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Abstract: As a land–atmosphere coupling “hot spot”, the northern China climate transition zone has
a sharp spatial gradient of hydrothermal conditions, which plays an essential role in shaping the
spatial and temporal pattern of evapotranspiration-precipitation coupling, but whose mechanisms
still remain unclear. This study analyzes the spatial and temporal variation in land–atmosphere
coupling strength (CS) in the climate transitional zone of northern China and its relationship with
soil moisture and air temperature. Results show that CS gradually transitions from strong positive
in the northwest to negative in the southeast and northeast corners. The spatial distribution of CS
is closely related to climatic hydrothermal conditions, where soil moisture plays a more dominant
role: CS increases first, and then decreases with increasing soil moisture, with the threshold of soil
moisture at 0.2; CS gradually transitions from positive to negative at soil moisture between 0.25 and
0.35; CS shows an exponential decreasing trend with increasing temperature. In terms of temporal
variation, CS is strongest in spring and weakens sequentially in summer, autumn, and winter, and has
significant interdecadal fluctuations. The trend in CS shifts gradually from significantly negative in
the west to a non-significant positive in the east. Soil moisture variability dominates the intra-annual
variability of CS in the study regions, and determines the interannual variation of CS in arid and
semi-arid areas. Moreover, the main reason for the positive and negative spatial differences in CS in
the study area is the different driving regime of evapotranspiration (ET). ET is energy-limited in the
southern part of the study area, leading to a positive correlation between ET and lifting condensation
level (LCL), while in most of the northern part, ET is water-limited and is negatively correlated with
LCL; LCL has a negative correlation with P across the study area, thus leading to a negative ET-P
coupling in the south and a positive coupling in the north.

Keywords: land–atmosphere interaction; evapotranspiration; soil moisture; temperature; climate
transition areas

1. Introduction

Among the interactions amid various spheres of the climate system, the land–atmosphere
interaction plays an important role in influencing the evolution of weather and climate [1].
The land surface is closely linked to the atmosphere through energy and water cycles,
causing increases in the temperature variability [2] and the frequency of high-temperature
heat waves [3], and exacerbating compound soil and atmospheric drought intensity [4].
The land–atmosphere coupling strength (CS) is a key indicator to characterize the land–
atmosphere interaction. Areas with a stronger CS imply a greater influence of land surface
on regional weather and climate. The global strong land–atmosphere coupling zone is
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mostly located in the arid-humid climate transition zone [5], including west-central North
America, parts of Eurasia, Australia, Argentina, the Sahel region of North Africa, and
South Africa [6,7]. Accurate acquisition of land–atmosphere forcing signals in these land–
atmosphere coupling “hotspots” is important for improving the forecasting capabilities of
the weather and climate [5,8,9].

Land–atmosphere coupling includes a series of complex processes: land surface state
anomalies first cause changes in surface fluxes, which in turn affect precipitation through
feedbacks from the land surface to the atmosphere [7,10]. Regulated by the surface energy
balance, sensible heat fluxes change synergistically with evapotranspiration. Thus, evapo-
transpiration can regulate sensible heat fluxes via the Bowen ratio. Therefore, evapotranspi-
ration is often considered as a key process in land–atmosphere coupling processes [11,12].
However, studies have shown that the influence of evapotranspiration on precipitation
has the greatest uncertainty in land–atmosphere coupling processes [13]. Generally, evap-
otranspiration can affect precipitation in three ways. First, evapotranspiration directly
affects atmospheric precipitation through water recycling. Evapotranspiration can return
approximately 70% of precipitation to the atmosphere [14], and atmospheric precipitable
water directly influences precipitation. This mechanism is more prominent in water-scarce
areas [15,16]. Second, changes in evapotranspiration can also alter the regional pressure
field, which can cause adjustments in atmospheric circulation and lead to large-scale precip-
itation changes [17]. Moreover, evapotranspiration and the sensible heat fluxes regulated
by it affect the atmospheric stability state by altering the atmospheric temperature and
humidity profiles, thus affecting convective precipitation [18]. The last of these pathways,
evapotranspiration–precipitation local coupling, is the most important method for evapo-
transpiration to influence precipitation [13,19,20]. However, due to the complexity of the
influence of evapotranspiration on atmospheric stability, evapotranspiration-precipitation
local coupling has significant uncertainty and becomes a challenging problem in the current
land–atmosphere coupling research.

Local evapotranspiration–precipitation coupling is controlled by many factors and
the influence mechanism is very complex. Water and energy cycles are the key physical
processes throughout the coupled land–atmosphere interaction [21]. Moisture and thermal
factors directly affect the evapotranspiration process: in dry areas, evapotranspiration is
controlled mainly by moisture factors, while in humid areas evapotranspiration is con-
trolled mainly by thermal factors [22,23]. In turn, evapotranspiration affects the structural
characteristics of the boundary layer through the transport of water and heat, and sufficient
surface moisture can lead to lowered boundary layer height (BLH) and lifting condensation
level (LCL) and increased moist static energy (MSE); in contrast, limited surface water and
adequate thermal conditions raise the BLH and LCL. In general, lower BLH and LCL and
larger MSE can lead to an increase in convective available potential energy (CAPE) and
a higher probability of convective precipitation [20]. However, observation studies have
found that arid conditions can also promote physical mechanisms that favor the generation
of convective precipitation [24–27]. This is attributed to the large sensible heat flux caused
by strong thermal factors in arid regions that weakens the convective inhibition energy
(CIN) [28], thereby increasing the probability of convective precipitation; there is also a
negative feedback of evapotranspiration on precipitation. Therefore, both positive and
negative feedbacks between evapotranspiration and precipitation are closely related to
moisture and thermal properties, i.e., moisture and thermal factors are the most critical
forcing factors affecting the land–atmosphere coupling strength.

In the past 20 years, a large number of studies have paid attention to the spatial
and temporal distribution of land–atmosphere coupling and its intrinsic mechanism. The
Global Land-Atmosphere Coupling Experiment (GLACE) found that the strong land–
atmosphere coupling regions are mostly located in semi-arid and semi-humid climate
transition zones [5], and other diagnostic studies based on observational data have also ver-
ified this conclusion [6,7,29]. Due to the apparent spatial variability of land–atmosphere CS,
some typical regions have attracted wide attention. In North America, the spatial distribu-
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tion of land–atmosphere coupling was correlated with the multi-year average soil moisture,
and the strong coupling area was mainly distributed in areas with soil moisture ranging
from 0.4 to 0.55 [30]. Due to interannual variations in soil moisture, land–atmosphere
coupling shows significant interannual fluctuations [31,32]. In southeastern South America,
the spatial and temporal distribution of land–atmosphere coupling is correlated not only
with soil moisture but also with wet static energy and its vertical gradient that is controlled
by soil moisture [33]. Moreover, under future climate warming and humidification, the
intensity of land–atmosphere coupling will be significantly weakened due to the gradual
shift of evapotranspiration from moisture limitation to energy limitation [34]. In Europe,
the northward expansion of the Hadley circulation has caused a northward shift of the
climate transition zone, leading to a northward shift of the strong land–atmosphere cou-
pling zone [2]. In Africa, land–atmosphere coupling was negatively correlated with the
spatial and temporal distribution of soil moisture, with areas of lower soil moisture and
periods of dry moisture exhibiting stronger land–atmosphere coupling. Spatial differences
in the soil moisture lead to enhanced sensible heat fluxes in the dry zone and reduced
sensible heat fluxes in the wet zone, which in turn trigger mesoscale circulation, and the
upward branch of this circulation in the dry zone is an important factor in triggering deep
convection [26]. In East Asia, land–atmosphere coupling is strong in north China, where
soil moisture is low [35]; land–atmosphere coupling is strong in southwest China in spring,
when soil moisture is low [36]; land–atmosphere coupling is strongly influenced by the
snow cover in the dry season and by the soil moisture in the rainy season over Tibetan
Plateau [37]; the land–atmosphere coupling degree is closely related to the state of surface
vegetation in northwest China, and the improvement of vegetation state can improve the
surface moisture condition, reduce the land surface evapotranspiration, and decrease the
strength of land–atmosphere coupling [38].

The above studies mainly focused on the spatial distribution and temporal variation
in the land–atmosphere CS and its relationship with soil moisture, and there is lack of
research on the role of thermal factors on the land–atmosphere CS. Theoretically, the
thermal properties also play a substantial role in the land–atmosphere coupling. The role of
moisture and thermal factors in regulating the land–atmosphere coupling is similar to that
of evapotranspiration, as it is regulated by moisture in water-scarce areas and by thermal
and energy in water-sufficient areas [39].

Most of northern China makes up a dry-wet climate transitional zone, with dramatic
spatial and temporal variations in water and heat characteristics. From the northwest to
the southeast, moisture availability decreases, and energy availability increases, while the
evapotranspiration control factor gradually changes from moisture to energy limitation [23].
This inevitably affects the spatial and temporal variation of regional land–atmosphere
coupling. However, the spatial and temporal distribution of land–atmosphere coupling
in north China’s climate transition zone remains unclear, and it is also unknown how
hydrothermal factors affect the spatial-temporal variation in land–atmosphere coupling.

In this study, an evapotranspiration–precipitation coupling index proposed by Zeng
et al. [6] was used to diagnose the land–atmosphere CS in the climate transitional zone
of north China, and the main objectives were to (i) analyze the spatial distribution and
temporal evolution characteristics of the land–atmosphere coupling and (ii) explain the
impacts of moisture and thermal factors on the land–atmosphere CS. The results of the study
are expected to enhance the understanding of land–atmosphere coupling mechanisms in
the climate transitional zone of northern China.

2. Data and Methods
2.1. Study Area and Sites

The climate transitional zone of northern China (CTZNC) is selected as the study
area in this work, with the spatial extent of the region between 33◦N and 45◦N and 100◦E
and 125◦E. The geographical area and the climatic background are shown in the black box
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of Figure 1. The climate background is classified using the dryness index defined by the
United Nations Environment Programme:

AI = P/PET, (1)

where, AI is the dryness index, P is the average annual precipitation in mm, and PET is the
average annual potential evapotranspiration in mm. AI < 0.05 is classified as a hyper-arid
zone, 0.05 < AI < 0.2 as an arid zone, 0.2 < AI < 0.5 as semi-arid zone, 0.5 < AI < 0.65 as a
sub-humid zone, and AI > 0.65 as a humid zone. As shown in Figure 1, the study region
mainly includes arid, semi-arid, sub-humid, and humid climate. It is not only a climate
transition region but also a typical ecological transition zone, as well as a major activity
area of the northern edge of the East Asian summer monsoon.
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Figure 1. Climatic background of climate transitional zone of northern China (hyper-arid: AI < 0.05,
arid: 0.05 < AI < 0.2, semi-arid: 0.2 < AI < 0.5, sub-humid: 0.5 < AI < 0.65, and humid: AI > 0.65). The
soil moisture observation sites are indicated by stars.

Four sites are selected for study, the underlying surfaces of which are either grass-
land or cropland. The locations of the sites are shown in Figure 1, and the climate and
environmental background are given in Table 1.

Table 1. Brief description of the soil moisture observatories.

Station Location Elevation (m) Land Cover Precipitation (mm) Mean Air
Temperature (◦C) Climate

SACOL 35◦57′N, 104◦08′E 1966 Grassland 381.8 6.7 Semi-arid
QY 35◦41′N, 107◦51′E 1280 Cropland 562 8.8 Sub-humid
NM 43◦33′N, 116◦40′E 1250 Grassland 336 0.8 Semi-arid
YC 36◦50′N, 116◦34′E 28 Cropland 582 13.1 Sub-humid

2.2. Data

We selected a gridded evapotranspiration dataset—Derived Optimal Linear Combi-
nation Evapotranspiration (DOLCE) [40]. DOLCE is a hybrid evapotranspiration dataset
under observational constraints, which merges four available global ET datasets: ERA5-
land, FLUXCOM METEO+RS, GLEAM v3.5a, and GLEAM v3.5b. The contribution of
each dataset to DOLCE ET is based on its ability to match field observations as well as
its dependence to the other parent datasets. The latest version of DOLCE-ET V3.0 also
provides time-varying estimates of its uncertainty errors. DOLCE-ET V3.0 has a temporal
resolution of months and a spatial resolution of 0.25◦. It spans the years 1980–2018 and
covers the global land surface.
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We use the China Meteorological Forcing Dataset (CMFD) for precipitation and near-
surface air temperature data [41]. CMFD uses Princeton reanalysis data, GLDAS (global
land data assimilation system) data, GEWEX-SRB (the global energy and water exchanges)
radiation data, and tropical rainfall measuring mission precipitation data as background
fields, and merges the conventional meteorological observation data of the China Meteoro-
logical Administration to produce a regional high spatial and temporal resolution dataset.
The dataset has a temporal resolution of months and a spatial resolution of 0.1◦, with a
spatial range of 60–140◦E and 15–55◦N.

For soil moisture, we selected the Climate Change Initiative (CCI) data set of the
European Space Agency (ESA) [42]. The CCI SM v04.7 product consists of three sets of
surface soil moisture data: active products, passive products, and combined products. The
“active product” and “passive product” are generated by merging the soil moisture outputs
of the scatterometer and radiometer, respectively; the “combined product” is a hybrid
product based on the first two data sets, and used in this study. The dataset has a temporal
resolution of a day and a spatial resolution of 0.25◦, and spans the period from November
1978 to December 2019. Site observations was used to validate CCI data.

Boundary layer heights used ECMWF monthly averaged ERA5 data with a spatial
resolution of 0.25◦. All data were time-scaled to months and interpolated to 0.25◦ × 0.25◦

spatial resolution.

2.3. Methods
2.3.1. Evapotranspiration-Precipitation Coupling Strength

An evapotranspiration–precipitation coupling index proposed by Zeng et al. [6] was
employed to diagnose the strength of land–atmosphere coupling. Considering that surface
state variables always affect the atmospheric state via near-surface fluxes, evapotranspi-
ration was selected as the surface impact factor. In the index, the covariance of evap-
otranspiration and precipitation reflects the synchronous change in evapotranspiration
and precipitation, and the ratio of the covariance to the precipitation variance reflects the
contribution of evapotranspiration changes to total precipitation changes. This method has
a solid physical mechanism and is widely used in diagnostic studies of land–atmosphere
CS. The equation for its calculation is as follows:

Γ =
∑N

i=1 Pi
′Ei
′

∑N
i Pi

′2
(2)

This can also be rewritten as:
Γ = rP,E

σE
σP

, (3)

where Γ is the land–atmosphere CS, Pi
′ and Ei

′ are anomalies of precipitation and evapotran-
spiration, respectively, N is total number of months or years, rP,E is correlation coefficient
of precipitation and evapotranspiration, σE and σP are the standard deviation of evapotran-
spiration and precipitation, respectively. This index reflects the proportion of precipitation
changes caused by evapotranspiration in total precipitation using the relative magnitude
of the covariance between precipitation and evapotranspiration and the variance of precipi-
tation. The more consistent the pace of change between the two variables, and the larger
the magnitude of change, and the stronger the land–atmosphere coupling. The positive
and negative values can also reflect the respective coupling between evapotranspiration
and precipitation.

This method examines the ET–P relationship statistically and does not reflect the
specific physical processes and influence mechanisms. To identify the significant strong CS
areas, a correlation-coefficient significance test can be used to test the significance of the
CS [7]. i.e., the ET–P coupling is deemed to be significant if the p value of the correlation
coefficient is less than 0.05.
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The evapotranspiration–precipitation CS was calculated using monthly or yearly ET
and P data. The bulk CS in Figure 4 was calculated using data of all months during the
study period. The seasonal CS in Figure 5 was calculated using monthly data in each of
the four seasons. The decadal CS in Figure 6 was calculated by using yearly data in each
decade. The yearly CS was calculated using monthly data of each year, and subsequently
the yearly CS was used to calculate the linear trend of CS in Figure 7. The warm season CS
was calculated using monthly data of April-September.

2.3.2. Lifting Condensation Level

The lifting Condensation Level (LCL) can be calculated by:

LCL ≈ 125(T2m − D2m) (4)

where T2m and D2m are 2-m air temperature and dew point temperature, respectively.

2.4. Validation of CCI Soil Moisture

ESA CCI soil moisture data were validated using observations at four sites in the study
area in 2007. Figure 2 shows that the correlation coefficients between CCI and observations
are 0.71, 0.69, 0.66, and 0.65 for NM, QY, SACOL, and YC, respectively. The RMSE values
for the four sites are 0.033, 0.041, 0.043, and 0.072 m3/m3, respectively. YC station, in a
semi-humid region with higher soil moisture, has a larger root mean squared error (RMSE)
compared to other sites. This is consistent with the results of other studies [43,44], and CCI
has a relatively high accuracy in the climate transitional zone of northern China with a
correlation coefficient of about 0.7. Therefore, CCI soil moisture is applicable in the climate
transitional zone of northern China.
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3. Results
3.1. Spatial and Temporal Variation of Evapotranspiration-Precipitation Coupling Strength

To evaluate the spatial pattern of evapotranspiration-precipitation coupling over the
climate transitional zone of northern China, the spatial distribution of evapotranspiration,
precipitation, and their variations are shown in Figure 3. Precipitation gradually transitions
from more than 800 mm in the southeast to less than 100 mm in the northwest. The standard
deviation of precipitation has similar spatial distribution to annual precipitation, decreasing
from southeast to northwest. This spatial distribution of precipitation is consistent with
the situation of the study area of north China in the transition zone from the East Asian
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summer monsoon-influenced zone to the non-monsoon zone, where the monsoon precip-
itation gradually increases from the non-monsoon zone to the monsoon zone. Similarly,
evapotranspiration likewise decreases from the southeast to northwest, with a maximum
of about 600 mm in the southeast and a minimum of a few tens of millimeters in the
northwest. The spatial distribution of evapotranspiration is similar to that of precipitation,
indicating a close relationship between evapotranspiration and precipitation. Furthermore,
the distribution of standard deviation of evapotranspiration is more complicated, which is
larger in the middle region of transition area and smaller in wet and dry areas.

Remote Sens. 2022, 14, x FOR PEER REVIEW 7 of 20 
 

 

3. Results 
3.1. Spatial and Temporal Variation of Evapotranspiration-Precipitation Coupling Strength 

To evaluate the spatial pattern of evapotranspiration-precipitation coupling over the 
climate transitional zone of northern China, the spatial distribution of evapotranspiration, 
precipitation, and their variations are shown in Figure 3. Precipitation gradually transi-
tions from more than 800 mm in the southeast to less than 100 mm in the northwest. The 
standard deviation of precipitation has similar spatial distribution to annual precipitation, 
decreasing from southeast to northwest. This spatial distribution of precipitation is con-
sistent with the situation of the study area of north China in the transition zone from the 
East Asian summer monsoon-influenced zone to the non-monsoon zone, where the mon-
soon precipitation gradually increases from the non-monsoon zone to the monsoon zone. 
Similarly, evapotranspiration likewise decreases from the southeast to northwest, with a 
maximum of about 600 mm in the southeast and a minimum of a few tens of millimeters 
in the northwest. The spatial distribution of evapotranspiration is similar to that of pre-
cipitation, indicating a close relationship between evapotranspiration and precipitation. 
Furthermore, the distribution of standard deviation of evapotranspiration is more com-
plicated, which is larger in the middle region of transition area and smaller in wet and dry 
areas. 

 
Figure 3. Spatial distribution of (a) climatology of annual precipitation, (b) standard deviation of 
annual precipitation, (c) climatology of evapotranspiration, and (d) standard deviation of evapo-
transpiration in the climate transitional zone of northern China. 

The results from the above analysis highlight a general consistency of the spatial dis-
tribution of mean precipitation and evapotranspiration. This suggests a close relationship 
between precipitation and evapotranspiration in the study region. Furthermore, an index 
of evapotranspiration–precipitation CS was applied to assessing the spatial and temporal 
variation in CS in the climate transitional zone of northern China. The spatial pattern of 
CS shows sharp transition features in the climate transitional zone of northern China (Fig-
ure 4), decreasing from the northwest to southeast. The northwest half of the study region 
is a strong positive coupling area, with CS between 0.2 and 0.6 (passing 0.05 significance 
test), while the southeast and northeast horn depict negative coupling zone, with CS rang-
ing from –0.2 to –0.5 (passing 0.05 significance test). The middle region of the two regions 
marks the transition zone from positive to negative coupling, and CS is relatively small. 

Figure 3. Spatial distribution of (a) climatology of annual precipitation, (b) standard deviation of
annual precipitation, (c) climatology of evapotranspiration, and (d) standard deviation of evapotran-
spiration in the climate transitional zone of northern China.

The results from the above analysis highlight a general consistency of the spatial dis-
tribution of mean precipitation and evapotranspiration. This suggests a close relationship
between precipitation and evapotranspiration in the study region. Furthermore, an index
of evapotranspiration–precipitation CS was applied to assessing the spatial and temporal
variation in CS in the climate transitional zone of northern China. The spatial pattern of CS
shows sharp transition features in the climate transitional zone of northern China (Figure 4),
decreasing from the northwest to southeast. The northwest half of the study region is a
strong positive coupling area, with CS between 0.2 and 0.6 (passing 0.05 significance test),
while the southeast and northeast horn depict negative coupling zone, with CS ranging
from –0.2 to –0.5 (passing 0.05 significance test). The middle region of the two regions
marks the transition zone from positive to negative coupling, and CS is relatively small.

Due to the temporal changes in climate variables, land–atmosphere couplings also
vary with time. Despite having a similar spatial pattern in all seasons, the CS is strongest in
spring, when it is significantly larger than the other seasons, followed by summer, and the
smallest coupling in autumn and winter (Figure 5). This indicates that the contribution of
surface evapotranspiration to precipitation occurs mainly in spring.

On an interdecadal scale (Figure 6), the CS was highest in the 1980s and lowest in
the 1990s. The spatial distribution of CS with stronger coupling in the 1980s and 2000s is
similar to the distribution of annual coupling; however, it shows a more heterogeneous
spatial pattern in the 2010s and 1990s.
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The trend of annual CS was examined for the climate transitional zone of northern
China for the period 1980–2018 (Figure 7). The CS showed a significant decreasing trend
in the central and western parts. Except for a small area showing an increase trend in the
northwest corner, the overall trend of CS gradually shifts from significant negative in the
west to insignificant positive in the east. The northwest region has the strongest decreasing
trend of CS, about –0.003/year, whereas the southeast region has a weak increasing trend
of CS, with a rate of about 0.001/year.
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3.2. Spatial and Temporal Variation of Evapotranspiration-Precipitation Coupling in Relation to
Moisture and Thermal Conditions
3.2.1. Spatial Variation of CS in Relation to Spatial Moisture and Thermal Conditions

The CS has large spatial differences and displays transitional characteristics in the cli-
mate transitional zone of northern China, which is closely related to the fact that the region
is in a climatic transition zone with large spatial gradients of hydrothermal conditions in
the region. Soil moisture and air temperature can aptly reflect hydrothermal conditions in
the study region. Therefore, this section analyzes the dependences of CS on soil moisture
and air temperature.

First, the spatial patterns of climatological mean soil moisture and air temperature
were analyzed for the study region. Soil moisture has large spatial variability in the climate
transitional zone of northern China, gradually increasing from 0.1 in the northwest to 0.4 in
the southeast (Figure 8a). From the northwest to southeast, the climate is arid, semi-arid,
sub-humid, and humid. Most of the study area belongs to a semi-arid or sub-humid climate,
with only the northwest and southeast corners being arid and humid zones. Moreover,



Remote Sens. 2022, 14, 1448 10 of 20

temperature has a similar spatial pattern as soil moisture (Figure 8b), increasing from the
northwest of −8 ◦C to southeast of 16 ◦C in the study area. Notably, the southeast area was
generally warmer with a lower gradient. In total, the soil moisture and air temperature
have a general reversed spatial pattern compared to CS, and the spatial pattern of soil
moisture is closer to that of CS in the study area.
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To examine the influence of soil moisture on spatial CS, Figure 9a displays the re-
lationship between CS and climatological soil moisture. Generally, CS increases slightly
and is maintained at a strong level when the soil moisture is below 0.2, and CS decreases
gradually with increase in soil moisture when the soil moisture is larger than 0.2 (Figure 8a).
In areas where the soil moisture is greater than 0.35, the CS is negative; in areas where
the soil moisture is below 0.25, the CS is positive; in areas where the soil moisture is be-
tween 0.25 and 0.35, CS gradually transits from negative to positive. The determination
coefficient R2 of 0.4 indicates that variation in soil moisture explains 40% of the variation
in CS. Figure 9b illustrates the relationship between the CS trend and soil moisture. The
relationship between the CS trend and soil moisture is roughly opposite to that of between
soil moisture and CS. In the range of soil moisture below 0.2, the CS trend decreases with
increasing soil moisture; while in the range of soil moisture larger than 0.2, the CS trend
increases with increasing soil moisture. Further, a negative CS trend occurs at moderate
soil moisture, while a positive CS trend occurs at very dry or wet soil moisture.
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Similarly, the relationships between CS, CS trend, and air temperature were analyzed
to examine the influence of air temperature on the spatial distribution of CS and the CS
trend. Figure 10a illustrates that CS logarithmically decreases with increasing temperature.
CS is mainly positive below zero degrees, and both positive and negative coupling exist
above zero degree. The percentage of negative coupling increases as the temperature rises.
The determination coefficient R2 of 0.4 indicates that Ta only explains 26% of the variation
in CS. In the contrary, the CS trend increases with increasing temperature (Figure 10b). The
CS trend is negative below zero degrees, and the proportion of positive trend increases with
increasing temperature. Clearly, the relationship between CS and temperature shows a
significantly wider spread than that between CS and soil moisture. The spatial variation in
soil moisture explains more of the spatial variation in CS compared to the spatial variation
in TA. Therefore, the climatological soil moisture plays a more dominant role in determining
the spatial pattern of CS compared to the temperature.
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3.2.2. Temporal Variation of CS in Relation to Hydrothermal Conditions
Inner-Annual Variability

The intra-annual variations of soil moisture and temperature were analyzed first
(Figure 11). The soil moisture exhibits an evident intra-annual cycle reaching its minimum
in the winter, followed by a rise in spring and autumn, and reaching its maximum in the
summer (Figure 11a). Precipitation mainly concentrates in the summer over the water-
scared northern areas, which serves as the primary method to replenish the soil moisture.
Figure 10b shows the intra-annual variation in soil moisture variability. The soil moisture
variability was small in winter and relatively larger in spring, summer, and autumn in
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all areas. The soil moisture variability is small in arid areas due to low soil moisture.
Moreover, the air temperature in all regions shows a unimodal pattern of a low winter
and high summer, peaking in July (Figure 11c). Temperature variability is U-shaped, with
large variations in the winter and small in the summer (Figure 11d). Furthermore, the
temperature variability is larger in semi-arid regions than in others.
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Figure 11. Intra-annual variation in (a) soil moisture, (b) standard deviation of soil moisture, (c)
temperature, and (d) standard deviation of temperature (standard deviation of each month data for
the 39 years) under different dry-wet climatic backgrounds.

Figure 12a further illustrates the intra-annual variation in CS, and shows that CS is
smallest in winter months, reaching the maximum in spring months, and then decreasing
again in summer and autumn months across all areas. The semi-arid region has the largest
CS, followed by arid and semi-humid areas, and it has the smallest CS in humid areas.
The CS is weak in the humid region, with small negative or positive values fluctuating
around zero.

To determine this intra-annual variability of CS in relation to moisture and thermal
factors, the intra-annual pattern of CS was compared to that of moisture (i.e., soil moisture
and its variability) and thermal factors (i.e., temperature and its variability) for each dry
and wet climate background. The intra-annual variation in CS is similar to the intra-annual
variation in soil moisture variability, and temperature, and has roughly opposite charac-
teristics to the intra-annual variation in temperature variability. Notably, soil moisture
peaks in March–October, temperature peaks in July–August, temperature variability is at
its minimum in May–August, whereas CS peaks in March–May. Generally, the coupling is
most similar to the intra-annual variation of soil moisture variability.
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Figure 12. (a) Intra-annual variation in ET-P CS and (b) its correlation coefficients with soil moisture
(SM), standard deviation of soil moisture (SMCD), air temperature (TA) and standard deviation of
temperature (TASD) under different dry-wet climatic backgrounds.

From the correlation analysis of the CS with moisture and thermal factors (Figure 12b),
soil moisture variability was found to have the highest correlation coefficient with CS, with
the correlation coefficients larger than 0.4 in all regions. This suggests that a large soil
moisture variability causes a large ET variability, and subsequently a large P variability,
leading to a stronger ET-P coupling. The correlation coefficients of CS with temperature and
temperature variability are large in semi-arid regions, but small in other regions, indicating
that thermal factors have an important influence in semi-arid regions. Moreover, a higher
temperature and temperature variability supplies more energy for the land–atmosphere
interaction. The correlation coefficient between CS and soil moisture is low. Therefore, soil
moisture variability is the main factor dominating the intra-annual variation of CS in the
climate transitional zone of northern China.

Inter-Annual Variability

Because the CS is the highest in the warm season (April–September) in the climate
transitional zone of northern China, warm season CS was chosen as a representative to
analyze the inter-annual variation of the CS with moisture and thermal factors. First, the
inter-annual evolution of soil moisture and air temperature and their variability were
analyzed. Soil moisture changed little during the study period, with a weak increase
in all areas (Figure 13a). Instead, soil moisture variability fluctuated dramatically and
declined during the study period (Figure 13b). Soil moisture variability was larger in the
arid zone than other regions. In addition, temperature showed a significant increasing
trend (Figure 13c), while the temperature variability displayed a fluctuating decreasing
trend during the study period (Figure 13d).

Responding to changes in climatic conditions, the CS fluctuated strongly during the
study period, and showed a slight decreasing trend in all subregions (Figure 14a). To
find the dominant factors of inter-annual variation in CS, first, the time evolution of CS
was compared with that of moisture and thermal factors. Soil moisture and temperature
fluctuations were small, while soil moisture variability and temperature variability fluctua-
tions were large and more similar to the inter-annual variation of CS. Figure 14b further
presents the correlation of CS with soil moisture and temperature related variables for
different soil moisture backgrounds in the warm season. The CS was significantly positive
and correlated with soil moisture variability in arid and semi-arid regions, suggesting that
inter-annual variation in soil moisture variability has a significant impact on the variation in
ET and subsequently the variation in P. CS was negatively correlated with the soil moisture,
demonstrating that soil moisture experiencing a relative dry state could cause a stronger
CS. In the humid and sub-humid region, soil moisture and temperature related variables
were weakly correlated with CS. This may be due to the joint influence of soil moisture and
air temperature on CS giving rise to a more complex influence mechanism.
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the lower the LCL, and the easier it is to trigger precipitation. This also shows that the 
effect of moisture recycling from evapotranspiration on precipitation is the main pathway 
of ET-P coupling. 
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Figure 13. Inter-annual variation in warm season (a) soil moisture, (b) standard deviation (standard
deviation of monthly data within warm season of a year) of soil moisture, (c) temperature, and
(d) standard deviation of temperature under different dry-wet climatic backgrounds.
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Figure 14. (a) Inter-annual variation of warm season ET-P CS and (b) its correlation coefficients with
soil moisture (SM), standard deviation of soil moisture (SMCD), air temperature (TA) and standard
deviation of temperature (TASD) under different dry-wet climatic conditions.
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3.3. Reasons of Spatial Differences in Coupling Strength

To investigate the mechanism for the opposite signs of CS over different regions of the
climate transitional zone of northern China, we analyzed boundary layer characteristics
as an intermediate process of ET-P coupling. The distribution of correlation coefficients
between the LCL and precipitation is shown in Figure 15a. The precipitation and LCL are
negatively correlated in the majority of study areas, demonstrating that a lower LCL is
more likely to trigger precipitation. This implies that the role of water vapor in precipitation
is very prominent in the study area. The more saturated the atmosphere is, the lower the
LCL, and the easier it is to trigger precipitation. This also shows that the effect of moisture
recycling from evapotranspiration on precipitation is the main pathway of ET-P coupling.
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The spatial distribution of correlation coefficients between ET and LCL is shown in
Figure 15b. ET and LCL are negatively correlated in the majority of the study area, where CS
are mainly positive; ET and LCL are positively correlated in the southern humid zone and
eastern northeast, where CS is mainly negative. In fact, in the negative ET-LCL correlation
zones in the climate transitional zone of northern China, the ET type is water-limited, and
the increase in soil moisture causes an increase in ET, which increases air humidity and thus
decreases LCL. Meanwhile, the increase in ET reduces the energy partitioning available to
sensible heat, and the decrease in sensible heat inhibits the boundary layer development
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and decreases the boundary layer height (BLH), resulting in a negative correlation between
ET and BLH in these regions (Figure 15c). In contrast, in the positive ET-LCL correlation
zone in the south and northeast, the ET type is energy-limited, and an increase in the
available energy leads to an increase in both sensible and latent heat. Hence, the boundary
layer is developed, resulting in an increase in LCL and BLH.

The main reason behind positive and negative ET-P coupling is the different driving
regimes of evapotranspiration in the study area: ET is energy-limited in the southern and
northeast corner of the study area, leading to a positive correlation between ET and LCL,
while ET is water-limited, and ET is negatively correlated with LCL in most of the northern
part. Meanwhile, LCL has a negative correlation with P in the whole study area, it therefore
leads to a negative ET-P coupling in the south and northeast corner and a positive coupling
in the most northern region. Combined with the scatter plot of CS and soil moisture in
Figure 8a, CS is positive in areas with soil moisture below 0.25, corresponding to moisture-
limited evapotranspiration; both positive and negative CSs exist in areas with soil moisture
in the range of 0.25–0.35, corresponding to the transition zone of evapotranspiration from
moisture-limited to energy-limited; CS is negative in areas with soil moisture greater than
0.35, corresponding to an energy-limited evapotranspiration.

4. Discussion
4.1. Determination of Water and Temperature Factors via Spatial Pattern of CS

Both observation and simulation studies showed that the strong land–atmosphere cou-
pling zone is mainly located in the semi-arid and sub-humid climate transition zone [5–7,29].
Because coupling is influenced by the evapotranspiration variability, the sensitivity of
evapotranspiration to soil moisture, and sufficient water vapor conditions, which are
optimal in the transition zone following a compromise, it is strongest in the transition
zone. In these land–atmosphere coupling “hot spots”, the CS is further influenced by
hydrothermal factors.

In semi-arid regions of southeastern South America and Africa, land–atmosphere
coupling (soil moisture–precipitation coupling) is negatively correlated with soil moisture,
with stronger coupling occurring in areas with lower soil moisture [26,33]. Wei et al. [30]
found that the spatial distribution of soil moisture -precipitation CS is linked to the mean
soil moisture, and the strong coupling area is mainly distributed in the areas with a soil
moisture of 0.4–0.5.

Land–atmosphere coupling can be separated into two components: the terrestrial
leg and the atmospheric leg [7]. For instance, soil moisture–precipitation coupling can be
separated into soil moisture–evapotranspiration coupling (terrestrial leg) and evapotran-
spiration coupling (atmospheric leg). The current study focused on ET-P coupling, which
is the atmospheric leg of land-precipitation coupling. The CS is found to be positively
related to climatological soil moisture, and the data reveal the strong coupling in the climate
transition zone with soil moisture in the range of 0.15–0.25, with relatively weak coupling
in the arid and humid areas. The soil moisture range of the strongest coupling differs from
the strong coupling zone of 0.4–0.55 in Wei’s study, which may be related to the different
soil moisture data, where they used MERRA-LAND reanalysis soil moisture data (top 1 m),
while we used CCI remotely sensed soil moisture (surface 5–10 cm).

Studies have shown that the areas where land–atmosphere coupling is controlled by
thermal energy factors are mostly located in moist areas with sufficient moisture [35,39].
In the climate transitional zone of northern China, where the climate is non-humid, the
influence of temperature is weak, and the relationship between the spatial distribution of
CS and temperature is considerably weaker than that with soil moisture. Therefore, the
moisture factor is the main factor dominating the spatial distribution of ET-P coupling.

4.2. Determination of Water and Temperature Factors on Temporal Variation of CS

The studies on the temporal variation of CS are fewer than those on the spatial pattern
of CS. The findings based on GLACE and MERRA-LAND both indicate that interannual
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variation in land–atmosphere coupling is mainly caused by soil moisture variation, and
suggest a phenomenon of “see-saw” that the CS is stronger in the wet period in the dry area
and in the dry period in the wet area [30,31]. This is explained by the fact that where the CS
is strongest in the transition zone, either the dry zone becomes wet or the wet zone becomes
dry, and the coupling is thus enhanced. Recently, Lo et al. showed that hydrological events
have a significant effect on temporal evolution of CS by changing the surface state [45].
After large-scale intensive precipitation events, the soil moisture increases significantly,
causing evapotranspiration to change from moisture to transitional limitation. Thus, the
dependence of evapotranspiration on soil moisture decreases, resulting in a decrease in CS.

In the current study, responding to the intra- and inter-annual fluctuations of envi-
ronmental conditions, land–atmosphere coupling exhibits distinct intra-annual cycles and
inter-annual fluctuations. Soil moisture variability (standard deviation) is the most impor-
tant influencing factor in determining the CS in the northern China climate transition zone.
This is in relation to evapotranspiration being moisture-limited across most of the climate
transition zone, and a larger soil moisture variability causes a larger evapotranspiration
variability, and subsequently a precipitation variability. This effect is more significant in
arid and semi-arid regions.

4.3. Positive and Negative Coupling Mechanisms

Land–atmosphere couplings could be positive or negative. Drylands tend to show
positive coupling, i.e., the lager the soil moisture, the higher the evapotranspiration, and
the more likely to trigger convective precipitation [5,16]. The mechanism responsible for
positive coupling involves dominant moisture recycling in land–atmosphere coupling.
Negative coupling was also found in some studies, i.e., negative coupling exists in north
Africa [26]. Negative coupling implies that a lower soil moisture is more likely to trigger
precipitation. The mechanism responsible for negative CS is that in areas where the
boundary layer is wet with a dry surface with strong heating, the convective available
potential energy (CAPE) is large and convective inhibition (CIN) is small, causing the
boundary layer to be more likely to develop deeper. Although a dry and hot boundary
layer causes LCL lift, the well-developed BLH would exceed LCL and trigger convective
precipitation. This mechanism is similar to the land–atmosphere coupling mechanism in
the southern region of the study area in the current study.

LCL is a key variable in the linkage between surface and precipitation, and the de-
velopment of LCL is closely related to the type of evapotranspiration [46]. The ET in the
southern region of the study area is energy-limited, and the increase in available energy
causes both sensible and latent heat to increase, and the increased sensible heat heats the
boundary layer and increases the LCL, leading to a positive correlation between ET and
LCL. In most northern regions, ET is moisture-limited, and increasing soil moisture results
in an increase in ET and a decrease in sensible heat, causing LCL to decrease and the
boundary layer to become wet and cold, leading negative correlation of ET with LCL. In
contrast, over the whole study area, a lower LCL is more likely to trigger precipitation, and
hence, LCL has a negative correlation with P. Thus, it leads to negative ET-P coupling in the
part of south region and positive coupling in the north region. Therefore, the main reason
for the positive and negative differences in ET-P coupling in the study area is the different
driving regimes of evapotranspiration.

5. Conclusions

Employing an evapotranspiration–precipitation coupling index (CS) proposed by
Zeng (2010), this study found that CS decreases gradually from the northwest to southeast
in the north China climate transition zone, with strong positive coupling in the northwest
and negative coupling in the southeast and northeast corners. The CS decreases sequentially
in the spring, summer, autumn and winter, and is considerably stronger in spring than
in other seasons. On the interdecadal scale, coupling is highest in the 1980s, lowest in
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the 1990s, and moderate in the 2000s and 2010s. The trend of CS gradually shifts from a
significant declining trend in the west to an increasing trend (not significant) in the east.

The spatial distribution of CS is closely related to the distribution of climatology of
moisture and temperature. The CS remained at a strong level and increased slightly by
increasing soil moisture when it was below 0.2, and decreased with increasing soil moisture
when the soil moisture was above 0.2. In the zone of study, areas with soil moisture
below 0.25 have positive CS, areas with soil moisture between 0.25 and 0.35 experience
a transitional coupling from positive to negative, and areas with soil moisture greater
than 0.35 exhibit negative CS. The relationship between soil moisture and the CS trend is
roughly opposite to that between the soil moisture and CS. The CS shows an exponential
decreasing trend with the increase in temperature, while the CS trend gradually increases
with increasing temperature. Climatological soil moisture plays a more dominant role in
determining the distribution of CS.

The CS exhibits evident intra- and inter-annual variability in the climate transitional
zone of northern China. Soil moisture variability has the highest correlation coefficient with
the intra-annual CS, dominating the intra-annual variation in ET-P coupling in the northern
region. At the interannual scale, soil moisture variability is significantly and positively
correlated with CS in arid and semi-arid regions, determining the interannual variability in
CS in these regions. In humid and semi-humid areas, the CS is more complex in relation to
the hydrothermal factors, and subject to the combined effect of hydrothermal factors.

The boundary layer thermodynamic analysis revealed that the main reason for positive
and negative differences in CS across the study area is the different driving regimes of
evapotranspiration. ET is energy-limited in the southern part of the study area, leading
to a positive correlation between ET and LCL, while in most of the northern part, ET is
moisture-limited, and ET is negatively correlated with LCL. The effect of moisture recycling
from evapotranspiration on precipitation represents the main pathway of ET-P coupling,
and LCL has a negative correlation with P across the study area, therefore leading to a
negative ET-P coupling in part of the south and a positive coupling in the north.
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