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Abstract—Land surface temperature (LST) is an important pa-
rameter in the physical processes of energy and water balance at
the local and global scales. The annual maximum composite of
LST provides important information about ecosystem exposure
patterns to extreme LST. It has the ability to characterize the
changes associated with extreme climatic events and significant
land-cover changes. In this study, the spatio-temporal distribution
characteristics of global annual maximum LST extracted from the
MODIS LST product (MYD11A1) during the period 2003–2019
were investigated. The results indicate that the spatial pattern of an-
nual maximum LST is associated with the biophysical and biogeo-
graphic factors of Earth’s ecosystems. The interannual variability
of annual maximum LST during the period 2003–2019 is relatively
small. The changing trend of annual maximum LST during the
period 2003–2019 in the globe is 0.1°C/decade. The annual maxi-
mum LST data was applied to detect thermal anomalies, including
drought, heat waves, and ice melting. Some significant thermal
anomaly events were well identified using the annual maximum
LST data with a standardized anomaly index larger than 2.5.

Index Terms—Annual maximum land surface temperature
(LST), MODIS, spatio-temporal variability, thermal anomaly
detecting.

I. INTRODUCTION

LAND surface temperature (LST) is an important parameter
in the physical processes of energy and water balance at

the interface between the land surface and the atmosphere [1],
[2]. It has been applied in a variety of studies, e.g., drought
monitoring [3], [4], thermal environment monitoring [5]–[7],
and global climate change [8]–[11]. LST is identified as a key
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Earth Science Data Record by the National Aeronautics and
Space Administration and as one of the ten Essential Climate
Variables in the land biosphere by the Global Climate Observing
System [12].

Satellite thermal infrared (TIR) remote sensing provides the
best way to measure LST with high spatial resolution at regional
and global scales [13], [14]. Accurate knowledge of the spatio-
temporal variability of LST is crucial for detecting changes in
land surface characteristics and understanding climate change.
In current years, the analysis of the spatio-temporal distribution
characteristics of satellite-derived LST has gained more and
more attention. For example, Sismanidis et al. [15] explored the
spatio-temporal dynamics of LST during the period 2009–2013
over Europe. Zhao et al. [16] analyzed the spatio-temporal
variability of LST from 2000 to 2017 over the mountainous area
affected by the 2008 Wenchuan earthquake by using an annual
temperature cycle model and the Mann-Kendall test. Prakash
and Norouzi [17] examined the interannual variability of LST
across India for the period from 2003 to 2017 in terms of a
linear trend analysis. Yu et al. [18] investigated the interannual
spatio-temporal variability of LST in China from 2003 to 2018
by using a continuous and derivable annual temperature cycle
model. These studies are helpful for characterizing the ther-
mal behavior of the Earth’s surface and understanding climate
change.

Due to the inability of penetrating clouds, TIR-based LST
is limited to clear-sky conditions, which leads to spatial in-
completeness of LST [19]. By removing the natural synoptic
variability of daily LST and focusing on the highest LST at
an annual scale, the annual maximum composite of LST can
provide a spatially continuous LST map [20]. Annual maximum
LST is a unique and informative annual monitoring metric
for integrating the biophysical influence of land cover and the
consequences of changes across the Earth’s land surface [21]. It
can characterize the changes associated with extreme climatic
events (e.g., heat waves and droughts) and significant land cover
changes [22].

The main objective of this study is to analyze the spatio-
temporal distribution characteristics of global annual maximum
LST derived from MODIS TIR data from 2003 to 2019. This
article is organized as follows. Section II introduces the data
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Fig. 1. Map of global land cover types in 2019.

and methods used in this study. Section III presents the results
of spatio-temporal variability of global annual maximum LST
and its application in thermal anomaly detection. The conclusion
is given in Section IV.

II. DATA AND METHODS

A. MODIS Data

The Moderate Resolution Imaging Spectroradiometer
(MODIS) is one of the key instruments onboard the Terra and
Aqua satellites. The Terra overpass time is around 10:30 a.m.
local solar time in descending mode, while the Aqua overpass
time is around 1:30 p.m. local solar time in ascending mode.
MODIS has 36 spectral bands from visible and near infrared to
thermal infrared, which provides global coverage every 1 to 2
days during daytime and nighttime.

The MODIS LST product MxD11A1 at 1-km spatial
resolution was generated from TIR data in MODIS bands 31
and 32 using the generalized split-window algorithm [23].
Taking into account that the Aqua overpass time is more close
to the time of daily maximum and minimum temperature, the
MYD11A1 Version 6 product during the period 2003–2019 was
used to extract annual maximum LST. The MODIS Reprojection
Tool (MRT) was used to process the MYD11A1 product from
a sinusoidal projection to a geographical projection. In this
study, the pixels with QC flags of “clear-sky,” “average LST
error ≤ 1 K/2 K,” and “average emissivity error ≤ 0.01/0.02”
were identified as valid pixels. In addition, the aqua thermal
anomalies and fire daily (MYD14A1) Version 6 product was
used to remove fire pixels. MYD14A1 data were mosaicked and
reprojected using MRT in a similar procedure to MYD11A1 LST
data to match its projection type, pixel size, and time interval.

Therefore, MYD11A1 LST pixels can be filtered if they are
corresponding to pixels with flags “Fire (low confidence),”
“Fire (normal confidence)” and “Fire (high confidence).”Fig. 1
shows the map of global land cover types in 2019 obtained from
MCD12C1 Version 6 land cover type products.

B. Trend Analysis

A linear regression method is used to analyze the change trend
in annual maximum LST (LSTam) during the period 2003–2019,
which reflects the interannual variability in LSTam. The formula
is expressed as follows [24]:

θslope =
n×∑n

i=1 i× LSTam,i −
∑n

i=1 i
∑n

i=1 LSTam,i

n×∑n
i=1 i

2 − (
∑n

i=1 i)
2

(1)
where θslope is the change rate of LSTam during the period 2003–
2019, n is the number of years (n = 17), i is the ith year, and
LSTam,i is the value of LSTam in the ith year. θslope > 0 shows
an increasing trend in LSTam, whereas θslope < 0 indicates a
decreasing trend.

C. Thermal Anomalies Detecting

The standardized anomalies of LSTam are calculated by divid-
ing LSTam anomalies by the standard deviation of LSTam during
the period 2003–2019. They generally provide more information
about the magnitude of the anomalies because influences of
dispersion have been removed [27]. The formula is written as
follows:

SAI =
LSTam − μ

σ
(2)



4692 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022

where SAI is the standardized anomaly index of LSTam, of
which the value indicates the normalized level of anomaly. The
higher SAI is, the abnormal the LSTam is relative to other years.
Operationally, a value of SAI higher than 2.5 is considered as
typical anomaly in samples. μ is the mean of LSTam time series
for the period 2003–2019, and σ is the standard deviation of
LSTam time series for the period 2003–2019.

D. Spatial Analysis

Spatial analysis is the quantitative study of geospatial phe-
nomena to extract the spatial information implied in data. LST
is a variable that is closely relating to other geographical, clima-
tological, and hydrological elements.

Compared with daily instantaneous LST that is associated
with synoptic weather variability, annual maximum value com-
posites remove natural synoptic variability and provide spatially
continuous LST at the global scale. A global map of LSTam pro-
vides a unique way to characterize the LST gradient associated
with land cover types, e.g., the transition from low LSTam in
ice/snow areas, to medium LSTam in vegetated areas, and high
LSTam in barren areas. Therefore, the uniqueness of LSTam has
the potential to indicate large-scale land cover change or monitor
thermal anomalies, e.g., heat waves and droughts.

III. RESULTS AND DISCUSSION

A. Spatial Pattern of Annual Maximum LST

Fig. 2 shows the spatial distribution of multiyear mean and
trend of LSTam during the period 2003–2019. From Fig. 2a,
we can see that there is a high correlation between the spatial
pattern of LSTam and land cover types. Higher mean LSTam

of larger than 60°C occurs between 30° S and 30° N latitude,
where the land cover types are dominated by desert surfaces,
e.g., the Sahara Desert in North Africa, the Arabian Desert in
Arabian Peninsula, the North American Desert, the Deserts of
Australia, and the Taklamakan Desert in China. The lowest mean
LSTam is located in the South Pole. Greenland in the North
Pole also has relatively low mean LSTam. As shown in Fig. 2b,
significant warming trends occur in central Russia and eastern
Kazakhstan, whereas significant cooling trends are found in the
central United States, northwestern Kazakhstan, and central and
northern China. The spatial variability of LSTam was compared
with the mean LST variability of Sobrino’s research, in which the
trend and distribution of mean LST are analyzed [28], [29]. The
spatial distribution of the multiyear trend of LSTam is under that
of Sobrino and Julian’s maximum LST during 2000–2011 [29].
In spite that LSTam and mean LST represent different features
of the land surface, the spatial distribution of LSTam and mean
LST shows a similar pattern, featuring a distinct increase in
middle Europe and Siberia and a decrease in northern America
and northeast Asia.

To further describe the characteristics of LSTam, Fig. 3 dis-
plays the density probability of LSTam for every 1-km2 pixel
across the global land surface during the period 2003–2019. Al-
though small variations exist in the density probability for each
year, a similar multimodal distribution that is associated with

Fig. 2. Spatial distribution of multiyear. (a) Mean and (b) Trend of LSTam

during the period 2003–2019.

Fig. 3. Density probability of LSTam for every 1-km2 pixel across the global
land surface during the period 2003–2019.

the biophysical and biogeographic factors of Earth’s ecosystems
across 17 years of LSTam can be observed in Fig. 3. Ice/snow
areas account for the low-temperature mode with LSTam of
approximately −30°C to 0°C, whereas shrubland and barren
areas are reflected in the high-temperature mode with LSTam

of approximately 50°C to 65°C. Forest, woody savannas, and
wetland areas are located in the range from approximately 20°C
to 35°C, and savannas, grassland, cropland, and urban areas fall
in the range from approximately 30°C to 50°C.
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Fig. 4. Spatial distribution of discrepancy of LSTam in 2003, 2006, 2009, 2012, 2015, and 2018.

Fig. 4 shows the spatial distribution of discrepancy from
the average of LSTam during the period 2003–2019 with an
increment of three years. As shown in Fig. 4, there is small
interannual variability in the spatial pattern of discrepancy of
LSTam for most of the areas around the globe. However, intense
LSTam anomalies in specific areas can still be interpreted from
Fig. 4, e.g., the large patch of red areas in North America in
2012. The color map in 2018 shows an overall warmer hue than
that in 2003, by LSTam trend during this period.

B. Temporal Variability of Annual Maximum LST

Fig. 5 shows the interannual variability of mean LSTam

during the period 2003–2019 over different regions, including
the Globe (GB), the Northern Hemisphere (NH), the Southern
Hemisphere (SH), NH high latitudes (60°–90° N), NH middle
latitudes (30°–60° N), NH low latitudes (0°–30° N), SH low

latitudes (0°–30° S), SH middle latitudes (30°–60° S), and SH
high latitudes (60°–90° S). It is worth noting that the mean
and trend values in Fig. 5 and Table I were calculated in an
area-weighted way (instead of simply adding up pixels in Fig. 2)
for more accurate statistics. The multiyear mean and trend of
LSTam during the period 2003–2019 over different regions are
summarized in Table I.

The mean temperature in SH low latitude region and SH
middle latitude region is approximate, while the temperature
in NH low latitude region and NH middle latitude region shows
distinguishable discrepancy. The main factors of these phenom-
ena are the influence of land cover and climate type of these
regions. Africa savannah and Amazon rainforest take a high
proportion of SH low latitude region. These two areas feature
high vegetation coverage and low temperature comparing with
bare soil surfaces at SH middle latitude region, e.g., the Australia
desert. At Northern Hemisphere, the existence of the Sahara
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Fig. 5. Interannual variability of mean LSTam over different regions during the period 2003–2019, including (a) NH high latitudes (60°–90° N), (b) NH middle
latitudes (30°–60° N), (c) NH low latitudes (0°–30° N), (d) SH low latitudes (0°–30° S), (e) SH middle latitudes (30°–60° S), (f) SH high latitudes (60°–90° S),
(g) the NH, (h) the SH, and (i) the GB.

TABLE I
MULTIYEAR MEAN AND TREND OF LSTam DURING THE PERIOD 2003–2019

OVER DIFFERENT REGIONS

Desert raises the mean maximum temperature in NH low lati-
tude region, meanwhile monsoon climates combined with high
vegetation in NH middle latitude region lower the temperature,
causing distinguishable difference between these two areas.

The mean LSTam in the Globe is 24.1°C. Comparing
with that of 38.0°C in the NH, the mean LSTam of 5.2°C
in the SH is lower. The lowest mean LSTam of −15.9°C

occurs in the SH high latitude region with most permanent
snow and ice surfaces, whereas the highest mean LSTam of
50.7°C appears in the NH low latitude region with most desert
surfaces.

As shown in Table I, warming trends of LSTam are ob-
served over all regions. The trend of LSTam in the Globe is
0.1°C/decade, and the trend of LSTam in the SH at a rate of
0.16°C/decade is approximately 2.5 times greater than that in
the NH at a rate of 0.06°C/decade. The highest trend at a rate
of 0.35°C/decade occurs in the SH low latitude region, whereas
the lowest trend at a rate of 0.009°C/decade appears in the NH
middle latitude region. Relatively higher trend is also found in
the SH middle latitude region.

The temporal variation of LSTam was also compared with
LST trend of Sobrino’s research in 2020 [28]. Both mean
LST and LSTam show a distinguishable uprising trend during
2003–2019. The piecewise trends also show some synchronous
patterns in mean LST and LSTam, e.g., high mean LST and
LSTam occur at 2005 and 2016.

Compared with mean LST during 2003–2019, LSTam

presents a similar uprising trend at latitudinal, hemispherical,
and global scales. Especially, in correspondence with mean LST,
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Fig. 6. Spatial distribution of SAI > 2.5 during the period 2003–2019.

LSTam at NH high latitudes, SH low latitudes, and SH middle
latitudes show a more distinct uprising trend compared with
other latitudinal regions.

C. Application of Annual Maximum LST

The annual maximum LST data were used to detect thermal
anomalies during the period 2003–2019. To depict the results

more clearly, Fig. 6 only shows the spatial distribution of SAI
> 2.5, which is regarded as intense thermal anomalies taking
previous studies as reference [21]. The threshold of SAI>2.5
is an optimized value that balances indicating intense thermal
anomaly and filtering irrelevant thermal fluctuation. The signif-
icant change of LSTam has the potential to indicate large-scale
land cover change or monitor thermal anomalies, e.g., drought,
heat wave, and ice melting.
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A drought is a prolonged shortage of available water, primarily
due to insufficient precipitation. Two severe droughts in the
United States in 2012 and in Amazon rain forest in 2015 are
observed in Fig. 6. In 2012, more than two-thirds of counties in
the United States were declared to be drought disaster areas. This
was the most severe and extensive drought in the United States in
over 50 years [30]. In 2015, a record-breaking extreme drought
occurred in the Amazon rain forest, which was associated with
the El Niño/Southern Oscillation [31].

A heat wave is an unusually hot weather phenomenon, which
has enormous adverse social, economic, and environmental
impacts. Two severe heat waves are seen in Fig. 6, i.e., the
2003 European heat wave and the 2010 Russian heat wave. The
2003 European heat wave is the hottest summer on record in
Europe since 1540 [32]. The 2010 Russian heat wave was a
record-breaking event by nearly any description [33].

The Greenland ice sheet is a major contributor to global
sea-level rise in recent decades [34]. Two massive ice melts in
Greenland in 2012 and 2019 can be observed in Fig. 6. The
summer of 2012 brought record-breaking melt to Greenland
since 1979 [35], [36]. It was the first year in the satellite record
that nearly the entire ice sheet experienced surface melting.
When considering the overall melt extent, 2019 is comparable to
2012, with approximately 95% of the entire ice sheet undergoing
surface melting.

These anomaly events abovementioned are just taken as ex-
amples to show the ability of annual maximum LST data for
detecting thermal anomalies. The spatial distribution of thermal
anomalies reflects extreme anomaly events to a certain extent.
It should be noted that not all anomaly patches are indicative of
thermal anomaly events. For instance, there is a large red patch
can be observed in Antarctica in 2011 and 2018. However, there
is no reported thermal anomaly in Antarctica during the period
of this research. Therefore, the red patch might be caused by
LST accuracy problem in ice covered areas.

IV. CONCLUSION

In this study, the spatio-temporal distribution characteristics
of global annual maximum LST extracted from the MYD11A1
LST product during the period 2003–2019 were analyzed. Be-
cause LST is mainly driven by incoming solar radiation, the
interannual variability in the spatial pattern of annual maximum
LST is small. The spatial distribution of annual maximum LST
at the global scale is associated with the biophysical and biogeo-
graphic factors of Earth’s ecosystems. Therefore, annual maxi-
mum LST provides a unique way to obtain spatially continuous
LST map for characterizing changes associated with extreme
climatic events and significant land-cover changes.

There is small interannual variability of mean annual maxi-
mum LST during the period 2003–2019. The mean of annual
maximum LST in the Globe is 24.1°C with a change trend
of 0.1°C/decade. The NH has higher annual maximum LST of
38.0°C with a smaller change trend of 0.06°C/decade, whereas
the SH has lower annual maximum LST of 5.2°C with a larger
change trend of 0.16°C/decade.

The application of annual maximum LST data for ther-
mal anomalies detecting during the period 2003–2019 was
conducted. The spatial distribution of SAI > 2.5 has used to
monitor thermal anomalies, including drought, heat wave, and
ice melting. Some thermal anomaly events have been monitored
using annual maximum LST data.
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