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Mongolia is one of the most sensitive regions to climate change, located in the transition of
several natural and permafrost zones. Long-term trends in air freezing and thawing indices
can therefore enhance our understanding of climate change. This study focuses on changes
of the spatiotemporal patterns in air freezing and thawing indices over Mongolia from 1960 to
2020, using observations at 30 meteorological stations. Our results shows that the freezing
index ranges from —945.5 to —4,793.6°C day, while the thawing index ranges from 1,164.4
to 4,021.3°C day over Mongolia, and their spatial patterns clearly link to the latitude and
altitude. During the study period, the trend in the thawing index (14.4°C-day per year) was
larger than the trend in the freezing index (up to —10.1°C-day per year), which results in the
net increase of air temperature by 2.4°C across Mongolia. Overall, the increase in the thawing
index was larger in the low latitudes and altitudes (e.g., the Gobi-desert, steppes, the Great
lake depression and major river valleys) than in high latitudes and altitudes (mountain
regions), while it was the opposite for the freezing index. The highest values for both
thawing index and freezing index (i.e. the least negative values) have occurred during the last
2 decades. As the trends in the freezing and thawing indices and mean annual air
temperature confirm intensive climate warming, increased permafrost degradation and
shallower seasonally frozen ground are expected throughout Mongolia.

Keywords: freezing index, thawing index, transition zones, climate warming, Mongolia

INTRODUCTION

Permafrost is an important component in mid and high-latitude regions, as well as high altitude
environments. It is defined as ground (soil or rock and included ice and organic material) that
remains at or below 0°C for at least two consecutive year (Van Everdingen, 1998; French, 2007). The
permafrost area accounts for approximately 15% of the exposed land surface in the northern
Hemisphere (Obu et al., 2019). In total, the northern circumpolar region contains approximately
1,300 gigatonnes (Gt) of carbon, nearly twice as much carbon than in the atmosphere (Hugelius et al.,
2014). Permafrost degradation can alter ecosystems, possibly leading to the release of CO, and CH,4
which could amplify climate warming in a positive feedback (e.g. Schaefer et al., 2014). Therefore,
there is an urgent need to better understand the future development of permafrost and frozen
ground. Freezing and thawing indices are useful variables for mapping and predicting permafrost
and seasonally frozen ground distribution (Nelson and Outcalt, 1987; Guo and Wang, 2017; Shi et al.,
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2019), evaluating active layer thickness (Nelson et al., 1998;
Zhang et al,, 2005), as well as indicators for climate warming
(Luo et al., 2014). Several previous studies analyzed changes in
freezing and thawing indices in the northern hemisphere. Their
results showed decreases in the freezing index and increases in the
thawing index in high latitude and high-altitude regions
(Frauenfeld et al., 2007; Luo et al., 2014; Peng et al., 2019; Shi
et al., 2019).

Mongolia is located in one of the fastest warming regions in the
world (IPCC, 2013), with air temperatures increased by 2.4°C during
the last 60 years, approximately three times higher than the global
mean (IPCC, 2013; MARCC, 2014). The ecozone changes from the
Siberian boreal forest region in northern Mongolia to steppes in
central and the Gobi-desert in southern Mongolia. These transitions
roughly correspond to a change from discontinuous to sporadic
permafrost, and finally to seasonally frozen ground areas
(Dashtseren et al, 2014). Furthermore, Mongolia has distinct
topography conditions with a large spatial variation in altitude.
The transitions in eco- and permafrost zones are highly sensitive to
climate change and land use (Dulamsuren et al., 2011; Sun et al,
2015; Ishikawa et al., 2018; Klinge et al.,, 2020; Dashtseren, 2021)
which makes Mongolia well-suited as model region for
environmental research applications.

Natural resources, e.g. vegetation, surface water, and groundwater,
are a main factor for livestock in Mongolia. Approximately 20 percent
of Mongolian families sustain themselves as herders, with over
seventy million livestock in total (NSOM, 2020). The density of
herders and population is generally higher in permafrost regions than
in regions without permafrost, probably due to a higher ecosystem
productivity. In Mongolia, permafrost directly sustains the
inhabitants and herders because it produces locally wet soil
conditions, and river discharge originates entirely from the high
mountains and northern territory where permafrost and forest occur
extensively (Dashtseren et al., 2014; Ishikawa et al., 2018). Therefore,
understanding the impact of climate change on permafrost and the
different ecozones is essential to establish sustainable land use
management. In some regions of Mongolia, climate change and
its effects on permafrost have clearly been documented (Sharkhuu
et al., 2007; Sharkhuu et al., 2008; Zhao et al., 2010; Ishikawa et al.,
2012; Jambaljav, 2017; Dashtseren, 2021).

Wu et al. (2011) described surface freezing and thawing
indices at 20 meteorological stations in Mongolia from 1987 to
2006, but a full picture of long-term spatiotemporal changes of air
freezing and thawing indices over Mongolia is still lacking. One
the other hand, an impression of spatial temperature patterns due
topography and heterogeneity cannot be obtained from sparsely
distributed observational data (Gerelchuluun and Ahn, 2014).
This study describes variations and trends in air freezing and
thawing indices over the Mongolian territory using observed air
temperature from 30 stations since 1960, in conjunction with the
CRU TS 4.03 gridded air temperature data.

STUDY AREA

The present study covers all of Mongolia, which is a landlocked
country on the Asian continent with an area of 1.565 million

Freezing Thawing Indices in Mongolia

square kilometres and an average altitude of 1,580m a.s.l
(Tsegmid, 1969). The north, northwest, and center of
Mongolia feature high mountain regions such as the Altai,
Khangai, Khuvsgul, and Khentii, while the east and central
parts comprise vast steppe region and the southern part is
dominated by the Gobi-desert (Figure 1). Forests exist on
almost all slopes in the Khuvsgul Mountains, but are usually
restricted to north-facing slopes in the Khangai and Khentii.
Permafrost exists in about two-thirds of the country, with
continuous permafrost in the northern parts and high-altitude
regions, surrounded by zones of discontinuous, sporadic, and
isolated permafrost (Jambaljav, 2017; Ishikawa et al., 2018). In
other areas of the country, seasonally frozen ground develops.
The climate of Mongolia is characterized by long, cold winters
and dry, hot summers leading to strong annual temperature
fluctuations with sharply defined seasons (MARCC, 2014;
Nandintsetseg et al., 2007). The mean annual air temperature
(MAAT) ranges from —1.0°C to —6.5°C in the high altitudes of the
Altai, Khangai, Khuvsgul, and Khentii mountains (generally
featuring permafrost) and from -1.0 to 8.0°C in the Great
Lake depression, the steppe region and the Gobi-desert with
seasonal frozen ground regions (MARCC, 2014; Ishikawa et al.,
2018). The annual precipitation varies between 50 and 100 mm in
the Gobi-desert, 100-250 mm in the steppe regions, and
300-400 mm in the Altai, Khangai, Khentii, and Khuvsgul
mountainous (Nandintsetseg et al., 2007; Ishikawa et al., 2018).

At present, 135 meteorological stations across Mongolia
conduct regular observations of general meteorological
conditions eight times daily in accordance with the World
Meteorological Organization standards (MARCC, 2014). These
stations belong to the Information and Research Institute of
Meteorology, Hydrology and Environment of Mongolia
(IRIMHEM), which conducts monitoring and provides climate
services for Mongolia. From these stations, we selected 30
meteorological stations with long-term climate data sets, which
are distributed throughout all typical eco- and permafrost zones
in Mongolia, with elevations ranging from 688 m a.s.l. at the KH
station to 2,222 m a.s.l. at the TO station (Figure 1). These two
stations are also located in the warmest and coldest regions of
Mongolia, respectively.

DATA AND METHODS

There are two types of freezing and thawing indices, one using air
and the other using ground surface temperature, respectively. In
both cases, the number of degree-days below and above 0°C is
accumulated (Van Everdingen, 1998; Frauenfeld et al., 2007; Wu
et al,, 2011). In the present study, we investigate air temperature
freezing and thawing indices, which can be estimated from both
daily and monthly temperatures (Frauenfeld et al., 2007; Wu
etal., 2011). The thawing index is calculated as the sum of degree
days above 0°C from the beginning to the end of the year, and the
freezing index as the sum of degree days below 0°C from the first
of July of the current year to the end of June of the following year.

Daily average air temperatures were obtained from the
IRIMHEM, which are measured at the standard height of 2 m at
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FIGURE 1 | (A) Digital elevation map depicted from the Shuttle Radar Topography Mission (SRTM-DEM) with a 30 m resolution. (B) Ecozones of Mongolia based
on Doljin and Yembuu (2021), (C) Permafrost distribution around Mongolia based on Obu et al. (2019).

30 meteorological stations (Figure 1). We chose the entire period
between January 1, 1960 and December 31, 2020 for the study, but
not all stations have a continuous record for the study period, with
the shortest measurement time being 40 years at Choi station (Table
1). In addition, we use air temperatures from the CRU TS 4.03
climate data set (https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.03/
observation.v4.03/) to illustrate the spatial variations of freezing and
thawing indices over Mongolia. The data set has a resolution 0.5° x
0.5° and extends from 1901 to 2019 for monthly averages. CRU TS 4.
03 is often used for regional and global trend analysis (Harris et al.,
2020). We selected the period from 1960 to 2019 for the CRU data,
which is almost the same period as the observation data, allowing us
to compare both data sets. Several studies have calculated freezing
and thawing indices based on monthly average temperate, using the
following equations (Frauenfeld et al., 2007; Wu et al,, 2011; Peng
et al,, 2019; Shi et al,, 2019)

-y

TIa = ZivltlTl

Ti XDi, Ti<O°C (1)

X Di) T, >0°C (2)

where FI, and T, are the annual air freezing and thawing indices,
T; is the monthly temperature average, D is number of days in
each month, the freezing period is i =1, 2,3... Mg, and the
thawing periodisi = 1, 2,3 ... Mr. The freezing index was again
calculated between the first of July of the first year to the end of
June of the next year, while the air thawing index was calculated

for a whole year period.

The CRU data were validated with the observed data at

meteorological ~stations using the Pearson correlation
coefficient  statistical method. The pearson correlation
coefficient is calculated as follows:
S x,—x)(yi—y
i 1( y )()’1 2] 3)

G- T i)

where 7, is the correlation coefficient, # is the length of the time
series, and x; and y; are the observed data and CRU data in year i,
respectively. X and y are mean values of observed data and CRU
data. The value of 7, has a range from -1 to 1, with values close to
1 indicating a high positive correlation between two analyzed
parameters. The CRU TS 4.03 has a grid structure at a spatial
resolution of 0.5° x 0.5° (Harris et al., 2020) and grid cell nodes do
not necessarily match the locations of the meteorological stations.
In this study, we selected six meteorological stations located close
to grid cell centers, with distances between 1.6 and 12.6 km. The
selected stations are UL, Alt, Bkh, AR, MG, and B-U, respectively.
There are no missing values in the current version of the defined
domain in CRU TS 4.03 (Harris et al., 2020).

RESULT

Air Temperature Changes
Figure 2 shows the temporal variability of MAAT with its range
and trend from 1960 to 2020 at the stations. During the study
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TABLE 1 | Trends in freezing and thawing indices at the 30 meteorological stations during the different periods. TSAP: time series available period; na: non-available data.
FDD a and TDD a are the average of freezing degree day and thawing degree day during the TSAP, MAAT is mean annual air temperature, while DFF TDD d is the
difference between freezing degree day and thawing degree day. The symbols */** indicate in that p < 0.05 is referred as statistically significant and p < 0.001 as statistically
highly significant, respectively.

Region Station  1960-1980 1981-2000 2001-2020 TSAP TSAP
nameé  epp TOD FDD TDD FDD TDD year MAAT FDD TDD FDDa TDDa FDDTDDd
°C day yr' °c 10 °C day yr' °C day
yr
Altai uG 36 46 -367% 128  -42 3.8 1960-2020 05% -101* 62% -3493.7 2538.3 -955.4
Altai ULG -108 64 -17.3° 126 -106 19 1960-2020 0.4~  -685™ 7.0 -19165 2,240.9 324.4
Altai Kho 16,1 60 -53.0% 17.9° -17.0 54  1960-2020 0.5  -9.1*  90% -2,423.6 2,706.1 282.5
Altai TO na na  -195° 167% -7.3 52 1973-2020 0.4  -59*  9.2%  -1903.3  1834.0 -69.3
Altai Alt 124 -01 -238° 13.0° -10.6 46 1960-2020 0.4  -7.0%  62% 22134 18359 -377.4
Khuvsgul Khat na na  -21.7*  100° -155 49 1963-2020 04" -84~ 58* -29155 14030 -15125
Khuvsgul MU na na 73 165 -46 62 1963-2020 0.3 = -23  9.3* 22713 22233 -48.0
Khuvsgul RL na na  -157 122* -19 53 1974-2020 0.5*  -95°  82% -4007.0 15176  -2,489.4
Khuvsgul BTS na na  -247° 109* 52 40 1962-2020 05 7.7~ 80~ -3,8984 19330  -1965.4
Khangai uL 51 05 -17.7 140 25 22 1960-2020 03"  -53*  6.8% 27027 20207 -682.0
Khangai Bkh na na  -236° 11.8° -148 51 1963-2020 04"  -62~ 86~ -21049 2227.8 122.9
Khangai AR na na -115 140" -38 49 1969-2020 05%  -56* 109% -16556 2,260.6 605.0
Khangai Tse 33 43 -103 146° -22 -20 1960-2020 03  -46* 84 17507 2049.3 298.6
Khentii DA na na 02 172 92 07 1962-2020 04" = -49* 81 22438 12,2359 79
Khentii UB na na 29 153 175 09  1969-2020 05 -7  12.0% -2,397.1 2,291.1 ~106.0
Orkhon Khu-U 15 35 -22.4° 140 -50 38 1960-2020 02~  -03 83" 25125 2421.1 ~91.4
Selenge
Orkhon OR na na  -148 155%  -47 14  1969-2020 0.4 -2  102% -2,662.0 2,529.8 ~132.2
Selenge
Orkhon BU 10 05 -145 176~ -160 2.2 1960-2020 03~  -35 7.3 -2366.9 2,100.2 -266.7
Selenge
Dornot steppe  Choi na na 78 177 145 34  1981-2019 0.6  -22 144~ -2,1543 2,819.4 665.1
Dornot steppe BO na na -5.1 13.8* -29.1 -3.5 1975-2020 0.2* -3.7 9.7 -2,298.4 2,560.3 261.9
Dornot steppe ~ B-U 53 24 30 114 -41 15 1960-2020 0.4  -6.0° 84" 22050 27303 435.3
Dornot steppe  KH na na 65 126 -58 31  1962-2020 0.3"  -45° 64" 26451 2,640.4 47
Gobi SA na na  -139 138 27 -12 1961-2019 05  -12 117" -1,330.3 3,383.1 2052.9
Gobi DZ ~17.8° -14 -17.0° 145 -57 31  1960-2020 0.4~ -0 9.3 -14167 32450 1828.3
Gobi ss 86 -46 -58 114 -43 66 1960-2020 0.4  -57* 112% 17479 33554  1,607.5
Gobi MG na 25 -163 13.9% -43 30 1960-2020 0.4 -2 9.0~ -1,9289 2,646.6 717.7
Desert GT na na  -11.1*  126° -100 4.8 1971-2020 0.4~  -3.6° 10.8~ -1257.7 3,111.7 1854.0
Desert Khuv na na  -142* 151" 58 64 1969-2020 04"  -44* 108 -1,4058 36005  2,194.7
Desert BT 189 -19 131 155° -29.7* 7.4 1960-2020 0.4~  -46* 88~ -1623.8 36209 1997.1
Desert BA na na -150 88  -81 53 1965-2020 04  -68*  80% -2087.3 3,052.4 965.1

period, MAAT over observation stations ranged from 7.8°C at BH

station to —9.2°C at RL station. The lowest MAATSs were mainly 8

found in northern, western Mongolia, and high-altitude regions. e A ThER A

In contrast, the highest MAATSs appeared in southern and eastern S 4 Slope =0.083 +/-0.020  P<0.05

Mongolia, where the steppe region and the Gobi-desert ecozones § 00

are located. In general, the MAAT decreases with increasing B 0| A AW

latitude and elevation. The significant decreases in MAAT's were ‘é’- Slope =0.040 +/-0.024
accounted at all stations with different trends, which range from £ el e F20.05

0.2°C decade™ to 0.6°C decade™'. Values above 0.4°C decade™ =<

account for 76 percent of total trends and above 0.5°C decade™ 8

for 26 percent of total trends (Table 1). As shown in Figure 2, the , : : : ; : ,
long-term average trend of MAATS from all stations can be split 4560 AS70 1580 é‘«;‘iz Lt e 2020
in three distinct stages. From 1960 to 1980, MAAT increased by

approximately 0.1°C decade™, while a more significant increase FIGURE 2 | MAAT with the trend from 1960 to 2020 based on 30

in MAAT occurred during the second stage (1981-2000) with stations across Mongolia. The plot includes the range of MAAT (cyan,
about 0.8°C decade™. The third stage had the trend of 04°C shaded), the linear trend from 1960 to 1980 (purple dash line), the linear trend
decade™! from 2001 to 2020, which is almost the same as the long- from 1981 tg 2000 (red d.ash line), the linear trend from 2001 to ZQZO
term trend from 1960 to 2020. In addition, the result implies that (Sg,[:z;Cdﬁglﬂ?{isglﬂ:zé?:srtgiﬂg ZZEQ_??&Lf:ﬁi%S'aCK dash{ine). The

the air temperature across the stations warmed by 2.4°C from
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1960 to 2020, which was also found in a previous study (MARCC,
2014).

Temporal Variations in Freezing and
Thawing Indices From In-situ
Measurements

To assess the spatiotemporal variations in freezing and
thawing indices, we divided the Mongolian territory in
eight sub-regions. According to Figures 3, 4, freezing and
thawing indices at 30 meteorological stations across

Mongolia show significant changes in their spatial patterns
and temporal trends. During the study period, the freezing
index ranged from —-945.5°C day at GT in the desert zone to
-4,793.6°C day at RL in the Khuvsgul mountains, with a mean
of —2,253.8°C day from the 30 stations. In general, there was
an evident reduction in the freezing index from 1960 to 2020,
despite the strong interannual variability (Figure 3 and
Table 1). The results show that the decrease of the
freezing index (i.e. to less positive values) at the all
stations were higher during 1981-2000 than during
2001-2020 and 1960-1980, respectively. The long-term
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trend of the freezing index was more than —5.9°C day yr ' in
the Altai mountains, —-2.3°Cday yr ' in the Khuvsgul
mountains, -4.6°Cday yr ' in the Khangai mountains,
-0.3°Cday yr ' in the Orkhon and Selenge rivers,
-4.9°Cday yr™' in the Khentii mountains, —1.2°C day yr'
in the Dornod steppe and Gobi zone, and more than
-3.6°Cday yr' in the Desert zone, respectively. In most
cases, the trends in the freezing index increased with
altitude in the Khuvgul, Khangai, and Khentii mountains.

However, the increase in freezing index is not clearly related to
the altitude in the Altai mountains as well as Gobi-desert and
steppe zones (Table 1). Especially within mountain areas, trends
in the freezing index can be variable due to the considerable
extent and variations in altitude. For example, the Altai
mountains span several latitudes and comprise a range of
ecozones (Figure 1), which can produce locally different
climate conditions which likely lead different temporal
patterns. The same is true for the Gobi-desert and steppe
zones. On the other hand, the Khuvsgul, Khentii and Khangai
mountains span a smaller latitudinal range and consist of fewer
ecozones (Figure 1).

During the study period, thawing indices from the 30 station
showed variations from 1,164.4°C day at Khat in the Khuvsgul
mountains to 4,021.3°C day at Khuv in Desert zone, with an
average of 2,507.7°C day. Similar to the freezing index, the
increase in thawing index was strongest between 1981 and
2000 at all stations (>8.8°C dayyr '), while it was smaller in
both 2001-2020 and 1960-1980 (Figure 4; Table 1).

For a few stations, thawing indices even decreased during the
periods 2001-2020 and 1960-1980, e.g. —4.6°C day yr ' at SS
from 1960 to 1980 and —2.0°C day yr~" at Tse from 2001 to 2020.
However, the long-term trend is clearly positive, exceeding
6.2°Cday yr ' in the Altai mountains, 5.8°Cday yr ' in the
Khuvsgul mountains, 6.8°Cday yr' in the Khangai
mountains, 7.3°Cday yr ' in the Orkhon and Selenge rivers,
8.1°Cday yr ' in the Khentii mountains, 6.4°C day yr ' in the
Dornod steppe, 9.3°C day yr~' in the Gobi zone and 8.0°C day
yr ' in the desert zone, respectively (Table 1). Our results indicate
that the increase in the thawing index is generally smaller for
subregions located at lower altitudes. However, there is no clear
correlation between the trends in the thawing index and altitudes
in the subregions, which could be due to the high spatial
variability of local climate conditions not sufficiently
represented by the available stations.

Freezing and thawing indices are key indicator to characterize
spatiotemporal patterns of climate conditions. As shown in
Table 1, latitude and altitude naturally explain a large part of
the differences between freezing and thawing indices. The
absolute values of the freezing index exceed the thawing index
in the northern and mountainous parts of Mongolia (coincident
with occurrence of permafrost), while the opposite is true in the
southern or steppes parts of Mongolia, where mainly seasonally
frozen ground occurs. The sums of freezing and thawing indices
range from -2,489.4°C day at RL in the Khuvsgul mountains to
2,197.4°C day at GT in the desert zone. In the central parts of
Mongolia and low altitudes in northern parts, freezing and
thawing indices largely balance each other.

Freezing Thawing Indices in Mongolia

Spatial Variations in Freezing and Thawing
Indices From CRU Data

To assess the performance of the CRU data in reproducing
freezing and thawing indices in Mongolia, we compared them
to observations from six stations (Alt, BKh, UL, MG, AR, and
B-U), which are located close to the center of a CRU grid cell
(1.6-12.6 km, Table 2). The comparison period is the same as
shown the observation period in Table 1. The results show
statistical relationship (p values < 0.0001), with the correlation
coefficient between 0.79 and 0.88 for the freezing index, and
between 0.76 and 0.91 for the thawing index, although MAE and
RMSE have relatively large values (Figures 5A,B). This indicates
that the CRU data can describe the spatiotemporal variations over
Mongolia reasonably well. However, at the high latitudes and
altitudes, the CRU data show slightly lower thawing and freezing
indices than the observations, while it was the opposite for the low
latitudes and altitudes. Since only 13 stations have complete data
covering the study period, they were used to test the trend of the
CRU data. Figure 5C compares the trends of indices from the
CRU data and observations at 13 stations. It shows that there is
acceptability good agreement, with the Pearson correlation
coefficients 0.77 for the thawing index and 0.73 for the
freezing index. Therefore, the CRU data can be used to
quantify the spatial patterns of both the absolute values and
the trends of freezing and thawing indices over Mongolia (using
kriging interpolation, Figure 6).

As shown in Figures 6A,B,E, the averages of the freezing and
thawing indices over Mongolia from 1960 to 2019 show strong
variations with both latitude and altitude. The long-term average
freezing index varied from -611.2 to —4,034.6°C day in Mongolia,
with lower negative values towards to the south. The four most
negative freezing indices were found at high altitudes in the Altai,
Khuvsgul, Khangai, and Khentii mountain regions, where the
freezing index was lower than -3000°C day (Figure 6A)
concurrent with continuous permafrost (Obu et al., 2019). In
the Dornod steppe, the freezing index usually ranged from —1800
to —2400°C day, and similar values are also found at low altitudes
near the confluence of the Selenge, Orkhon, and Tuul rivers,
despite being located in the northern part of Mongolia. This
shows the important role of altitude in addition to latitude.
Smaller absolute values of the freezing index occur in the
Gobi-desert, not exceeding —2000°C day, where only seasonal
frozen ground occurs (Figure 6A).

The thawing index over Mongolia ranges from 811.5 to
3,920.7°C day, and the spatial pattern is strongly correlated
with the freezing index (Figure 6B). The highest thawing
indices are found in the Gobi-desert with values exceeding
3000°C day, while the lowest values are found at high altitudes
in the Altai, Khuvsgul, Khangai, and Khentii mountain regions.
In the steppes and the Great lake depression, the thawing index
varies from 2100 to 3000°C day. Around at the confluence of the
Selenge, Orkhon, and Tuul rivers, the thawing indices range from
1800 to 2000°C day (Figure 6B).

From 1960 to 2019, the declining trend of freezing indices
ranged from -2.6 to —9.4°Cday yr ' over Mongolia (Figures
6C,D). The west and north parts of Mongolia with high altitudes
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TABLE 2 | Difference in selected variables between the node (i.e. grid center) and meteorological stations at the six comparison sites. Note: MID = minimum difference;
MAD = maximum difference; MED = mean difference. The slash represents the CRU data in front and the station in behind.

Variable Unit CRU/UL CRU/B-U CRU/AIt CRU/AR CRU/Bkh CRU/MG
Altitudes at the node and station m, a.s.l 1855/1751 1,309/966 2,719/2,180 1868/1813 1967/1859 1,365/1,393
Distance between node and station km 8.5 8.4 12.6 3.2 7.2 1.6
MID of freezing and thawing days °C day —-726/-676 -187/-84 -557/-505 -249/-8 -568/-600 -25/73
MAD of freezing and thawing days °C day -365/-102 152/584 -353/-69 142/303 -261/199 261/631
MED of freezing and thawing days °C day -539/-390 19177 —456/-291 13/132 -383/92 184/263
CRU data (°C day yr?)
A r=0.94, P<0.0001, RMSE=307.2, MAE=2915 B r=0.95, P<0.0001, RMSE=458.3, MAE=456.0 c -12 -8 X 0
-1000 | r=0.93, P<0.000, RMSE=120.5, MAE=102.8 r=0.96, P<0.0001, RMSE=388.2, MAE=384.7 * 0
y r=0.77 P<0.003
4 20
3000 / g
-2000 43
3 3 =
: g 6%
@ » o
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-3000 83
Ful
r=0.86, P<0.0001, RMSE=550.0, MAE=543.5 -lOv
F 5,V 3 =0.96, P<0.0001, RMS 9, MAE=184.8 * r=0.73 P<0.005
r=0.93, P P 2.4, M, 1.0 r=0.95, P<0.0001, RMS| .4, MAE=42.6
4000 r=0.92, P<0.0001, RMSE 213.3, MAE=183.6 1000 r = 0.93, P<0.0001, RMSE=70.9, MAE=52.6 Lo
-4000 -3000 -2000 -1000 1000 2000 3000 0 s 8 12
CRU data CRU data CRU data (°C day yr*)
FIGURE 5 | Comparison between CRU data and observed data at the six sites (A) for freezing index and (B) thawing index. Note: The pink, black, green, orange,
blue, and red colours in (A,B) represent the Alt, BKh, UL, MG, AR, and B-U regions, respectively. For comparison, the closest meteorological station to the center of the
CRU grid cell has been selected. The comparison period is the same as shown the observation period in Table 1. (C) Linear regression between trends of freezing index
(blue colour) and thawing index (red colour) from observation and CRU data. For the comparison, trends were calculated between 1960 and 2019 at 13 stations
which have full observations from 1960 to 2020 as shown in Table 1, with CRU grid cells selected as in (A,B).

featured the largest decrease in freezing index (>7.0°C day yr™),
whereas the lowest trends (<4.0°C day yr™') are found around the
confluence of the Orkhon, Selenge and Tuul rivers, in the
northern parts of the Dornod steppe and some regions of
Desert zone, as well as in the Khentii mountains where the
trend of freezing index approximately varied from -3.5 to
-4.0°Cday yr'. (Figure 6C). Thawing indices increased by
3.1-9.1°Cday yr' from 1960 to 2019 (Figure 6D). With
>7.0°Cday yr', the largest increases occurred in the Gobi-
desert, steppes, Great lake depression, and around the
confluence of the Selenge, Orkhon, and Tuul rivers. The
lowest trends (<4.0°Cday yr') are found in the Altai
mountains, while the trends are higher in the other mountain
ranges (Khangai, Khuvsgul and Khentii). Overall, the thawing
index trends of the CRU data have similar spatial patterns as the
observations.

DISCUSSION

Climate change has changed land surface temperature regimes in
many regions of the world (IPCC, 2013), causing unequalled
shifts in freezing and thawing degree days from local to regional
scales (Frauenfeld et al., 2007; Wu et al., 2011; Luo et al., 2014;
Peng et al, 2019; Shi et al, 2019). Inner East Asia, including
Mongolia, is one of the hotspots with the strongest warming since

the second half of the 20th century, which for example has
dramatically increase the frequency of heat waves (Erdenebat
and Sato, 2016; Zhang et al., 2020). A few previous studies have
evaluated freezing and thawing indices over Mongolia, partly also
using CRU data and field observations. For instance, according to
a large-scale study based on the gridded temperature data from
1901 to 2015, Mongolia experienced more pronounced decreases
in the freezing index (and increases in thawing index) than
Alaska, Russia, Canada and the Tibetan Plateau (Shi et al,
2019). A local scale study based on ground surface
temperatures from 20 sites in Mongolia showed that the
surface thawing indices increased statistically significant by
29°C-day per year, but no significant trends in the surface
freezing indices were observed during 1987-2005 (Wu et al,
2011).

The present study evaluates the long-term patterns and trends
in air freezing and thawing index over Mongolia for 20 years
intervals, using in-situ observations of air temperature and
gridded CRU data. The maximum values for both indices have
been recorded in the most recent 20 years (Figures 3, 4), which is
evidence of the long-term warming. In agreement with previous
studies (Wu et al., 2011; Shi et al., 2019), our results suggest that
the decrease of the freezing index and increase of the thawing
index in Mongolia are particularly noticeable since the beginning
of the 1980s and 1990s. In this study, we not only analyzed the
spatial distribution of freezing and thawing indices over
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Mongolia, but also the variations of their trends in time. In
particular, the highest trends in both freezing and thawing indices
occurred during 1981-2000, with maximum trends reaching
—53.0°C -day per year for the freezing and 17.9°C -day per
year for the thawing index (Kho station, Table 1), which is
significantly more than in the former and latter 20 years
periods. The maximum values for both indices have been
recorded in the most recent 20 years (Figures 3, 4), which is
evidence of the long-term warming. A similar result was noted by
Hu et al. (2021), who found that the warming rate was
considerably higher from 1980 to 1995 than that from 1996 to
2018 in permafrost regions in the Northern Hemisphere.
Furthermore, the most intensive warming around Mongolia
has occurred in the 1980s, 1990s, and 2000s, in line with
global average temperature increases over the past century due

to anthropogenic greenhouse gases emissions (IPCC, 2013). In
addition, regional climate conditions could be important to
explain changes in near surface temperature in Mongolia, in
particular the atmospheric circulation influenced by the intensity
of the central Siberian High and the pronounced warming in the
Arctic (Gong and Ho, 2002; Erdenebat and Sato, 2016; Cohen
et al., 2020). Finally, differences in freezing and thawing indices
are likely influenced by local environmental factors, such as
hydrology, soil texture, vegetation, snow cover, topography,
solar radiation, surface cover, and surface energy balance
(Smith and Riseborough, 2002; Romanovsky et al., 2007;
Dashtseren et al., 2014; Hu et al., 2021).

The long-term trends generally show that the thawing index is
changing faster than the freezing index in Mongolia (Table 1). At
the 30 stations in Mongolia, the long-term trends in freezing
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indices varied from 0.3°C-day per year to 10.1°C -day per year
with an average of 5.4°C-day per year (Table 1), which is higher
than the estimates by Shi et al. (2019) for Mongolia (3.7°C -day
per year for 1988-2015) and by Peng et al. (2019) (1.6°C -day per
year) for China, while a similar trend (5.4°C-day per year for
1980-2018) was found in transitional permafrost regions, where
Mongolia is located (Hu et al., 2021). The differences to these
studies can likely be explained by the more extensive data set
analyzed for this study. The long-term trends in thawing indices
at the stations were found to be between 5.8°C-day per year and
14.4°C-day per year, with a mean of 8.9°C-day per year (Table 1).
Similar magnitudes have been found over Mongolia after 1990
(Shi et al., 2019), but also here the trends are higher than in
Alaska, Russia, Canada, the Tibetan Plateau, China and
transitional permafrost regions (Peng et al, 2019; Shi et al,
2019; Hu et al., 2021). In addition, a comparison between our
study and Wu et al. (2011) reveals that the changes in air thawing
and freezing indices are probably lower than those in the ground
surface indices. As both changes in air and surface indices affect
the ground thermal regime, the duration of ground thawing is
likely increased compared to the period of ground freezing over
Mongolia.

The analysis of the CRU data is associated with
uncertainties, related to the use of mean monthly
temperature data to compute thawing and freezing indices
(Shi et al., 2019; Harris et al., 2020), and to the spatial
resolution of the gridded data set. Figure 5 shows that there
is an offset between the long-term values of the indices
computed from the CRU and observations for some of the
stations. In many cases, these differences could be explained by
the different altitudes of the CRU grid cells and the
meteorological stations. For example, at the UL, AL and
B-Kh stations, the CRU data are associated with lower
altitudes as the observations, while CRU altitudes were
higher for B-U, AR and MG (Table 2). Furthermore, the
spatial distance between the CRU node and the station
could play a role for the match between the two data sets.
Despite the clear differences in the absolute values for some
stations, the CRU data and the meteorological stations
displayed similar temporal trends for both the freezing and
thawing indices (Figure 4C). This suggests that the spatial
patterns of the trends across Mongolia (Figures 5C,D) is in
agreement with the observational data at selected points.
Moreover, the CRU data provide a coarse-scale picture over
Mongolia, while the station data are also affected by local
trends.

The results from this study indicate that the decrease in the
freezing index is usually higher in mountain regions and the north of
Mongolia featuring permafrost, compared to steppes and the Gobi-
desert dominated by seasonally frozen ground. The opposite
occurred for the thawing index. As reported in MARCC (2014),
the air temperature has increased strongly in the mountainous
regions, more than in the Gobi-desert and steppes regions. For
regional comparison, a study within permafrost regions in the
Northern Hemisphere revealed that the trends in hawing and
freezing indices were highest in high altitude regions compared
to high altitude and transitional regions (Hu et al., 2021).

Freezing Thawing Indices in Mongolia

The decrease of the freezing index and increase in the
thawing index over Mongolia has likely led to permafrost
thawing and the formation of taliks, which has been
recorded at the southern permafrost boundary in Mongolia
(Ishikawa et al., 2018). Even where permafrost is still stable,
increases in the thawing index could lead to deepening of the
active layer, which has widely occurred in Mongolia (Sharkhuu
et al., 2007; Sharkhuu et al., 2008; Zhao et al., 2010; Jambaljav,
2017; Dashtseren, 2021). Meanwhile, the permafrost in the
Khuvsgul region is degrading more rapidly than in the Khangai
and Khentii mountains in agreement with the strong changes
in thawing/freezing index in these regions (Jambaljav, 2017;
Dashtseren, 2021). In addition, the changes of the freezing and
thawing index can lead to recessions of glaciers in the Altai,
Khangai and Khuvsgul mountains, which have been described
in several studies (e.g., Baast, 1998; Kamp and Pan, 2015;
Orkhonselenge, 2017; Pan et al., 2018). Furthermore, ongoing
and further projected changes of the freezing index (Peng et al.,
2019) also lead to shallower freezing depths for seasonally
frozen ground in the steppe and Gobi-desert of Mongolia,
which might affect local ecosystems.

CONCLUSION

In this study, we investigate changes in freezing and thawing
indices over Mongolia based on the observed data from 30
selected meteorological stations, as well as gridded CRU data
which reproduce observed trends well. The latitude and
altitude play the dominant roles in the spatial patterns of
freezing and thawing indices over Mongolia. The long-term
freezing and thawing indices the stations varies from —945.5 to
-4,793.6°C day and 1,164.4 to 4,021.3°C day, respectively. Both
indices and MAAT have shown warming trends. MAAT has
warmed by 2.4°C, across Mongolia. Which is the higher than
the global mean. The recorded trends in the freezing and
thawing indices are large compared other regions in the
Northern Hemisphere. In Mongolia, the freezing index has
decreased with the range from —0.3°C-day per year to —10.1°C-
day per year, while the thawing index has increased between
5.8°C-day per year and 14.4°C-day per year. During the last
2 decades, the highest values for both the thawing index and
the freezing index (i.e. the least negative values) have occurred.
However, the largest changes of thawing and freezing indices
occurred between 1981 and 2000. Overall, the increase in the
thawing index in the steppe and Gobi-desert is higher than that
in the mountain and northern parts of Mongolia, where the
strongest trends in the freezing index was recorded. The
changes in the freezing and thawing indices reflect the
multi-decadal warming trend, which can enhance the
degradation of permafrost and reduce the thickness of the
seasonally frozen ground, thus affecting ecosystems and land
use in Mongolia. While this study provides detailed
information on large-scale changes over Mongolia, the role
of local environmental effects on the freezing and thawing
indices need to be further studied to fully understand the
impact on ecosystems and livelihoods.
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