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Comparison of seasonal surface temperature trend, spatial
variability, and elevation dependency from satellite-derived
products and numerical simulations over the Tibetan Plateau
from 2003 to 2011
Xiaoying Ouyang a,b, Dongmei Chen b, Yao Fengb and Yonghui Leia

aState Key Laboratory of Remote Sensing Science, Institute of Remote Sensing and Digital Earth, Chinese
Academy of Sciences, Beijing, China; bDepartment of Geography and Planning, Queen’s University,
Kingston, ON, Canada

ABSTRACT
Land surface temperature (LST) and near-surface air temperature
products have been commonly used in the studies of global
climate change. In this work, we compare satellite-observed LST
from Advanced Along-Track Scanning Radiometer (AATSR) and
surface skin temperature and 2 m air temperature (T2) simulated
from High Asian Refined analysis (HAR) to provide an independent
overview of the surface/air temperature trend over Tibetan Plateau
(TP) region in 2003–2011. We investigate the seasonal trend,
spatial variability, and the elevation dependency of LST and air
temperature over TP for the last decade. Linear regression method
is applied to all data sets to illustrate the warming and cooling
trends and variability of temperature over the study area. Our
analysis shows that an overall warming slope is 0.04 K year–1 in
the day trend and 0.05 K year–1 in the night and the trend slope is
stronger in the simulated HAR data sets than that in the AATSR
LST, especially for the night air temperature. However, in regions
with elevation above 4000 m, the proportion of areas with the
warming trend is less than 50% except in autumn from HAR data
sets. The Namco and Qomolangma sites show an apparent trend
of warming and cooling, respectively. The results from both satel-
lite observations and numerical outputs show that warming trend
over the entire TP was not obvious during last decade and the
cooling trend was even found in the northeast TP.
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1. Introduction

Tibetan Plateau (TP) is one of themost sensitive areas to global warming (Liu and Chen 2000).
Research regarding the warming trend over TP is one of the main challenges in regional and
global climate studies due to sparsely distributed ground stations, particularly in the western
TP where elevation is over 4800 m (Qin et al. 2009). Meanwhile, thermal remote-sensing
satellite observations and numerical simulations provide broad spatial coverage of the land
surface temperature (LST) independently (Li et al. 2013; Duan et al. 2014a; Duan, Li, and Leng
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2017; Qin, Karnieli, and Berliner 2001b; Qin et al. 2001a; Cheng et al. 2010). Additionally, the
elevation dependency of temperature, due to its significance to mountain environmental
variations, has been paid increasing attentions in global climate change studies in recent years
(Fyfe and Flato 1999; Liu and Chen 2000; Qin et al. 2009).

Several studies have investigated the temperature trend based on the mean surface
temperatures in high mountain areas. Some showed the apparent warming trend in their
studies. For example, Fyfe and Flato (1999) discovered that the increase of the simulated
surface screen temperature is dependent on elevation over the Rocky Mountains in the
winter and spring seasons. The warming trend is also observed over the TP regions. Liu and
Chen (2000) used a linear regression model to detect the temperature trend over TP and
confirmed the warming trend increases with elevation. Oku (2006) analysed the hourly LST
geostationary observations over TP from 1996 to 2002 and found an increasing trend. Qin
et al. (2009) investigated the recent warming trend in TP with respect to the altitude using
monthly MODIS LST data of 2000–2006 and concluded that no increasing trend was
observed for elevations higher than 5000 m. Wu et al. (2013) revealed a statistically
significant warming in ground surface temperature during 1980–2007 from 16 meteorolo-
gical stations over central TP region. Zhang et al. (2014) showed that the increasing surface
temperature of warming lakes in TP during 2001–2002was caused by the rise of land and air
temperature; meanwhile, the temperature change of cooling lakes, most of which are
located at elevations higher than 4200 m, resulted from cold water from the melted glacier.
By analysing surface air temperature, Gao, Hao, and Chen (2014) showed a significant
warming trend over the TP in the period of 1979–2010.

However, the probability of warming hiatus on global temperature trend is also
reported in recent studies. Mears, Schabel, and Wentz (2003) discovered the trend
discrepancy between satellites based temperature and in situ observations. Fyfe,
Gillett, and Zwiers (2013) also found that recent observed global warming trend is
significantly less than that of climate models simulation. An et al. (2017) detected a
warming hiatus over the TP regions below 4000 m since the late 1990s as well as a
delayed warming hiatus higher than 4000 m from mid-2000s. In some studies, even no
warming trend is reported (Easterling and Wehner 2009).

Although various studies on the surface temperature trend have been conducted for the
last decade, it is still controversial whether it is a warming trend or a warming hiatus over the
Earth due to the estimation and integration bias of different data sources. Satellite-derived LST
data sets are seldomused in theglobal climate change studies due to some limitations, e.g. the
lack of high-quality long-term climate record (Good et al. 2017), satellite sampling, and impact
from the clouds (Jin and Dickinson 1999; Vinnikov et al. 2012). To facilitate the generation of
long-term climate record, an original method for the time normalization of LST products was
developed (Duan et al. 2014b). Furthermore, many efforts have been made to merge the
satellite-derived LST and simulated air temperature based on the relationship between them
(Mostovoy et al. 2006; Good 2015; Ouyang et al. 2018). However, the integrated processes and
uncertainty of representation of LST would cause unprecedented discrepancies in tempera-
ture trend and its variability (Good et al. 2017; Karl et al. 2006).

In this article, for the first time, we independently analysed the Advanced Along-Track
Scanning Radiometer (AATSR) LST data set and two temperature outputs (surface skin
temperature [TSK] and 2 m air temperature [T2]) from High Asian Refined analysis (HAR)
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simulations from 2003 to 2011 in order to get an independent overview of the tem-
perature trend over TP for the last decade.

2. Data and methodology

2.1. Data

The study area of the TP region is between 26°–40° N and 74°–101° E. The TP region is
always referred to the region above 3000 m and the average elevation of TP is 4000 m.
Figure 1 shows the TP region and the two ground sites of Namco and Qomolangma
(Mount Everest) in this study with 30 m spatial resolution digital elevation model from the
Shuttle Radar Topography Missions (http://en.tpedatabase.cn/; http://srtm.csi.cgiar.org).

We conducted the seasonal trend analysis for independent data sources including
AATSR LST products, TSK, and 2 m air temperature (T2) data sets simulated from HAR for
TP region in 2003–2011 in this study. One kilometre LST, derived from AATSR using the
‘split-window’ method from the AATSR sensors, is one of the most accurate satellite LST
data sets produced by GlobTemperature project of European Space Agency Data User
Element (Ghent 2012; Good et al. 2017; Ghent et al. 2017) and the absolute biases are
1.00 K in the day and 1.08 K at night (Ghent et al. 2017; Ouyang et al. 2017). HAR TSK
and T2 outputs are hourly 10 km gridded data sets dynamically downscaled from the
global analysis data using the next-generation mesoscale numerical weather prediction
system – Weather Research Forecasting model (Maussion et al. 2014). HAR provides over
10 years of high-resolution atmospheric data sets including TSK and 2 m air temperature
(T2) over TP region. Table 1 gives a general idea of the three data sets.

2.2. Method

The three data sets were validated using a systematic evaluation framework (Ouyang
et al. 2018), in which the three data sets are normalized to the same local solar time
(AATSR viewing time) and the same spatial resolution (10 km), and a diurnal temperature
cycle (DTC) model and an aggregated weighted method are used to avoid the incon-
sistency among the three data sets and to solve the temporal and spatial mismatch

Figure 1. The study area with elevation map as the background over TP region.
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problem among the different data sets. We will give an introduction of the two temporal
normalization and spatial sampling method in the following two paragraphs.

A DTC model is chosen to time normalize different sources of data sets for temporal
normalization (Duan et al. 2013). The DTC model is shown as the following equations,

T1 tð Þ ¼ T0 þ Ta cos
π

ω
t � tmð Þ

� �
; t<ts (1)

T2 tð Þ ¼ T0 þ δTð Þ þ Ta cos
π

ω
ts � tmð Þ

� �
� δT

h i k
k þ t � tsð Þ ; t � ts (2)

where T1 and T2 are the temperatures in the separate parts of the model; T0 is the
minimum temperature around sunrise (K); Ta is the temperature amplitude (K); t is the
time (hour); ω is the length of daylight hours (hour); tm is the time of the maximum
(hour); ts is the start of the night-time attenuation (hour); k is the attenuation coeffi-
cient; δT is the difference between T0 and T (t ! 1). The length of daylight hours (ω) is
determined by the sunrise and sunset time. In this article, the sunrise and sunset time
value of each pixel was calculated based on the NOAA Solar Calculations (https://www.
esrl.noaa.gov/gmd/grad/solcalc/calcdetails.html).

A World Geodetic System 1984 (WGS-84) coordinate system with a spatial resolution
of 10 km is used to aggregate the cloud-free AATSR data (1 km) to the HAR (10 km) grid
for the spatial sampling. The equation is as followed,

AGGm ¼
PN

n¼1 wnRnPN
n¼1 wn

with wn ¼ Sn;m=Sn (3)

where AGGm is the aggregated LST value of the 10 km pixel, m; N is the total number of
1 km pixels in the input; wn is the weight of 1 km cloud-free pixel n; Sn;m is the partial
area of pixel n fallen into the target pixel m; Sn is the total area of pixel n; and Rn is the
temperature value of the pixel n.

The overall correlation coefficients of ground-measured surface temperature and
AATSR LST were all above 0.90 over the four ground sites in 2008–2010. In this study,
the AATSR overpasses the TP region at around 11:30 a.m./p.m. Beijing Time. The hourly
HAR data sets are normalized to the AATSR overpassing time by the DTC model.
Meanwhile, the AATSR 1 km data sets are aggregated to 10 km HAR grid by the
aggregated weighting method. Note that the AATSR and HAR data sets are all processed
to the same spatial resolution at the AATSR overpassing time in order to guarantee that
they are compatible during independent comparison. After the data preparation pro-
cesses of temporal and spatial matching, the commonly used linear regression model
(Shrestha et al. 1999; Qin et al. 2009) is used in the trend analysis for easy interpretation

Table 1. The temporal and spatial details of the three data sets original information.
Data set
name Temporal resolution

Spatial
resolution Time period Method Source

AATSR LST About twice a day (day and
night, around 12 a.m./p.m.
Beijing time)

1 km 2002–2012 Split window retrieval GlobTemperature
/ESA DUE

HAR TSK Hourly 10 km 2001–2014 Downscaling global
analysis data

WRF
HAR T2 Hourly 10 km 2001–2014
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and availability. The trend is also analysed at different elevation ranges. The following
equation is used to detect the temperature trend.

y ¼ aþ bx (4)

where y denotes the surface temperature (LST/TSK/T2) (K); x is the time in years; a is the
intercept; b is the slope (K year–1) i.e. the warming or cooling rate. A positive slope
indicates a warming trend while the negative one refers the cooling trend. The higher
the absolute slope, the stronger the warming (or cooling) rate.

We investigate both seasonal trend and spatial variability of LST, TSK, and T2 over TP
in 2003–2011 from the day and night data sets. In addition, the temperature trends at
two specific sites is analysed to figure out the trend variations in sites surrounded by
different land cover with different elevation.

The main processes in this article are based on the linear regression model in
Equation. 1. The calculation basis x is 9 years (2003–2011) and each calculation is
based on the four different seasons. We conducted independent analysis of temperature
trends from four aspects: first, we give an annual seasonal average temperature trend
slope on each 10 × 10 km2 grid in 2003–2011 to give a spatial–temporal variation of
each season in each data set. Second, we consider the study area as a whole and
conduct a 9 year regression of its average seasonal temperatures for the whole study
area. Third, we choose the grids with elevations higher than 4000 m and calculate the
proportion of the grids whose slope is higher than 0 K year–1 (warming); we calculate the
annual seasonal maximum, minimum, and average temperature trends of the grids,
respectively. Finally, we compute the statistics on the average temperature trend of two
specific validation sites.

3. Results

3.1. Spatial–temporal temperature trend variation on each grid in the study area

Figure 2 illustrated the spatial variations of regression slopes of spring and winter
temperatures from both satellite observations (AATSR LST) and numerical outputs
(HAR TSK/T2). To simplify, only the spring and winter seasonal trend variations are listed.
For the following sections, we only show the most representative figures to give a
general idea of the trend as well. In Figure 2, the trend from AATSR LST is similar to that
from HAR TSK/T2 in general. All data sets show that not all grids over TP have the
warming trend during 2003–2011, especially in the satellite-derived LST in autumn and
winter seasons. Furthermore, a cooling trend (negative) is observed in northeast TP for
all the seasons in all the data sets. This finding is inconsistent with those in previous
(Duan et al. 2006). Nonetheless, some regions show a distinct warming trend. For
example, the Namco area and surroundings (around 30° N, 92.5° E) in the south TP
show the warming trend for all the seasons in all the data sets. It should be mentioned
that due to the heavily impact of cloud effect on the satellite-derived LST retrieval, the
temperature trend of spring night shown in the northwest (Figure 2 (c)(i)) was skewed
and abnormal; the cloud effect would also affect the trends of the HAR data sets since
they are sampled corresponding to the AATSR tracks.

INTERNATIONAL JOURNAL OF REMOTE SENSING 5



Warming trends from TSK and T2 are stronger than their corresponding trends from
LST in all seasons except summer. Similar result is also found by Jin, Dickinson, and
Vogelmann (1997) in the low- and mid-latitude regions and Fyfe, Gillett, and Zwiers
(2013) in global mean surface temperature analysis. The night temperature shows a
distinct faster warming trend than day ones in HAR TSK and T2 outputs (Duan and Xiao
2015), whereas this result cannot be concluded from AATSR observations.

3.2. The averaged trend of the whole study area

Further studies are also conducted on the trend of total average temperature over the
whole TP region at both day and night during last decade (Figure 3). The average day

(a)(i) (a)(ii) (a)(iii)

(b)(i) (b)(ii) (b)(iii) 

(c)(i) (c)(ii) (c)(iii) 

(d)(i) (d)(ii) (d)(iii)

Figure 2. The spatial seasonal variations of temperature trends (slope, b) from AATSR LST and HAR TSK/
T2 over the entire TP region during 2003–2011. Spring day average trends are shown in (a)(i) AATSR LST,
(a)(ii) HAR TSK, (a)(iii) HAR T2; winter day average trends are shown in (b)(i) AATSR LST, (b)(ii) HAR TSK, (b)
(iii) HAR T2; spring night average trends are shown in (c)(i) AATSR LST, (c)(ii) HAR TSK, (c)(iii) HAR T2;
winter night average trends are shown in (d)(i) AATSR LST, (d)(ii) HAR TSK, (d)(iii) HAR T2.
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AATSR LST is higher than corresponding HAR TSK and T2. The night air temperature from
HAR T2 in autumn and winter is higher than the corresponding AATSR LST over TP from
2003 to 2011. This is usually caused by the lower solar insolation at night (Good 2016).

(a)(i) (a)(ii)

(a)(iii) (a)(iv)

(b)(i) (b)(ii)

(b)(iii) (b)(iv)

Figure 3. The average temperatures and their trends over TP region during 2003–2011. The trends
are presented by the slope calculated from the linear regression method through the nine year. Day:
(a)(i) spring, (a)(ii) summer, (a)(iii) autumn, (a)(iv) winter; night: (b)(i) spring, (b)(ii) summer, (b)(iii)
autumn, (b)(iv)winter.
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The overall slope of the day temperature warming trend from all the data sets is
0.04 K year–1, while that of the night warming trend is 0.05 K year–1. In each data set, the
day warming trend slopes from AATSR LST, HAR TSK, and HAR T2 are 0.04, 0.04, and
0.08 K year–1, respectively. The night warming trend slopes of the corresponding data
sets are 0.05, 0.01, and 0.1 K year–1, respectively. The night air temperature from HAR T2
shows a more distinct warming trend than the other two data sets.

During spring night, the trend slope from both AATSR LST and HAR T2 is 0.06 K year–1

and the average temperature values are 274.41 and 274.15 K for the whole region,
respectively. The exception occurred at autumn night: AATSR LST shows no obvious
warming trend (b = 0.02 K year–1), whereas both HAR TSK and T2 show warming trend
of 0.20 and 0.31 K year–1, respectively. These results match those in Section 3.1, where the
warming trend is distinct from HAR data sets, especially in HAR TSK. Except this incon-
sistent, the trends in all AATSR LST and HAR TSK/T2 show the similar results: the warming
trend is not obvious, where the average (calculated from 15 positive values only) and
largest slope b value are 0.10 and 0.31 K year–1, respectively. Both AATSR and HAR data
sets even show the negative slope value (cooling trend) during spring night. In considera-
tion of the unprecedented extreme climate events, cloud contamination, satellite noise,
and simulation bias in the computation, the frequency is not distinct at all.

3.3. Temperature trend of areas with elevation above 4000 m

Temperature trends in the area above 4000 m are analysed and the result is shown in
Figure 4. The results show that in these areas, the proportion of areas with the slope higher
than 0 K year–1 (warming trend) is less than 50% except for the autumn day from HAR data
sets. The HAR data sets show a more distinct warming trend than the AATSR observations,
especially for the HAR T2 data sets. The proportions of the area with the warming trend from
HAR T2 data sets are higher than that from AATSR LST and HAR TSK for almost all seasons
except winter night. It means the increase of air temperature is more distinct than that of
surface temperature over TP region during the last decade. The discrepancies between
AATSR LST and HAR T2 in autumn are higher than that in the other three seasons. The
smallest discrepancy among the three data sets is observed in winter.

In addition, the frequency of areas with the warming trend at night is higher than
that in the day by nearly 10%. The results are consistent with the previous studies that
the warming is caused mainly by the increase in minimum temperature and the night
warming is stronger (Duan et al. 2006; Zhai and Pan 2003). However, different from a
previous study (Duan et al. 2006), the winter warming is not stronger than other seasons
during the study period.

The summer day HAR TSK average warming trend has the lowest frequency among
the three data sets, where the frequency of warming from AATSR TSK and HAR T2 is
almost two times of that from HAR TSK. This result is consistent with the spatial trend
variations in Section 3.1.

3.4. Temperature trends of two ground sites

We have chosen two ground sites (Namco and Qomolangma) with different surround-
ing land surface type and elevation to analyse their temperature trends, including the
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annual maximum, minimum, and average temperatures at both day and night.
Namco site with elevation of 4730 m is located around the near lake alpine steppe
land surface type, while Qomolangma with elevation of 4293 m is surrounded by the
riverbed gravel land surface type. The Namco site shows a clear warming trend at
both day and night from the AATSR observations and HAR outputs (Figure 5). This
result is consistent with those from Section 3.1. During spring and summer, the
pattern of day and night of all data sets are similar. The discrepancy is that the
trend observed from AATSR LST shows a slight cooling (−0.1 K year–1) trend during
the autumn night, whereas the faster warming trend (0.5 K year–1) is observed from
AATSR during winter day.

In contrast, the results at Qomolangma site show a distinct cooling trend, especially from
the day temperature of HAR outputs. For AATSR LST observations, the cooling trend is
detected in the day temperature and a slight warming trend is observed in the night
temperature. The day HAR TSK shows a cooling trend with the slope below −0.5 K year–1

in spring, summer, and autumn. In general, although the trends of autumn and winter night
are not apparent, the Qomolangma site has demonstrated a cooling trend during last
decade from HAR outputs. The trends, both warming one in Namco site and cooling one
in Qomolangma site, from AATSR LST are weaker than those from HAR outputs.

3.5. Discussion

Many efforts have been paid in the climate change study of TP region through both
simulated weather data and ground observations. The satellite-derived LST observations

(a)(i)

(b)(i)

(a)(ii) (a)(iii)

(b)(ii) (b)(iii)

Figure 4. The proportion of areas with elevation over 4000 m that have a positive slope (warming
trend) during 2003–2011. Day: (a)(i) maximum temperature, (a)(ii) minimum temperature, (a)(iii)
average temperature. Night: (b)(i) maximum temperature, (b)(ii) minimum temperature, (b)(iii)
average temperature.
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are often considered to be difficult to be used in the climate change studies due to their
limited time span, cloud problems, and other inherent retrieval problems. The major
problem is, as Good et al. 2017 mentioned, that the satellite observation only gives a
‘snapshot’ of the ground surface, limiting the study of the whole day overall status. The
short span of AATSR satellite observations is one limitation in this article. As Hua et al.
(2017) mentioned that the uncertainties decrease steadily with time by using meteor-
ological station observations. It is logical when it comes to the satellite observations.
Therefore, the best way to decrease the uncertainty is to prolong the observation span.

Despite these limitations, satellite observations can provide wide spatial coverage
and high resolutions over the sparsely populated TP region (Jin and Mullens 2012). This
work gives a preliminary study on the independent analysis based on satellite observa-
tions and simulated data in order to avoid the error caused by the integration processes
(Karl et al. 2006). Moreover, the comparison among the three data sets helps to
qualitatively and quantitatively understand the trend clearly and independently. It also
gave a comparison between different data sets over the same conditions.

This work follows the previous studies and gives the similar results as former studies.
The first consistency is that the simulation warming trends are higher than the satellite
observations (Jin, Dickinson, and Vogelmann 1997; Fyfe, Gillett, and Zwiers 2013) for
almost all the conditions over the study period. Second, the frequencies of maximum
warming trends are lower than either the average or the minimum trends in all the data

(a) (b) 

(c) (d) 

Figure 5. Two trend slopes from different data sets for two ground sites during 2003–2011. Day
average trends are shown in (a) Namco, (c) Qomolangma; night average trends are shown in (b)
Namco, (d) Qomolangma.
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sets. This is consistent with the former studies that the daily minimum has risen faster
than the daily maximum and a narrowing diurnal range of LST (Oku et al. 2006). Third,
the Qomolangma site (4293 m) shows a distinct cooling trend, which is consistent with
the study of Qin et al. (2009) that a slight decline near the highest elevations is detected.

However, some discrepancies from previous studies are also demonstrated in our
work. First, the overall warming trend is not distinct over the TP region except the
Namco surroundings over the last decade. Second, the cooling trend is detected in
northeast TP for all seasons from all data sets which is inconsistent with the previous
studies that the air temperature is warming in the middle and east TP region (Duan et al.
2006). Third, the winter warming is not as distinct as the former studies (Duan and Xiao
2015; Hua et al. 2017). Fourth, the warming trend is not distinct over area higher than
4000 m (Qin et al. 2009) either.

4. Conclusion

This study uses independent and simultaneous satellite observations and numerical data
sets for the first time to analyse the spatial and temporal temperature trend over TP for
the last decade. We analysed the seasonal and spatial TP region temperature trend
independently, as well as the characteristics of areas higher than 4000 m.

In our study, the overall trend slope for the day from all the data sets is 0.04 Kyear–1,
while the night trend slope is 0.05 K year–1. For each data set, the day trend slopes for
AATSR LST, HAR TSK and HAR T2 are 0.04, 0.04, and 0.08 K year–1, respectively. The night
trend slopes for corresponding data set are 0.05, 0.01, and 0.1 K year–1, respectively. The
night air temperature from HAR T2 (0.08 and 0.1 K year–1 during day and night,
respectively) shows a more distinct warming trend than the other two data sets. The
results from the area with elevation higher than 4000 m show that in these areas, the
frequency of warming rate is less than 50% except for the autumn day from HAR data
sets. The Namco and Qomolangma sites show an apparent different trend of warming
and cooling trend, respectively.

The consistent results from both satellite observations and numerical outputs show
that (1) the warming trend over the entire TP is not distinct during last decade,
especially in northeast TP. (2) The spring day average AATSR LST trend is consistent
with the HAR TSK and T2 trend. (3) The temperature of the region around Namco is
actually increasing during last decade in all seasons from all data sets. (4) The results at
site Qomolangma show a distinct cooling trend, especially in day temperatures.

Meanwhile, the discrepancy among the different data sets shows that the warming
trend from simulation outputs is higher than that from the AATSR observations, espe-
cially in autumn and winter. Moreover, the increase of air temperature is more distinct
than that of surface temperature over TP for the last decade. This article gives a
possibility of using satellite-based LST data and simulated temperature data together
in the regional and global climate analysis.

The limitation of the studies also includes two parts: first, the clear-sky satellite
observations sampling without cloudy-sky temperature information might mask the
true LST trends (Wang and Key, 2003; Westermann et al., 2012); second, the 9 year
trend comparison may not be enough for the climatic change studies. In the future
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studies, we will focus on the long-term temperature analysis from different sources of
data sets under all sky conditions.

The urgent need for the inclusion of long-term remote-sensing-based LST data in the
global change studies has been mentioned in the Intergovernmental Panel on Climate
Change (Oku et al. 2006). This work provides a clear picture of climate change patterns
through satellite-derived LST data.
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