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Abstract
Employing the percentile-based indices, TN10p, TX10p, TN90p, and TX90p during 1961–2018, we
evaluate temporal and spatial trends in extreme temperature at 54 stations over Mongolia. Statically
signi�cant changes in temperature extremes in the warm (TN90p and TX90p) and cool indices (TN10p
and TX10p) are found. The rate of increase in the number of warm nights and days are respectively 1.5
and 1.9 days decade− 1, while the cool nights and days show a declining trend of -0.8 and − 1.5 days
decade− 1, respectively. Despite the fact that the trends are most vigorous during June-July-August,
seasonal variations can be seen. Also, spatial distributions of the trends reveal weakest magnitudes in
Gobi Desert, while strongest in the west and north of Mongolia. The large-scale atmospheric circulations
account for changes in the temperature extreme indices. The East Atlantic, East Atlantic/western Russian,
and Scandinavian patterns, and the Arctic Oscillation is found to contribute the most to the interannual
variation in the temperature extremes.

1. Introduction
Extreme temperature events are one of the most devastating natural disasters that has substantial
impacts on human health, economy, and ecosystem (e.g., Vose et al., 2017, Wang et al., 2016, ). For
example, the heat wave in the summer of 2010 over Russia was the strongest one in recent decades, and
it contributed to deaths of over 15,000 people in Moscow and wild�res over central and western part of
Russia (Russo et al., 2014). Another severe heatwave occurred in China the summer of 2013 during that
event human, livestock and crops suffered from water shortage and companying drought resulted in
economic losses approximately 10 million USD (Li et al., 2019). Understanding the long-term trend,
variability, and the associated physical mechanisms of extreme temperature events is therefore of key
importance. Objective quanti�cation methods have been coordinated and developed by the Expert Team
on Climate Change Detection and Indices (ETCCDI; see
http://etccdi.paci�cclimate.org/list_27_indices.shtml). The indices aim to capture variations of mean and
extreme temperatures, as well as the shape of their statistical distributions.

With climate change showing rapid warming over mid-latitude central Asia (Lee et al., 2017;), studies
have examined how temperature extremes have changed over Mongolia. Using observation from 25
stations over the period 1961–2001, Batima et al. (2005) revealed a signi�cant increase in the annual
number of heatwaves by 8–18 days. Regionally, the trend was stronger in the northern mountainous area
than that in the southern Gobi Desert area. Later, a negative trend in cold extremes is also found in the
northern region of Mongolia during the period 1963–2002, as well as the positive trend of hot extremes
(Nandintsetseg et al., 2007). With recent observations included in the analyses, Dulamsuren et al (2014)
detected that there is also variation in the trend within the analyzed period; a signi�cant decrease in
number of cool nights and days has taken place before 1990, while after 1996, an increase in the warm
nights and days has occurred. In addition, the frequency of occurrence and duration of the hot extremes
have sharply increased since the late 1990s. The changes in occurrence frequency and duration seem to
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be associated with middle tropospheric ridge pattern around Mongolia, indicating that synoptic-scale
circulation has contributed to the recent increase in the heatwave days (Erdenebat et al, 2015).

Despite the trends detected over Mongolia, we do not fully understand yet how the changes vary by
regions and seasons. More importantly, it is not addressed how the characteristics of the trend is linked to
slowly varying, large-scale atmospheric circulation, which is a primary factor that determines physical
processes, such as thermal advection and diabatic heating, causing long-term variability and changes in
extreme temperature. It is locally different which mode of atmospheric variability accounts for the most
of climate variability. For East Asia, which includes Mongolia, it was the East Atlantic/western Russian
(EAWR), Scandinavian (SCAND), and polar/Eurasian (PE) teleconnection patterns among the seven major
teleconnection patterns of the Northern Hemisphere, when measured by the prediction skill at
subseasonal time scales (Yoo et al. 2018). Also, the Arctic Oscillation is the most dominant one for East
Asian climate during winter (He et al. 2017).

The objective of this study is therefore to investigate the changes of temperature extremes in Mongolia
and their associated large-scale atmospheric circulations. Building upon the previous studies that have
analyzed the trend of Mongolia, here we expand the time period and perform regional and seasonal
analyses. Then we will try to �nd linkages how the trend can be attributed to the large-scale atmospheric
mode of variability. The study is organized as follows: the data and methodology are described in Sect. 2.
Section 3 presents the results of trend and correlation analyses for extreme temperature indices and
large-scale atmospheric circulations. Conclusions and discussion are given in Sect. 4.

2. Data And Methods

2.1. Data
We examine the daily maximum and minimum temperatures during the period of 1961 to 2018 from 54
meteorological stations maintained by the National Agency for Meteorology and Environmental
Monitoring (NAMEM) of Mongolia. The geographical domain of Mongolia covers 43°-52°N and 85°-120°E
with an area of about 1,564,116 square kilometers and elevations ranging between 560 m and 4,360 m
above the sea level, and the stations are distributed throughout the country (Fig. S1). Note that there are
135 meteorological stations currently operational in Mongolia. However, the data from the rest 81
stations are not used primarily because of their lengths.

We also employ the monthly mean meteorological data from the European Centre for Medium-Range
Weather Forecast (ECMWF) interim reanalysis (ERA-Interim) (Dee et al., 2011). The variables analyzed are
the surface air temperature, geopotential height at 500 hPa, and zonal and meridional winds at 500 hPa.
Before the analysis, the data is bilinearly interpolated to 2.5° horizontal resolution.

To examine the linkage between the extreme temperatures of Mongolia and the large-scale atmospheric
circulations, the atmospheric teleconnection pattern indices, de�ned by the Climate Prediction Center
(CPC) of the National Oceanic and Atmospheric Administration (NOAA, website
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https://www.cpc.ncep.noaa.gov) are used. The teleconnection patterns that we examine are the ones
dominant at 500 hPa geopotential height �eld of the Northern Hemisphere: the Paci�c North America
(PNA), North Atlantic Oscillation (NAO), Scandinavia (SCAND), West Paci�c (WP), Polar/Eurasia (PE),
East Atlantic (EA), and East Atlantic/Western Russian (EAWR) (Fig. S2). Also, the Arctic Oscillation (AO),
which is based on variability of column integrated atmospheric mass, is investigated. The time period of
analysis is consistent with that of ERA-Interim.

2.2. Method
Percentile based extreme temperature indices are used in this study. The indices are computed using the
ClimPact2 software, developed by the World Meteorological Organization ETCCDI, which calculates a set
of core climate indices consisting of 27 descriptive indices for moderate extremes (Alexander et al., 2006;
Zhang et al., 2011, Yosef et al., 2019). Out of total 27 indices, 11 indices are derived from air
temperatures, and they can be divided into four different categories: absolute extreme temperature
indices, percentile-based extreme temperature indices, duration-based and �xed threshold indices. The
percentile based four indices are designed to capture the changes in the frequency of occurrence of
statistical extremes (Table 1; see Alexander et al., 2006 for more details). To be speci�c, the TN10p is an
index measuring the number of days with daily minimum temperature (i.e., TN) lower than the 10th
percentile of the minimum temperature calculated each calendar day, with reference to the climatological
norm, using a running 5-day window (Dulamsuren et al.,2014; Klein et al., 2006). This is the quanti�cation
of the number of unseasonably low temperature nights (i.e., cool nights) in a year. Similarly, the TX10p is
an index trailing the number of unseasonably low-temperature days (cool days) by measuring the number
of days with daily maximum temperature (i.e., TX) lower than the 10th percentile of the maximum
temperature. In contrast, TN90p and TX90p are the indices corresponding to the number of unseasonably
high-temperature nights (warm nights) and days (warm days) in a year, respectively. Both TN90p and
TX90p are obtained by examining the days above the 90th percentile.

Table 1
De�nition of percentile-based extreme temperature indices

Index Indicator name Description Unit

TN10p Cool nights Number of days with TN < 10th percentile Days

TX10p Cool days Number of days with TX < 10th percentile Days

TN90p Warm nights Number of days with TN > 90th percentile Days

TX90p Warm days Number of days with TX > 90th percentile Days

3. Results
To overview the nation-wide long-term trend and variability, we �rst examine the time series of annual
mean and station mean percentile based extreme indices (Fig. 1). Note that the indices are originally
computed for each month and each station. It can be clearly seen that the numbers of cool nights
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(TN10p; Fig. 1a) and cool days (TX10p; Fig. 1b) have decreased during 1961–2018, and the trend (blue
lines) is arguably quite steady despite interannual variabilities (red curves). The rates of decrease for
TN10p and TX10p are − 1.5 days per decade and − 0.8 days per decade, respectively, both of which
exceed the 95% con�dence level. In contrast, the number of warm nights (TN90p; Fig. 1c) and warm days
(TX90p; Fig. 1d) shows the opposite, increasing trends, with signi�cant rates of 1.9 and 1.5 days per
decade, respectively. This nation-wide, annually averaged view suggests that extremely warm days
(TX90p) have been more frequently occurrent in recent years than before, while at the same time, the
occurrence of extremely cold nights (TN10p) has been declined (Fig. 1). Over the course of the analyzed
time period, which is slightly less than 5 decades, the difference between the years in the beginning and
at the end is approximately 5- to 10-days per year. This result is consistent with previous studies (Batima
et al., 2005; Nandintsetseg et al., 2007; Dulamsuren et al.,2014; Dong et al., 2017), although exact values
are not the same because of presumably the number stations and the period of data.

We note that the trends in the night indices (TN10p and TN90p) show similar magnitude to each other,
while that from the day indices (TX10p and TX90p) are quite different. In other words, the absolute values
of the slopes for the night indices are 0.15 and 0.19, while those for the day indices are 0.08 and 0.15.
This implies that the probability distribution of minimum temperature has moved its center to the right
without changing its shape much (not shown). However, for the maximum temperature, the right tail has
been stretched out to the right faster than the speed of shrinking in its left tail, resulting in enhanced
positive skewness of the data. This may also be hinted from the country averaged annual minimum of
daily minimum temperature (TNn) and maximum of daily maximum temperature (TXx) (Fig. S3). The rate
of increase in the TNn (0.33 °C per decade) is greater than that of TXx (0.43 °C per decade).

We now examine spatial patterns in the trends of the percentile-based indices. In general, spatial
homogeneity over Mongolia can be seen from all of the extreme indices. That is, the trends, either positive
or negative depending on the indices, show almost uniform signs across Mongolia with a few exceptions.
In particular, the TN10p (Fig. 2a) shows negative trend in all of the meteorological stations except three
stations in the central part of the area. For the other three indices, one can see spatially homogeneous
trends. That being said, small spatial variations can be seen between the stations. This is probably due to
different regional climates. As described in the Supplementary Materials, Mongolia can be divided in to
four different climate zones, which are characterized by the in�uence of the Altai and Khangai mountains,
desert plains, and broad steppes area.

The spatial homogeneity in the trend patterns suggests that the trends can primarily be attributed to
large-scale changes in the atmosphere and hence that the local effect can be considered as a secondary
factor. Enhanced radiative heating by an increase in greenhouse gas concentration can be one factor
(Chen et al., 2019). However, because the extreme temperature indices show substantial interannual
variations in the order of approximately 5–10 days (Fig. 1), and the magnitude of their trends is
comparable to the variation, it is natural to think that changes in large-scale atmospheric circulations,
which involve dynamical processes, such as thermal advections, must be the primary factor that
contributes to the trends.
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Having established that there is a nation-wide long-term trend in the temperature extreme indices over
Mongolia, with the most pronounced trend being the increase in the number of warm nights and days
(i.e., TN90p and TX90p), now we examine the seasonal variations in the trends. Figures S4 and S5 exhibit
that the magnitude and spatial distributions of the temperature extremes have experienced signi�cant
changes by the seasons. One noticeable seasonality is perhaps the largest magnitude of the trends
during June-July-August (JJA). When averaged for the entire country, the trends show values of -1.9
(TN10p), -1.4 (TX10p), 3.0 (TN90p), and 2.6 (TX90p) days per decade (Table 2). The trend values are
smaller in the other seasons for all the indices, with the smallest values being found in December-
January-February (DJF).

Table 2
Linear trends of seasonal percentile-based temperature extremes over

Mongolia during years 1961–2018. The units are days per decade.

  Cool nights (TN10p) Cool days

(TX10p)

Warm nights

(TN90p)

Warm days

(TX90p)

DJF -1.6 -0.5 0.9 0.2

MAM -1.6 -0.9 2.2 1.9

JJA -1.9 -1.4 3.0 2.6

SON -1.2 -0.6 1.4 0.9

Although the trends are the strongest during JJA, the seasonal variations are different by the indices. The
warm indices show greater changes in the trend values by the season than the cool indices do. For
example, the difference between JJA and DJF trends is 2.25 days per decade for the warm indices, while
the difference for the cold indices (-0.6 days per decade) is substantially small (Table 2). It is the cool
nights index (TN10p) that performs the smallest changes by the season (-0.3 days per decade). This
result indicates that the changes in the probability distribution of minimum and maximum temperatures
show different characteristics by the season. From the annual mean values (i.e., Fig. 1), it was found that
the maximum temperature experienced changes enhancing the positive skewness of its probability
distribution. Now we further understand that the minimum temperature similarly shows changes in
skewness for its probability distribution and that the changes are toward negative and positive values
during DJF and JJA, respectively.

Spatial inhomogeneity can be magni�ed when the trend is examined by the season, although still more
frequent warm extremes and less frequent cold extremes can be seen from most of the stations (Figs. S4
and S5). As mentioned earlier, Mongolia is divided into four natural regions (please see Fig. S1) based on
land cover such as western high mountain climate, northern forest steppe climate, eastern steppe climate,
and southern Gobi Desert. The trend is clearly weakest in the desert region; both cool and warm indices
show the smallest values in all seasons. The largest trend values are located in the north and west of
Mongolia.
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To investigate how large-scale atmospheric circulations have in�uenced the changes in the extreme
temperature indices, we now perform the correlation analysis using 8 major atmospheric teleconnection
pattern indices for the Northern Hemisphere (Fig. 3). Also, computed are the correlations between the
extreme indices so that we can comprehend how the extreme indices linked to each other.

First about the relationship between the extreme indices, signi�cantly high correlations can be seen
between the cool indices and between the warm indices. That is, the TN10p and TX10p show positive
and the TN90p and TX90p show negative correlations, which exceed the 95% con�dence level by the
Student t-test for all seasons. Also can be seen is that the night indices (i.e., TN10p and TN90p) are
negatively correlated with each other and similarly the day indices (i.e., TN90p and TX90p) are negatively
correlated with each other. This is consistent with our previous �nding that the cool extreme indices have
exhibited signi�cantly decreasing trends, while the warm extreme indices signi�cantly increasing trends.

Secondly, among the 8 atmospheric teleconnections, the correlation matrix �nds substantial relationship
with the extreme indices of Mongolia from the following 4 patterns: EA, EAWR, SCAND, and AO (Fig. 3).
Note that the correlation values less than the 95% con�dence level are crossed out. One can see that it is
the EA which carries good correlation with the extreme temperature indices for all seasons except
autumn. Positive correlations can be seen between the EA and the warm indices (TN90p and TX90p), and
negative correlations can be seen for the cool indices (TN10p and TX10p). The largest values for the EA
can be seen during summer (Fig. 3c). This is interesting considering the fact that the explained variance
by the large-scale circulations is the largest during winter. However, the result is consistent with our
understanding because although located over the North Atlantic (Irannezhad et al., 2018), the EA can
modulate temperatures over East Asia. Moreover, unlike the AO, which is dominant primarily during winter,
the EA can be found as a major mode for all year around.

Other teleconnection patterns that show signi�cant correlations with the temperature indices are the
EAWR, SCAND, and AO. The three indices have circulation anomalies over Eurasia, stretching over
Mongolia (Fig. S6). During the positive phase of the SCAND, the composite of the 500-hPa geopotential
height anomalies exhibits a strong cyclonic circulation centered northern region over the East Asia, in
particular over the part of western region in Mongolia. The same pattern with the opposite sign can be
seen for the negative phase. For the positive (negative) phase of AO, positive (negative) geopotential
anomalies are seen centered Baikal Lake on Siberia and northeastern region of Mongolia. Meanwhile, the
mid-latitude and high latitude region including Mongolia is governed by warm (cold) and mild (dry)
southerlies (northerlies). As for positive (negative) phase of EAWR are accompanied by strong Ural
blocking around western Russian and Kazakhstan, while positive (negative) phase of EA is shown a
weaker anticyclone (cyclone) centered over Mongolia.

The EAWR and SCAND are the wave-like patterns that emanates from the Europe and propagates to East
Asia (Kim et al., 2021), while the AO is a hemispheric mode with largest temperature anomalies over
Eurasia. Previous studies have documented how the climate modes can modulate the temperature over
East Asia (e.g., Park and Ahn 2016; Yoo et al. 2018). According to the correlation matrix, the winter
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correlations of TN10p and TX10p with the EAWR and AO indices are signi�cantly negative, while they are
positive for the SCAND index. This suggests the association of the EAWR and AO (SCAND) with
anomalously warm (cold) condition over Mongolia. These were caused by penetration of cold from
western Russian into Mongolia, which can be implied by the circulation anomalies (Fig. S6).

4. Summary And Discussion
In this study, we investigated the trends of percentile-based temperature extreme indices, their annual and
seasonal variability using observations from 54 meteorological stations over Mongolia period during
1961 to 2018. We found that signi�cantly warming trends are apparent in the warm indices (TN90p and
TX90p), whereas gradually downward trends are seen in the cool indices (TN10p and TX10p). These
�ndings suggest that the Mongolian climate generally tends to become warmer than before during the
past 58 years. The warming trends seem to have been particularly accelerated since mid-1990 s, which is
more alarming. The results reasonably agree well with the �ndings of previous studies (e.g., Dulamsuren
et al., 2014; Erdenebat et al., 2016; Gomboluudev, 2011), even though there are differences between exact
measures on the trend presumably due to chosen data period and analysis methods. In addition, we
examined the seasonal trends of the temperature extremes. The warm indices dramatically changed
during JJA about 2.9 and 3.4 days per decade, respectively. Throughout the period the cool indices
showed moderately decreasing rates respectively at -2.0 and − 1.4 days per decade particularly in the
western and northern region of Mongolia.

The relationship between the large-scale atmospheric teleconnection patterns and extreme temperature
indices are also investigated. It was found that EA, EAWR, SCAND, AO highly positively (negatively)
correlated with both cool (warm) indices within study period. The characteristics of the seasonal
correlation showed one notable results, which EA index and temperature extremes indices. EA pattern
appears to be teleconnection most signi�cantly associated with winter climate in East Asia, even though
it found major mode all around year. Outcomes could be used for the analysis of the extremes in future
scenarios

It remains as a question how changes in land use may have affected the temperature extremes. Changes
in land cover is known to play an important role in the surface energy budget through radiation and
turbulent heat �uxes, and therefore in regional climate (Chen et al., 2019; Wang et al., 2018). For instance,
deforestation and land degradation can contribute to signi�cant warming in the region by reducing
albedo and latent heat �ux. Because spatially the trends were most pronounced in the western high
mountains and northern regions forest steppe of Mongolia, which occupies agricultural and biggest
urbanization areas, regional effects, other than large-scale circulations, need further investigations.
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Figure 1

Percentile-based extreme temperature indices (black curve with open circle marks) are shown: (a) number
of cool nights (TN10p), (b) number of cool days (TX10p), (c) number of warm nights (TN90p), and (d)
number of warm days (TX90) averaged over all stations and seasons. Slow variations of the indices are
presented by applying the 5-year running averages (red curve). Linear trend and the 95% con�dence
interval of the trend line are shown by blue line and gray shading, respectively
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Figure 2

Spatial distributions of the annual trends of the percentile-based extreme temperature indices are shown:
(top left) cool nights (TN10p), (top right) cool days (TX10p), (bottom left) warm nights (TN90p), and
(bottom right) warm days (TX90p), respectively. Labels Positive trend is shown by pink, while negative
trend by blue. Most of the meteorological stations trends are at signi�cance (p < 0.05). Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.
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Figure 3

Correlation coe�cients between the temperature extreme indices and teleconnection pattern indices in
seasons of (a) DJF, (b) MAM, (c) JJA, and (d) SON. Positive values are shown in red, while negative
values are in blue. The values that do not exceed the 95% con�dence level are crossed out.
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Figure 4

Composites of surface air temperature anomalies for (left) positive and (right) negative phases of (from
the top to bottom) East Atlantic, East Atlantic Western Russia, Scandinavian teleconnection patterns and
Arctic Oscillation. Note: The designations employed and the presentation of the material on this map do
not imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.
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