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Abstract
Based on 22 high-resolution multi-model datasets (NEX-GDDP-CMIP6)
that have undergone bias correction and downscaling, the changes in annual
maximum freezing depth, freezing onset date, thawing termination date, and
the areal extent of seasonally frozen ground on the northeastern Tibetan
Plateau under different emission scenarios in the mid-21st century (2025–2000)
and late 21st century (2061–2100) are projected. The results indicate that, in
the mid-21st century, the annual maximum freezing depth will decrease signif-
icantly under all emission scenarios, by 9.8–14.9 cm relative to the historical
reference period. Meanwhile, under the three emission scenarios, the onset
date of seasonal freezing will be delayed at a rate of 1–3 d・(10a)-1, whereas
the thawing termination date will advance at a rate of -2 to -4 d・(10a)-1. The
advancement rate of the thawing termination date is approximately twice the
delay rate of the freezing onset date, and the higher the emission scenario, the
more pronounced the shortening of the freezing period. Under the low-emission
scenario, changes in seasonally frozen ground are relatively moderate in the
late 21st century; under the medium-emission scenario in the late 21st century,
the change rates of maximum freezing depth and freeze–thaw period are close
to those projected for the mid-21st century under the low-emission scenario;
under the high-emission scenario, however, the maximum freezing depth will
continue to decrease markedly, and the freezing period will be substantially
shortened. From the perspective of different eco-functional zones, in the mid-
and late 21st century, the annual maximum freezing depth of seasonal frozen
ground in the eastern agricultural region decreases the fastest under the low-
and medium-emission scenarios, whereas under the high-emission scenario,
the Three-River Source region exhibits the highest rate of decrease in annual
maximum freezing depth of seasonal frozen ground; the shortening of the
freezing period is also most pronounced in the Three-River Source region. In
the mid-21st century, the area of seasonal frozen ground increases by 14.4–
19.8$×104𝑘𝑚2𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒𝑡𝑜𝑡ℎ𝑒𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑝𝑒𝑟𝑖𝑜𝑑𝑢𝑛𝑑𝑒𝑟𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜𝑠; 𝑏𝑦𝑡ℎ𝑒𝑙𝑎𝑡𝑒21𝑠𝑡𝑐𝑒𝑛𝑡𝑢𝑟𝑦, 𝑡ℎ𝑒𝑎𝑟𝑒𝑎𝑜𝑓𝑠𝑒𝑎𝑠𝑜𝑛𝑎𝑙𝑓𝑟𝑜𝑧𝑒𝑛𝑔𝑟𝑜𝑢𝑛𝑑𝑓𝑢𝑟𝑡ℎ𝑒𝑟𝑒𝑥𝑝𝑎𝑛𝑑𝑠, 𝑤𝑖𝑡ℎ𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑠𝑜𝑓2.2×104𝑘𝑚2, 8.6×104𝑘𝑚2, 𝑎𝑛𝑑12.4×$104
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km2 under the low-, medium-, and high-emission scenarios, respectively. Over-
all, seasonally frozen ground in the northeastern Tibetan Plateau is projected
to respond strongly to future climate change, with the reduction in maximum
freezing depth and shortening of the freezing period being most pronounced
under the high-emission scenario, and the transition from permafrost to
seasonally frozen ground becoming more intense, whereas energy conservation
and emission reduction will help to mitigate the future degradation trend of
frozen ground.
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Abstract

Based on 22 bias-corrected and downscaled high-resolution simulations from
NEX-GDDP-CMIP6, this study projects changes in the annual maximum freez-
ing depth, freezing start date, thawing end date, and areal extent of seasonally
frozen ground over the northeastern Qinghai-Xizang Plateau under SSP1-2.6,
SSP2-4.5, and SSP5-8.5 scenarios for the mid-21st century (2025–2060) and
late 21st century (2061–2100). The results show that, across all three scenarios,
the annual maximum freezing depth is projected to decrease significantly by 9.8–
14.9 cm during the mid-21st century relative to the historical reference period
(1995–2014). Concurrently, the freezing start date is projected to delay at a
rate of 1–3 days per decade, while the thawing end date is projected to advance
at a rate of 2–4 days per decade, with the advance occurring nearly twice as
rapidly as the delay. The shortening of the frozen period becomes more pro-
nounced under higher emission scenarios. Under the SSP1-2.6 scenario, changes
in seasonally frozen ground remain relatively stable in the late 21st century. Un-
der SSP2-4.5, the rates of change in maximum freezing depth and freeze-thaw
timing resemble those projected for the mid-21st century under SSP1-2.6. Un-
der SSP5-8.5, the maximum freezing depth continues to decrease substantially,
accompanied by a significant shortening of the frozen period. Across different
ecological functional zones, the annual maximum freezing depth of seasonally
frozen ground decreases most rapidly in the eastern agricultural area during the
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mid- and late 21st century under SSP1-2.6 and SSP2-4.5 scenarios, whereas the
Three River Source Region experiences the fastest rate of decline under SSP5-
8.5. Moreover, the frozen period shortens most significantly in the Three River
Source region across all scenarios. The area of seasonally frozen ground is pro-
jected to expand by 14.4$×10{4}–19.8×10{4}$ km2 in the mid-21st century across
all scenarios relative to the historical reference period. This expansion contin-
ues into the late 21st century, with further increases of 2.2$×10^{4}$ km2,
8.6$×10^{4}$ km2, and 12.4$×10^{4}$ km2 under SSP1-2.6, SSP2-4.5, and
SSP5-8.5, respectively. Overall, seasonally frozen ground in the northeastern
Qinghai-Xizang Plateau will be profoundly affected by future climate change,
with the most pronounced reductions in maximum freezing depth and frozen
period duration under SSP5-8.5 alongside accelerated permafrost-to-seasonally-
frozen-ground conversion, and energy conservation and emission reduction mea-
sures can effectively mitigate this degradation trend.

Keywords: Qinghai-Xizang Plateau; seasonal frozen ground; climate change;
NEX-GDDP-CMIP6

1. Introduction
The Qinghai-Xizang Plateau, with its unique underlying surface characteris-
tics and distinctive atmospheric processes, represents a sensitive and vulnerable
region of global climate and environmental change, as well as a key area experi-
encing the most significant warming worldwide. Under a warming climate, the
plateau’s cryosphere, water resources, and ecosystems are undergoing rapid and
profound changes, with climate risks exhibiting increasing aggregation effects,
chain reactions, and amplification impacts. Natural systems and human soci-
ety face multiple challenges and severe threats from climate warming. When a
component of the climate system reaches a state where it can self-sustain with-
out external forcing, it signifies that a tipping point has been reached. Tipping
points in the Earth system represent one of the greatest risks in our changing
world, as they may trigger abrupt or irreversible severe damage, or both. The
2023 Global Tipping Points Report identified 26 critical elements, of which 10
belong to the cryosphere. Since the 21st century, abrupt cryospheric events have
been observed on the plateau, likely related to regionally high warming rates
and frequent extreme precipitation. These cryospheric mutations pose destruc-
tive threats to local and downstream climate, water resources, ecosystems, and
socio-economics, representing a significant factor endangering China’s climate
security that requires adequate attention and effective risk reduction measures.

Frozen ground constitutes an important component of the Qinghai-Xizang
Plateau cryosphere. Near-surface soil freeze-thaw processes directly affect soil
hydrothermal conditions, triggering changes in physical and chemical properties
that significantly impact regional landscape patterns, ecosystem functions,
hydrological processes, and major engineering projects. Freeze-thaw cycles
enhance energy exchange between soil and atmosphere, thereby influencing
East Asian regional climate through atmospheric circulation. Meanwhile, soil
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carbon stored in frozen ground may be released into the atmosphere through
freeze-thaw cycles. Additionally, regional hydrological processes on the plateau,
including runoff generation, groundwater-surface water interactions, and soil
moisture conditions, are all affected by frozen ground.

Numerous observational and modeling studies have demonstrated that over past
decades, significant changes have occurred in frozen ground start/end dates, du-
ration, and depth, exhibiting clear regional differences. With rising air temper-
atures, soil freeze-thaw processes have generally shown delayed freezing onset,
earlier thawing, shortened frozen periods, and shallower freezing depths, partic-
ularly pronounced in high-latitude and high-altitude regions. Climate warming
has been confirmed as the primary cause of seasonal frozen ground degradation.
Under the SSP5-8.5 scenario, the retreat rate of frozen ground area in the North-
ern Hemisphere is 2–3 times that under SSP1-2.6, and effective greenhouse gas
emission control can significantly slow permafrost degradation and reduce rapid
thawing risks. By the end of this century, all emission scenarios project signif-
icant shortening of frozen periods and prolonged thawing periods in Northern
Hemisphere permafrost, with continuously rising soil temperatures weakening
freezing capacity. Under future warming, permafrost loss on the Qinghai-Xizang
Plateau may exceed that in the Arctic, facing more severe degradation risks. By
the end of this century under different emission scenarios, the maximum freez-
ing depth of seasonal frozen ground on the plateau is projected to decrease by
47.71 cm (SSP1-2.6), 39.5 cm (SSP2-4.5), and 24.6 cm (SSP5-8.5), with the
reduction showing clear elevation dependency—higher elevations exhibit greater
reduction rates. From a basin perspective, the Qinghai Lake basin shows the
fastest reduction rate. Under the medium emission scenario (RCP45/SSP245),
permafrost area on the plateau is projected to decrease by 65$×10^{4}$ km2

and 61$×10^{4}$ km2 by 2100 relative to current conditions. Facing the dual
pressures of climate warming and cryosphere shrinkage, systematic projection
and analysis of future evolution trends of seasonal frozen ground in the north-
eastern plateau are necessary.

This study employs 22 bias-corrected and downscaled high-resolution multi-
model datasets (NEX-GDDP-CMIP6) to project future freeze-thaw periods, an-
nual maximum freezing depth, and area of seasonal frozen ground in the north-
eastern Qinghai-Xizang Plateau, analyzing mid- and late-21st century degrada-
tion trends under different emission scenarios to provide references for climate
change adaptation and mitigation in the cryosphere domain.

2. Data and Methods
2.1 Data Sources

Daily frozen soil depth, mean temperature, maximum temperature, minimum
temperature, and precipitation data from 1961–2020 were obtained from surface
meteorological observation stations in the northeastern Qinghai-Xizang Plateau.
This data originates from manually quality-controlled surface meteorological
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observations to ensure accuracy and reliability. Except for Tuotuohe (where
no frozen soil instrument was installed due to terrain or geological conditions)
and unattended stations at Tuole, Qingshuihe, Wudaoliang, Yeniugou, Chaka,
Lenghu, and Xiaozaohuo, all national surface meteorological observation sta-
tions have complete frozen soil records. The selected 45 stations are mainly
distributed in seasonal frozen ground regions [Figure 1: see original paper].

The model data used in this study are derived from NASA’s NEX-GDDP-
CMIP6, which generated daily mean, maximum, and minimum temperature
and precipitation data for the historical period and three emission scenarios
(SSP1-2.6, SSP2-4.5, SSP5-8.5) using bias correction and spatial disaggregation
(BCSD) methods based on 22 CMIP6 climate model outputs. The horizontal
spatial resolution is 25 km .

2.2 Research Methods

According to the China Meteorological Administration’s Code of Practice for
Surface Meteorological Observation, the date when frozen soil depth stabilizes
at a non-zero value is defined as the freezing start date, and the last day before
October 31 when frozen soil depth stabilizes at zero is defined as the thawing
end date. The period from the previous July 1 to June 30 of the following
year is designated as a freezing year, with freezing start and thawing end dates
converted to day numbers for statistical analysis [43].

To comprehensively assess the impacts of temperature, precipitation, maximum
temperature, and minimum temperature on seasonal frozen ground indices, inte-
grated impact assessment models were established between climate factors and
frozen ground indicators. Due to large magnitude differences between frozen
ground indices and climate variables, normalization was applied to freezing start
date, thawing end date, annual maximum freezing depth, precipitation, mean
temperature, maximum temperature, and minimum temperature. Regression
equations were constructed between major frozen ground indices and climate
factors, with coefficients determining the weight of different meteorological ele-
ments (Table 2). The fitted equations show that seasonal frozen ground freezing
start date decreases (delays) with increasing November mean temperature, con-
sistent with physical mechanisms and objective facts. The thawing end date
advances with increased spring precipitation and rising spring mean and mini-
mum temperatures. Annual maximum freezing depth decreases with increased
precipitation during soil freezing months, rising winter mean temperature, and
rising winter minimum temperature.

Using the established integrated impact assessment models, seasonal frozen
ground annual maximum freezing depth, freezing start date, and thawing end
date in the northeastern plateau were simulated. Results show correlation coef-
ficients of 0.81, 0.78, and 0.85 between simulated and observed values for annual
maximum freezing depth, freezing start date, and thawing end date, respectively,
all passing the 0.001 significance level. These high correlations indicate strong
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model credibility in estimating frozen ground freeze-thaw periods and maximum
freezing depth, confirming climate change as the main driver of regional frozen
ground index variations. Based on these models and climate variables under
different emission scenarios, possible future trends in seasonal frozen ground
indices were projected.

Frozen ground area was estimated using the Surface Frost Index (SFI) model
proposed by Nelson and Outcalt [44]:

SFI = FI
FI + TI

where FI and TI are freezing and thawing indices, respectively, representing
cumulative values of daily air temperature below 0°C (cold season) and above
0°C (warm season). The freezing index calculation spans the complete winter
period from July 1 to June 30 of the following year, while the thawing index
covers June 1–August 31. In permafrost regions, SFI ≥ 0.5; in seasonal frozen
ground regions, SFI < 0.5. Therefore, SFI = 0.5 was selected as the boundary
between seasonal and permafrost [45]. Using ArcGIS spatial analysis techniques
and a digital elevation model, different frozen ground types in the northeastern
plateau were calculated [46].

3. Results
3.1 Future Changes in Maximum Freezing Depth

Figure 3 shows the multi-model ensemble mean annual maximum freezing depth
of seasonal frozen ground under the three scenarios. Across all scenarios, the
annual maximum freezing depth exhibits significant decreasing trends during
the mid-21st century, with climate tendency rates of -1.9 cm/decade (SSP1-
2.6), -3.8 cm/decade (SSP2-4.5), and -5.3 cm/decade (SSP5-8.5), all passing
the 0.001 significance level. Under the low emission scenario, the decreasing
trend becomes insignificant in the late 21st century, while under medium and
high emission scenarios, significant decreasing trends persist at rates of -2.3
cm/decade and -5.1 cm/decade, respectively.

Figure 4 shows climate tendency rates for different ecological functional zones.
Under SSP1-2.6, the eastern agricultural area shows the fastest decrease in
annual maximum freezing depth, while the Three River Source Region shows
the slowest. Under SSP2-4.5, the eastern agricultural area again shows the
fastest decrease. Under SSP5-8.5, the Three River Source Region exhibits the
most pronounced decrease in annual maximum freezing depth. In the late 21st
century under SSP1-2.6, all regions show weak increasing trends in mean annual
maximum freezing depth. Under SSP2-4.5, the decreasing rate slows overall.
Under SSP5-8.5, all regions show continued decreasing trends, with the Three
River Source Region remaining the area with fastest depth reduction. Thus,
high emission scenarios make the Three River Source Region the core area for
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frozen depth reduction in the mid-21st century, while degradation trends slow
significantly across all regions under low and medium emission scenarios in the
late 21st century.

Based on multi-model ensemble projections, the change rate of annual maximum
freezing depth shows regional heterogeneity (Figure 4), with consistently posi-
tive skewness in distribution. Without effective emission reductions (SSP5-8.5),
change rates in the mid-21st century are predominantly negative, ranging from
-4 to -8 cm/decade. Under low and medium emission scenarios, the decreasing
rate of maximum freezing depth slows in the late 21st century compared to the
mid-21st century. Notably, the frequency distribution of change rates under
medium emission in the late 21st century resembles that under low emission in
the mid-21st century.

Compared with the historical reference period (1995–2014), annual maximum
freezing depth decreases by 9.8 cm, 11.2 cm, and 14.9 cm in the mid-21st century
under SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively. In the late 21st century,
decreases are 12.1 cm, 21.0 cm, and 39.5 cm, respectively. The reduction rate
under SSP2-4.5 in the late 21st century is similar to that under SSP1-2.6 in
the mid-21st century. Under SSP5-8.5, the reduction continues to accelerate,
reaching 24.6 cm in the late 21st century.

3.2 Future Changes in Freeze-Thaw Period

Figure 5 shows projected changes in freezing start and thawing end dates. Un-
der SSP1-2.6, the freezing start date shows a delayed trend of 1.0 day/decade
in the mid-21st century, while under SSP2-4.5 and SSP5-8.5, delays are 2.0 and
3.0 days/decade, respectively, all significant at the 0.001 level. The delay trend
becomes insignificant under SSP1-2.6 in the late 21st century but remains sig-
nificant under medium and high emission scenarios at 1.0 and 3.0 days/decade,
respectively.

Correspondingly, the thawing end date shows consistent advancing trends across
all scenarios in the mid-21st century, with rates of -2.0 days/decade (SSP1-2.6),
-3.0 days/decade (SSP2-4.5), and -4.0 days/decade (SSP5-8.5). The advance
rate is approximately twice the delay rate of the freezing start date. In the
late 21st century, the advancing trend becomes insignificant under SSP1-2.6
but remains significant under medium and high emission scenarios at -2.0 and
-4.0 days/decade, respectively, though the rate slows compared to the mid-21st
century.

Compared with the historical reference period, freezing start dates are delayed
by 1–3 days and thawing end dates advanced by 2–4 days in the mid-21st century.
By the late 21st century, delays reach 1–3 days and advances reach 2–4 days
under respective scenarios. The advance rate of thawing end date is about twice
the delay rate of freezing start date, with higher emission scenarios showing more
pronounced frozen period shortening.
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Across ecological functional zones (Figure 5), under SSP1-2.6 in the mid-21st
century, all zones show delayed freezing start dates, with the Three River Source
Region showing the most significant delay. Under SSP2-4.5, the eastern agricul-
tural area shows the fastest delay rate. Under SSP5-8.5, the Three River Source
Region shows the most pronounced delay. In the late 21st century under SSP1-
2.6, the delay trend weakens, with some zones showing slight advancement. Un-
der SSP2-4.5, the delay trend continues but weakens. Under SSP5-8.5, the delay
persists across both periods, with the Three River Source Region maintaining
significant delays.

For thawing end dates across zones (Figure 5), under SSP1-2.6 in the mid-
21st century, all zones show advancing trends, most pronounced in the Three
River Source Region. In the late 21st century, the advancement continues but
slows. Under medium and high emission scenarios, thawing end dates advance
significantly in both periods, with the Three River Source Region showing the
most pronounced advancement. Under SSP5-8.5, thawing end dates continue
to advance significantly in both periods.

The frequency distributions of change rates for freezing start and thawing end
dates remain positively skewed (Figure 6). In the mid-21st century, freezing
start dates show delayed trends under all scenarios, but in the late 21st century,
the change rate shifts from positive to negative under SSP1-2.6. For thawing
end dates, change rates are negative in the mid-21st century across all scenarios.
In the late 21st century, rates adjust: under high emission scenarios, thawing
end dates continue advancing, but under medium and low emission scenarios,
the advancement rate slows significantly.

3.3 Future Area Projections of Seasonally Frozen Ground

Based on multi-model ensemble projections, the distribution of seasonal and
permafrost in the northeastern plateau is shown in Figure 7. In the mid-21st
century, projected seasonal frozen ground areas are 50.7$×10^{4}$ km2 (SSP1-
2.6), 52.6$×10^{4}$ km2 (SSP2-4.5), and 56.1$×10^{4}$ km2 (SSP5-8.5), ac-
counting for 72.8%, 75.5%, and 80.7% of the study area, respectively. Com-
pared with the historical reference period, seasonal frozen ground area increases
by 14.4$×10^{4}$ km2, 16.2$×10^{4}$ km2, and 19.8$×10^{4}$ km2, respec-
tively, while permafrost area decreases by 14.4$×10^{4}$ km2, 16.2$×10^{4}$
km2, and 19.8$×10^{4}$ km2, representing 23.3%, 20.6%, and 28.5% of the
study area.

In the late 21st century, seasonal frozen ground area further expands
to 52.9$×10^{4}$ km2, 61.1$×10^{4}$ km2, and 68.5$×10^{4}$ km2 under
SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively, with increases of 2.2$×10^{4}$
km2, 8.6$×10^{4}$ km2, and 12.4$×10^{4}$ km2 compared to the mid-21st
century, accounting for 76.2%, 87.8%, and 98.5% of the study area. Permafrost
area decreases by 2.2$×10^{4}$ km2, 8.6$×10^{4}$ km2, and 12.4$×10^{4}$
km2, representing 16.3%, 22.1%, and 35.7% of the study area. Under SSP5-8.5,
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most permafrost areas transition to seasonal frozen ground, leaving only
24.8$×10^{4}$ km2 of permafrost (35.7% of the study area) by the late 21st
century.

Overall, under SSP1-2.6, seasonal frozen ground area remains stable at 73–76%
of the study area in both periods, with stable thawing rates. Under SSP2-
4.5, seasonal frozen ground area expands to 75–88% of the study area, with
rapid initial expansion that slows later. Under SSP5-8.5, seasonal frozen ground
area reaches 76–98%, with the frozen period shortening most significantly and
permafrost-to-seasonal-frozen-ground conversion accelerating. Energy conserva-
tion and emission reduction help slow future frozen ground degradation. The
central-western Three River Source Region is the core key area for permafrost
degradation under all scenarios.

Currently, large uncertainties exist in frozen ground simulation, particularly
regarding insufficient understanding of controlling effects from vegetation, snow
cover, and environmental factors, which increases simulation and projection
uncertainties. Future work should introduce more climate and frozen ground
models for multi-model comparative analysis to reduce uncertainty.

4. Conclusions
Based on 22 high-resolution multi-model ensemble projections, this study
projects changes in annual maximum freezing depth, freezing start date, and
thawing end date of seasonal frozen ground in the northeastern Qinghai-Xizang
Plateau, yielding the following conclusions:

1. During the mid-21st century, the mean annual maximum freezing depth
shows significant decreasing trends across all scenarios, with reductions
of 9.8–14.9 cm relative to the reference period. In the late 21st century,
the decreasing trend becomes insignificant under SSP1-2.6, while under
SSP2-4.5 the reduction rate resembles that under SSP1-2.6 in the mid-
21st century. Under SSP5-8.5, the maximum freezing depth continues to
decrease substantially as anthropogenic radiative forcing increases.

2. During the mid- and late 21st century under low and medium emission
scenarios, the eastern region shows the fastest decrease in seasonal frozen
ground depth. However, under SSP5-8.5, the Three River Source Region
shows the fastest decrease in annual maximum freezing depth.

3. During the mid-21st century, freezing start dates are projected to delay sig-
nificantly at 1–3 days/decade across all scenarios, while thawing end dates
advance at 2–4 days/decade. Higher emission scenarios lead to more pro-
nounced frozen period shortening. During the late 21st century, changes
remain stable under SSP1-2.6, while under SSP2-4.5 the rates resemble
those under SSP1-2.6 in the mid-21st century. Under SSP5-8.5, the trends
continue significantly.

4. During the mid-21st century, seasonal frozen ground area remains at 73–
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81% of the study area, increasing by 14.4$×10{4}–19.8×10{4}$ km2 rela-
tive to the reference period. In the late 21st century, seasonal frozen
ground area increases further by 2.2$×10^{4}$ km2, 8.6$×10^{4}$ km2,
and 12.4$×10^{4}$ km2 under SSP1-2.6, SSP2-4.5, and SSP5-8.5, respec-
tively, accounting for 16.3%, 22.1%, and 35.7% of the study area. Per-
mafrost degradation area increases multiplicatively with emission scenario
severity.

5. With energy conservation and emission reduction measures, changes in
seasonal frozen ground maximum depth and freeze-thaw timing remain
relatively stable in the late 21st century under SSP1-2.6, while under
SSP2-4.5 they resemble SSP1-2.6 mid-21st century conditions. Future per-
mafrost in the northeastern Qinghai-Xizang Plateau will be significantly
impacted by climate change, particularly under high emission scenarios
where maximum freezing depth continues to decrease, freeze-thaw dates
show significant trends, and frozen ground degradation is most severe.
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