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Abstract Northern China is a global hotspot for intense land-atmosphere coupling because its atmospheric
and land-surface features vary substantially, making the mutual feedbacks and linked responses between
coupling variables more prominent. Based on Global Land Data Assimilation System (GLDAS) data, land grid
data from ECMWF Re-Analysis project data-Interim (ERA-Interim), ECMWF Scheme for Surface Exchanges
over Land incorporating land surface hydrology (ERA5-land) and Global Land Evaporation Amsterdam Model
4 (GLEAM4) global land flux network (FLUXNET) data and weather observation data, the variability of the
response of land-atmosphere coupling processes to climate warming with the spatial change of the climate
background in northern China was analyzed. The response mechanisms of the coupling processes between land
evapotranspiration and soil moisture, and between surface net radiation and soil moisture to the spatial change
of precipitation climate space (defined by the annual mean value of a given physical quantity) were investigated.
Additionally, the effect of climate space on land-atmosphere coupling characteristics was investigated. Results
indicate that there were significant spatial differences in the trends of temperature and precipitation variation in
northern China, and the characteristics of land-atmosphere coupling in response to climate change were strongly
reliant on the energy and moisture constraints in climate space. The summer monsoon transitional region
(SMTR) was found to be a climate-sensitive zone with competition between moisture and energy, where the
response of land-surface physical quantities to climate change underwent a radical transformation, and land-
atmosphere coupling processes displayed both positive feedback (temperature increasing—soil moisture
decreasing—net radiation decreasing—temperature increasing) and negative feedback (temperature
increasing—soil moisture decreasing—net radiation increasing— temperature decreasing) to climate warming.
These findings would improve the scientific understanding of the characteristics and mechanisms of land-
atmosphere coupling processes for a heterogeneous underlying surface, and may provide an important
theoretical basis for climate prediction in northern China.

Plain Language Summary Northern China has intense interactions between the land and
atmosphere due to its varying climate and land features. This study analyzed how these interactions respond to
climate warming across different regions in northern China using multiple data sources. The study found that
temperature and precipitation trends varied significantly across the region, and the response of land-atmosphere
coupling to climate change depended on the energy and moisture constraints in the climate space. The summer
monsoon transitional region was identified as a climate-sensitive zone where the response of land-surface
physical quantities to climate change underwent significant changes, and land-atmosphere coupling processes
displayed both positive and negative feedbacks to climate warming. The results of this study improves our
understanding of the characteristics and mechanisms of land-atmosphere coupling processes in areas with
varying climate and land features, and may provide a theoretical basis for climate prediction in northern China.

1. Introduction

Land-atmosphere coupling processes are very important for the exchange of energy, water, and momentum
between the land surface and atmosphere, and play a significant role in atmospheric convection (Zheng
et al., 2015), cloud physical processes (Min et al., 2022), and the formation of local circulation (Schumacher
et al., 2019). The mutual feedback process between soil moisture and precipitation through land evapotranspi-
ration is an important means of land-atmosphere coupling, and can significantly affect weather, climate, and
climate change (Seneviratne et al., 2016). The mutual feedback process is also relatively poorly understood in
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terms of the formation and development mechanisms of extreme weather, climate events, and meteorological
disasters (Taylor et al., 2011; Zhou et al., 2019). Thus, land-atmosphere coupling processes have become a hot
research topic worldwide in recent years.

Land-atmosphere coupling processes mainly consist of the energy and hydrological cycles between the land
surface and atmosphere as well as their correlations. The characteristics and action mechanisms of the coupling
processes are not only affected by atmospheric background factors such as wind speed, precipitation, temperature,
humidity, air pressure, and solar radiation, but are also associated with land-surface conditions, such as soil
moisture, soil properties, and vegetation coverage (Seneviratne et al., 2006). Land-atmosphere coupling processes
are therefore highly dependent on the spatial and temporal changes of climatic and environmental conditions
(Wetzel et al., 1996). The spatial differences in climatic background and the geographical environment can often
cause a distinct spatial variability in the characteristics of land-atmosphere coupling processes. Air temperature is
the most active climate element, and therefore land-atmosphere coupling processes will respond significantly to
temperature warming, which exhibits notable spatial variations (Wang & Zeng, 2015).

Previous studies showed that the response of regional land-atmosphere coupling to global warming differed
substantially under the different climates, and different climatic zones even show the opposite response trends or
mutual feedback relationships (Evans et al., 2011; Guo & Dirmeyer, 2013; Seneviratne et al., 2010). This not only
indicates the complex relationship between land-atmosphere coupling processes and the weather and climate, but
also emphasizes the difficulty in understanding the characteristics and action mechanisms of land-atmosphere
coupling. In the humid summer monsoon region, heatwaves weather leads to soil moisture affecting net long-
wave radiation and sensible heat flux at the surface, which in turn creates favorable land conditions for the
persistence of heatwaves (Ni et al., 2024; Wang et al., 2024). In the northern arid region, strong surface sensible
heat flux and the entrainment effect of residual layer energy result in a significantly higher convective boundary
layer height compared to other climatic regions (Freire & Dias, 2013; B. Carreras et al., 2014), with a maximum
value reaching 4,170 m (Zhang, Qiao, et al., 2019). In the summer monsoon transition region, the long-term
accumulative effect of shallow soil moisture and boundary layer land-atmosphere dry thermal coupling con-
tributes significantly to deep soil drought on a cross-seasonal scale. Clearly, the land-atmosphere coupling
processes in northern China are complex and exhibit significant spatial climatic differences. Many scientific
issues in this field remain unsolved, which has seriously limited the ability to understand the characteristics and
mechanisms of land-atmosphere coupling. Some of the unanswered questions include: What are the land-
atmosphere coupling characteristics with the spatial variation of climatic background? What factors influence
the relationship between land-atmosphere coupling characteristics and the climatic background? Under what
specific climate conditions will there be a positive or negative feedback between evapotranspiration and soil
moisture content?

Northern China is characterized by the frequent convergence of the East Asian summer monsoon, the Northern
Hemisphere westerly jet stream, and high-latitude cold air masses. This distinctive atmospheric circulation results
in a region encompassing humid, semi-arid, and arid climates, with pronounced spatial transitions (Zhang
etal., 2016). The unique spatial climate characteristics lead to a vegetation pattern that transitions from deciduous
broadleaf forests in the southeast to desert grasslands in the northwest (Zhang, Qiao, et al., 2019). The region's
sensitivity to precipitation variability contributes to the frequent occurrence of extreme weather events as the
climate warms. With the East Asian summer monsoon and its special geographical environmental conditions,
northern China is known to be a global center of land-atmosphere coupling (Koster et al., 2004), and is very
sensitive to global warming. This is likely to be a major reason for the frequent occurrence of drought disasters
and the worsening drought conditions in this region (Han et al., 2021). Based on the activities of the Asian
summer monsoon, northern China can be divided into three typical climate zones, namely, a summer monsoon
region (SMR), summer monsoon transitional region (SMTR), and non-summer monsoon region (NSMR)
(Figure 1), where agricultural-pastoral ecotones, climatic transition zones, and other regions with very notable
temporal and spatial changes in climatic background and geographical conditions are widely distributed (Zhang
et al., 2014). Changes in the spatial gradient of the climate background, soil moisture conditions, and vegetation
coverage in this region can lead to changes in land-surface energy and moisture exchange processes. In particular,
land-surface evapotranspiration and net radiation have a very sensitive response to these kinds of spatial varia-
tions (Taylor et al., 2011), which will further aggravate the complexity of the spatial distribution of climate and
soil conditions (Emori, 1998). Because northern China is sensitive to climate change, the mechanisms by which
land-atmosphere coupling processes respond to climate warming are affected by the local climate space, and a
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Figure 1. Schematic diagram of the study area (the numbers in circles represent the location of field observation stations:
Yuzhong, Yan'an, Shangluo).

significant transformation of these mechanisms is possible (Zhang, Yang, et al., 2019). These phenomena make
the problem of climatic spatial variability in land-atmosphere coupling processes over northern China more
noticeable, resulting in more factors influencing weather forecasting and climate prediction in northern China
(Findell & Eltahir, 2003a, 2003b; Rihani et al., 2015).

Some researchers have studied the response of land-atmosphere coupling processes to climate change in northern
China (Li et al., 2021), and a certain scientific understanding of the mutual feedback processes between land
evapotranspiration and air temperature has been achieved (Zhang, Yang, et al., 2019; L. Zhang et al., 2022, Q.
Zhang et al., 2022). However, previous studies focused more on the multi-scale response of the physical quantities
of land surface processes in northern China to the East Asian summer monsoon (Zhang et al., 2016, 2020, 2021).
Less attention has been given to the unique land-atmosphere coupling characteristics in this region although a few
studies have considered the complex mutual feedback processes between soil moisture and land evapotranspi-
ration (Liu et al., 2014; Zuo & Zhang, 2016). Moreover, what are the characteristics of the key soil moisture-
evapotranspiration processes in land-atmosphere coupling in northern China? How do the response character-
istics of land-atmosphere coupling processes to climate warming change with spatial variations in climate? There
has been no scientific recognition. This situation has restricted our understanding of the function of land-
atmosphere coupling in the formation and development mechanisms of extreme weather and climate events in
northern China, and also restricted the accuracy of forecasting convective precipitation in this region.

In recent years, the level of land-air interaction collaborative observations and the reliability of data for northern
China have significantly improved (Huang et al., 2012; Liu et al., 2011). Additionally, the multi-model simulation
level of the Global Land Data Assimilation System (GLDAS) and the land-surface data reanalysis technology
have been continuously improved worldwide (Wei et al., 2015), providing sufficient data support for the study of
the response variability of land-atmosphere coupling processes to climate warming in northern China under the
context of varying climate space. To better understand the characteristics and mechanisms of land-atmosphere
coupling in the climatic and ecological transition zones and provide the basic theoretical basis for improving
the accuracy of weather forecasts and climate prediction in northern China, we are to analyze the trends of
temperature and precipitation variation in northern China alongside the variation of climate space, and explore the
response variability characteristics of land-atmosphere coupling processes to climate warming in an attempt to
determine the factors regulating the response of the mutual feedback processes between land evapotranspiration
and soil moisture and between surface net radiation and soil moisture to the changes in precipitation climate
space. The characteristic features of the transformation of land-atmosphere coupling mechanisms with the
variation of climate space will also be identified.
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Table 1
Details of the Data Used in This Study

Data types Spatial resolution (°)  Temporal resolution Time scale (year)

FLUXNET-Evapotranspiration 1.0° x 1.0° Month 1982-2014
CAMSMD-Observed Soil Moisture Stations Ten days 1981-2009
CRU-Precipitation, Tair 0.5° x 0.5° Month 1901-2018
ERA-Interim Soil Moisture 0.5° % 0.5° Month 1979-2018

GLDAS 1 1.0° x 1.0° Month 1979-2019
ERAS-land 0.1°x 0.1° Month 1950-5 days before the current day
GLEAM4 0.25° x 0.25° Month 1980-present

2. Data and Methods
2.1. Study Area

The study area is the region north of the Yangtze River and west of Xinjiang in northern China, as shown in
Figure 1. This region features the most prominent transition of the Asian summer monsoon, with extensive
agricultural and pastoral ecotones and is located within a climatic transition zone. According to the extent of the
influence of the summer monsoon, it can be divided into the three typical climate regions of SMR, SMTR, and
NSMR, and its climate background and geographical environment conditions vary substantially in time and space
(Zhang et al., 2014). This region, which is very sensitive to climate change, has strong incoming solar radiation, a
large land evaporation potential, and a distinct spatio-temporal variation of precipitation as well as a fragile
ecology. In this region, there are significant spatial differences in the soil moisture content and vegetation
coverage, which change over a distinct annual-cycle with large interannual fluctuations.

2.2. Data

The study used climatic data such as temperature and precipitation, and land-surface process data including soil
moisture, land evapotranspiration, and surface net radiation. These data selected from multi-source data sets
available worldwide can meet the requirements of this study in terms of data accuracy, continuity, integrity, and
reliability, as well as time series length (Table 1). The temperature and precipitation data were derived from the
Climatic Research Unit (CRU) data set (Harris et al., 2014) and the data reliability has been confirmed. Char-
acterized by long time series, good integrity, high reliability, and the quantitative description of the data for the
climate state has been verified (Zhang et al., 2017), thus the data were widely used in climatological research
(Sheffield et al., 2006; Zhang et al., 2011, 2017). The data used in this study were the TS v4 version recently
released by CRU, covering the period of 1901-2018 (Harris et al., 2020). The observed soil moisture was derived
from China Agricultural Meteorological Soil Moisture Data set (CAMSMD, Zhang et al., 2017).

The land evapotranspiration data were from the global FLUXNET grid data set, which were made by the German
Max Planck Institute of Biogeochemistry based on global land surface flux observations through strict quality
control testing, machine learning verification, and spatial up-scaling processing (Pastorello et al., 2021). Covering
the period of 1982-2014, the data have the advantages of a long time series and good compatibility with global
climate data, and are often used in studies of land-atmosphere interaction (Jung et al., 2009; Zeng & Zhang, 2012).
Moreover, one study has demonstrated that this data can reflect the spatial characteristics of land-atmosphere
interactions in northern China (Zhang, Yang, et al., 2019). The model-based evapotranspiration data were ob-
tained from GLDAS, ERA-Interim, ERAS-Land, and GLEAM4. ERAS-Land has been produced by replaying the
land component of the ECMWEF ERAS climate reanalysis, with its evapotranspiration data sourced from the
Penman-Monteith equation (Hersbach et al., 2020). GLEAM4 is a hybrid evaporation model that harnesses the
synergy between process-based modeling and machine learning. In GLEAMA4, earlier empirical evaporative stress
functions were replaced by deep neural networks trained on eddy-covariance and sapflow data to better represent
the complex physiological response of vegetation to multiple environmental stressors (Martens et al., 2017,
Miralles et al., 2011). Further information is shown in Table 1.

The land-surface soil moisture data were obtained from GLDAS (Rodell et al., 2004) ERA-Interim, ERAS5-land,
and GLEAMA4 global reanalysis grid data. The GLDAS data has been publicly released in two versions: GLDAS 1
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Figure 2. Global distribution of soil moisture inclination rates from (a) GLDAS, (b) EAR-Interim, (c) GLEAM4 and (d) ERAS-Land data. All inclination rates passed the
significance test at the 95% confidence levels.

and GLDAS 2. The GLDAS 2 data are newer than the GLDAS 1 data, but its time series is short, only from the
year 2000 to the present. In contrast, the GLDAS 1 data consist of more model simulation results with a longer
time series (from January 1979 to April 2020), and can be better matched with climate data and land evapo-
transpiration data. Zhang et al. (2014) indicated that the land surface models that provides simulation results for
GLDAS 1 data can perform well in simulating the spatial distribution patterns of the land surface fluxes in
northern China. To further reduce the uncertainty caused by the different models, we used an ensemble mean of
the four GLDAS 1 models in this research, which effectively reduces the systematic errors of the land-surface flux
data. The ERA-Interim (ECMWF Re-Analysis project data-Interim) data are a set of high-resolution reanalysis
data released by the European Center for Medium-range Weather Forecasting (ECMWF) (Berrisford et al., 2011).
This is the land surface data obtained by improving the hydrological and energy cycle processes of land surface
process models on the basis of an ECMWF Re-Analysis describing the state of the global atmosphere and land
conditions for 45-year (ERA-40). The GLEAM soil moisture data are a set of algorithms dedicated to the esti-
mation of root-zone soil moisture from satellite data (Martens et al., 2017). To mitigate the adverse effects of
discrepancies in soil layers and thicknesses among GLDAS, ERA-Interim, and ERA5-Land, this study focuses on
soil moisture data interpolated to a depth of 0—40 cm. Consequently, these data sets were employed to analyze the
response and feedback mechanisms of soil moisture to climate warming.

2.3. Comparative Verification of Soil Moisture Data

The soil moisture and land evapotranspiration are the land surface elements that are more sensitive to climate
change. The verified global FLUXNET data of land evapotranspiration in northern China are selected because it is
more reliable than other similar data available internationally (Zhang, Yang, et al., 2019).

Figure 2 compares the trends of soil moisture variation from GLDAS ERA-Interim, GLEAM4 and ERAS5-Land
data. The changes in the soil moisture content in the GLDAS data show that the range of global drying was more
extensive than that for global wetting (Figure 2a), and that the drying areas were mainly concentrated in the
Northern Hemisphere. Among the high-latitude regions in the Northern Hemisphere, the Qinghai-Tibet Plateau in
China, Greenland, and the Central and Western Siberian Plateau exhibit the most significant wetting trends (Feng
& Fu, 2013). In contrast, the extent of land drying and wetting in the Southern Hemisphere is not as prominent as

ZHANG ET AL. 5of 21

8508017 SUOWWOD 3AIER.D 3ot (dde auyy Aq peusenob aJe seole O '8sn JO Sa|ni 0} Alq1T8UIIUO 8|1 UO (SUONIPUOD-PUE-SWLB)LID A8 | IM"Ale1q [BU JUO//:StY) SUORIPUOD pUe SULB | 84} 88S *[520Z/0T/60] U0 A%idiaulluO AB|IM 10} Jelued oju| d13nueids 8y L Aq 668TYOACYZ0Z/620T OT/I0PAW00 M| im Areiqpuljuo'sgndnBey/sdny wouj pepeojumoq ‘0T ‘5202 ‘96686912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres

10.1029/2024JD041899

(a) Obs.&Era

0.30

0.20 o /,A,/,,
. o O 97
Q-

y=04771x +0.1423
R® = 0.4963

X Low-Lat. Link. Area
A Nor. Dro.-Prone Belt

O High-Lat. Link. Area

0.10 0.15 0.20 0.25 0.30
Obs. (%)
(c) Obs. & ERA5-land

X Sum.Mons.Reg.
ATrans.Reg.
ONon.-Sum.Mons.Reg. /,/’/

ERA5-land (%)
o
G

y=0.7478x - 0.0046
- R2=0.8301

0.05 0.10 0.15 0.20 0.25
Obs. (%)

0.30

0.25

0.20

GLDAS Ens. (%)

I3
-
@

(b) Obs. & GLDAS Ens.

X Low-Lat. Link. Area

A Nor. Dro.-Prone Belt
0.7071x +0.0363

R?=0.7958 O High-Lat. Link. Area

0.10 0.15 0.20 0.25 0.30
Obs. (%)

(d) Obs.& GLEAM

X Sum.Mons.Reg. e

ATrans.Reg.
O Non.-Sum.Mons.Reg. ,/’5(

y=0.7189x + 0.0005
R2=0.1827

Xx
A

o A &A
© ©

0.05 0.15 0.25
Obs. (%)

Figure 3. Correlation of (a) ERA-interim, (b) GLDAS, (c) ERA5-land and (d) GLEAM4 soil moisture data with the observed
soil moisture derived from CAMSMD.

in the boreal hemisphere, and the spatial drying and wetting trends are also more uniform. These characteristics
have been verified in previous studies (Deng et al., 2020).

Compared to the GLDAS soil moisture data, the ERA-Interim and ERAS5-Land soil moisture data captured the
characteristics of the major global surface drying areas better (Figures 2b and 2d), but the range of soil moisture
values in the ERA-Interim and ERAS5-Land data was too wide and the degree of soil wetting was too high (Cheng
& Huang, 2016; Deng et al., 2020). In particular, for the change of soil moisture in the climate transitional zone,
the ERA-Interim and ERAS-Land data were not dependable (Cheng & Huang, 2016), which resulted in errors in
the ERA-Interim data for northern China. Moreover, the degree of soil wetting in the GLEAM4 data were higher
than that in ERA-Interim and ERA5-Land in northern China (Figure 2c). Therefore, the GLDAS data could more
objectively reflect the climate pattern of soil moisture in northern China and its response to climate warming.

To better understand the strengths and weaknesses of GLDAS, ERA-interim, ERAS5-land and GLEAM4 soil
moisture data, we compared them with the observed soil moisture data from the three observation stations in
northern China in Figure 1, with the results shown in Figure 3. The GLDAS data, ERA-interim data, and ERAS-
land data were well correlated with the observations, with determination coefficients (R%) of 0.79, 0.49 and 0.83,
respectively. In comparison, the GLDAS and ERAS5-land soil moisture data were much closer to the observations
and had stronger correlations. Table 2 lists the statistical parameters used to test and compare the three climate
zones (SMR, SMTR, and NSMR), further illustrating that the correlation coefficient and root mean square error
(RMSE) between GLDAS soil moisture data and the observations were significantly superior to those of the

Table 2
Statistical Parameters for the Testing and Comparison of GLDAS, ERA-Interim, ERAS5-Land and GLEAM4 Soil Moisture
Data With Observations in Different Climate Zones

Temporal correlation RMSE (%)

GLDAS ERA-interim ERA5-land GLEAM4 GLDAS ERA-interim Era5-land GLEAM4

Non-Sum. Mons. Reg.  0.65%* 0.29* 0.66** 0.35%* 0.012 0.038 0.041 0.055
Trans. Reg. 0.89%* 0.49%%* 0.87+%* 0.23* 0.018 0.028 0.019 0.066
Sum. Mons. Reg. 0.92%%* 0.75%%* 0.91+* 0.17* 0.026 0.034 0.027 0.050

Note. “**” and “*” represent values that passed the significance test at the 99% and 95% confidence levels, respectively.
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Table 3
Same as Table 2, but for Evapotranspiration

Temporal correlation RMSE (mm)

GLDAS ERA-interim ERAS-land GLEAM4 GLDAS ERA-interim ERA5-land GLEAM4

Non-Sum. Mons. Reg.  0.77** 0.69+* 0.64** 0.75%%* 19.3 18.4 20.2 19.9
Trans. Reg. 0.89%%* 0.837#* 0.85%* 0.77%* 28.6 30.1 29.7 27.5
Sum. Mons. Reg. 0.84** 0.73%%* 0.72%%* 0.89%* 329 353 31.8 332

Note. “**” and “*” represent values that passed the significance test at the 99% and 95% confidence levels, respectively.

ERA-interim data and GLEAM4 data in the SMR, SMTR, and NSMR, and slightly superior to ERAS5-Land data.
Therefore, the selection of GLDAS soil moisture data for this study was considered reasonably. Moreover, the
significant impact of precipitation forcing data, derived from observational data, on the simulation of soil
moisture is notable. In NSMR, the scarcity of observational stations compromises the precision of the precipi-
tation. Regional variations in root zone depth may contribute to the larger errors in the GLEAM4 data.

Furthermore, both the correlation coefficient and RMSE illustrated that the evapotranspiration data from GLDAS,
ERA-interim, ERA5-land, and GLEAM4 were consistent with the observed data (Table 3). Moreover, consid-
ering the overall performance in the three climate zones (SMR, SMTR, and NSMR), GLDAS was slightly su-
perior to the other three data sets. Therefore, when the temporal resolution of observational data is insufficient for
research purposes, GLDAS evapotranspiration data were a more reasonable option.

2.4. Methods
2.4.1. Determination of the Climate and Land-Surface Variables

To describe the degree of variation of the major climate and land surface variables, their relative change in
amplitude each year was calculated using Equation 1:

AXi=Xi_Xmin’i=1’27“”n (1)

where AX; represents the change in amplitude of major climate variables, including annual mean temperature (°C)
and annual precipitation (mm), as well as major land surface factors such as soil moisture (m®> m™>), land
evapotranspiration (mm d™Y), and surface net radiation (W m~2); i is the sequence number of the year in the time
series of data; n is the length of the data sequence (unit: year); X; is the annual mean (or annual accumulation) of
the major climate or land surface elements in the i-th year; and X ;, is the minimum annual mean value (or annual
accumulation) of the major climate or land surface elements in the data series.

2.4.2. Definition of the Climate Space Type

To quantitatively represent the spatial discrepancy of the climate background, the climate space type can be
defined by the range of the annual mean value of a given physical quantity (Zhang, Yang, et al., 2019). For
example, the range of the annual mean value of a given annual precipitation or soil moisture content can be used to
determine the different climate space types of precipitation or soil moisture, and then the spatial climate distri-
bution of precipitation or soil moisture can be determined according to the climate space type. A mean precip-
itation of 100 mm was used to define the precipitation climate space type, and was referred to as the PXXX
precipitation climate type. For example, a region with an annual mean precipitation in the range of 0—100 mm can
be described as the P50 climate type and a region with an annual mean precipitation in the range of 100-200 mm
can be described as the P150 climate type, with other precipitation climate types to be similarly defined. The
climate space of soil moisture can also be defined in a similar way. An annual mean value of 0.01 m® m™> was
used to define the soil moisture climate spatial type, and was referred to as the SMXX soil moisture climate type.
For example, the region with an annual mean soil moisture in the range of 0.095-0.105 m® m™ can be described
as the SM10 soil moisture climate type, and the region with an annual mean soil moisture in the range of 0.105—
0.115 m® m™ can be described as the SM11 soil moisture climate type. The same classification method can be
used for the division of other soil moisture climate types.
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2.4.3. Moisture Content Normalization Index

To facilitate a comparative analysis, it is often necessary to normalize some variables so that variables with
different dimensions or orders of magnitude can be transformed into dimensionless variables or variables of the
same-order magnitude. In this study, the following formula was used to normalize soil moisture data:

X-X_.
SM, = —2min =12 ... )
Xmax' min

where SM,; is the time series value of normalized soil moisture; i is the serial number of the year of the soil
moisture data in the time series; X; is the i-th time series value of soil moisture; X,,;, is the minimum value of soil
moisture in the data series; and X, is the maximum value of soil moisture in the data series. The normalized soil
moisture value is kept within the range of [0, 1], which more clearly reflects the variation of soil moisture and
facilitates a comparison between different regions.

2.4.4. Inclination Rates of Climate and Land-Surface Elements

The climatic inclination rates of climatic and land-surface elements represent the temporal trend of specific
climate factors, which are commonly used to express their responses to climate change (Zhang, Yang,
et al., 2019). This kind of inclination rate is used in this study, and can be determined by a linear fitting relation as
follows:

X=a, +1,xt 3)

where X is the climatic and land-surface element; a; is the intercept of the fitting relation; /.. is the slope of the
fitting relation, expressed as the climate inclination rate; and ¢ is time (unit: yr).

The other inclination rate reflects the changing trend of climatic and land-surface elements with other climate
elements, that is, the climate inclination rate varies with climatic elements, which can also be determined by the
linear fitting relationship expressed in the following formula:

X=a,+I,XY 4)

where X represents climate element; a, is the intercept of the fitting relationship; I, is the slope of the fitting
relationship or the variation of the climate inclination rate with climate elements; and Y is the different climate
element from X.

2.4.5. Sensitivity of the Inclination Rate to the Variation of Precipitation Climate Space

In regions with an obvious climate transition, the inclination rate of land-surface elements changes considerably
with the precipitation climate space, and so does the degree or sensitivity of such changes. The inclination rate of
land-surface elements reflects the response sensitivity of land-surface elements to climate change, while the
degree of variation of the inclination rate of land-surface elements with precipitation climate space reflects the
sensitivity of this inclination rate to the precipitation climate space change. The sensitivity of the inclination rate
to precipitation climate space change can be determined by the linear fitting relation in Equation 5:

[p=a3+S,><P (5)

where I, represents the variation of the inclination rate of land-surface elements with climatic elements; as is the
intercept of the fitting relationship; S; stands for the slope of the fitting relationship, that is, the sensitivity of the
inclination rate to the spatial variation of precipitation climate, and P is the multi-year average precipitation (unit:
mm) in climate space.
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Figure 4. (a) Variation of the temperature climate inclination rate with precipitation climate space and (b) comparison of their mean values in non-summer monsoon
region (NSMR), transitional region and summer monsoon region. All inclination rates passed the significance test at the 95% confidence levels.

2.4.6. Land-Atmosphere Coupling Index

The land-atmosphere coupling processes are mainly manifested as the connections between the changes in at-
mospheric conditions and the changes in land surface conditions, and are quantitatively represented by the land-
atmosphere coupling index, which is commonly defined by a combination of evaporation and soil moisture, as
shown in Equation 6 (Dirmeyer, 2011; Zeng & Xie, 2015):

CI(SWN em) = \/ﬁr(sm’ em)g(em) (6)

CI(s,,,€,,) is the land-atmosphere coupling index for the m-th month, s,, and e,, represent the soil moisture and
evapotranspiration, respectively, for the m-th month. r(s,,,e,,) is the correlation coefficient of a time series
composed of soil moisture and evapotranspiration in the m-th month, o(e,,) is the standard deviation of the time
series of evapotranspiration in the m-th month, n is the time length of the data (in years). It is noticeable that
CI(s,,,e,,) is determined jointly by r(s,,,e,,) and o(e,,).

Furthermore, the relationship between atmospheric conditions and evapotranspiration can be represented by the
correlation coefficient between evapotranspiration and the specific humidity at 2 m (Dirmeyer et al., 2013), which
is represented as r(em,qm). Therefore, this study uses the land-atmosphere coupling index and the correlation
coefficient between evapotranspiration and the air humidity to quantitatively investigate the land-atmosphere
coupling characteristics in northern China, with a focus on the strong land-atmosphere coupling season (Jun—Aug).

3. Results
3.1. Climatic-Spatial Variability in the Response of Land-Atmosphere Coupling to Climate Warming

The response of land-atmosphere coupling processes to global warming tends to be significantly influenced by
regional climatic conditions (Seneviratne et al., 2006). Thus, before analyzing the spatial variation characteristics
of land-atmosphere coupling processes in response to global warming in northern China, it was necessary to first
establish the spatial variability of climate condition changes. Figure 4 shows the variation of the temperature
climate inclination rate with climate space and the mean values of the temperature climate inclination rate in the
SMR, SMTR, and NSMR. The temperature climate inclination rate was distributed inconsistently across the
climate space. However, the temperature climate inclination rate displayed a certain regularity with the changes in
precipitation climate space, and the peak value occurred in the SMTR, which was dominated by semi-arid and
semi-humid climate conditions, reaching 0.019°C yr™". The drier or wetter the region, the lower the temperature
climate inclination rate, and it gradually reached a relatively stable value at 0.009°C yr™"' in the humid region.
From a comparison of the average values of warming inclination rates in the three climate zones in northern
China, it was apparent that the temperature climate inclination rates were higher in the NSMR and SMTR, with
the SMTR having the highest rate of 0.018°C yr™', which was higher than the rate of 0.011°C yr™" in the region
affected by the summer monsoon.
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Figure 5. (a) Variation of the precipitation climate inclination rate with precipitation climate space and (b) comparison of the mean precipitation climate inclination rates
in non-summer monsoon region, summer monsoon transitional region and summer monsoon region. All inclination rates passed the significance test at the 95%

confidence levels.

Because the climate in arid areas is more sensitive to global warming (Koutroulis, 2018), it was expected that the
warming rate would be more obvious in the NSMR and the SMTR, both of which are drier than the SMR.
However, the fastest warming did not occur in the driest non-monsoon region, but in the semi-arid and semi-
humid SMTR, which was an unexpected outcome. This phenomenon was considered credible because Li
et al. (2015) also obtained similar results, demonstrating the special sensitivity of the response of SMTR to
climate change.

In addition to temperature, precipitation is also an important spatial climate element. Its variation trend is not only
closely related to land-atmosphere coupling processes, but may even affect the variation trend of temperature. For
this reason, Figure 5 shows the variation of the precipitation climate inclination rate with the change of pre-
cipitation climate space and compares their average values in the NSMR, SMTR, and SMR. It can be seen from
the figure that the variation of the precipitation climate inclination rate with precipitation climate space was the
opposite of the regular variation of the temperature climate inclination rate with climate space shown in Figure 4.
The lowest precipitation climate inclination rate (—1.27 mm yr~') was found in the SMTR, where semi-arid and
sub-humid climates were dominant. In this region, the precipitation climate inclination rate gradually turned from
negative to positive as the climate became drier or moister, and the inclination rate continued to increase,
gradually reaching a relatively stable value of 0.85 mm yr™" in humid areas. The precipitation climate inclination
rates in the NSMR and SMR were both positive with values of 0.32 and 0.55 mm yr~!, respectively, which
indicated that the climate in the two regions was becoming wetter. In contrast, a negative precipitation climate
inclination rate of —0.84 mm yr~' was found in the SMTR, which indicated that the climate in this region was
getting drier, with the drying trend being more noticeable than the wetting trend in the other two regions.

This unique change of the precipitation climate inclination rate with precipitation climate space was unexpected
and has rarely been explicitly reported in earlier studies. However, this feature is essentially consistent with the
conclusions of previous studies of the distribution pattern of precipitation change trends in China (Li et al., 2018;
K. Liu et al., 2020, Y. Liu et al., 2020), which also agreed with the results of climate warming and humidification
studies in arid areas of northwest China (Zhang et al., 2021). We noted that the lowest value of the precipitation
climate inclination rate corresponded with the peak value of the temperature climate inclination rate (Li
et al., 2015). This phenomenon suggests that in regions where the climate becomes drier, the magnitude of
warming will be greater, which is theoretically reasonable. The decrease in precipitation led to a reduction in the
cooling effect on the atmosphere, which can partially explain why the temperature increase in Figure 4 was more
distinct in the SMTR, which was composed of semi-arid and sub-humid regions, than in the NSMR, which was
dominated by an arid climate.

3.2. Climatic-Spatial Variability in the Response of Land-Atmosphere Coupling to Climate Warming

The unique features of the variation of temperature and precipitation climate inclination rates with precipitation
climate space in northern China will affect the response of land-atmosphere coupling processes to global warming
in this region. In land-atmosphere coupling processes, soil moisture is one of the most active land-surface physical
elements. Its close mutual feedback with land-surface evapotranspiration and net radiation can in turn influence
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Figure 6. (a) Trends of soil moisture variation under different precipitation climate types with temperature warming, (b) changes in the inclination rate with precipitation
climate space, and (c) comparison of the mean values and spatial sensitivities in panel (b) in non-summer monsoon region, summer monsoon transitional region and
summer monsoon region. All inclination rates passed the significance test at the 95% confidence levels.

the changes in precipitation and temperature. Figures 6a and 6b show the variation of soil moisture with
increasing temperature and the variation of the soil moisture inclination rate with precipitation climate space.
Additionally, the average values and spatial sensitivity of the changing inclination rates with precipitation climate
space in the NSMR, SMTR, and SMR shown in Figure 6b were compared in Figure 6¢. These figures show that
the warming inclination rate of soil moisture was negative, that is, the soil was drying with the increasing
temperature. However, in very dry areas, the soil dried slowly and the warming inclination rate of soil moisture
was maintained at about —0.005 m* m™2°C~". The warming inclination rate of soil moisture increased rapidly
with the precipitation climate space, gradually reaching a higher stable value of about —0.021 m®> m™3°C~! in
humid regions. By comparing the mean values and sensitivities of the soil moisture warming inclination rates in
the NSMR, SMTR, and SMR, we found soil drying was most noticeable in the SMR, reaching an average of
—0.017 m* m™°C~!, followed by the SMTR with an average drying rate of —0.007 m* m™>°C~", and the slowest
soil drying rate of only —0.005 m> m™*°C~" in the NSMR. The spatial sensitivity of the soil moisture warming
inclination rate was most prominent in the SMTR, that is, the most substantial variation of the inclination rate with
precipitation climate space occurred in this region. However, it was not very sensitive in the NSMR and SMR,
indicating that the inclination rate did not vary as much with the precipitation climate space.

These analyses indicate that the soil moisture used for evaporation was more abundant under climate warming,
and therefore the more humid the climate becomes, the more obvious the soil drying will be (Zaitchik et al., 2023).
In arid climatic conditions, the lower soil water content limited the supply capacity for evaporation. It can be
inferred from the asymptotically stable soil moisture warming inclination rate in the humid climate zone that the
sensitivity of the soil moisture warming inclination rate to the variation of precipitation amount in the precipi-
tation climate space was reduced under sufficiently humid climate conditions. The soil moisture warming
inclination rate was most sensitive to the precipitation climate space in the SMTR where there was soil moisture
but the soil failed to become saturated.

The changes in soil moisture content were affected by both temperature and precipitation. Figure 7 shows the
variation trend of soil moisture with the increase in precipitation (Figure 7a) and its inclination rate variation with
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Figure 7. (a) Trends of soil moisture variation under different precipitation climate types with increasing precipitation, (b) changes in the inclination rate with
precipitation climate space, and (c) comparison of the mean values in panel (b) in non-summer monsoon region, summer monsoon transitional region and summer
monsoon region. All inclination rates passed the significance test at the 95% confidence levels.
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comparison of their inclination rates. All inclination rates passed the significance test at the 95% confidence levels.

precipitation climate space (Figure 7b) and Figure 7c shows a comparison of the mean values of Figure 7b in the
NSMR, SMTR, and SMR. The tendency for soil moisture to increase with precipitation was prominent with the
variation of precipitation climate space, but the soil moisture content increased with increasing precipitation and
the soil moisture inclination rate displayed the following distribution characteristics. The peak value of the growth
in the soil moisture inclination rate with precipitation was found in the SMTR, which means that the soil moisture
was most sensitive to the change of precipitation amount and the most significant humidification effect occurred
in this region. However, the soil moisture inclination rate tended to decrease with the increase in precipitation in
drier or wetter areas, and gradually reached a relatively stable value of 0.066 m® m™ mm™" in humid areas. The
average soil moisture inclination rates with increasing precipitation in the NSMR, SMTR, and SMR were
compared and the results further confirmed that the SMTR had the highest soil moisture inclination rate of
0.099 m* m™> mm™", followed by the NSMR at 0.079 m* m™ mm™", and finally the SMR with the smallest value
of only 0.068 m®> m™ mm™"'. This distribution pattern is understandable because under a humid climate, soil
moisture is not as sensitive to changes in precipitation as it is in a drier climate. Under a very humid climate, if the
soil is saturated the soil moisture content will no longer be affected by precipitation. Overall, the influence of
precipitation changes in the NSMR on soil moisture was not as obvious as those in the SMTR. This was probably
because the precipitation amounts in the non-summer monsoon region were relatively low and the rain water on
the ground tended to evaporate quickly. In such cases, such precipitation is unable to reach the degree of affecting
soil moisture.

Changes in temperature and precipitation can simultaneously impact the climatic characteristics of soil moisture
in a forceful way. As seen from Figure 8, in the NSMR, SMTR, and SMR, the normalized soil moisture content
generally displayed a decreasing trend. This indicates that the changes in soil moisture were normally controlled
by the changes in temperature, and the drying trend was correlated with the significant rise in temperature.
However, the two periods of soil moisture change in the 1990 and 2010s were mainly controlled by changes in
precipitation, corresponding to the two periods of increased precipitation (K. Liu et al., 2020, Y. Liu et al., 2020).
The changing rates of soil moisture inclination in the NSMR and SMTR regions were smaller than those in the
wetter SMR. This was associated with the characteristics of the regional response of soil moisture to temperature
warming. Moreover, the wetter SMTR had a lower inclination rate than the drier NSMR, which was correlated
with a lower rate of drying in SMR (Cheng & Huang, 2016; Deng et al., 2020).

The mutual feedback process between land evapotranspiration and soil moisture is the core linkage in land-
atmosphere coupling. Figure 9 shows the variation of land evapotranspiration with an increase in soil moisture
(Figure 9a) and the variation of the soil moisture inclination rate with precipitation climate space (Figure 9b).
Figure 9c shows a comparison of the mean values of the changes in inclination rate with precipitation climate
space shown in Figure 9b between the NSMR, SMTR, and SMR. It is apparent that the inclination rate of land
evapotranspiration with an increase in soil moisture not only varied significantly with the precipitation climate
space, but also converted from a positive to a negative value. The conversion interval occurred just within the
SMTR. Specifically, the inclination rate was positive in the drier NSMR or land evapotranspiration increased with
the increase in soil moisture content, and the drier the climate became the more obvious the increase was.
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Figure 9. (a) Variation of land evapotranspiration under different precipitation climate types with increasing soil moisture, (b) changes in the inclination rate with
precipitation climate space, and (c) a comparison of the mean values in panel (b) in non-summer monsoon region, summer monsoon transitional region and summer
monsoon region. All inclination rates passed the significance test at the 95% confidence levels.

Conversely, the inclination rate gradually became negative in the wetter SMR, indicating that land evapotrans-
piration weakened with increasing soil moisture content. The wetter the climate the more obvious the weakening
was, until a relatively stable value was reached.

These conversion characteristics are related to the response of land evapotranspiration to energy and moisture.
Under conditions with insufficient soil moisture, the increase in land evapotranspiration often depends on the
increase in soil moisture (Rihani et al., 2015), but when the soil moisture content is sufficient, the increase in land
evapotranspiration is often determined by temperature and surface radiation conditions (Polson & Hegerl, 2017).
Therefore, in arid areas free from the influence of the summer monsoon, land-surface evapotranspiration is
mainly dominated by moisture constraints. With an increase in soil moisture, land evapotranspiration could in-
crease naturally, and the inclination rate of land evapotranspiration would therefore be positive. In contrast, in the
humid SMR, land-surface evapotranspiration was mainly under the control of energy factors. However, in the
context of climate warming, a decrease in soil moisture content occurred alongside the warming temperature in
the humid areas of the SMR (Figure 6). In this region, the characteristics of decreasing land evapotranspiration
reflected the effects of the temperature rise on soil moisture reduction. Both constraint mechanisms could coexist
in the SMTR, and the moisture and energy constraints were competitive to a certain extent. The inclination rate of
land evapotranspiration therefore also underwent a positive to negative conversion.

Surface net radiation provides the energy for land-surface heat and evaporation, and it is also the main constraint
for land evapotranspiration. The response of surface net radiation to soil moisture is also one of the important
linkages in land-atmosphere coupling. The variation of surface net radiation with the increase in soil moisture
content and the change in the soil moisture inclination rate with the precipitation climate space are given in
Figures 10a and 10b, respectively, while the average values of the inclination rates given in Figure 10b are
compared between the NSMR, SMTR, and SMR in Figure 10c. It can be seen that, as with land evapotranspi-
ration, the surface net radiation inclination rate with increasing soil moisture also converted from positive to
negative values in the SMTR. This inclination rate gradually became a positive value in drier NSMR where the
surface net radiation strengthened as soil moisture was added, while in the more humid SMR the inclination rate
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Figure 10. (a) Trends of surface net radiation variation under different precipitation climate types with increasing soil moisture, (b) changes in the inclination rate with
precipitation climate space, and (c) comparison of the mean values of the inclination rates in panel (b) in non-summer monsoon region, summer monsoon transitional
region and summer monsoon region. All inclination rates passed the significance test at the 95% confidence levels.
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Figure 11. (a) Comparison of the coupling index (CI) and the correlation coefficients (r(em,qm)) between evapotranspiration and specific humidity in non-summer

monsoon region, summer monsoon transitional region and summer monsoon region, (b) boxplot of summer evapotranspiration in different precipitation climate types.

gradually became negative. This indicated that the surface net radiation weakened with the increasing soil
moisture content and a relatively stable value was gradually reached.

The distribution of the surface net radiation inclination rate with soil moisture was linked to the mechanisms by
which soil moisture influences surface net radiation through the surface albedo and the transfer of solar radiation
to the Earth's surface. In the drier NSMR, the influence of soil moisture on the surface net radiation could be
adjusted by the surface short-wave albedo. The greater the soil moisture, the smaller the surface albedo; the
smaller the albedo, the stronger the surface net radiation. However, in the humid SMR, the albedo was not
sensitive to the change of soil moisture, and the influence of soil moisture on the surface net radiation was
dominated by solar radiation. The greater the soil moisture, the more clouds and water vapor there are; the more
clouds and water vapor, the less solar radiation reaches the surface; and the lower the incoming solar radiation, the
weaker the surface net radiation (Deng et al., 2020).

The CI(s,,,e,,) derived from soil moisture and evapotranspiration reveals varying degrees of land-atmosphere
coupling across precipitation climate types (Figure 11a). It shows the most pronounced coupling intensity in
the SMTR, followed by SMTR, with NSMR displaying the least significant coupling. The SMTR primarily
governed by semi-arid climatic conditions, experiences sufficient summer precipitation and relatively high soil
moisture content (0.15-0.3 m®> m™) (Zhang et al., 2023), facilitating stronger land-atmosphere coupling with a
coupling index of 87.0. The SMR, despite having sufficient soil moisture, exhibits weaker land-atmosphere
coupling due to insufficient energy to evaporate all the soil moisture into the atmosphere. Moreover, the
NSMR, characterized by arid climatic conditions and scarce precipitation, experiences a deficit in soil moisture,
resulting in weak land-atmosphere coupling.

Furthermore, the r(em,qm) shows the influence of soil moisture on specific humidity is minimal in the NSMR,
with a correlation coefficient of 0.07 that does not pass the significance test at the 95% confidence level
(Figure 11b). However, specific humidity exhibits high sensitivity to soil moisture responses in the SMTR, with a
correlation coefficient of 0.45, passing the significance test at the 99% confidence level. It is worth noting that
high values of specific humidity in the SMR are often influenced by anomalies in summer monsoon water vapor
transport (Huang et al., 2011). Evapotranspiration, primarily regulated by energy, shows a negative correlation
with water vapor transport, r(em,q,,,), as high values of water vapor transport correspond to low values of
evapotranspiration (Zeng & Xie, 2015). As shown in Figure 11b, in the SMR, the median and upper and lower
quartiles of evapotranspiration change little with the variation of precipitation climate types, indicating a small
land-atmosphere water vapor pressure difference and weak land-atmosphere coupling strength. In contrast, in the
SMTR, evapotranspiration changes significantly with the variation of precipitation climate types, indicating a
large land-atmosphere water vapor pressure difference and strong land-atmosphere coupling strength. In the
NSMR, the land-atmosphere coupling strength remains relatively weak due to the small evapotranspiration.
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Figure 12. Distribution curve of the land evaporative fraction with soil moisture climate space in northern China versus the Seneviratne ideal curve (The blue solid line is
based on observed data, and the results for the 4 decades are based on GLDAS).

4. Discussion

The results of this study indicated that the spatial variations of land-atmosphere coupling processes in response to
climate warming in northern China are associated with the degree of influence of energy and moisture on land-
atmosphere coupling processes. The spatial differences in the response of land-atmosphere coupling processes to
climate warming could therefore be distinguished by the parameters that can characterize energy and moisture.
The evapotranspiration ratio EF = LE/(LE + SH), where LE is the latent heat flux and SH is the sensible heat
flux, is not only an important parameter for surface energy balance and ecological processes, but a critical index to
comprehensively measure the relationships between land surface energy and water content distribution
(Crago, 1996). It can be used to determine the different spatial distributions of land surface energy and water
content.

Figure 12 compares the observed distribution curve of the land evaporative fraction with soil moisture climate
space in northern China and the ideal distribution curve of Seneviratne et al. (2010). The two curves approach
each other and eventually converge, showing that the land evaporative fraction to the spatial changes of soil
moisture in arid and humid areas are very low: approximately 0 and 0.8, respectively. Only in the semi-arid and
semi-humid climate transitional zone, where the soil moisture is in its climate space range of 0.120—
0.315 m* m™, does the land evaporative fraction have a more prominent sensitivity to the spatial variation of soil
moisture. This reflects the significant constraint of the energy and hydrological cycles in the climate transitional
region. The difference between the two curves is that the Seneviratne ideal curve is a simple linear variation, while
the actual curve is a more complex quintic fitting function, which can be expressed by the following fitting
relation formula:

Y =276 + 270 —9e7460° + 0.0166% — 0.076 + 0.096 @)
where 6 is soil moisture (m> m™>) and ¥ is the land evaporative fraction, which is dimensionless with values of 0—

1. The larger the ratio, the more abundant the water content, and the more obvious the energy constraints.

The shape of the variation curve and the quintic fitting function of Equation 7 show apparently that in the climate
transitional zone, the curve of the variation of land surface evaporative fraction with soil moisture climate space
had an inflection point, which was approximately the dividing line between semi-arid and semi-humid areas.
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Figure 13. Schematic diagram of the response mechanisms of land-atmosphere coupling processes to climate warming as a function of climate space conversion and

transition over northern China.

Before the inflection, the land evaporative fraction changed more rapidly with the climate space of soil moisture;
after the inflection, the land evaporative fraction varied more slowly with the climate space of soil moisture.
Therefore, the sensitive region of the land evaporative fraction could be subdivided into high and medium
sensitivity portions.

Furthermore, from the evaporative fraction variation curves of the four decades, it is evident that the evaporative
fraction's response to increasing soil moisture shows similar patterns between the 1980 and 1990s, and between
the 2000 and 2010s. Notably, the evaporative fraction in the first 20 years is significantly lower than in the latter
20 years in arid and semi-arid regions. As soil moisture levels approach those of semi-humid regions, the
evaporative fraction in the first 20 years gradually exceeds that of the latter 20 years.

This shift is mainly due to changes in precipitation trends. L. Zhang et al. (2022), Q. Zhang et al. (2022) found that
around the year 2000, the arid and semi-arid regions in this study experienced a significant eastward moistening
trend, while the semi-humid and humid regions saw a decrease in precipitation. This precipitation shift resulted in
increased latent heat and evaporative fraction in the arid and semi-arid regions during the latter 20 years, and a
decrease in the evaporative fraction in the semi-humid and humid regions. This underscores the intricate rela-
tionship between soil moisture, precipitation trends, and evaporative fraction across different climate zones.

The different feedback mechanisms between climate and land-surface physical quantities in northern China could
be summarized and classified on the basis of the different sensitivity types of climate space divided by land
evapotranspiration. As shown in Figure 13, the response mechanism of the land-atmosphere coupling processes to
climate warming differed NSMR, SMTR and SMR, and it changed with the variation of climate space. In the
NSMR, the response mechanism was moisture-constrained: the increasing temperature led to a decrease in soil
moisture, which in turn caused a decline in land-surface evapotranspiration and net radiation. This would increase
temperatures and aggravate climate warming. A relatively complete positive feedback process therefore occurred
(Eltahir, 1998; Eltahir & Bras, 1996). In contrast, in the SMR, the response mechanism took the form of an
energy-constrained mechanism: the rise in temperature reduced soil moisture, accelerated vegetation growth, and
decreased surface albedo; further leading to an increase in net surface radiation and an increase in land-surface
evapotranspiration and net radiation, followed by a decrease in temperature, which would inhibit climate
warming, thus forming a relatively complete negative feedback process (Diffenbaugh et al., 2007). It may be
because of these opposite feedback mechanisms in arid and humid areas that arid areas are more sensitive to
global warming than humid areas, which leads to a larger magnitude of warming in arid areas.

Whether the land-atmosphere coupling processes had a positive or negative feedback on climate warming was
mainly determined by the response relationship of land-surface evapotranspiration and net radiation to soil
moisture. If they were positively correlated, it was a positive feedback mechanism, otherwise it was a negative
feedback mechanism. In the SMTR, due to the influence of seasonal changes and interannual fluctuations of
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climate the moisture and energy constraint mechanisms were intermittent. The two constraint mechanisms were
competitive, and therefore this region was defined as the “moisture and energy competition constraint zone” or
“coexistence of positive and negative feedback mechanisms zone.”

In summary, based on the above analyses, the response of land-atmosphere coupling processes to climate
warming was determined by the features of the climate space type, and a transformation was also possible with the
changes of climate space. This finding was not only consistent with the mutual feedback relationship between
climate and land-surface physical quantities in northern China, which was revealed in the previous section, but
also in line with the prevailing theories and logical speculations.

Moreover, this study compared the ensemble mean of soil moisture and evapotranspiration simulated by the four
GLDAS models with observational data. The results showed that their comprehensive performance in terms of
correlation and root mean square error in northern China was superior to that of three reanalysis data sets (ERA-
Interim, ERAS5-Land, and GLEAMS4). This indicates that, compared to single-model results in reanalysis data
sets, the multi-model ensemble mean of GLDAS can reduce errors caused by differences in model structures and
minimize errors arising from different model parameters. This demonstrates that the ensemble mean of multi-
model results remains an important alternative for reducing simulation errors. On the other hand, over the past
few years, with the application of higher-density station data and data assimilation systems (Albergel et al., 2018;
Probst & Mauser, 2022), along with the use of more advanced land surface models, model parameter optimi-
zation, and bias correction methods (Cucchi et al., 2020; Decker et al., 2012; K. Liu et al., 2020, Y. Liu
et al., 2020; Weedon et al., 2014), the performance of reanalysis data derived from single models has significantly
improved. Results driven by mainstream forcing data using single models can reflect land-atmosphere coupling
relationships in northern China (e.g., the strong coupling between precipitation and soil moisture) (Yang
et al., 2017; Zeng et al., 2021; Zhang, Yang, et al., 2019), providing data support for large-scale regional land-
atmosphere coupling process studies (Rivera, 2014). However, it is important to emphasize that for research
on hydrological processes in smaller-scale mountainous areas and river basins, the demand for higher-quality
forcing data remains urgent (Albergel et al., 2018; Yang et al., 2017).

5. Conclusions

Northern China is a region with intense land-atmosphere coupling. This article has utilized various observational
and internationally recognized reanalysis data sets, along with methods such as climate inclination rates and land-
atmosphere coupling indices, to investigate the response variability of land-atmosphere coupling processes to
climate warming and the response mechanisms of the coupling processes between land evapotranspiration and
soil moisture, and between surface net radiation and soil moisture to the spatial change of precipitation climate
space (Figure 14). The research conclusions drawn are as follows:

The peak value of the temperature climate inclination rate occurred in the SMTR, and then decreased toward drier
or wetter regions. In contrast, the precipitation climate inclination rate was lowest in the SMTR, but was higher in
drier or wetter regions. After a certain moisture content was reached in climate space, both the temperature and
precipitation inclination rates were maintained at stable levels.

The soil moisture inclination rate linked to warming in northern China was generally negative. In the NSMR, the
soil dried out more slowly due to the limited soil moisture available for evaporation. In the SMTR, the rate of soil
moisture loss was faster than in NSMR. In the humid SMR, the soil dried out the fastest but at a relatively steady
rate, which was the result of there being sufficient soil moisture for evaporation. However, the soil moisture
inclination rate with increasing precipitation was positive, with its peak value found in the SMTR. This phe-
nomenon indicated that the soil moisture was most sensitive to the change of precipitation in the SMTR.
Therefore, the actual variation of soil moisture was generally controlled by changes in temperature, although there
was also a notable influence from the varying precipitation.

The increasing inclination rates of the land-surface evapotranspiration and net radiation along with soil moisture
had a unique variation in climate space. In the drier NSMR, the inclination rates became positive gradually, while
in the wetter SMR the rates were negative. This was related to the responses of the land-surface evapotranspi-
ration and net radiation to the energy and hydrological cycles. In NSMR, land evapotranspiration was mainly
confined by soil moisture while the surface net radiation was controlled by surface albedo; in SMR, land
evapotranspiration was mainly limited by energy but the surface net radiation was determined by the solar
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radiation to the surface. However, in the SMTR the two constraint mechanisms competed against each other,
resulting in positive and negative variations in the inclination rates of the land-surface evapotranspiration and net
radiation.

The distribution curve of the land evaporative fraction with soil moisture climate space in northern China was
close to the Seneviratne ideal change curve (Seneviratne et al., 2010). Both curves were not sensitive to changes in
soil moisture in arid and humid regions, but they had a very strong sensitivity to soil moisture changes in the
transitional zones of semi-arid and semi-humid climates. The difference existing between the two curves was that
the Seneviratne ideal curve was a simple linear relationship, while the actual curve was a quintic fitting curve and
its sensitivity could be subdivided into two sub-regions of high and medium sensitivity by the inflection point of
the curve. This study investigated the relationship between some key elements of land-atmosphere coupling,
without involving other elements, and therefore the understanding of land-atmosphere coupling processes was not
very comprehensive. Because the precipitation formation mechanism is very complex, we did not directly
consider the land water cycle process and the mutual feedback relationship between precipitation and land
physical quantities in the spatial distribution diagram. Additionally, there was a need to ensure sufficient climate
and land surface data, but the data sources used for this study were not uniform, which might have affected the
accuracy of the conclusions. These issues need to be overcome in future studies.

Data Availability Statement

The ECMWEF Re-Analysis project data-Interim (ERA-Interim) data and ERAS5-land data can be downloaded from
ECMWEF website (Berrisford et al., 2011; Hersbach et al., 2020). The GLEAM4 data can be obtained from the
Global Land Evaporation Amsterdam Model (GLEAM) website (Martens et al., 2017). The temperature and
precipitation data can be obtained from the Climatic Research Unit (CRU) website (Harris et al., 2020). The
Global Land Data Assimilation (GLDAS) data can be obtained from the NASA Goddard Earth Sciences Data and
Information Services Center (GES DISC) (Rodell et al., 2004). The FLUXNET data can be downloaded from the
Lawrence Berkeley National Laboratory (USA, Pastorello et al., 2021).
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