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SUMMARY

Soil moisture (SM) and atmospheric humidity (AH) are crucial climatic variables
that significantly affect the climate system. However, the combined influencing
mechanisms of SM and AH on the land surface temperature (LST) under global
warming are still unclear. Here, we systematically analyzed the interrelationships
among annual mean values of SM, AH, and LST using ERA5-Land reanalysis data
and revealed the role of SM and AH on the spatiotemporal variations of LST
through mechanism analysis and regression methods. The results showed that
net radiation, SM, and AH could well model the long-term variability of LST well
and explain 92%of the variability.Moreover, SMplayed an essential anddifferent
role under the different LST backgrounds. The AH always displayed a greenhouse
effect on the LST. This study provides essential insights into the global climate
change mechanism from the surface hydrothermal processes perspective.

INTRODUCTION

Land surface temperature (LST) is one of the most important and commonly used temperature monitoring

indicators because it is essential for land surface energy and water balance processes.1 Also, LST is an

important fundamental indicator for global climate change monitoring. According to the IPCC Sixth

Assessment Report, the global surface temperature was 1.09�C higher in 2011–2020 than in 1850–1900.2

The increase in temperature has important implications on events such as ecological community stabil-

ity,3,4 surface evaporation,5 and land cover change.6–8 Therefore, the reasons for LST variations have

received much more attention.

Currently, a large number of scholars have studied the causes of LST changes frommany different perspec-

tives. For example, some researchers analyzed them from the perspective of land use and land cover,

believing that climatic effects due to land cover changes are particularly important for LST.9–12 Some

research focused on the trends and differences in LST changes between urban and suburban areas,13

arguing that surface hydrothermal changes due to urbanization are responsible for LST changes. And

some other researchers analyzed the relationship between LST and other single influence factor such as

soil moisture (SM),14 atmospheric humidity (AH),15 and precipitation.16 Their results showed that all these

factors have important influence on the LST variation and there is interaction between them. However, a

closer look can reveal that SM, AH, and net radiation (NR) are considered to be the key factors affecting

LST. Water, including SM and AH, is the most crucial regulator of the earth’s climate due to its large

heat capacity and unique three-phase conversion attribute. It is a prerequisite for maintaining equilibrium

in marine and terrestrial ecosystems.16–19 NR is the source of energy and is the determining factor of the

LST variation in one year. All other elements are directly or indirectly related to these three factors and

thus influence the hydrothermal processes at the land surface.

Regarding the effect of water on LST, previous studies mainly focused on the effect of SM on LST because

the feedback from SM is more direct.20 They found that the interaction between SM and LST can signifi-

cantly affect near-surface climate and has been shown to be an important cause of events such as heat

waves21–23 and droughts.24,25 There is a positive feedback effect between SM and LST, the decreased
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SM will lead to an increase in land surface sensible heat flux and, thus, a rise in LST, and the increased LST

further accelerates land surface evaporation, leading to lower SM.26 More water enters into the atmo-

sphere in a warming world and leads to the increase of radiative feedback. The contribution of AH to

regional and even global temperature increases receives much attention.27 Research showed that the tem-

perature response to AH differed in latitude and timescale.28 NR is the difference between the energy input

and output of the land surface. The incident solar radiation generally varies less interannually. In contrast,

land surface longwave radiation and atmospheric counter radiation fluctuate more due to changes in the

property of the land surface and atmospheric humidity, etc.29 Therefore, NR is also indirectly influenced by

SM and AH. We can find that SM and AH have a fundamental influence on the LST. However, studies on

explaining variations of annual LST using both SM and AH are limited by observations, and the complex

feedbacks and quantitative analysis have yet to be well revealed.

Observations have shown that human activities such as the over-withdrawal of groundwater,30–32 urban

expansion,33 deforestations,34 and overgrazing35 have made significant impacts on the surface

hydrological cycle in recent decades. According to the study, about 48% of the global vegetated area ex-

hibited a drying pattern over the past 40 years36 The specific humidity of the global land increased by

0.08 G 0.04 g/kg per decade from 1979 to 2016.37 With the alteration of the water cycle, there must be

some impact on the local, regional, and even global climate. The IPCC Sixth Assessment Report pointed

out that the biophysical effects of land use change since 1750 were mainly in the form of increased surface al-

bedo and reduced turbulent heat fluxes, whichmay lead to a net global coolingof about 0.1�C.2 This result did
not take into account the feedback effects of SM and AH changes. Considering human activity has affected

more than 70% of the Earth’s ice-free surface, an in-depth investigation of the extent to which changes in

the hydrological cycle affect LST is of great scientific significance in answering the causes of global warming.

The urgent scientific questions that need to be answered are what has happened to global SM and AH, and

what is the combined influencing mechanism of SM and AH on LST under global warming in recent decades.

Figure 1. Spatial and temporal variations of land surface temperature (LST)

(A and B) Soil moisture (SM) (C and D) and atmospheric humidity (AH) (E and F). The dotted areas are temporal trend

passing the significance test of p < 0.01.
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Now, global-scale studies have become possible with the rapid development of global observational tech-

niques and model simulations.38,39 Here, based on the principle of energy balance and ERA5-Land rean-

alysis data with high spatial resolution, this study explored the influence of both SM and AH on LST in

different climate backgrounds using statistical analysis, and the combined influencing mechanism of SM

and AH on LST under different climatic backgrounds was disclosed.

RESULTS

Spatial and temporal variation of LST, SM, and AH during 1981–2020

The global multi-year mean LST generally decreased with latitude (Figure 1A), with the lowest annual

mean LST in Greenland below �25�C. In comparison, the LST in some parts of the equatorial region

exceeded 25�C, and the annual mean LST was higher in the Sahara and the Arabian region. The LST in

the Qinghai-Tibet Plateau was significantly lower than in the surrounding areas due to its high altitude.

70.7% of the global land exhibited a significant (p < 0.01) increasing trend in LST (Figure 1B), among which

the areas with evident increase (>0.8�C/10a) were mainly located in the high latitudes of the northern hemi-

sphere, the Mediterranean coast, southwestern North America, north-central Africa, and central-

eastern Asia.

20.4% of the global land experienced a significant (p < 0.01) decreasing trend in SM (Figure 1D), mainly in

southern North America, most of South America, central Africa, western Asia, and the Middle East. While

SM in the western Tibetan Plateau, India, northeastern Asia, and central and northern North America dis-

played an upward trend, and the upward trend in some regions was above 0.01 m3/(m3$10a).

The spatial distribution of near-surface AH was similar to that of LST and generally decreased with latitude

(Figure 1E). The global multi-year average AHwas 6.52 g/kg. The temporal variation of near-surface AHwas

similar to SM (Figure 1F). The areas with significant decrease were mainly distributed in western North

America, most of South America, central and southern Africa, and central and northern Australia. In

contrast, the increasing trend of AH exceeded 0.2 g/(kg$10a) in regions such as India, northern Europe,

and central Africa.

Interrelationship of LST with SM and AH

The variation characteristics of LST with SM and AH in different latitudes were analyzed to investigate the

relationship between LST and SM and AH (Figure 2). The LST mainly exhibited a negative relationship with

SM. However, there were also some different relationships between them, i.e., decreased in the low lati-

tude and increased in the high latitude (Figure 2A). In addition, the LST tended to decrease first and

then increase with SM in some middle- and high-latitude areas (i.e., 60–70�N, 30–40�N). The LST displayed

an overall increasing trend with AH (Figure 2B). The LST showed a prominent increment with AH when the

AHwas below 8 g/kg.While in the areas where AHwas above 8 g/kg, the LST did not changemuch with AH.

Figure 2A showed that the different temperature backgrounds might be the essential reason for the oppo-

site temperature trends with SM. Therefore, the impact of SM on LST under different LST background

(above and below 0�C) was further analyzed (Figure 3). It was found that the areas with low SM had a

Figure 2. Variations of land surface temperature (LST) for different

(A) Soil moisture (SM) and (B) atmospheric humidity (AH) gradients in different latitude. Areas with altitudes above 1500 m

were excluded from the analysis due to the altitude effect.

ll
OPEN ACCESS

iScience 26, 106837, June 16, 2023 3

iScience
Article



more significant overall intra-annual temperature difference, i.e., the higher temperature in summer and

lower temperature in winter. In contrast, the temperature fluctuation was smaller in high-SM areas. Further-

more, this phenomenon was more pronounced in the 40�N and 45�N regions (Figures 3A and 3B). More

importantly, the intersection of LST in areas with high and low SM was near 0�C. The positions of the upper

and lower distributions of the two lines were replaced when LST was below 0�C, indicating that SM had

different effects on LST when LST was above and below 0�C.

To explain the relationship between LST and AH, the variations of multi-year mean downward long-wave

radiation with AH were displayed in Figure 4. The downward long-wave radiation displayed an increasing

trendwith AH at a different latitude. In areas where the SHwas less than 4 g/kg, the long-wave radiation was

less than 250W/m2. The areas with high SH were mainly distributed in low latitudes. And in areas where the

SH was larger than 16 g/kg, the long-wave radiation was larger than 375 W/m2.

Based on the above analysis, we further analyzed the quantitative relationship between them. Based on

Equation 9 in methods, the quantitative relationship between LST and SM, AH was simulated, and a strong

relationship was found. The formula was as follows:

LST = 0:7210Rn－2:0357RnW + 7:6979WQ－16:1969 R2 = 0:92 (Equation 1)

Where Rn is the net radiation, W is the soil moisture, and Q is the atmospheric humidity in the formula.

The p values of all three variables were <0.01, indicating that NR, SM, and AH all played an essential

role in the interannual variation of LST, and the variation of global LST could be better simulated with these

three variables. The sensitivity of LST to SMwas�2.0357R + 7.6979Q from the equation, and it can be found

that the sensitivity was positive when R < 3.7815 Q, and the LST increased with SM, displaying a warming

effect. When R > 3.7815Q, the sensitivity was negative, and LST decreased with SM, displaying a cooling

effect.

Furthermore, we calculated the contribution of NR, SM, and AH to the variations of LST in different pe-

riods since 2000, with 1981–2000 as the base time (Tab. 1). Overall, the contribution of SM was the

largest. The contribution of SM variation to LST exceeded 55% in both the 2001–2010 and 2011–2020

Figure 3. Intra-annual variation of land surface temperature (LST) in areas of high and low soil moisture at 40�N
(A) 45�N (B), and 50�N (C). The middle- and high-latitude regions where winter temperatures were below 0� (40�N, 45�N,

50�N, with 5� intervals and a width of 0.5�) were selected, and the LST variation in these regions with two soil moisture

backgrounds were extracted: high (>0.4 m3/m3) and low (<0.2 m3/m3).
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eras. Moreover, the contribution of NR change was limited, only close to 20%. It was worth noting that

the contribution of AH increased from 3.02% in 2001–2010 to 19.91% in 2011–2020. The total contribution

of the three factors exceeded 90% in both epochs and 20 years, and the sum of contributions of SM and

AH exceeded 72%.

The heterogeneity of long-term LST change caused by SM and AH

Since the hydrothermal elements varied greatly in different regions of the globe, we again simulated the

variation of LST in different regions through NR, SM, and AH. To study the different effects of SM and

AH changes on LST, we extracted the trends of SM and AH, respectively. Then four sub-regions were

divided according to the different distributions of SM trend and SH trend, including PP region with SM

trend >0 and AH trend >0, PN region with SM trend >0 and AH trend <0, NP region with SM trend <0

and AH trend >0, and NN region with SM trend <0 and AH trend <0. The fitting equations of the four

sub-regions were displayed in Table 1. The spatial distribution and variables variation of the four sub-re-

gions were displayed in Figure 5. The R2 of the fitted equations exceeded 0.7 in all four sub-regions, espe-

cially in theNP andNN regions, where the R2 exceeded 0.93, indicating that NR, SM, and AH can also better

portray the variation of LST at the regional scale.

The reasons for LST changes in each sub-region could thus be easily understood from the fitting equations

and Figure 5. In the PP region, both SM and SH exhibited a significant upward trend (p < 0.01) (Figures 5B

and 5C), but the warming and cooling effects of SM changes were different due to the apparent climatic

background differences in their distribution. At high latitudes or high-altitude areas, where the annual

mean LST was below 0 �C, the increase in SM had a strong warming effect, and the AH also had a warming

effect. Hence, the warming trend was evident in northern Asia, the Qinghai-Tibet Plateau, northern Europe,

and northern North America (Figure 1B). While in the middle- and low-latitude regions, such as India and

Malaysia, the effect of the two was opposite because the mean background temperature was higher than

0�C. So, we fitted the equation for the LST in the PP region where the annual mean LST was higher than 0�C
as LST = 0.7744Rn－－2.7148 RnW+8.5373WQ－－4.5011. Using 1981–2000 as the background, the LST change

due to SM after 2000 was calculated to be －－0.087�C, and the temperature change due to AH was 0.413�C.
Therefore, these areas also displayed a warming effect in general. In some parts of India, a cooling trend

was also found (Figure 1B) mainly due to the sizable upward trend of SM in this region (>0.05 m3/(m3$10a) in

some areas). The cooling effect caused by SM was above －－3.767�C. In contrast, the warming trend of the

significant increase of AH (around 0.3 g/10a) was around 1.236�C, so the LST in this region displayed a

decreasing trend.

The PN region was mainly distributed in the northern part of Australia and the southern part of Africa. Since

the area was small and mainly close to the ocean, the interannual fluctuations of the elements were signif-

icant. The M�K test examined the abrupt change in LST, SM, and AH in the region, and the tipping point

Figure 4. Variation of downward long-wave radiation with atmospheric humidity (AH) at different latitude
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was around 2011. Therefore, 2011 was selected to separate the whole study period, and the variations of

variables were also analyzed in the two periods. During the first 30 years of the study period, the increase in

SM caused a significant increase in latent heat flux ratio (Figure 5F) and a significant decrease in sensible

heat flux ratio (Figure 5G). Therefore, the LST in this area mainly exhibited a weak decreasing trend (Fig-

ure S1). Using 1981–1985 as the background value, the contribution analysis from 1981 to 2010 also dis-

played the same trend (SM contribution was �0.554�C, AH contribution was 0.011�C). In contrast, during

the last ten years of the study period, the trend of all elements changed abruptly, with a significant decrease

in SM, leading to a decrease in latent heat flux ratio (Figure 5F) and an increase in sensible heat flux ratio

(Figure 5G), which played a significant warming effect. Lower SM reduced evaporation and further reduced

latent heat flux ratio and precipitation (Figures 5C and 5D). The greenhouse effect of water vapor also

diminished. Therefore, there was a significant temperature increase in this era (Figure S1). The contribution

analysis from 2011 to 2020 also displayed the same trend (SM contribution was 1.465�C, AH contribution

was �0.195�C).

The areas where SM decreased and AH increased (NP region) were distributed more widely. In the middle

and low latitudes, SM and AH showed warming effects, and the LST showed a more apparent increasing

trend. In contrast, at high latitudes, there was a cooling effect of decreasing SM, so the magnitude of

the cooling effect of SM and the warming effect of atmospheric moisture needs to be weighed in this re-

gion. We fitted the equation of LST in the NP region with winter mean LST <0�C as LST = 0.6917Rn－－
2.2787RnW+21.0628WQ－－25.8491 and using 1981–2000 as the background. The variations of LST caused

by SM after 2000 were －－0.053�C and 0.815�C caused by AH. Therefore, the LST in this area showed a sig-

nificant increasing trend.

In the NN area, SM and AH significantly decreased (Figures 5B and 5C). Furthermore, this sub-region was

mainly distributed in themiddle and low latitudes, so the warming effect of the decreased SM and the cool-

ing effect of the decreased AH were mainly considered. The decrease of SM led to lower evaporation, and

smaller latent heat flux ratio (Figure 5F), and a larger sensible heat flux ratio (Figure 5G), which eventually

led to a significant increase in LST. Using 1981–2000 as the background, the variation of LST due to SM after

2000 was calculated to be 1.079�C and －－0.373�C caused by AH. Therefore, this region displayed an

increasing trend. The warming effect of SM was more significant, and the reduced greenhouse effect of

AH did not offset the increase in LST caused by the significant decrease in SM. In addition, this partition

contained several regions with significant global LST increases, such as northeastern North America,

most of South America, central Africa, western Asia, and central-eastern Asia, where SM decreased signif-

icantly.40–42 The warming effect of SM reduction was much more significant than that of AH change, which

was the main reason for the significant warming in these regions.

DISCUSSION

Comparison of ERA5-Land dataset

The ERA5-Land analysis data are chosen because of the state-of-art model, good accuracy, and long-

time span.43 According to the previous studies, the accuracy of the ERA5-Land data (soil temperature

and soil moisture) can meet the need of this global analysis.44 Although some other data, such as ther-

mal-based LST data, have high accuracy, it has some drawbacks. For example, thermal-based LST data

can only be acquired under cloud-free conditions, and the data acquisition time is specific. Therefore,

these data are discontinuous, which can lead to significant biases and cannot support our long-time se-

ries study.

We also compare our results with other studies. For LST, it is shown that ERA5-Land data are in good agree-

ment with MODIS, especially in the Arctic region, which shows significant warming.45 According to the

study, the spatial and temporal variability of China merged surface temperature is also in obvious agree-

ment with ERA5-Land data.46 In addition, two other widely used LST datasets (MODIS and GLDAS) are

Figure 5. Combined effects of soil moisture (SM) and atmospheric moisture (AH) variation on land surface

temperature (LST)

(A) and variations of different zonal elements (B), SM; (C), AH; (D), precipitation; (E), net radiation (NR); (F), latent heat flux

ratio; (G), sensible heat flux ratio). In figure a, for areas with SM trend >0 and SH trend >0 (referred to as PP region), areas

with SM trend >0 and SH trend <0 (referred to as PN region), areas with SM trend <0 and SH trend >0 (referred to as NP

region), and areas with SM trend <0 and SH trend <0 (referred to as NN region).
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compared with ERA5-Land data (Figure S1). The global annual mean change trends of the three datasets

are consistent. The average difference between ERA5-Land LST and MODIS LST as well as GLDAS LST is

0.09�C. Therefore, we believe that the ERA5-Land LST data can satisfy our study. For soil moisture, the

ERA5-Land data showed higher Pearson correlation at 5 cm compared to ERA5 in 64% site with in situmea-

surement from International Soil Moisture Network.43 In addition, other researchers have analyzed the soil

moisture elements of these data from the perspectives of Soil Moisture Active Passive data,47 model

component,48 and comparison with other gridded data,49 and concluded that these data have good accu-

racy. Moreover, it is shown that the long-term daily SM data of ERA-Interim is better at the pixel scale, and

the global SM shows a significant decreasing trend from 1979 to 2017,50 which is consistent with our results.

The global AH mainly displays an increasing trend in recent years, mainly because of the global tempera-

ture increase. Studies have shown that though the terrestrial specific humidity is increasing, the relative hu-

midity is decreasing.37 Moreover, there are many overlapping regions where SM and AH significantly

decrease (Figures 1D and 1F), among which North America and41 Central Asia51,52 have indeed experi-

enced severe droughts in recent years. In contrast, in areas such as central Africa and South America,

the decreases in SM and AH may be due to deforestation.53,54 In addition, the study also showed that

65.1% of the regions with decreasing SM were caused by increasing temperature,50 which is the main

reason why the regions with decreasing SM in the middle and low latitudes overlap with the regions

with significant temperature increase. Overall, the ERA5-Land data can better reflect the spatial distribu-

tion and temporal trends of the studied variables.

Interaction mechanisms of SM, AH, and LST

Solar radiation is the dominant factor affecting LST at a certain time, and the amount of NR directly deter-

mines the LST. In addition, moisture is the primary regulator of LST, including SM and AH. However, the

variation of solar radiation reaching an area was relatively small on an interannual scale, and the variation

of moisture was relatively drastic from Table 2. Therefore, moisture variation became the main factor that

caused long-term LST variation in an area. However, due to different climatic backgrounds, the role of SM

and AH on long-term LST variation showed different degrees of influence. For example, in the high-latitude

region, the influence of AH was more extensive (Figure 2B).

In general, the LST mainly exhibits a negative relationship with SM due to the negative feedback be-

tween them.55 However, the relationship between LST and SM is positive in some latitude (especially

in high latitude), mainly because of the warming effect of the water freezing.56 The LST trend with SM

above and below 0�C LST background also confirmed our result (Figure S2). In areas with an annual

mean LST >0�C, as SM increased, more energy was transported in the form of latent heat flux, and sen-

sible heat flux decreased; therefore, the increase of SM mainly exhibited a cooling effect (Figure S2A).20,57

In areas where the annual mean LST <0�C, the increase in SM led to more conversion of liquid water to

solid water and heat release, which exhibited a warming effect for the land surface, and, conversely,

a cooling effect (Figure S2B). Therefore, when discussing the effect of SM, it is necessary to take

LST = 0�C as the dividing line and analyze the influencing mechanism at different background temper-

atures separately.

Figure 6. Patterns of soil moisture (SM) and atmospheric humidity (AH) effects on land surface temperature (LST)
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The partial correlation among LST, SM, and AH at annual and seasonal scales also proves our result (Fig-

ure S3). On the annual scale, the partial correlation between SM and LST was generally negative, while it

was positive for the correlation between AH and LST (FiguresS3A and S3B). In addition, the seasonal cor-

relations between LST and SM were different in different seasons, which means the background temper-

ature background was vital in their relationship. AH and LST displayed a significant positive correlation

on the global scale. Therefore, the increase in AH mainly shows a greenhouse effect because the higher

AH will increase the downward long-wave radiation and lead to a warmer land surface.58

To sum up, SM and AH are essential regulators of LST. SM has opposite effects, i.e., warming and cooling

above and below 0�C due to water status transformation. AH mainly exhibits insulation and warming ef-

fects. Therefore, when considering the combined effect of SM and AH on LST, it is necessary to classify

the background values of LST. We summarized the compound effect pattern of SM and AH on LST in Fig-

ure 6. In areas where the mean LST >0, the increase in SM has a cooling effect. While in areas where the

mean LST <0, the increase in SM has a warming effect. Then superimposed with the effect of AH, we

can obtain the combined effect of SM and AH on LST in different regions.

The effect of land cover change on the land surface hydrothermal variations in different

regions

Land cover change is an important influence factor on land surface hydrothermal conditions. We also

analyze the global land cover conversion from 1982 to 2015, select the top 5 conversion types (accounting

for 51.8%), and analyze the change of hydrothermal conditions in these areas (Table 3). The distributions

of these five land cover conversions are shown in Figure S4. From Table 3, the largest conversion is from

grassland to forest (2.73 3 106 km2). The areas of grassland converted to forest were mainly distributed in

the middle and high latitudes, especially in northern Asia (Figure S4). The conversion of grassland to the

forest was mainly due to the rapid warming in this area (Figure 1B), which was favorable to the positive

vegetation succession. Areas of forest-to-grassland conversion are concentrated in the central part of

South America, a region that has experienced significant forest degradation and agricultural expansion

in recent years.59 The areas where cropland converted to the forest are mainly distributed in southern

China and central Europe, where the reduction of cropland and related policies have led to the recovery

of the ecosystem.60,61 In addition, the increasing trend of LST is also the lowest (0.2183�C/10a), and the

increasing trend of AH is the most pronounced (0.0409 g/10a) in this area. The conversion of grassland to

shrubland is concentrated in eastern South America and southern Africa, where deforestation and agri-

cultural activities have led to the degradation of grassland and significant changes in hydrothermal ele-

ments,35 with the largest downward trends in soil moisture, specific humidity, and precipitation. The areas

where grasslands convert to cropland are mainly located in the central part of North America and the

southern part of South America, where the expansion of agricultural land led to the degradation and

disappearance of grasslands and, therefore, a significant decrease in soil moisture (�0.005 m3/

(m3$10a)). Overall, it can be seen that the land surface hydrothermal variations result from the combined

effect of human activities and climate change. Some previous studies have reached similar

conclusions.62,63

Scaling issues for regression analysis

We construct a mechanism-based statistical model according to Equation 9, simplifying the complex co-

efficient determination process. The equation has a high accuracy and strong explanatory power. Though

the global result is good, determining each parameter on a regional scale is very difficult due to the

widely varying property of the land surface and the fact that solar radiation is changing at all times. There-

fore, detailed regressions are required for the regional analysis. The result of standardized regression

Table 1. Fitting equations and the R2 and p value for LST in different sub-regions

Sub-regions Equation R2 P (Rn, W, Q)

PP LST = 0.4817Rn－1.6616RnW+13.8307WQ－20.8246 0.84 <0.01/<0.01/<0.01

PN LST = 0.0975Rn－1.0563RnW+4.4251WQ+22.9871 0.70 0.29/<0.01/0.03

NP LST = 0.3925Rn－1.0443RnW+8.5824WQ－18.1477 0.93 <0.01/<0.01/<0.01

NN SLT = 0.4877Rn－1.7439RnW+7.7685WQ－3.8033 0.94 <0.01/<0.01/<0.01
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coefficients also confirmed our thoughts: the importance of SM and AH differed in different regions of the

globe, where SM was more important at low and middle latitudes, and AH was more important at higher

latitudes arid regions (Figure S4). Therefore, we performed a zonal analysis to interpret the regional LST

change.

In addition, the p value of the NR and AH in the PN region was not significant, mainly because of the

uncertainty due to the small area. The PN region is mainly distributed in the mid-latitude. The response

of LST to atmospheric humidity was relatively small in this latitude, according to the study by Colman

et al.28

Conclusions

Based on a novel method combining the scientific principle with statistical analysis, we linked the surface

hydrothermal process with climate change, quantitatively revealed the complex relationship between sur-

face water and LST, and disclosed the influencing mechanism of the synergistic change of SM and AH on

LST. The results showed that 70.7% of the global land exhibited a significant increase in LST. SM played

essential and different roles under the different LST backgrounds. When mean LST was above 0�C, LST
decreased with SM, while it increased with SM when mean LST was below 0�C. The AH always displayed

a greenhouse effect on the LST. NR, SM, and AH could simulate the LST well and explain 92% of the causes

of global LST change. The relationship equation established can explain well the global LST variation in

different regions. A framework of the synergistic effect of SM and AH on LST was proposed, which will pro-

vide new sight for related research.

The results described previously show that SM and AH have essential effects on climate change, although

they change slowly. Intensive human activities have broken the water-energy balance in many regions and

led to climate change. Rational regulation of soil hydrothermal processes is the core of sustainable land

management. These findings have important implications for understanding the mechanism of global

climate change and adapting to it.

Limitations of the study

Although our study has mechanistically explored the combined effect of SM and AH on LST, some things

could be improved regarding data and methods. First, we only use one dataset though it is a state-of-the-

art reanalysis dataset.43 All variables derived from the one system model may have the same error, and its

different variables are not independent. Though the results of our analysis suggest that the LST’s differ-

ences in different datasets are small on a global average, LST might be different at regional scales. Second,

Table 2. Contributions of net radiation (NR), soil moisture (SM), and atmospheric humidity (AH) to land surface temperature (LST) in different eras

LST variation

caused by NR NR contribution

LST variation

caused by SM SM contribution

LST variation

caused by AH AH contribution All contribution

2001–2010 0.1178 21.38% 0.4050 73.52% 0.0167 3.02% 97.97%

2011–2020 0.1552 16.45% 0.5283 55.99% 0.1879 19.91% 92.34%

2001–2020 0.1365 18.26% 0.4667 62.45% 0.0766 10.25% 90.96%

The unit of LST variation is �C.

Table 3. Top five land cover conversion areas and hydrothermal factor change trend from 1982 to 2015

Type Area (km2) LST trend (�C/10a) SM trend (m3/(m3$10a)) AH trend (g/10a) P trend (mm/10a)

G-F 2.733106 0.3278 �0.0017 0.0368 �10.17

F-G 1.803106 0.3171 �0.0033 �0.0112 �17.45

C-F 1.793106 0.2183 �0.0027 0.0409 �16.71

G-S 1.783106 0.2343 �0.0052 �0.0911 �44.79

G-C 1.633106 0.3017 �0.0050 0.0127 �18.81

Cropland (C), Forest (F), Grassland (G), Shrubland (S) were the main types in top five conversion. Hydrothermal factor mainly

contains Land surface temperature (LST), Soil moisture (SM), Atmospheric humidity (AH), and Precipitation (P).
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the conclusions are based on statistical analysis. Different simulations with a global climatemodel to isolate

the impact of certain processes would be better. Third, our study focuses more on the principal explanation

of the interannual scale variation of LST other than on seconds, daily, or monthly scale, and an accurate

simulation, including capturing human activities (such as irrigation and planting), is also needed in the

future work.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for data should be directed to and will be fulfilled by the lead contact,

Zhihua Pan (panzhihua@cau.edu.cn).’’

Materials availability

This study did not generate new unique materials.

Data and code availability

The datasets and code supporting the current study have not been deposited in a public repository but are

available from the lead contact on request.

METHOD DETAILS

The equation of the relationship between surface temperature and net radiation, soil moisture, and atmo-

spheric humidity.

According to the connotation of heat capacity, the energy required to heat soil of a specific volume (V, m3),

when its temperature changes from the initial T1 (
�C) to the end T2 (

�C) in a specific time dt (day, month or

year) is:

dQ

dt
=

CvVdðT2 � T1Þ
dt

=
CvVdT

dt
(Equation 2)

WhereCV is the soil heat capacity (J/(
�C$m3)). If the energy comes from solar radiation, it is equivalent to the

soil heat flux, and it can be obtained from the land surface energy balance equation:

dQ

dt
= Rn � lE � SH (Equation 3)

Where dQ/dt represents the energy change (dQ) in a given volume of soil and during a unit time (dt), Rn is

net radiation (J/(m2$d)) at the land surface, lE is latent heat flux (J/(m2$d)), SH denotes sensible heat flux (J/

(m2$d)).

From the Equations 1 and 2, it can be written as:

dT

dt
=

ðRn � lE � SHÞ
CvV

=
½ðRn � ðlE+SHÞ�

CvV
(Equation 4)

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Land surface component dataset ECMWF https://cds.climate.copernicus.eu/

Land cover data GLASS-GLC https://doi.pangaea.de/10.1594/PANGAEA.913496

MODIS LST data NASA https://search.earthdata.nasa.gov/search

GLDAS LST data NASA https://disc.gsfc.nasa.gov/datasets

Software and algorithms

ArcGIS Esri ArcGIS 10.2

ENVI Exelis Visual Information Solutions ENVI 5.3

MATLAB MathWorks MATLAB R2016a

Origin OriginLab Origin 2022
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The Bowen’s ratio is b = H=lE, so the Equation 4 can be written as:

dT

dt
=

ðRn � ð1+bÞlEÞ
CvV

(Equation 5)

Theoretically speaking, ðlE =RnÞ is the function of soil moisture (W) without considering atmospheric hu-

midity effects,26 which is:

lE =Rn = f ðWÞ (Equation 6)

In fact, the soil interacts with the atmosphere. Soil evapotranspiration is also affected by atmospheric water

vapor. Atmospheric water vapor has large heat storage due to its high heat capacity. It acts like an insu-

lating layer covering the land surface, absorbing and preventing the heat from the ground radiating to

the sky. Therefore, both net radiation and atmospheric humidity should be considered when calculating

the land surface latent heat flux, and the influence of atmospheric humidity should be considered when

calculating the actual LST change in the land-atmosphere system, as follows:

lE = ðRn � hQÞ = f ðWÞ (Equation 7)

Where h is atmospheric water vapor enthalpy (J/g), and Q is the atmospheric humidity (g/kg). We can get

the equation from Equations 5 and 7:

dT

dt
=

ðRn � f ðWÞð1+bÞððRn � hQÞÞ
CvV

=
ðRn � f ðWÞð1+bÞRn+f ðWÞð1+bÞhQÞ

CvV
(Equation 8)

This can be simplified as:

dT

dt
= aRn � bf ðWÞRn + cf ðWÞQ (Equation 9)

Where, a = 1/(CVV), b=(1+b)/(CVV), c=(1+b)h/(CVV). These coefficients are determined by specific

geographical conditions and temperature background. These coefficients can be obtained by multi-linear

regression if long time series of T, Rn, W, and Q data are available.

Contribution calculation

In order to calculate the contribution of net radiation, soil moisture, and atmospheric humidity to the LST

change, we take the partial derivative of each of the three elements according to the regression equation

obtained and then calculate the contribution of different elements to the LST change from 2001 to 2010 and

from 2011 to 2020, using 1981–2000 as the background value. The formula is as follows:

Contribution =

vLST

vS
3DS

DLST
3 100% (Equation 10)

Partial correlation analysis

In order to analyze the correlation between Ts and soil moisture and specific humidity, partial correlation

analysis64 was conducted on LST, SM, and SH yearly data, and a correlation coefficient was used to express

the correlation intensity between LST, SM, and AH.

ERA5 and ERA5-Land reanalysis data

ERA5 is a new generation of reanalysis data released by the European Center for Medium-Range Weather

Forecasts (ECMWF), which has been significantly improved in accuracy due to the development of model

physics.39 ERA5-Land is an enhanced ERA5 surface component dataset that describes surface hydrother-

mal variability and has a globally improved spatial resolution of 9 km (0.1�) created by a more advanced

surface modeling technique and has been widely used for regional and global analysis.16,45,65–67

The main parameters in this paper were also extracted from the ERA5-Land dataset, including land surface

temperature (LST), surface soil moisture (0–7 cm), snow cover percentage, surface net solar radiation, and

surface net thermal radiation. The net radiation (NR) used in this study is the subtraction of surface net solar

radiation and surface net thermal radiation. The specific humidity at 1000 hPa was chosen to represent the

atmospheric humidity and downloaded from ERA5 reanalysis data with a spatial resolution of 0.25�. And
the unit of specific humidity is g/kg. The monthly data for these variables for 1981–2020 were utilized in
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this study. For the analysis of atmospheric humidity and other factors, such as LST, the ERA5-Land LST data

were resampled to 0.25� to be consistent with the atmospheric data.

Land cover data

The GLASS-GLC (The Global Land Surface Satellite-Global Land Cover) data set is the first record of

34-year long annual dynamics of global land cover spanning from 1982 to 2015 at 5 km resolution. This

data integrated the latest version of GLASS CDRs (Climate Data Records) and generated on the Google

Earth Engine (GEE) platform. The data contains 7 land cover types, including cropland, forest, grassland,

shrubland, tundra, barren land, and snow/ice and the average overall accuracy for the 34 years data is

82.81%.68 The 1982 and 2015 land cover map were selected, and land cover conversion analysis was

done in ArcGIS software.

MODIS and GLDAS land surface temperature data

Moderate-resolution Imaging Spectroradiometer (MODIS) LST data and Global Land Data Assimilation

System (GLDAS) 2.0 reanalysis data are the two most used LST data. They are both from National Aeronau-

tics and Space Administration (NASA) and can be download from https://search.earthdata.nasa.gov/

search and https://disc.gsfc.nasa.gov/datasetsrespectively. The MODIS product MOD11C3 was down-

loaded, which is a global 0.05� LST monthly maximum data for the period 2001–2020. GLDAS 2.0 LST is

a global 0.25� LST monthly data for the period 1981–2014. The data are synthesized into annual mean

data by ENVI software.
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