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Fig. 4.

(Top) Observed LST annual maxima in Lut Desert from 2003 to 2019 based on this letter (diamonds), previously reported [2] LST temperature

maxima (circles), and the average July LST values. (Bottom panel) Spatial map of LST maxima over Lut Desert for years 2005, 2010, 2014, and 2018 when

“y

the highest records have been observed. The “x” symbol indicates locations where the maximum temperatures were observed.

A linear regression model was applied to describe the
trends, and the patterns of changes in maximum LST
(LSTmax), minimum LST (LSTin), and diurnal amplitude
time series of the LST over Lut Desert after removal of annual
cycles. The maximum and minimum occurred temperatures
based on daily maximum and minimum data are extracted
for each year. Finally, a maximum temperature record map in
the desert is generated for the entire record (e.g., 2002-2019)
at every 1 km?. It should be noted that a comprehensive and
reliable trend analysis requires longer observations. However,
this particular observation is only available for the past two
decades.

IV. RESULTS AND DISCUSSION

Fig. 2 shows the daily maximum and minimum LSTs for
the Lut Desert since July 2002 until October 2019. It is noted
that LSTax values for the region oscillate mostly between
30 °C and as high as 80 °C. For LSTy,;, values, the range
for changes is between almost—15 °C and 23 °C. Over the
time of study (2002-2019), a positive trend is observed in
both daily LSTmax and LSTni, values. We calculated the rate
of temperature change over the entire record after removing
the seasonal cycles from the data. The rate of change in
daytime temperature anomalies is about 0.4 °C per decade
for LSTmax which translates to +0.73 °C warming over the
entire record. The rate of change in nighttime minimum
temperature (LSTp,,) anomalies is even higher than daytime
values with the rate of 4-0.62 °C per decade or +1.12 °C over
the entire record.

We also performed a spatial variation of temperature analy-
sis within the Lut Desert based on the standard deviation (SD)
of LST in the region. We found that daytime temperature tends
to have a higher spatial variation with SD of about 3 °C—4.5 °C
than nighttime temperatures with SD of 2.5 °C-3.5 °C which

Fig. 5. Histograms of differences between collection 5 and collection 6
MODIS at 1:30 P.M.

is consistent with the significant heterogeneity of the surface
reflectance property of Lut Desert. In addition, there seems
to be some rather low maximum temperature observations
in Fig. 2 which could be due to winds, and other day to day
weather variability in the region.

The highest LST occurrences at each pixel from
July 2002 to October 2019 were extracted using daytime
observations to define record high temperatures of the region.
Fig. 3 depicts the temperature record of LSTpax in the
2400 km x 2400 km region which includes the Lut Desert
in the middle marked by an oval (Fig. 3). In the heart of
the desert the maximum temperature is often at least 76 °C
(higher than the previously published record high temperature
of the region). The southern part of the desert, near where
the so-called “Hidden Sea” [4] is located shows maximum
temperature mostly around and above 80 °C. Although the
Arabian Peninsula has similar dry bare soil land cover type
with more sun exposure, it shows lower temperature records
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Fig. 6. Time series of daily maximum observed diurnal temperature ranges from MODIS in Lut Desert from July 2002 to October 2019. The diurnal ranges
were determined by computing the temperature differences of MODIS day (1:30 P.M.) and night (1:30 A.M.) observations.

of around 65 °C. This is possibly because the Lut region
is primarily a desert depression. Additionally, the generated
image clearly reflects the land features in the surrounding
region such as northeastern Afghanistan, Alborz and Zagross
mountainous regions with lower LST.x record ranging from
30 °C to 55 °C.

The yearly record maximum temperature was also found by
analyzing the maximum temperatures occurred at any point
within the Lut Desert each year. Fig. 4 (top panel) shows the
time-series of LST annual maxima (LSTpax) in Lut Desert
from 2002 to 2019. Previously reported temperature records of
the region by Mildrexler et al. [2] are also shown in this figure.
The maximum temperatures are shown to range between 77 °C
and 80 °C. The maximum temperature occurred in the entire
period was 80.83 °C (177.5 °F) on July 16th, 2018-a record
temperature far higher than what was previously known as
the global record high temperature of 70.7 °C in Lut Desert
in 2005 [2], [4]. This sets a new temperature record based on
the revised collection 6 MODIS LST product by NASA [23]
that improved the temperature retrieval algorithm over arid
regions. Previously reported temperature records of the Lut
Desert as the hottest place on Earth are about 10 °C lower than
the results presented here. Overall, there are three main reasons
for such high differences; 1) emissivity corrections and updates
for regions with bare soil land-cover [16]; 2) split-window
retrieval algorithm uncertainties and improvements in the new
product [16]; and 3) the higher spatial resolution of our study
(1 km) versus the previous studies (5.6 km). In order to
quantify the contribution of these factors on the observed dif-
ferences between our analysis and that of Mildrexler et al. [2],
we compared the temperature records of both MODIS LST
versions (collection 5 and collection 6) at the same spatial
resolution (5.6 km as in [2]). Fig. 5 shows the differences
between the MODIS LST collection 6 versus collection 5 for
July and January 2014. As shown, the differences between the
two versions are on average around 3 K during the wintertime,
and 5 K in the summer. This difference could be attributed to
changes in emissivity, and retrieval algorithm improvements.
The remaining difference can be attributed to the differences in
spatial resolution of the two data sets. When observations are
aggregated to a coarser spatial resolution, the corresponding
values tend to be smoother because of the averaging effects

across space [29]. New studies all tend to confirm that the
quality of collection 6 MODIS LST product is much more
improved compared to collection 5 when evaluated against
real ground-based measurements and model outputs with less
than 2.0 K bias [25]-[27]. In the past 18 years, the maximum
observed temperature in Lut Desert surpassed 80 °C in eight
years (2004, 2005, 2006, 2007, 2010, 2014, 2017, and 2018)
based on the new LST data. Selected maps of yearly LSTpax of
Lut Desert are shown at Fig. 4 (bottom panel) for 2005, 2010,
2014, and 2018. In all maps, the southern part has clearly
higher temperatures than most of the remaining regions in
and around Lut Desert with maximum observed temperatures
of 74 °C-78 °C.

The whole region of Lut Desert showed a higher tempera-
ture in year 2014. Although the maximum recorded temper-
ature happened in 2018, the majority of the region seems to
have lower LSTyx in that year. The average July observations
for the entire desert region is also depicted in Fig. 4 (top panel)
that shows the whole desert has an average temperature
between 60 °C and 66 °C with milder regions in north, and
warmer places in the south.

The differences between day and night observations
(at 1:30 A.M./p.M.) were also derived at each pixel as a
proxy for diurnal amplitude of temperatures in Lut Desert.
The actual time of daily minimum/maximum temperature may
occur sometime after/before 1:30 A.M./P.M. as described by
Sharifnezhadazizi et al. [30]; however, the difference between
the two can be a good proxy for the overall diurnal variability.
The maximum daily differences in Lut Desert are plotted
in Fig. 6 for the entire record.

Overall, Fig. 6 demonstrates that Lut Desert not only has
high LST, but also incredibly high diurnal amplitude of 47 °C
on average with SD of 6.3 °C. The amplitude values are
fluctuating between 12 °C and 71 °C depending on the
season. The figure shows that differences between day and
night in May and June can reach up to 71 °C. A trend
regression analysis (LST diurnal change in 18 years) reveals
that these differences are decreasing at the rate of —0.7 °C per
decade or about —1.18 °C for the entire record. This is in line
with what we found in Fig. 2 indicating that both daytime
and nighttime temperatures are increasing, but the desert is
warming up at higher rate at nighttime.
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V. CONCLUSION

This letter analyzed the record LSTs and diurnal variability
across the Lut Desert, known as the hottest place on Earth
using MODIS LST collection 6 product (2002-2019). The
results showed that this desert had experienced maximum
LST record of 80.83 °C in 2018 that is much higher than
the previously reported world record (70.7 °C) from the
same region. The observed ~10 °C difference is mainly
due to improvement in LST retrieval algorithms and applied
emissivity values, and use of higher spatial resolution of the
LST collection 6. The results indicate that the land surface
can get much hotter than what was previously thought based
on remote-sensing observations.

Our results show that not only Lut Desert experiences the
highest maximum temperatures, it also undergoes an extreme
diurnal temperature variability of up to 71 °C in late spring that
makes the ecology of the region unique. The trend analyses
reveal that both maximum and minimum temperatures are
increasing in the region at the rates of 0.4 °C/decade and
0.62 °C/decade, respectively. The southern part of Lut Desert
consistently shows higher LST values. This letter was the
first step toward understanding the environment of one of the
most remote and unexplored places on our planet. Efforts are
underway to explore other climatic and ecological aspects of
this environment using remotely sensed products.
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