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Abstract: Many extreme meteorological events are closely related to the strength of land–atmosphere
interactions. In this study, the heat exchange regime between the shallow soil layer and the atmo-
sphere over the Qinghai–Tibetan Plateau (QTP) was investigated using a reanalysis dataset. The
analysis was conducted using a simple metric ∆T, defined as the difference between the temperatures
of the shallow soil and the air. First, the performance of 4 widely used reanalysis data products
(GLDAS-Noah, NCEP-R2, ERA5 and ERA5-land) in estimating ∆T on the QTP at soil depths of
0~7 or 0~10 cm was evaluated during the baseline period (1981–2010); the ERA5-land product was
selected for subsequent analysis, because it yielded a better performance in estimating the annual and
seasonal ∆T and finer spatial resolution than the other datasets. Using the soil temperature at depths
of 0~7 cm and the air temperature at 2 m above the ground, as provided by the ERA5-Land reanalysis
dataset, the entire QTP was found to be dominated by a positive ∆T both annually and seasonally
during the baseline period, with large differences in the spatial distribution of the seasonal values
of ∆T. From 1950 to 2021, the QTP experienced a significant decreasing trend in the annual ∆T at a
rate of −0.07 ◦C/decade, and obvious decreases have also been detected at the seasonal level (except
in spring). In the southern and northeastern parts of the QTP, rapid rates of decrease in the annual
∆T were detected, and the areas with significantly decreasing trends in ∆T were found to increase in
size gradually from summer, through autumn, to winter. This study provides a holistic view of the
spatiotemporal variations in ∆T on the QTP, and the findings can improve our understanding of the
land–atmosphere thermal interactions in this region and provide important information pertaining to
regional ecological diversity, hydrology, agricultural activity and infrastructural stability.

Keywords: land–atmosphere interaction; soil temperature; air temperature; ERA5-land;
Qinghai–Tibetan Plateau

1. Introduction

Land–atmosphere interactions play a major role in shaping and projecting regional
climates [1], and studies have identified a close relationship between the strength of
such interactions and extreme meteorological events such as heat waves, droughts, and
heavy precipitation [2–7]. Variations in atmospheric conditions can directly alter the soil
hydrothermal status by modulating meteorological conditions, such as air temperature and
precipitation, while changes in the soil temperature and moisture level can trigger changes
in the surface energy distribution and water balance and, ultimately, affect atmospheric
processes [8–11]. Climate warming, which is caused primarily by greenhouse gas emissions,
has intensified in high-latitude and mountainous regions [12,13]; inevitably, the land–
atmosphere interactions in these regions can be altered and, subsequently, exert a profound
impact on energy and moisture exchanges, carbon release, agricultural activity, ecosystem
diversity, engineering construction and hydrological processes [14–19].
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Some variables, such as the surface net radiation, sensible heat flux, and latent heat flux
and ground heat flux, can directly reflect the exchange of heat between the land and atmo-
sphere; however, long-term series of measurements of these variables are rare and difficult
to obtain, especially in high-latitude and mountainous regions [20]. In contrast, variations
in air and soil temperatures, which are the result of energy and moisture partitioning at
the surface, have long been observed and recorded, and the difference between these two
temperatures, ∆T, is commonly used to assess land–atmosphere heat exchange regimes
over long periods [10]. ∆T has been identified as having a crucial influence on climates
and environments at the regional and even global level [21]. Over the past few decades,
considerable research has been performed to investigate the spatiotemporal variations in
∆T, as well as the relationships of this variable with environmental factors on the regional,
national and hemispheric scales, using station observations, reanalysis data or satellite
remote-sensing data [9,10,22–36].

Regarded as the “Third Pole of the World”, the Qinghai–Tibetan Plateau (QTP) has
unique topographic and thermodynamic effects that have exerted an obvious influence on
the weather and climate systems of China and East Asia and have even been shown to have
global effects [20,37–41]. Over the past few decades, the QTP has experienced rapid surface
air warming and humidification, leading to changes in atmospheric and hydrological cycles
and profound effects on regional land–atmosphere heat exchange [42,43]. Under such
circumstances, increased knowledge of the spatiotemporal variations in ∆T on the QTP
can inform analyses of the regional climate, ecology and other parameters. Studies have
used ground observations to investigate the relationship of soil temperature at different
depths with air temperature on the QTP [44–46]. However, the results of such analyses may
have been subject to low-elevation bias, because the study sites were sparsely distributed,
with most being less than 4000 m above sea level due to the harsh natural environment
and high cost of observation. By combining in situ observations with remote sensing data,
the release of reanalysis datasets provide substantial data for large-scale studies of land–
atmosphere interactions with relatively high spatial and temporal resolutions [47–49], and
such datasets have been used in a series of scientific studies on the QTP [11,47–54]. Using
multi-source reanalysis datasets, Wang et al. (2020) investigated spatiotemporal variations
in the difference between skin (0 cm of the land surface) and air temperatures from 1979
to 2018 [11]. As ecological, hydrological and biological activities mainly occur within the
near-surface soil layer, understanding the exchange of heat between the shallow soil layer
and the atmosphere is crucial for understanding temperature-dependent processes in fields
such as regional ecology and agriculture. However, there has been little research on ∆T
between shallow soil and air on the QTP.

Following the identification of a reanalysis data product with a relatively high simula-
tion accuracy of ∆T, this study investigated the spatiotemporal variations in ∆T between
shallow soil and air over the QTP. The dataset used in this study was selected from four
widely used reanalysis data products on the QTP [11,50,54,55]: the Global Land Data
Assimilation System (GLDAS) Version 2.0, National Centers for Environmental Prediction
(NCEP) and the Department of Energy (DOE) Reanalysis 2, the fifth-generation European
Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis (ERA5)
and an enhanced-resolution version of the ERA5 (ERA5-land).

2. Materials and Methods
2.1. Study Area

The QTP stretches more than 2945 km from east to west and more than 1532 km
from south to north, within the approximate geographic boundaries of 25◦N–40◦N and
73◦E–105◦E (Figure 1). Known as the “Roof of the World,” the QTP has an average elevation
exceeding 4000 m, which has promoted the development of an alpine climate characterized
by strong radiation, low temperatures and a large diurnal temperature range. The QTP has
an annual mean temperature of approximately −2.5 ◦C and annual mean precipitation of
approximately 380 mm.
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dated parameterizations of physical processes are provided [58] along with data at a 
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the present. 

As the fifth-generation reanalysis data product of the ECMWF, ERA5 uses data as-
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atmospheric parameters with lapse rate correction [60–62]. 

Figure 1. Location of the Qinghai–Tibetan Plateau (QTP) and the spatial distribution of 84 mete-
orological stations. The boundary of the QTP is provided by the National Tibetan Plateau Data
Center (https://data.tpdc.ac.cn/zh-hans/data/0231c972-8460-4691-a187-70e4cc356f60 (accessed on
1 October 2022)). The background coloration reflects the altitude. DEM: digital elevation model.

2.2. Data
2.2.1. Reanalysis Data

Four reanalysis data products that contain long-term series data on soil and air tem-
peratures were evaluated in this study (Table 1). GLDAS is a global, high-resolution, offline
terrestrial modeling system that can produce optimal fields of land surface states and fluxes
in near-real time [56]. GLDAS-Noah is the Noah Land Surface Model driven by GLDAS
V2.0; it has a spatial resolution of 0.25◦ × 0.25◦ and provides time series from 1948 to
2015 [56,57]. NCEP-DOE Reanalysis 2 (hereafter, NCEP-R2) is an improved version of the
NCEP Reanalysis 1 model; in NCEP-R2, errors have been corrected, and updated parame-
terizations of physical processes are provided [58] along with data at a spatial resolution of
1.875◦ (longitude) × 1.889◦ (latitude) and a time range from 1979 to the present.

Table 1. Summary of the four reanalysis datasets evaluated in this study.

Dataset Institutes Time Resolution (h) Spatial Resolution Time Period Soil Temperature (cm)

GLDAS-Noah NASA/NCEP 3 h 0.25◦ × 0.25◦ 1948~2015 0~10, 10~40, 40~100, 100~200
NCEP-R2 NCEP 6 h 1.875◦ × 1.889◦ 1979~present 0~10, 10~200

ERA5 ECMWF 1 h 0.25◦ × 0.25◦ 1959~present 0~7, 7~28, 28~100, 100~289
ERA5-Land ECMWF 1 h 0.1◦ × 0.1◦ 1950~present 0~7, 7~28, 28~100, 100~289

NASA: National Aeronautics and Space Administration, USA. NCEP: National Centers for Environmental
Prediction, USA. ECMWF: the European Centre for Medium-range Weather Forecasts, European.

https://data.tpdc.ac.cn/zh-hans/data/0231c972-8460-4691-a187-70e4cc356f60
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As the fifth-generation reanalysis data product of the ECMWF, ERA5 uses data as-
similation to combine model data with global observations and provides hourly values
for a large number of atmospheric, ocean–wave and land–surface parameters at a spatial
resolution of 0.25◦ × 0.25◦ and a time range from 1959 to the present [59]. Compared with
ERA5, ERA5-land provides a consistent view of the land variables over several decades at
an enhanced resolution (i.e., 0.1◦ × 0.1◦) from 1950 to the present and is forced by ERA5
atmospheric parameters with lapse rate correction [60–62].

2.2.2. Observational Data

In accordance with the ground meteorological observation standard of the China Me-
teorological Administration (CMA), meteorological stations can provide soil temperatures
at depths of 0, 5, 10, 15, 20, 40, 80, 160 and 320 cm [63]. To better match the soil layer
of the reanalysis products (Table 1) with the observation data, this study focused on the
shallow soil layer corresponding to depths of 0~10 cm for GLDAS-Noah and NCEP-R2
products and 0~7 cm for ERA5-land and ERA5 products. A set of observed soil temperature
(at depths of 0, 5 and 10 cm) collected at 84 meteorological stations within and around
the QTP were used to calculate the mean shallow soil temperature at depths of 0~10 cm
(Figure 1). For all 84 stations, the average elevation was 2866 m, ranging from 1422 m to
4800 m. Time series of daily air and soil temperature observations within and around the
QTP were obtained from the CMA; these were measured at 02:00, 08:00, 14:00 and 20:00
Beijing time (18:00, 00:00, 06:00 and 12:00 UTC) at a height of 1.5 m above the ground
and depths of 0, 5 and 10 cm, respectively. Time series of daily air temperature from the
4 reanalysis datasets corresponded to a height of 2.0 m above the ground.

2.3. Methods

We used ∆T as a metric for evaluating land–atmosphere interactions. To evaluate the
performances of the four reanalysis datasets in estimating ∆T, the annual and seasonal ∆T
values calculated from in situ observations within and around the QTP were compared
with those calculated from the four reanalysis datasets using three evaluation indexes:
the root mean square error (RMSE), mean absolute error (MAE) and mean relative error
(MRE). The soil and air temperature data were extracted from the 4 products using
ArcGIS software for the grid cells, corresponding to the longitude and latitude of each of
the considered 84 stations.

Inevitably, the high altitude and harsh natural environment of the QTP have led to a
lack of soil temperature observation data. In this study, the mean annual and seasonal soil
temperatures at depths of 0, 5 and 10 cm were calculated for each station only when all
monthly values were available in a year, and the values for each month were computed
when daily values were available for more than three quarters of a month. The data were
also divided into four seasons as follows: spring, March to May; summer, June to August;
autumn, September to November; and winter, December to February of the next year. The
mean shallow soil temperature was the arithmetic means of soil temperatures at depths of
0, 5 and 10 cm.

It is noteworthy that the soil temperature data provided by the ERA5-land and ERA5
products were obtained at depths of 0~7 cm, which was used to correspond with ob-
served soil temperatures collected at depths of 0~10 cm [50]. During the baseline period
(i.e., 1981–2010), the comparative analysis on the performance of the four reanalysis datasets
in estimating annual and seasonal ∆T were performed. After comparison, we selected
the reanalysis data product with relatively better performance in estimating ∆T and used
this dataset in further in-depth investigations of the spatiotemporal variations in annual
and seasonal ∆T over the QTP. Long-term trends of the variations in ∆T at the grid lev-
els were assessed using the modified Mann–Kendall test and the Sen’s slope estimator
method [64,65], and the trend of ∆T across the entire QTP was estimated using a time series
of anomalies (with respect to the mean ∆T from 1981 to 2010).
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3. Results
3.1. Performance of the Four Reanalysis Datasets in Estimating ∆T

For the estimation of the annual ∆T, the ERA5-land and ERA5 products yielded the
lowest RMSE value of 1.57 ◦C, followed by the GLDAS-Noah product (3.30 ◦C), while the
NCEP-R2 product yielded the largest RMSE value of 9.62 ◦C. Similarly, the ERA5-land and
ERA5 products yielded the smallest MAE and MRE values, whereas the NCEP-R2 product
yielded the largest MAE and MRE values (Table 2).

Table 2. Error statistics of the ∆T values estimated using the 4 reanalysis data products against those
calculated from the observation data of 84 stations across the QTP from 1981 to 2010.

ERA5 ERA5-Land GLDAS-Noah NCEP-R2

RMSE MAE MRE RMSE MAE MRE RMSE MAE MRE RMSE MAE MRE

Spring 1.85 1.76 0.39 1.94 1.86 0.41 2.29 2.22 0.49 12.31 11.61 3.27
Summer 1.33 1.22 0.25 1.32 1.22 0.24 1.74 1.64 0.30 6.30 6.16 1.51
Autumn 2.30 2.22 0.62 2.15 2.07 0.58 1.70 1.62 0.38 10.56 9.94 3.40
Winter 2.59 2.44 1.87 2.38 2.23 1.66 1.49 1.35 1.52 12.21 11.64 18.53
Annual 1.57 1.47 0.41 1.57 1.47 0.41 3.30 2.85 0.58 9.62 8.94 2.96

The ∆T values estimated using the ERA5-land and ERA5 products represent the difference between the soil
temperature at depths of 0~7 cm and the air temperature at a height of 2 m above the ground. The ∆T values
estimated using the GLDAS-Noah and NCEP-R2 products represent the difference between the soil temperature
at depths of 0~10 cm and the air temperature at a height of 2 m.

For the estimation of the seasonal ∆T, the ERA5-land and ERA5 products performed
best in spring and summer ∆T, with slight differences in the RMSE, MAE and MRE. For
the autumn and winter ∆T, the GLDAS-Noah product yielded the smallest RMSE, MAE
and MRE values, followed by the ERA5-land product, while NCEP-R2 product yielded the
largest RMSE, MAE and MRE.

Overall, the ERA5-land and ERA5 products were superior to the other products
in terms of estimating the annual, spring and summer ∆T. The GLDAS-Noah prod-
uct performed best in terms of estimating the autumn and winter ∆T, followed by the
ERA5-land product. Given the high spatial and time resolution of the ERA5-land product
(Table 1), the ERA5-land reanalysis data product was selected for further investigation of
the detailed spatiotemporal variations in the annual and seasonal ∆T over the QTP.

3.2. Spatial Distribution of ∆T

The annual and seasonal spatial distributions of the mean ∆T varied widely over the
QTP during the 30-year baseline period (1981–2010) (Figure 2). The mean annual ∆T across
the QTP was 4.13 ◦C, with a range from −8.08 ◦C to 11.15 ◦C. Positive values indicated
a relatively high annual shallow soil temperature compared with the corresponding air
temperature. Areas with positive ∆T values accounted for the majority of the QTP, whereas
areas with negative values were found only in the southeastern and southern margins of
the QTP. The areas with a mean annual ∆T exceeding 6 ◦C were mainly concentrated in
the southeastern QTP, whereas the areas with a mean annual ∆T of 0–3 ◦C were mainly
concentrated in the northern edge of the plateau and around the Qaidam Basin, with
sporadic distribution in the western QTP.

The mean ∆T of the entire QTP was largest in winter (5.66 ◦C), followed by autumn
(4.46 ◦C) and spring (3.25 ◦C), and smallest in summer (3.13 ◦C). Compared with the other
three seasons, the total area with a negative value of ∆T was larger in spring and distributed
mainly along the edge of the QTP, especially in the northwestern and southeastern margins.
The eastern part of the plateau had a low mean ∆T in summer, which increased gradually
in autumn and reached a maximum in winter (Figure 2).
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Figure 2. Geographic distribution of the mean ∆T on the QTP during the baseline period
(i.e., 1981–2010); annual (a), spring (b), summer (c), autumn (d) and winter (e).

3.3. Changes in ∆T

Across the QTP, a significant decreasing trend in anomalies of the annual ∆T (p < 0.01)
was observed from 1950 to 2021 at a rate of −0.07 ◦C/decade (Figure 3). Similarly, signifi-
cant decreasing trends in ∆T (p < 0.01) were detected seasonally, with the largest rate of
decrease in winter (−0.14 ◦C/decade), followed by those in autumn (−0.11 ◦C/decade) and
summer (−0.03 ◦C/decade). Notably, the spring ∆T exhibited a nonsignificant increasing
trend (p = 0.43) but no evident decreasing trend.
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Compared with the mean ∆T from 1950 to 1985, the mean annual and autumn ∆T
from 1986 to 2021 has decreased widely across the QTP (Figure 4). The areas with increased
∆T exceeded 50% of the entire QTP in spring, but less than 30% in summer. In winter, the
magnitude of the decrease in ∆T (<−1 ◦C) was large in the southeastern part of the plateau.
From 1950 to 2021, a large area with decreasing trends in the annual ∆T was detected, with
the largest rates of decrease (e.g., −0.2 to −0.1 ◦C/decade, and −0.3 to −0.2 ◦C/decade)
mainly concentrated in the southern and northeastern parts of the QTP. Spatial trends in ∆T
were observed by season, with most areas showing an increasing trend in spring, especially
in the central and northern parts of the plateau. During summer, autumn and winter, the
proportion of the QTP with a decreasing trend in ∆T was larger than the proportion with
an increasing trend. From summer, through autumn, to winter, the area with a significant
decreasing trend in ∆T gradually increased in size. The largest decrease in ∆T was detected
in winter, when the decreased rate of ∆T was more than 0.3 ◦C/decade in the southeastern
part of the QTP (Figure 5).
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4. Discussion

Employing a simple metric, ∆T, this study aimed to assess the land–atmosphere heat
exchange regime over the QTP using reanalysis data products. Similar studies have been
conducted to investigate spatiotemporal variations in ∆T at the regional, national and
hemispheric scales over the past few decades [9,10,22–36]. As ecological, hydrological and
biological activities mainly occur in the near-surface soil layer, this study focused on the
annual and seasonal spatiotemporal variations in ∆T between the shallow soil and air over
the QTP.

From 1950 to 2021, both air and soil temperatures have exhibited warming trends
on the QTP, especially in winter (Table 3). The asynchronism of air temperature and soil
temperature variations could lead to the differences in the changes of the mean ∆T on the
QTP both annually and seasonally (Figure 3). For example, a relatively large difference of
increase in soil temperature and air temperature in winter could result in a relatively large
decrease in winter ∆T during the study period (Table 3). Here, we investigated the possible
influence of snow cover and soil moisture on ∆T during the study period, and precipitation
is not considered, because it mainly affects the soil thermal state via soil moisture feedback
in the warm season [22,28] and in the form of snow cover in the cold season. Results
showed that snow depth was closely associated with the ∆T dynamics during the study
period, except in summer (Table 3). Although snow only covers the ground during cold
seasons, snow cover could modulate the land–atmosphere relationship, owing to its high
albedo, low thermal conductivity and latent heat of phase changes [66]. Wang et al. (2017)
reported a close association of ∆T with winter snow depth across China and also pointed
out that such relationship might be complex and nonlinear [32]. Soil moisture conditions
control the energy–water balance between the land surface and atmosphere, which can
affect the surface albedo and heat capacity and then regulate the local net radiation flux
and heat exchange between the land and atmosphere [3]. In this study, soil moisture was
significantly and negatively correlated with summer ∆T during the study period (Table 3),
which may be due to the soil moisture feedback. Relatively wet soil during summer may
increase the energy consumption for evaporation and eventually cool the soil. During the
soil freeze phase, relatively wet soil will have more liquid water freeze into ice compared
with the soil with relatively low water content. This phase change leads to a greater release
of latent heat and then slows down the cooling of the soil. This can partially explain
why soil moisture was significantly and positively correlated with ∆T during autumn and
winter, especially in winter (Table 3). In reality, snow cover and soil moisture are just two
possible elements that influence the variation of ∆T. Some other regional variables, such
as vegetation, air pollution and land albedo, could also affect the ∆T variation. Future
research should, therefore, pay more attention to the investigations on the links of multiple
environmental variables with ∆T variation.

Table 3. Changes in the mean shallow soil temperature and air temperature and correlation between
the ∆T with snow depth and soil moisture across the QTP from 1950 to 2021.

Change Rate (◦C/Decade) Correlation Coefficient

Soil Temperature Air Temperature Snow Depth Soil Moisture

Spring 0.07 0.05 0.25 0.12
Summer 0.05 0.08 - −0.32
Autumn 0.08 0.18 0.84 0.37
Winter 0.14 0.26 0.86 0.46
Annual 0.09 0.17 0.61 0.25

The soil temperature (0~7 cm), air temperature (2 m above ground), snow depth and soil moisture (0~7 cm) data
were obtained from the ERA5-land products. Bold values indicate statistical significance of p < 0.05.

Great attention had been paid to investigate the potential causes of errors for the
reanalysis products, and soil properties, input parameters, underlying surface (such as
vegetation, snow cover), model structures and geographical conditions (such as altitude,
aspect, slope) were thought to partially affect the simulation accuracy of air and soil
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temperatures [50,53,54,67–72]. In this study, the accuracy of the 4 tested reanalysis data
products was compared with the observation data of 84 meteorological stations in terms
of estimating ∆T and was supported by metrics, namely the MAE, RMSE and MRE.
The distribution of these meteorological stations is very heterogeneous, with almost no
stations in the central and western parts of the QTP (Figure 1), and this undoubtedly
affected the accuracy of the validation of the estimated ∆T values when using the four
reanalysis products. Therefore, more station observations and field survey data should
be included in future studies.

In a previous study, the ERA5 product was found to yield the most accurate simulation
of soil temperature at depths of 0~7 cm over the QTP among four tested reanalysis products
(GLDAS-Noah, ERA5-land, the Climate Forecast System Reanalysis version 2 and the
ECMWF interim reanalysis) [50]. Another study recommended the use of ERA5 and
GLDAS-2.1 to represent air temperatures over the QTP [54]. As the ERA5-land product
yielded better annual and seasonal ∆T values in our study, and its finer spatial resolution
could provide more detailed spatial information about extreme events, we selected the
ERA5-land reanalysis data product for our investigation of spatial and temporal changes in
the annual and seasonal values of ∆T over the QTP. It is important to note, however, that
the ERA5-land product was not superior to the GLDAS-Noah product in estimating the
autumn and winter ∆T (Table 2). To obtain more reasonable estimations of the annual and
seasonal ∆T on the QTP, future studies should consider including multiple, downscaled
and remote sensing datasets with high spatial and temporal resolutions.

5. Conclusions

This study evaluated the performance of four widely used reanalysis data products,
namely GLDAS-Noah, NCEP-R2, ERA5 and ERA5-land, in estimating ∆T over the QTP.
The ERA5-land product provided superior estimations of ∆T both annually and seasonally,
and its fine spatial resolution enabled it to provide more detailed spatial information on
extreme events. Using the soil temperature at depths of 0~7 cm and air temperature at
a height of 2 m above the ground, which were provided by the ERA5-Land reanalysis
data product, the spatiotemporal variations in the annual and seasonal ∆T over the QTP
were assessed in detail. Positive values of ∆T dominated the entire QTP both annually
and seasonally during the baseline period (1981–2010), with negative annual values of
∆T only in the southeastern and southern margins of the QTP. The spatial distribution of
the seasonal ∆T varied greatly, and a large area of the QTP had a negative value of ∆T in
spring. In the eastern QTP, the mean ∆T was relatively small in summer, increased basically
from spring to autumn and reached a maximum in winter. From 1950 to 2021, the QTP
experienced significant decreasing trends in both annual and seasonal ∆T, except in spring
when a nonsignificant increasing trend was observed. Spatially, the areas with higher rates
of decrease in the annual ∆T were concentrated mainly in the southern and northeastern
parts of the QTP, and the areas with a significant decreasing trend in ∆T gradually increased
in size from summer, through autumn, to winter.

This study has some limitations. The heterogeneous distribution of the observation
network on the QTP, with sparse coverage of some areas, may have reduced the accuracy
of validation of the ∆T values estimated using the four reanalysis data products, and future
studies should include additional station observations and field survey data. To obtain
more accurate estimations of the annual and seasonal ∆T on the QTP, future studies should
include multiple, high-resolution datasets that combine more station observations and field
survey data.
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