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Abstract

Land-atmosphere coupling is crucial for understanding the role of land surface conditions on precipitation, especially
on the northeastern slope of the Tibetan Plateau, an area that has received limited attention. This study investigates the
coupling between multiple land surface factors and precipitation, focusing on the individual and combined impacts of soil
moisture, surface temperature, and vegetation (Leaf Area Index, LAI). The results reveal significant northwest-southeast
gradients in surface factors, leading to corresponding spatial variations in latent (LE) and sensible heat fluxes (H). The
two-stage land-atmosphere coupling were examined using complex correlation coefficients. In surface stage, the synergis-
tic coupling of LE or H with soil moisture, surface temperature, and LAI is significantly enhanced compared to individual
coupling. In atmosphere stage, after considering both surface fluxes and precipitation components, the coupling becomes
notably stronger. Spatial differences in soil moisture and surface temperature mainly affect the surface factor-latent heat
flux-precipitation coupling chain, while LAI impacts the surface factor-sensible heat flux-precipitation coupling chain. The
synergistic coupling of surface variables with LE is strongest in forested areas, and with H in sparse vegetation areas,
primarily driven by soil moisture. The synergetic coupling of LE and H with precipitation is relatively strong in forested
and sparse vegetation areas, where precipitation is mainly dominated by H. These findings enhance our understanding
of the comprehensive impact of multiple surface factors on precipitation under complex land surfaces and could provide
scientific references for improving simulation of land-atmosphere coupling in weather and climate models.

1 Introduction

Land surface processes exert a significant influence on
boundary layer development through the exchange of mois-
ture and energy, orchestrating complex feedback mecha-
nisms that finely regulate both temperature and precipitation
patterns (Betts et al. 1996; Findell and Eltahir 1997). Spatial
gradients in soil moisture could trigger mesoscale circula-
tion and generate ascending motion in drier regions, lead-
ing to afternoon precipitation tending to occur in areas with
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drier soil moisture (Guillod et al. 2015; Petrova et al. 2018).
Soil moisture also impacts near-surface air temperatures by
regulating the distribution of surface energy. Drier regions
and periods often result in the generation of heatwaves
(Meng and Shen 2014; Seneviratne et al. 2006). There-
fore, land-atmosphere interactions are a vital component of
weather and climate research. Changes in land surface vari-
ables are important signals for seasonal and sub-seasonal
forecasting, playing a crucial role in improving atmospheric
predictability.

The enhancement of atmospheric predictability through
land surface conditions exhibits considerable regional
disparities, with significant impacts on atmospheric pro-
cesses only occurring in regions characterized by strong
land-atmosphere coupling. Assessing the extent to which
changes in land surface conditions influence the response
of atmospheric states or processes and investigating the
spatiotemporal characteristics and mechanisms of land-
atmosphere coupling can deepen our understanding of the
role of the land surface in atmospheric predictability and
climate change. Both observational and modeling studies
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have indicated that regions with strong land-atmosphere
coupling are typically situated in transitional zones between
arid and humid climates (Koster 2004; Zeng et al. 2010).
In these areas, atmospheric variables and surface fluxes are
particularly sensitive to changes in land surface conditions,
highlighting the significant contribution of the land surface
to variations in atmospheric states.

Focusing on the spatiotemporal variations of land-
atmosphere coupling and its influencing factors, extensive
researches have been conducted in hotspots of land-atmo-
sphere coupling. Soil moisture, with its memory of 1-2
months (Entin et al. 2000), is recognized as a crucial fac-
tor in enhancing seasonal predictions (Koster et al. 2004).
Thus, present investigations predominantly concentrate
on studying the coupling between soil moisture and atmo-
spheric processes, as well as the impact of soil moisture on
the spatial distribution of coupling (Li et al. 2017; Santa-
nello et al. 2018). In terms of temporal dynamics, periods of
higher moisture in arid regions and drier periods in humid
regions tend to demonstrate stronger coupling (Gao et al.
2018; Ruscica et al. 2015; Wei and Dirmeyer 2012). This
is because that the sensitivity of evapotranspiration to soil
moisture is most notable in transitional climatic zones (Wei
and Dirmeyer 2012). In contrast, in arid and humid regions
surface evapotranspiration is insensitive to soil moisture due
to too small evapotranspiration in arid region and energy
controlling of evapotranspiration in humid region. Further-
more, analyses utilizing CMIP5 data reveal that under sce-
narios of low to moderate emissions, warming will intensify
soil moisture-precipitation coupling in transitional climatic
zones due to increased surface aridification (Dirmeyer et al.
2014; Zeng and Xie 2015).

Research has demonstrated that land-atmosphere cou-
pling is not a one-dimensional phenomenon; it exhibits
multi-dimensional characteristics (Haghighi et al. 2018).
Beyond moisture factors, both thermal energy and eco-
logical factors exert a strong influence on atmospheric
processes, although they have received relatively less atten-
tion (Hsu and Dirmeyer 2021; Tang et al. 2018). Surface
temperature plays an essential role in determining sensible
heat flux and boundary layer development, thereby influ-
encing atmospheric temperature, humidity, and stability.
Consequently, surface temperature exhibits strong coupling
with near-surface temperature, humidity, and boundary
layer height (Tao et al. 2019). In the Southern Great Plains
of North America, due to the ecological regulation of veg-
etation transpiration, Leaf Area Index (LAI) demonstrates
strong coupling strength with surface fluxes that surpasses
that of soil moisture (Tang et al. 2018). Thermal and eco-
logical factors not only couple with the atmosphere but also
influence the spatiotemporal distribution of coupling. Cou-
pling strength gradually intensifies with rising temperatures.
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While temperatures are below 0 °C, the limited energy
input restricts ecosystem activity, resulting in very weak
land-atmosphere coupling (Gerken et al. 2019). Generally,
land-atmosphere coupling is regulated by moisture in water-
scarce regions, whereas in areas with ample moisture, it is
controlled by thermal and energy factors (Zscheischler et al.
2015). Besides, changes in vegetation status could alter sur-
face moisture conditions, thereby modifying the strength of
land-atmosphere coupling (Zscheischler et al. 2015). Hence,
multiple land surface factors, including surface moisture,
energy, and vegetation related variables, are coupled with
the atmosphere. Variations in these land surface variables
would lead to significant spatiotemporal heterogeneity in
land-atmosphere coupling. Current research mainly focus
on the coupling between individual land surface variables,
like soil moisture, and the atmosphere. However, further
research is required to investigate the complex interac-
tions between multifactor land surfaces and the atmosphere,
which characterize a critical aspect of land-atmosphere
coupling.

The Tibetan Plateau stands as the highest-altitude and
most intricately contoured plateau in the world. Its land-
atmosphere coupling system significantly influences the
climate patterns of East Asia, the progression of the Asian
monsoon, and the atmospheric circulation in the North-
ern Hemisphere (Huang et al. 2023; Ma et al. 2023; Talib
et al. 2021; Zhao et al. 2018). Regardless of the presence
of complex topography, soil moisture notably impacts
precipitation(Barton et al. 2021), while the influence of pre-
cipitation on soil moisture depends on precipitation inten-
sity (Meng et al. 2018). Spatially, in the central and eastern
part of the plateau, soil moisture in spring exhibits a positive
coupling with summer precipitation, while in the western
region, a negative coupling relationship is observed (Yang
and Wang 2022). Seasonally, land-atmosphere coupling on
the plateau is primarily influenced by snow cover during
the dry season, while during the wet season, soil moisture
becomes the dominant factor (Sun et al. 2021). Current
research on land-atmosphere coupling in the plateau region
primarily focuses on the core region of the Tibetan Plateau,
with limited attention given to the plateau slopes. The north-
eastern slopes of the Tibetan Plateau experience frequent
extreme weather and climate events, including heavy pre-
cipitation. Land-atmosphere coupling plays a crucial role
in triggering precipitation events in this region. Therefore,
land-atmosphere coupling is of paramount importance for
understanding the mechanisms behind extreme weather and
climate events in this area.

As a transitional zone between the Tibetan Plateau and
the Loess Plateau, the northeastern slope of the Tibetan
Plateau has a typical complex land surface characterized
not only by steep topographical changes but also by highly
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uneven surface conditions. Transition zones exhibit sig-
nificant spatial variations in surface vegetation and highly
uneven spatial distributions of land surface thermal and
moisture characteristics(Ma and Ma 2016). This results in
differing surface energy, moisture fluxes, and their regu-
lating factors, leading to complexity in the forcing of the
boundary layer and the free atmosphere(Fan et al. 2019).
Currently, the coupling characteristics of multiple land sur-
face factors with precipitation remain unclear in this region.
This limited understanding hinders our ability to compre-
hend how land surface conditions regulate surface energy
and moisture exchanges and their impacts on atmospheric
boundary layer characteristics and even atmospheric pre-
cipitation processes in this area(Talib et al. 2023).

With these in mind, the current research uses complex
correlation diagnose the land-atmosphere coupling involv-
ing multiple land surface variables (such as water, thermal,
and ecological factors) and precipitation, and character-
izes the spatial pattern of on the northeastern slope of the
Tibetan Plateau. We also examine how coupling strength
varies with changes in land surface state variables. Fur-
thermore, we quantitatively analyze the contributions of
hydrological, thermal, and ecological factors to land-atmo-
sphere coupling, and distinguish the differences in land-
atmosphere coupling strength and the primary contributing
factors across various vegetation types. These efforts aim to
provide a more comprehensive understanding of how land
surface processes influence precipitation in the study area
and deepen our knowledge of the intricate land-atmosphere
feedback processes.

2 Study areas and data
2.1 Study areas

The study area encompasses the northeastern slope of the
Tibetan Plateau, spanning from 33° —39°N and 92° — 102°E
(see Fig. 1). This region serves as a transitional zone between
the towering altitudes of the Tibetan Plateau and the Loess
Plateau, characterized by an elevation difference of nearly

92°E  94°E  96°E 98°E 100°E 102°E

3000 m. This area exhibits a diverse range of vegetation
types, including high-altitude snow cover, alpine meadows,
cropland, high-altitude forests, and deserts. Due to the influ-
ence of complex topography, local dynamics and thermo-
dynamics operate highly unevenly in this region, making it
one of the most complex land-atmosphere interaction zones.
The complex terrain in this area fosters frequent convec-
tive activities(Ma et al. 2022), resulting in strong associa-
tions between land-atmosphere interactions and convective
processes(Imamovic et al. 2017).

2.2 Data

Soil moisture selected the SMC (Soil Moisture in China)
dataset(Meng et al. 2021). The soil moisture data spans
from 2002 to 2018, in monthly temporal and 0.05° spatial
resolution. It is produced by from three passive microwave
remote sensing products: the Japan Aerospace Exploration
Agency’s Microwave Scanning Radiometer - Earth Observ-
ing System (AMSR-E) and the Advanced Microwave Scan-
ning Radiometer 2 (AMSR2) Level 3 soil moisture data, and
SMOS-IC (Soil Moisture and Ocean Salinity designed by
the Institut National de la Recherche Agronomique, INRA,
and Centre d’Etudes Spatiales de la BIOsphére, CESBIO)
products—calibrated with a consistent model in combina-
tion with ground observation data. Overall, the downscaled
soil moisture (SM) products were consistent with the in-situ
measurements (R>0.78) and exhibited a low root mean
square error (RMSE < 0.05 m*/m?).

Land surface temperature data selected the Terra Mod-
erate Resolution Imaging Spectroradiometer (MODIS)
Land Surface Temperature/Emissivity 8-Day (MOD11A2)
Version 6.1 product(Wan 2014). This product provides an
average 8-day per-pixel Land Surface Temperature and
Emissivity (LST&E) with a 1 km (km) spatial resolution.

LAI selected MOD15A2H product(Wenze et al. 20006),
with a temporal resolution of 8-day and spatial resolution
of 500 m. The LAI variable defines the number of equiva-
lent layers of leaves relative to a unit of ground area. The
accuracy has been assessed over a widely distributed set of
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Fig. 1 Topography (a, red rectangle) and land cover type (b) of the study area
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locations and time periods via several ground-truth and vali-
dation efforts.

The surface evapotranspiration data used in this study
were obtained from a global gridded synthesis ET estimate,
the Derived Optimal Linear Combination Evapotranspi-
ration (DOLCE) (Hobeichi et al. 2018). DOLCE ET is a
blended dataset constrained by observations, combining
four global evapotranspiration datasets: ERAS5-land, FLUX-
COM METEO+RS, GLEAM v3.5a, and GLEAM v3.5b.
The combination of these parent datasets is based on their
performance in estimating flux tower evapotranspiration,
taking into account their error dependencies. The weights
assigned to the parent datasets vary with season (December
to May/June to November) and climatic zones. The latest
version, DOLCE -ET V3.0, also provides estimates of the
temporal variability of its uncertainty errors. DOLCE -ET
V3.0 has a monthly temporal resolution and a spatial reso-
lution of 0.25°, covering the period from 1980 to 2018 and
encompassing global land areas.

Sensible heat fluxes selected the Global Land Data
Assimilation System (GLDAS, version 2.1) product(Rodell
et al. 2004). GLDAS ingests satellite- and ground-based
observational data products, using advanced land surface
modeling and data assimilation techniques, in order to gen-
erate optimal fields of land surface states and fluxes. The
simulations of the Noah land surface models was used in
this study. The data spans 2000-present with a monthly 0.25
-degree resolution.

Precipitation uses China Meteorological Forcing Dataset
(CMFD)(Yang and He 2019). The data set was developed by
the Institute of Tibetan Plateau Research, Chinese Academy
of Sciences. CMFD used Princeton reanalysis data, GLDAS
(global land data assimilation system) data, GEWEX-SRB
(the global energy and water exchanges) radiation data, and
TRMM (tropical rainfall measuring mission) precipitation
data as background fields, and merged the conventional
meteorological observation data of China Meteorological
Administration (CMA) to produce a regional high spatial
and temporal resolution dataset. The dataset has a temporal
resolution of from 3-hour to month and a spatial resolution
of 0.1°, with a spatial range of 60°- 140°E and 15-55°N.

Landcover classification uses MODIS product
MCD12C1(Sulla-Menashe et al. 2019). The data sets have a
spatial resolution of 0.25° and 17 classifications.

3 Methods
3.1 Data processing

The time period 2003-2018 was selected as the study
period because of the temporal overlap of all data. Except
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for MODIS land surface temperature and LAI data have a
temporal resolution of §8-day, other data have a temporal
resolution of a month. Thus, MODIS land surface tempera-
ture and LAI data were linearly interpolated into monthly
timescale. As most of the data had a spatial scale of 0.25°,
all other data were regridded to 0.25°. The seasonal cycles
and long-term trends of monthly data were removed before
calculation of the coupling strength index and contribution.

3.2 Coupling strength index

There are numerous indices to measure coupling strength,
with each focusing on different aspects. In this paper, corre-
lation coefficients are utilized to diagnose land-atmosphere
coupling strength. A higher correlation coefficient indicates
stronger coupling, with the sign (positive or negative) rep-
resenting the direction of the coupling. Using correlation
coefficients as an indicator of coupling strength offers the
advantage of comparing the strengths of coupling between
different variables. Bivariate coupling, e.g. soil moisture-
latent heat flux coupling, is calculated using the bivariate
Pearson correlation coefficient. When considering the syn-
ergistic coupling strength of multiple factors with a particu-
lar variable, it can be achieved by calculating their complex
correlation coefficients (Tang et al. 2018). In this study, the
synergistic coupling between several land surface variables
(soil moisture, surface temperature, and LAI) and surface
fluxes, as well as the coupling between sensible heat, latent
heat flux, and precipitation, is calculated using complex cor-
relation coefficients.

3.3 Contribution of individual variables

When considering the synergetic impact of multiple factors
on a specific variable, it is enlightening to quantify the con-
tributions of each factor to that variable. The contributions
of individual factors can be determined using multiple lin-
ear regression (Tang et al. 2018). As an illustrative exam-
ple, we consider the assessment of the contributions of soil
moisture, surface temperature, and Leaf Area Index (LAI)
to latent heat. Firstly, a linear regression equation is derived
through linear fitting, establishing the relationship between
latent heat flux and these three surface variables.

LE =bg + bgy x sm + bys xts + bpar * LAI (1)

Subsequently, the contributions of each surface variables
can be calculated using the following equation:

Bsm = bsm * 6sm/5LE (2)

Bts = bts * 6ts/6LE (3)
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Brar =brar*0par/ore “4)

Here, B, represents the contribution of the xx (xx represents
sm, ts, or LAI), b, stands for the fitted coefficient of the xx,
and ¢, denotes the standard deviation of xx.

Likewise, the same method can be applied to compute
the contributions of three surface variables to sensible heat
flux, as well as the contributions of sensible heat flux and

latent heat flux to precipitation.
3.4 Definition of convective precipitation

Previous studies indicate that convective precipitation pri-
marily occurs between the afternoon and early evening
(Petrova et al. 2018; Taylor et al. 2012). This precipita-
tion is mainly generated by isolated convection or weak to
moderate intensity mesoscale convective systems (Hu et al.
2021). Therefore, following Taylor’s approach, convective
precipitation is defined as follows: Cumulative precipitation
between 12:00 and 21:00. This definition is easy to imple-
ment but may include some large-scale precipitation. Exclu-
sion of days with precipitation between 06:00 and 12:00 to
eliminate the influence of large-scale precipitation.

4 Results

4.1 Spatial and temporal variations of land surface
states, surface fluxes, and precipitation

4.1.1 Land surface states

The complexity of the underlying surface on the northeast-
ern slope of the Tibetan Plateau results in a highly hetero-
geneous land surface. In this section, we first analyze the
spatial variations in surface water, thermodynamics, and
ecological conditions. Figure 2 illustrates the spatial dis-
tribution of climatology and temporal variations in surface
soil moisture (sm), surface temperature (Ts), and Leaf Area
Index (LAI) within the study area.

Regarding the spatial distribution of climatology of the
surface variables, it can be observed that soil moisture
generally increases from north to south (Fig. 2a), which
corresponds to the northern regions being predominantly
desert and Gobi, while the southern regions are character-
ized by grasslands or alpine forests. Furthermore, the areas
surrounding Qinghai Lake also exhibit relatively high soil
moisture levels, primarily influenced by the replenishment
of lake water. The spatial distribution of surface temperature
exhibits a broadly contrasting pattern to that of soil moisture
(Fig. 2c), with higher temperatures prevailing in the north-
ern regions and lower temperatures in the southern regions.

The northwest part, Qaidam Basin, is characterized by arid
deserts, while the northeast corner consists of Gobi areas,
both of which exhibit significantly elevated surface tem-
peratures. In contrast, the southern portion of the study area,
covering the Qinghai Plateau, features alpine grasslands and
high-altitude forests, resulting in relatively lower surface
temperatures. There is significant spatial variation in the
Leaf Area Index (LAI), increasing from northwest to south-
east (Fig. 2e). In the arid desert regions of the northwest,
vegetation is extremely sparse, leading to missing LAI data.
In contrast, the northeastern Qilian Mountain region and the
southeastern Yellow River source area exhibit exceptionally
high LAI values, indicating dense vegetation cover in these
areas. The distribution of LAI closely resembles that of soil
moisture, highlighting the dependence of vegetation on
moisture conditions in the northeastern slope region of the
Tibetan Plateau. Clearly, the distribution of surface water,
thermal, and ecological factors in the northern slope region
of the plateau is profoundly heterogeneous, characterized by
strong local variations.

When examining the distribution of relative variation,
the relative variations in soil moisture and surface tem-
perature are broadly consistent with their spatial pattern of
climatology. The relative variation of LAI is relative small
in areas with sparse vegetation, primarily in the northwest
edge region, and relative large in areas with moderate to
dense vegetation.

4.1.2 Surface fluxes

Within land-atmosphere interactions, land surface states
facilitate the exchange of matter and energy with the atmo-
sphere through surface fluxes. Figure 3 presents the clima-
tology and spatial distribution of latent and sensible heat
fluxes. Latent heat flux increases from northwest to south-
east, with minimal values in the northwestern desert regions,
approaching to 0 W/m?, and the maximum values reaching
approximately 50 W/m? in the eastern Qinghai Lake, Qilian
Mountains, and the eastern Tibetan Plateau. Constrained by
the surface energy balance, the spatial distribution of sen-
sible heat flux presents an inverse pattern to that of latent
heat flux. It decreases from northwest to southeast, with
the maximum values (approximately 60 W/m2) observed
in the northwestern desert regions and the minimum values
(around 30 W/m2) found in areas around Qinghai Lake, the
Qilian Mountains, and the Three-River-Source region.

The spatial distribution of variability of latent heat flux
exhibits a pattern opposite to that of climatology of latent
heat flux, while variability of sensible heat flux decreases
from north to south. The relatively small variability in sen-
sible heat flux, compared to the larger variability in latent
heat flux, is due to the simultaneous influence of moisture
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Fig. 2 Spatial distribution of means (a, ¢, ) and variability (b, d, f) of soil moisture (sm), surface temperature (Ts), and leaf area index (LAI) on

the northern slope of the Tibetan Plateau

and thermal energy factors on latent heat flux, making its
influencing mechanism more complex. Consequently, the
spatial heterogeneity in surface conditions contributes to
pronounced spatial disparities in surface fluxes and their
variations within the study area.

4.1.3 Precipitation

The spatial distribution of precipitation climatology and its
variability in the study area is illustrated in Fig. 4. Precipi-
tation climatology increases from northwest to southeast,
with the lowest values of a few millimeters in the northwest
Tarim Basin and the highest values of approximately 70 mm
in the southeastern Yellow River source region. The relative
variability of monthly precipitation exhibits an opposing
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spatial pattern, generally decreasing from northwest to
southeast.

Precipitation shows relatively higher relative variability
in the Qaidam Basin, Qilian Mountains, and the western
part of the Tibetan Plateau, whereas regions with greater
precipitation in the southeast display relatively lower rela-
tive variability. Thus, it is apparent that the spatiotemporal
distribution of precipitation on the northeastern slope of the
Tibetan Plateau is notably uneven. Further understanding is
required regarding the contribution of heterogeneous land
surface state to this uneven precipitation distribution.
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Fig. 4 Spatial distribution of mean (a) and variability (b) of precipitation on the northeastern slope of the Tibetan Plateau

4.2 Spatial distribution of land-atmosphere
coupling

4.2.1 Spatial distribution of surface coupling

Using correlation coefficients as coupling indicators not
only reflects the coupling relationship between two physical
quantities but also allows for comparisons of different cou-
pling strengths. Land-atmosphere coupling can be divided
into two stages: land surface variables to surface flux cou-
pling and surface flux to precipitation coupling. We begin
by characterizing the spatial distribution of the coupling of
land surface variable to surface fluxes.

Soil moisture-latent heat coupling (sm-LE-C) generally
exhibits a dipole-shaped pattern, with the northwest part of
the study area being positive and the southeast part being

negative. Notably, these positive and negative coupling
regions align closely with the areas of low and high soil
moisture values (see Fig. 5a). In the Tarim Basin and sur-
rounding areas, sm-LE-C coupling reaches around 0.8. The
positive sm-LE-C coupling region indicates that latent heat
is limited by moisture in these areas, while the negative cou-
pling region suggests that latent heat is limited by energy.
Soil moisture-sensible heat coupling (sm-H-C) predomi-
nantly reveals negative values across most of the study area.
Positive coupling is observed only in regions with higher
soil moisture near Qinghai Lake and the Yellow River
source area (see Fig. 5b). The strongest negative coupling
(-0.8) occurs in the Qilian Mountains and the western and
central part of the Qinghai Plateau, which represents a tran-
sitional zone from desert to humid conditions in the Three
Rivers Source region. sm-LE-C and sm-H-C generally
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Fig. 5 Spatial distribution of coupling between soil moisture, surface
temperature, LAI and LE, H: (a) soil moisture-LE coupling (sm-LE-
C), (b) soil moisture-H coupling (sm-H-C), (¢) surface temperature-

exhibit opposite signs across most regions, illustrating the
constraining role of surface energy balance in land-atmo-
sphere interactions. With limited available energy, when
more energy is allocated to LE due to larger sm, H becomes
smaller. Consequently, variations in soil moisture lead to
opposite changes in LE and H.

Surface temperature-latent heat coupling (Ts-LE-C)
exhibits a spatial distribution pattern opposite to sm-LE-
C, with predominantly negative coupling in the northwest
region and positive coupling in the southeast and Qilian
Mountains region (Fig. 5¢). Ts mainly represents surface
thermal energy. In the northwestern moisture-limited region,
Ts has a relatively minor influence on LE, resulting in weak
negative coupling in Ts-LE-C. Conversely, in the south-
eastern energy-limited region, Ts exerts a more substantial
driving effect on LE, leading to a notably strong positive
coupling in Ts-LE-C (approximately 0.5). It is worth noting
that the negative coupling of Ts-LE-C actually reflects the
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LE coupling (Ts-LE-C), (d) surface temperature-H coupling (Ts-H-C),
(e) LAI-LE coupling (LAI-LE-C), (f) LAI-H coupling (LAI-H-C),
shaded dots indicate passing p <0.01 significance test

increase in LE due to increased soil moisture, leading to a
decrease in Ts. As Ts consistently drives H, the surface tem-
perature-sensible heat coupling (Ts-H-C) coupling is posi-
tive throughout the study area, with smaller values in the
northwestern desert and Qilian Mountains regions and coef-
ficients of approximately 0.4—0.5 in other regions (Fig. 5d).

The leaf area index-latent heat coupling (LAI-LE-C) is
primarily positive throughout the study area (Fig. 5S¢), with
stronger regions reaching approximately 0.5. Conversely,
the leaf area index-sensible heat coupling (LAI-H-C)
mainly exhibits negative coupling (Fig. 5f), with stronger
regions reaching approximately —0.4. This suggests that
increased vegetation enhances transpiration, promoting LE,
while conversely, the cooling effect resulting from increased
LE under enhanced vegetation suppresses H. LAI-LE-C and
LAI-H-C generally strengthen from the northwest to the
southeast, indicating weaker coupling under conditions of
poor vegetation and stronger coupling under moderate to
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good LAI conditions. There is no LAI data for the north-
western desert and Gobi regions.

4.2.2 Synergetic coupling of multiple surface variables
with fluxes

As seen from the previous analysis of the coupling between
individual land surface elements and surface fluxes, there
are significant spatial variations in the coupling of different
land surface elements with LE or H. This highlights sub-
stantial spatial differences in the coupling of moisture, ther-
mal, and ecological factors with surface fluxes. Although
the individual coupling of land surface water, heat, and
ecological factors with surface fluxes reflects the coupling
between the land surface and surface fluxes, each of them is
only part of land-atmosphere coupling. A more comprehen-
sive description of local land-atmosphere coupling requires
considering the combined impact of these three factors on
surface fluxes, i.c., the synergistic coupling of water, heat,
and ecological factors with surface fluxes. Therefore, we
employed the complex correlation coefficient to analyze the
synergistic coupling of LE and H with water (sm), thermal
(Ts), and ecological factors (LAI).

Figure 6 presents the synergistic coupling of sm, Ts, and
LAI with LE and H. The synergetic coupling of sm, Ts, LAI
and LE (S-LE-C) is stronger in the northwest desert region
than other areas, reaching around 0.8, and increases from
northwest (less than 0.2) to southeast (0.4-0.8) across other
areas. The synergetic coupling of sm, Ts, LAI and H (S-H-
C) is relatively low (<0.2) in the northwest desert area,
the Three-River Source region, and areas around Qinghai
Lake. In other regions (including the Qilian Mountains and
the central-western part of the Qinghai Plateau, transition-
ing from desert to humid regions in the Three-River Source
area), the S-H-C values are much higher (0.5-0.8). By com-
paring the synergetic coupling and individual coupling, it
is evident that synergetic coupling strength is significantly
enhanced compared to individual coupling strength (Fig. 5).
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It effectively highlights regions characterized by strong
couplings of individual factors. This indicates that the syn-
ergetic coupling provides a more comprehensive represen-
tation of the combined influence of surface water, heat, and
biological factors on surface fluxes.

4.2.3 Contribution of each surface variable to fluxes

Multivariate coupling characterizes the synergistic effects of
multiple surface factors on surface fluxes. Further analysis
is required to determine the specific contributions of each
factor to surface fluxes. Figure 7 illustrates the contributions
of three surface factors to latent and sensible heat fluxes.
In regions with low soil moisture (sm), sm has a strong
positive contribution to latent heat flux (LE) and a strong
negative contribution to sensible heat flux (H). Surface tem-
perature (Ts) makes a significant positive contribution to LE
in more humid areas and areas with higher leaf area index
(LAI). The positive contribution of Ts to H is relatively
small and exhibits minimal spatial variation. LAI exerts a
positive contribution to LE and a negative contribution to
H, with larger contributions in areas characterized by mod-
erate to high LAI The contributions of each surface factor
to the convergence coupling degree exhibit spatial distribu-
tions similar to their individual coupling with surface fluxes.
This indicates that synergetic coupling effectively integrates
the impacts of diverse surface factors on surface fluxes and
comprehensively represents the control exerted by surface
moisture, temperature, and vegetation status on surface
fluxes.

4.3 Distribution of atmospheric stage of land-
atmosphere coupling

4.3.1 Spatial distribution of atmospheric coupling

The surface flux-precipitation coupling is the second stage of
land-atmosphere coupling. Figure 8 illustrates the coupling
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Fig. 6 Spatial distribution of synergetic coupling of land-surface multifactor to surface fluxes, (a) for the synergistic coupling of sm, Ts, and LAI
with LE (S-LE-C), (b) for the synergistic coupling of sm, Ts, and LAI with H (S-H-C) (shaded dots indicate passing p <0.01 significance test)
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Fig. 7 Spatial distribution of the contribution of land surface variables soil moisture (sm), surface temperature (Ts), and LAI to surface fluxes LE
and H

between latent and sensible heat fluxes and precipitation. In In the southern regions, positive H-P-C and negative
the study area, latent heat flux-precipitation coupling (LE-  LE-P-C coupling indicate that boundary layer thermody-
P-C) is positive in the northern regions, which are mainly =~ namics play a dominant role in contributing to precipita-
characterized by sparse vegetation such as desert and Gobi  tion. Figure 9 illustrates that increased sensible heat leads
areas, and negative in the southern regions, encompassing  to higher boundary layer heights, enhancing atmospheric
areas near Qinghai Lake and most parts of the Tibetan Pla-  instability, atmospheric instability, characterized by larger
teau (Fig. 8a). Convective Available Potential Energy (CAPE) and lower
Sensible heat-precipitation coupling (H-P-C) exhibits an ~ Convective Inhibition (CIN), thereby promoting convection
approximately opposite distribution pattern (Fig. 8c), with  and increasing precipitation. However, in terms of coupling
negative values in the northern regions and positive values  strength, whether positive or negative, it is generally not
in the southern regions. The spatial patterns of LE-P-C and  strong, even in relatively significant areas, it’s only around
H-P-C correspond to areas with lower and higher vegetation  0.3-0.4.
cover, respectively, reflecting drier conditions in the north-
ern regions and wetter conditions in the southern regions.  4.3.2 Synergetic coupling of latent and sensible heat flux
The positive LE-P-C and negative H-P-C coupling in the  with precipitation
northern regions reflect a significant positive contribution
of evaporation to precipitation in these drier areas, implying  Since H and LE can each only reflect a portion of the impact
that increased evaporation leads to enhanced moisture and,  of surface fluxes on precipitation, comprehensively study-
consequently, increased precipitation. ing the effect of surface fluxes on precipitation, similar to
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Fig.8 Spatial distribution of coupling of surface fluxes to total precipi-
tation and convection precipitation, (a) for LE-precipitation coupling
(LE-P-C), (b) for LE-convection precipitation coupling (LE-CP-C),
(¢) for H-precipitation coupling (H-P-C), (d) for H-convection pre-

multi-surface factor-surface fluxes synergetic coupling,
involves defining a synergetic coupling for the combined
impact of H and LE on P. Figure 8¢ shows the spatial distri-
bution of synergetic coupling (S-P-C) between LE, H, and
P across the study area. It’s evident that when considering
both H and LE, the coupling strength significantly increases
due to the combined effect of sensible and latent heat on
precipitation. The correlation coefficients reach around 0.4
in most regions. However, despite this enhancement, the
coupling strength only amounts to a moderate correlation
coefficient even in regions with strong coupling. H and LE
together can explain only approximately 16% (R?) of the
variation in precipitation.
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cipitation coupling (H-CP-C), (e) for synergetic coupling between
surface fluxes and precipitation (S-P-C), (f) for synergetic coupling
between surface fluxes and convection precipitation (S-CP-C), shaded
dots indicate passing p <0.01 significance test

From the analysis above, it’s evident that the coupling
between H, LE, and P is relatively weak in the study area,
approximately around 0.4. This because the influence of sur-
face fluxes on precipitation depends on precipitation com-
ponents. Since surface-triggered convective precipitation
often occurs in the afternoon, further analysis was conducted
on the coupling between H, LE, and afternoon (15:00-21:00
local time) convective precipitation (CP). LE shows a more
robust coupling with convective precipitation (LE-CP-C)
compared to total precipitation (LE-P-C), and this coupling
is more extensive, with most regions in the area demonstrat-
ing positive coupling (Fig. 8b). H shows a stronger negative
coupling with convective precipitation (H-CP-C) compared
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Fig.9 Anomaly of sensible heat flux (H), boundary layer height (BLH), Convective Available Potential Energy (CAPE) and Convective Inhibition

(CIN) under positive sensible heat flux condition
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Fig. 10 Spatial distribution of contributions of latent (a, LE) and sensible (b, H) heat to afternoon convective precipitation

to total precipitation (H-P-C), and the study area predomi-
nantly exhibits negative coupling (Fig. 8d).

When considering both H and LE, the regional synergetic
coupling (S-CP-C) weakens from northwest to southeast
across the study area. Notably, S-CP-C increases from the
original total precipitation coupling (S-P-C) of 0.4 to 0.6,
and most regions pass the significance test (Fig. 8f). This
indicates that H and LE make significant contributions to
afternoon convective precipitation in the study area. Com-
paratively, the atmospheric coupling stage exhibits apparent
lower coupling levels when contrasted with the land surface
coupling stage (regions of higher strength ranging from 0.6
to 0.8).

Further analysis was conducted on the contributions
of land surface fluxes LE and H to afternoon convective
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precipitation (CP) (Fig. 10a, b). Overall, positive contribu-
tions of LE to CP are larger in most regions of the study
area, with the northwest being stronger than the southeast.
H, on the other hand, makes negative contributions to CP,
and its spatial distribution in terms of intensity is roughly
similar to that of LE’s contribution.

When examining the spatial distribution of contribution
intensity, it’s evident that LE and H exhibit consistent pat-
terns but with opposite signs regarding their contributions
to CP. This is closely linked to their complementary roles in
the surface energy balance. Specifically, larger LE leads to
smaller H, resulting in greater CP. This suggests that LE is
the primary driver of CP in the study area.
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4.4 Factors regulating spatial differences in land-
atmosphere coupling strength

4.4.1 Changes in land-atmosphere coupling with surface
factors

As analyzed above, land-atmosphere coupling exhibits sig-
nificant spatial variations. In this section, we will explore
the relationship between spatial differences in land-atmo-
sphere coupling and the climatological distribution of sur-
face factors. Figure 11 illustrates the relationship between
surface synergetic coupling and the climatology of surface

factors. As soil moisture increases, the synergy coupling
of latent heat flux (S-LE-C) initially increases and then
decreases, keeping a relatively strong level when soil mois-
ture is greater than the 0.2 range. The synergy coupling of
sensible heat flux (S-H-C) shows a decreasing trend with
increasing soil moisture, staying a relatively weak level
after soil moisture exceeds 0.15. The influence of surface
temperature on S-LE-C and S-H-C is relatively weak.
Despite significant variations in surface temperature (rang-
ing from — 8 to 10 °C), S-LE-C exhibits a weak increasing
trend, while S-H-C shows only minor fluctuations. LAI has
a more pronounced impact on surface synergy coupling. As
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Fig. 11 Variation of surface synergetic couplings (S-LE-C and S-H-C) with surface factors (soil moisture, temperature and LAT)
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LAI increases, S-LE-C gradually strengthens, while S-H-C
gradually weakens. Therefore, the spatial differences in sur-
face stage of land-atmosphere coupling are primarily influ-
enced by soil moisture and LAI, with contrasting response
patterns between latent heat flux (LE) and sensible heat flux
(H) to changes in soil moisture and LAI.

Figure 12 illustrates the relationship between synergistic
coupling (S-CP-C) of atmospheric coupling stage and sur-
face factors. S-CP-C exhibits an initial increase followed by
a decrease with increase in soil moisture, with the highest
coupling observed within the soil moisture range of 0.1—
0.15. S-CP-C strengthens as surface temperature increases,
especially when the temperature is above 8 °C, exhibiting
a relatively strong coupling. S-CP-C shows a decreasing
trend as vegetation LAI increases, with stronger coupling
when LAI is below 0.4. Considering the two-step land-
atmosphere coupling, the impact of soil moisture and sur-
face temperature on S-LE-C is similar to their impact on
atmospheric coupling. While the effect of LAI on S-H-C is
similar to its effect on atmospheric coupling. This reflects
the impact of spatial variations in surface factors on the
land-atmosphere coupling chain. Spatial differences in soil
moisture and surface temperature mainly affect the surface
factor-latent heat flux-precipitation coupling chain, while
LAI primarily influences the surface factor-sensible heat
flux-precipitation coupling chain.

4.4.2 Differences in land-atmosphere coupling in different
vegetation ecosystems

The substantial spatial variations in surface properties in
the study area are linked to the diverse land surface cover
types, which include cropland, grassland, forest, and sparse

(@)

S-CP-C

vegetation. Different land surface cover types exhibit unique
surface properties. therefore, this section analyzes the dif-
ferences in land-atmosphere coupling and the contributions
of various surface factors under different cover types.

First, the differences in surface synergy coupling and the
contributions of various factors under different cover types
were examined (Fig. 13). S-LE-C is stronger in forest com-
pared to cropland, grassland, and sparse vegetation. This
is associated with higher soil moisture and LAI in forested
areas, as regions with greater soil moisture and LAI tend to
have stronger S-LE-C coupling. S-H-C is strongest in areas
with sparse vegetation, followed by cropland and grassland,
with forests having the weakest values. This is related to the
inverse relationship between soil moisture, LAI, and S-H-
C, where regions with larger soil moisture and LAI tend to
have weaker S-H-C values (Fig. 11).

In terms of the contributions of various surface factors to
LE, soil moisture has a relatively large positive contribution
in forested and sparsely vegetated areas, while its positive
contribution is much smaller in cropland and grassland. Sur-
face temperature makes a certain contribution in forested
and grassland areas, but its contribution is relatively small
in cropland and sparsely vegetated areas. LAI exhibits the
highest contribution in cropland, followed by grassland,
with minimal contributions in forests and sparse vegetation
areas. Regarding the contributions of different factors to H,
soil moisture has a relatively large negative contribution in
cropland, followed by grassland, while it has a significant
positive contribution in forests. The contributions of sur-
face temperature and LAI are much smaller compared to
soil moisture. Surface temperature makes a larger contribu-
tion in grasslands, while its contribution is small in crop-
land and sparse vegetation areas. LAI has a certain negative
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Fig. 12 Variation of atmospheric synergetic coupling (S-CP-C) with surface factors, (a), (b), and (c¢) for soil moisture, temperature and LAI,
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Fig. 14 Atmospheric synergistic coupling (S-P-C) and contribution of
H and LE in different ecosystems

contribution in cropland, grasslands, and sparse vegetation
areas, while its contribution in forests is weak. In summary,
LE is primarily controlled by LAI in cropland, dominated
by soil moisture in forests and sparse vegetation areas, and
influenced by surface temperature in grasslands; H is pri-
marily controlled by soil moisture across all types of vegeta-
tion types.

Figure 14 shows differences in atmospheric synergetic
coupling strength and contributions of surface flux among
to precipitation under different land surface cover types.
S-CP-C is larger in forested and sparsely vegetated areas
compared to cropland and grassland areas. Specifically, LE
contributes more to CP in cropland and forests, followed
by sparse vegetation, and is less significant in grasslands;
H exhibits a relatively large negative contribution in for-
ests, grasslands, and sparse vegetation areas, with almost
no contribution in land. Therefore, afternoon convective
precipitation is primarily driven by latent heat in cropland,
influenced by both sensible and latent heat in forest, and
mainly controlled by sensible heat in grasslands and sparse
vegetation areas.

5 Discussions

The results of this study show that the contribution of sur-
face temperature to sensible heat (H) is relatively small,
while soil moisture has a larger contribution. This seems
counterintuitive since surface temperature generally has a
direct impact on H and its contribution is expected to be
large. In fact, the influence of surface temperature on H is
generally more pronounced on daily or sub-daily scales (Ma
and Ma 2016). At the monthly scale considered in this study,
on the eastern slope of the Tibetan Plateau, the relative vari-
ability of soil moisture is significantly larger than that of soil
temperature (Fig. 2b, d), with the relative variability of soil
moisture being approximately four times larger than that of
soil temperature. The much smaller variability in soil tem-
perature leads to a smaller contribution to sensible heat.

This study explores the impact of land surface conditions
on precipitation, finding that 16% of precipitation variabil-
ity can be explained by sensible heat and latent heat (LE).
When focusing solely on afternoon precipitation variabil-
ity, H and LE can account for up to 36% of the precipita-
tion changes. The study only takes into account the linear
effects of surface factors on precipitation, while there are
also nonlinear effects (Hsu and Dirmeyer 2021). This likely
underestimates the contribution of H and LE to precipita-
tion. Nevertheless, the dominant contributions to precipita-
tion are complex atmospheric dynamics and environmental
conditions(Wang et al. 2018), such as moisture convergence
and uplift, atmospheric stability, which are closely related
to atmospheric circulation (Lai et al. 2024). Additionally,
in the rugged terrain of the eastern slope of the Tibetan Pla-
teau, complex topography is also an important factor affect-
ing precipitation (Imamovic et al. 2017).

The sensitivity of coupling strength to surface moisture
and ecological factors, along with the significant differ-
ences among various ecosystems, highlights the substantial
impact of surface heterogeneity on land-atmosphere cou-
pling. The influence of temporal and spatial variations in
surface moisture conditions on coupling strength has been
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broadly acknowledged (Guillod et al. 2015; Wei and Dir-
meyer 2012). The role of vegetation physiological and eco-
logical processes in land-atmosphere coupling has received
less attention. Changes in vegetation conditions can shift
the soil moisture-evapotranspiration coupling from posi-
tive to negative through stomatal regulation mechanisms
(Williams and Torn 2015). Increased vegetation cover can
reduce albedo, increase net radiation, and heat the atmo-
sphere, causing the planetary boundary layer height to
exceed the lifting condensation level, resulting in more con-
vective clouds (Manoli et al. 2016). It can also lower surface
temperatures through increased transpiration, thus reducing
atmospheric heating. Additionally, differences in vegeta-
tion roughness can lead to variations in turbulence intensity,
thereby affecting the formation of deep convection (Chen et
al. 2020). Therefore, the relative importance of these pro-
cesses varies among different vegetation types, leading to
notable differences in land-atmosphere coupling across dif-
ferent vegetation conditions (Tao et al. 2019).

This study dissected the coupling between multiple land
surface variables and precipitation across the northeastern
slope of the Tibetan Plateau. Some aspects might contribute
to the uncertainty of the results. First, the complex topogra-
phy of the study region would induce mountain-valley cir-
culation and trigger precipitation(Barton et al. 2021). Large
scale dynamics also produce precipitation (Welty and Zeng
2018). Since large-scale precipitation often persists and
results in morning rainfall, excluding days with morning
precipitation helps reduce the uncertainty related to large-
scale precipitation (Taylor et al. 2012). Therefore, this study
using afternoon precipitation could reduce these impacts.
Second, although sensible and latent heat flux data in this
study are widely used, they still have considerable uncer-
tainties over the complex surface of the northeastern slope
of the plateau. Finally, coupling were only characterized sta-
tistically, and exploring the specific coupling mechanisms
requires more detailed boundary layer 3-D observations and
numerical experiments.

6 Conclusions

To elucidate the influence of changes in land surface state
on precipitation across the northern slope of the Tibetan Pla-
teau, this study investigates the spatial distribution of land-
atmosphere coupling and its influencing factors. Based on
an understanding of the spatiotemporal distribution of land
surface states, surface fluxes, and precipitation, this study
characterizes the spatial distribution of land-atmosphere
coupling through a two-step coupling analysis, consider-
ing land surface state-surface flux coupling and surface
flux-precipitation coupling. Synergetic coupling strength
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significantly are enhanced compared to individual couplings.
During the surface coupling stage, the synergetic coupling
strength is strongest in the northwestern desert region and
increases southeastward for latent heat flux, is more com-
plicated for sensible heat flux. During the atmospheric cou-
pling stage, latent heat flux positively influences afternoon
precipitation, particularly in the northwest, whereas sensible
heat flux generally has a negative impact. The synergetic
coupling is further enhanced when considering precipitation
components (convection and large-scale precipitation).

Moreover, this study examines the variations in coupling
strength with land surface state factors. Land surface cou-
pling is sensitive to the variation of climatology of surface
factors. For the surface coupling stage, the coupling strength
of surface variables with latent heat flux increases first and
then decreases with increasing soil moisture, and that with
sensible heat flux weakens with increasing soil moisture.
With increasing LAI, the synergetic coupling of surface
variables with latent heat gradually increases, and that with
sensible heat gradually decreases. For the atmospheric cou-
pling stage, the synergetic coupling decreases first and then
increases with increasing soil moisture, strengthens with
increasing surface temperature, and weakens with increas-
ing LAL

Finally, it compares the coupling strength and contribu-
tions of various factors across different land cover types.
Land-atmosphere coupling and factor contributions vary
in different ecosystems. For the surface coupling stage, the
synergetic coupling of surface variables with latent heat is
larger in forested areas than in other areas, while that with
sensible heat is largest in sparse vegetation areas, followed
by croplands and grasslands, and smallest in forests. Latent
heat is dominated by soil moisture in forests and sparse
vegetation, and by LAI in croplands, and by surface tem-
perature in grasslands. Sensible heat is dominated by soil
moisture in all land surface types. For the atmospheric cou-
pling stage, the synergetic coupling is relatively strong in
forests and sparse vegetation areas, and weak in croplands
and grasslands. Afternoon precipitation is mainly dominated
by latent heat in cropland, jointly influenced by sensible and
latent heat in forest, and mainly dominated by sensible heat
in grassland and sparse vegetation.
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