is 30 km) and 38 nonuni-
form layers in the vertical resolution. The simulation area is shown in Figure 1. Each
simulation ran from May 1 to September 30 of 2011–2020 with output every 3 h. The
first 15 days were considered as the model spin-up period, so the data from May 15 to
September 30 were utilized in the analysis. The schemes adopted in this study include
the YSU boundary layer scheme, the WSM6 microphysics scheme, the Kain–Fritsch con-
vective parameterization scheme, the rapid radiation transfer model (RRTM) long-wave
radiation scheme, the Dudhia short-wave radiation scheme, the Monin–Obukhov surface
layer scheme, and the Noah land surface scheme. The combination of parameterization
schemes has been shown to perform well in the forecast skill [42]. Therefore, the results of
the tests conducted using the aforementioned model setup can serve as the foundation for
the analysis in this paper.

2.3.3. Vertically-Integrated Moisture Flux Convergence (VIMFC)

The water vapor transport due to the effects of synoptic forcing is an important
component of the atmospheric moisture balance in the domain and is the main source for
summer precipitation over most land areas. When the region is influenced by large-scale
atmospheric processes (more external moisture supply), will it inhibit the process of energy
or heat exchange between the land and the atmosphere? To address this question, we used
VIMFC to characterize the water vapor transport in the domain, which is calculated as
follows [43]:

VIMFC = −∇· 1
g

∫ Ps

0
(Vq)dp (3)

where g is the gravitational acceleration, Ps is the surface pressure, V represents the hor-
izontal wind vector, and q is specific humidity. A positive VIMFC value indicates the
convergence of water vapor, which is beneficial for regional precipitation. The monthly
mean VIMFC values for 2011–2020 warm seasons (50 months) are calculated by ERA5 data.

3. Results
3.1. Regional Characteristics and Intraseasonal Evolution of Daytime Land–Atmosphere Coupling
under Different SM Conditions

We first analyze the characteristics of L–A coupling under different SM conditions
in China and its surrounding areas. From the spatial distribution (Figure 2a–c), it can be
seen that both the coupling metrics of land and atmosphere segments differ in dry and
wet soil months. The positive land leg metrics indicate that evapotranspiration is mainly
limited by SM and, conversely, controlled by energy. So, we mainly focus on the positive
SM–LH coupling region. In north-northeast China, the Yunnan-Guizhou Plateau, and part
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of the Southeast Coast, the SM–LH feedback is positive under dry soil conditions, while the
above areas are negatively coupled under wet conditions. In the mid-latitude arid zone of
China and the Great Indian Desert region, the positive coupling strength under wet months
is significantly stronger than that under dry soil, indicating that evapotranspiration in this
region is greatly limited by SM and the LH decreases significantly with decreasing SM.
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Figure 2. Spatial distribution of SM–LH ((a–c); W/m2) and LH–LCL ((d–f); m) coupling indices
for dry, neutral, and wet soil months. The region with the slash is the area that passes the 95%
significance test, indicating that there is a significant difference between the samples’ coupling
strength and the whole.

From the evolution of the fitted curves with the spatial percentile of climatological
mean SM (Figure 3), it can be seen that in the drier regions (with smaller values of the
horizontal coordinates below 0.2), there is a positive SM–LH coupling in the three climatic
scenarios and the coupling strength is strongest in wet conditions (e.g., arid areas of
northwest China and the Great Indian Desert region in Figure 2). When the value of the
cross-axis coordinates is about 0.2, there is an intersection of the dry and wet fitted lines
and to the right of the intersection, the dry months fitting line is located above the wet,
indicating that if the SM spatial percentile at a given point is greater than 0.2, the positive
coupling between SM and LH is stronger for dry soil conditions than for wet. Moreover,
in the area whose spatial percentile of mean SM between 0.3 and 0.5, from dry to wet
soil months, the fitted land segment index changes from positive to negative (e.g., north-
northeast China in Figure 2). Eventually, all of the three fitted curves decrease to negative
values and the strongest negative coupling occurs under wet conditions. This may be
attributed to the higher likelihood of precipitation in wetter climatic conditions, resulting
in the suppression of evaporation. Preliminary results show that the distribution of SM–LH
coupling strength exhibits clear regional characteristics under different SM conditions.



Atmosphere 2024, 15, 221 7 of 18

Atmosphere 2024, 15, x FOR PEER REVIEW 7 of 18 
 

 

 

Figure 2. Spatial distribution of SM–LH ((a–c); W/m2) and LH–LCL ((d–f); m) coupling indices for 

dry, neutral, and wet soil months. The region with the slash is the area that passes the 95% signifi-

cance test, indicating that there is a significant difference between the samples’ coupling strength 

and the whole. 

 

Figure 3. Scatterplots and fitted curves of the coupling strength of SM–LH ((a–d); W/m2) and LH–

LCL ((e–h); m) for dry, neutral, and wet months as a function of the spatial percentile of warm-

season soil wetness climatology. The curves are obtained from a 10-degree polynomial curve fitting. 

To further investigate regional characteristics of the two-legged metrics under differ-

ent soil moisture conditions, based on the multi-year average distributions of regional 

percentiles of warm-season mean soil wetness and standard deviation of SM (Figure 4), 

the entire research area is divided into the following nine subregions [33]: northeast China 

(I, 43–54° N, 110–135° E), northern China (II, 35–43° N, 110–124° E), Jianghuai (III, 29–35° 

N, 110–123° E), Southeast China (IV, 18–29° N, 110–123° E), Hetao (V, 35–43° N, 96–110° 

E), Southwest China (VI, 21–35° N, 96–110° E), northwest China (VII, 35–49° N, 73–96° E), 

the Tibetan Plateau (VIII, 27–35° N, 78–96° E), and India (IX, 14–27° N, 70–85° E). The 

relationship between the coupling strength and SM anomalies for different warm-season 

months in each subregion and the intraseasonal variation are summarized in Figure 5. In 

northeast and northern China, with the shift of SM from negative to positive anomalies, 

Figure 3. Scatterplots and fitted curves of the coupling strength of SM–LH ((a–d); W/m2) and LH–
LCL ((e–h); m) for dry, neutral, and wet months as a function of the spatial percentile of warm-season
soil wetness climatology. The curves are obtained from a 10-degree polynomial curve fitting.

According to the local land–atmosphere coupling chain [44], the evapotranspiration
can further influence water vapor within the boundary layer. The more abundant water
vapor is often accompanied by lower LCL, which is conducive to precipitation. As a
result, for the coupling between LH and LCL (atmospheric leg), we focus on regions
where the coupling index is negative. The spatial patterns of LH–LCL coupling strength
(Figure 2d–f) show that in northwest China, Hetao, the Tibetan Plateau, and the Great
Indian Desert regions, the coupling strengths of the atmospheric segments synthesized
from both the dry and wet month samples are significantly different from all warm season
months. Specifically, in the mid-latitude arid area and the Great Indian Desert, the LH–LCL
coupling is stronger under wet months, whereas on the Tibetan Plateau, in contrast, it is
stronger under dry. In Yunnan and parts of Southeast Asia, it also shows weak negative
LH–LCL coupling under dry conditions. Likewise, the evolution of the fitted curves
(Figure 3e–h) reveals significant differences in the distribution of LH–LCL coupling under
different soil wetness months in dry and intermediate range soil moisture.

To further investigate regional characteristics of the two-legged metrics under different
soil moisture conditions, based on the multi-year average distributions of regional percentiles
of warm-season mean soil wetness and standard deviation of SM (Figure 4), the entire
research area is divided into the following nine subregions [33]: northeast China (I, 43–54◦ N,
110–135◦ E), northern China (II, 35–43◦ N, 110–124◦ E), Jianghuai (III, 29–35◦ N, 110–123◦ E),
Southeast China (IV, 18–29◦ N, 110–123◦ E), Hetao (V, 35–43◦ N, 96–110◦ E), Southwest China
(VI, 21–35◦ N, 96–110◦ E), northwest China (VII, 35–49◦ N, 73–96◦ E), the Tibetan Plateau
(VIII, 27–35◦ N, 78–96◦ E), and India (IX, 14–27◦ N, 70–85◦ E). The relationship between the
coupling strength and SM anomalies for different warm-season months in each subregion
and the intraseasonal variation are summarized in Figure 5. In northeast and northern
China, with the shift of SM from negative to positive anomalies, there is also a shift of
SM−LH coupling from positive to negative, especially in May and June. In Jianghuai,
southeast, and southwest regions, the land surface segment coupling index is negative in
most months of the warm season and it is considered that no significant L–A feedback
occurs in all months in this region. However, the intraseasonal variation in the coupling in
southeast China is very obvious and the negative coupling is significantly stronger in May
and June than in other months because of much precipitation during the first rainy season
precipitation in South China and the abundant water vapor inhibits evaporation. In the
mid-latitude arid regions (Hetao and northwest China), the index of land surface segment
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is positive in all months and in the northwest, there is a clear tendency for the positive
coupling strength to increase as the regional average soil becomes wetter. The coupling
strength is weakest in September in the two regions and the difference in SM–LH coupling
between other months is not significant. There is also an intraseasonal change in the index
sign in Tibet and India, with a positive SM–LH coupling in May and June and a negative
from July to September.
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Figure 5. Relationships between the regionally averaged standardized SM anomalies and SM–LH
coupling index for each month of the 40-year warm season in nine subregions.

Intraseasonal variations in the strength of LH–LCL coupling in different regions and
the variation in the atmospheric segment coupling with SM anomalies for each month
are shown in Figure 6. A negative regional average LH–LCL coupling index exists in
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the Hetao, northwest China, Tibet, and India. In Hetao and northwest China, a negative
coupling becomes strong in May but the intraseasonal variation trend is not obvious in
other months. In the Tibetan Plateau, there is a clear difference in the coupling strength
between months with stronger negative coupling in May–June, followed by July, and with
the shift from negative to positive SM anomalies, the regional average index shifts from
negative to positive values in May–July and the positive coupling is observed in August–
September, regardless of the SM conditions. Unlike Tibet, the variation in atmospheric
segment coupling with SM anomalies in India is not obvious in all five months and also
shows significant intraseasonal variations, with the LH–LCL index being mostly negative in
May and June, gradually shifting to a positive coupling in July, with the positive coupling
being the strongest in August–September.
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coupling index for each month of the 40-year warm season in nine subregions.

From the above analysis, it can be concluded that the distribution of the daytime-only
coupling strength under different SM conditions has obvious regional characteristics: in the
arid (humid) region, the SM–LH coupling strength is enhanced as the SM becomes wetter
(dryer) and in the semi-arid/semi-humid region, as the soil becomes wetter, the land surface
segment coupling index shifts from positive to negative. The impact of SM anomalies on
daytime-only atmospheric segment coupling is weaker than on land segments and the
shift in coupling signals only exists in Tibet. Due to the influence of the summer monsoon,
there is an intraseasonal signal conversion of SM–LH feedback (from positive coupling
to negative) in North China, the Tibetan Plateau, and India, whereas in the atmospheric
segment, the signal conversion only occurs in India.
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3.2. Sensitivity Experiments of Impact of SM Anomalies on L–A Coupling in the North
China Plain

The evaporative fraction [EF = LH/(LH + SH)] in soil moisture-limited regions is
dependent on soil moisture and the feedback between soil moisture and evapotranspiration
is the basis for the soil moisture–precipitation feedback. In regions dominated by the
energy-limited regime, the EF is independent of SM. From the statistical analysis, it can
be seen that both the land and atmospheric segments in North China are sensitive to
SM. In order to explain the influence of different soil moisture conditions, we conducted
soil moisture sensitivity experiments in North China and the model setup is shown in
Section 2.3.2.

The results of LH (Figure 7) and SH (Figure 8) under different soil moisture experi-
ments show that in May and June, the LH gradually increases from the driest to wettest test
regardless of the advected atmospheric moisture, while the SH is opposite, suggesting that
the distribution of surface fluxes is strongly influenced by SM and that the daytime-mean
EF also has evident differences in various experiments (Figure 9a,b) in May and June. At
this time, evapotranspiration is characterized by the soil moisture-limited regime. Further-
more, with more moisture inflow, LH is higher in drier soil experiments (driest and dry)
and the SH is lower, while in wetter experiments (wettest and wet), there is little difference
in heat flux between different years. From July onwards, North China is influenced by
the East Asian summer monsoon and the effect of soil wetness on the distribution of heat
flux is not as pronounced as in the pre-monsoon period (May and June) under any state
of incoming moisture but the EF still increases significantly from the driest to the wettest
experiments. Changes in LH and SH under the wet-to-wettest tests are minimal, so the
differences in daytime-mean EF (Figure 9d,e) between the two wetter experiments are
small. The above analysis indicates that from July to September, the evapotranspiration
mechanism in the North China Plain is dominated by a soil moisture-limited regime in
the drier SM state and becomes energy-limited in the wet soil state, with corresponding
regional average soil moisture values ranging from 0.24 to 0.29 m3/m3.

The maximum sensible and latent heat flux both occur in the late afternoon (Figure 10).
The larger SH in the drier experiments produces more turbulent kinetic energy, which is
favorable to the rising of the planetary boundary layer height (PBL) and the smaller LH is
unfavorable for the lowering of the LCL. As a result, the PBL and the LCL increase from
the wettest to the driest experiments in each month. In May–June, the LCL and PBL in
four soil moisture tests differ significantly, which is due to the fact that the heat flux during
the pre-monsoon period is greatly affected by SM, resulting in significant differences in
flux distribution across different experiments. In August and September, the EF in the
two wetter tests changed a little, resulting in the PBL and LCL of the two experiments
being relatively close, which confirms that at wet soil levels, the North China Plain is an
energy-limited evaporative regime and the alteration of surface flux caused by soil moisture
has little effect on the atmosphere.

A height of PBL above the LCL is a necessary but insufficient condition for triggering
convective precipitation [24]. A day is defined as a “crossover event” if the top of PBL
reaches the LCL at any time during the day (from 05:00 the first day to 05:00 the following
day). Figure 11 shows the probability of crossover events in the four SM experiments
from May to September. The strength of the coupling can be reflected by the extent to
which the probability of the crossover events varies with SM. If soil moisture fluctuates,
the likelihood of convective triggering also varies significantly, which indicates that soil
moisture has a significant impact on the state of the atmosphere (strong coupling). During
the pre-monsoon period (May and June), the probability of crossover events increases as
the soil becomes wetter, indicating that it is more favorable for convection triggering when
the soil gradually becomes wet. From the driest to the wet tests in July–September, the
crossover events show the same change pattern with soil moisture, while from the wet to
the wettest experiments, the probability does not change much. These results confirm that
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a strong positive L–A feedback exists during the warm season in North China Plain when
the soil becomes dry enough.
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Figure 7. Area-averaged LH in May–September of different years at four soil moisture levels
(a1–d5). The rows represent the months from May to September. The columns represent four sets of
experiments. A line with a greener color indicates higher moisture inflow in that month.
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Figure 8. Area-averaged SH in May–September of different years at four soil moisture levels
(a1–d5). The rows represent the months from May to September. The columns represent four
sets of experiments. A line with a greener color indicates higher moisture inflow in that month.



Atmosphere 2024, 15, 221 13 of 18
Atmosphere 2024, 15, x FOR PEER REVIEW 13 of 18 
 

 

 

Figure 9. Area- and daytime-averaged EF in May (a), June (b), July (c), August (d) and September 

(e) of different years at four SM levels. A greener colored dot represents the month with higher 

moisture inflow. The four soil moisture values on the horizontal axis for each month represent the 

average of the model output data from four sets of experiments conducted during that month. 

 

Figure 10. The evolution of area-averaged LCL (solid lines) and PBL (dashed lines) in May (a), June 

(b), July (c), August (d) and September (e) under different soil moisture sensitivity experiments. 
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(e) of different years at four SM levels. A greener colored dot represents the month with higher
moisture inflow. The four soil moisture values on the horizontal axis for each month represent the
average of the model output data from four sets of experiments conducted during that month.
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(b), July (c), August (d) and September (e) under different soil moisture sensitivity experiments.
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4. Discussion

Previous studies on critical zones for L–A coupling have combined coupling strengths
across all climatic contexts [27,35], which may result in weakened or lost coupling signals.
The interaction between soil moisture and evapotranspiration forms the basis of the soil
moisture–precipitation feedback. The impact of soil moisture on evapotranspiration does
not increase linearly; instead, there are sensitive intervals. It is necessary to separate the
statistics of the coupling strength at different soil moisture levels. This article indicates
that the coupling strength varies significantly with soil moisture conditions (see Figure 2).
Strong coupling periods also occur in the areas found by the previous studies with weak
coupling, such as the southeast coast and parts of the southwest of China. In these regions,
the positive feedbacks generally occur when the soil becomes dry. North China is an
arid/semi-arid region. Previous studies have indicated that this region exhibits strong
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positive L–A coupling in summer [35]. However, this paper suggests that L–A coupling
strength in North China is not strong when the soil becomes wetter and even that negative
feedback exists.

Since the land segment index (SM–LH) varies with SM in North China (especially in
the North China Plain), we isolate the effect of soil moisture on the atmosphere through
sensitivity tests. In the North China Plain, the evaporative fraction and atmosphere condi-
tions (probability of occurrence of crossover events) in relatively dry soil states respond
dramatically to changes in soil moisture (Figure 11), implying the strong positive L–A cou-
pling. Furthermore, the external moisture supply does not reverse the characteristics of the
change in evaporation fraction with soil moisture (Figure 9) and the soil moisture-limited
evapotranspiration mechanism still develops even if there is sufficient moisture inflow.
Positive L–A coupling reduces the system’s ability to regulate moisture in strong land–
atmosphere coupling zones [45]. In the circumstances with negative SM anomalies, less
evapotranspiration leads to unfavorable atmospheric conditions for precipitation and the
high surface sensible heat flux may increase the surface temperature, which may aggravate
soil drought and extreme hot temperatures [45–47]. Once a drought occurs, strengthened
positive land–atmosphere coupling resulting in reduced precipitation will further exacer-
bate the drought [48]. In the case of negative feedback, the L–A system can better regulate
the moisture content and convective precipitation is more likely to be triggered when the
soil is dry [23,49]. Soil drought and atmosphere aridity depend on the local L–A coupling
and are expected to intensify in the 21st century [50,51]. The L–A coupling in regions such
as the northeastern United States will be considerably strengthened due to soil moisture-
limited evapotranspiration mechanisms under dry soil moisture conditions [48]. Similarly,
in the North China Plain, if the soil moisture experiences a negative anomaly during the
initial phase of the warm season, which in turn leads to a decrease in precipitation due to
positive feedback, it foreshadows an increased risk of drought.

5. Conclusions

In this study, the distribution of daytime-only mean L–A coupling under different
soil moisture conditions is analyzed synthetically and it is found that the distribution of
the coupling strengths in the warm season under different soil moisture conditions has
obvious regional characteristics. The whole study area (China and its surrounding areas)
is divided into nine subregions to analyze the variation in the coupling strength with soil
moisture anomalies in each month within the warm season. As soil wetness becomes
wetter, the positive coupling of the land leg (SM–LH) is enhanced in arid regions (e.g., the
northwest China and Hetao) and in semi-arid/half-humid regions (e.g., the northeast and
northern China) the coupling signal shifts from positive to negative. Due to the influence
of the summer monsoon, there is an intraseasonal signal conversion of SM–LH feedback
in North China, the Tibetan Plateau, and India, from positive to negative coupling before
and after the monsoons. For the atmospheric leg between LH and LCL, the differences
between months are not significant in North China but the LH–LCL coupling varies with
soil moisture anomalies.

The WRF model is utilized to conduct four sets of sensitivity experiments with dif-
ferent soil moisture levels across 10 years in North China Plain, further exploring the
mechanism of evapotranspiration and the impact of large-scale atmospheric processes
(external moisture advection) on the coupling under different soil moisture conditions. The
results show that regardless of external moisture inflow, the surface sensible and latent heat
fluxes in the North China Plain in May and June are largely determined by soil moisture, so
the evapotranspiration is considered to be soil moisture-limited at this time. From July to
September, a soil moisture-limited evapotranspiration regime still occurs under relatively
dry soil conditions, while the energy-limited regime occurs when soil becomes wet, with
the critical area-averaged soil moisture value separating a soil moisture-limited and an
energy-limited regime lying between 0.24 m3/m3 and 0.29 m3/m3.
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It is worth noting that this study is subject to certain uncertainty. Due to the limited
availability of high spatial and temporal resolution, we relied solely on the reanalysis
dataset (ERA5) for our statistical analysis. In the sensitivity tests, we only utilized the
results from one combination of parameterization schemes. Further validation is necessary
to determine if similar results can be drawn from other sources. Multiple studies have been
conducted to construct drought indexes based on local L–A coupling or evapotranspiration
characteristics [52–54]. We only point out that the positive feedback under dry soil condi-
tions might increase the risk of drought through discussion and the mechanism of L–A
coupling on drought should be further explored in depth.
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