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ABSTRACT

Knowledge of the spatiotemporal dynamics of the soil temperature in cold environment is key to understanding
the effects of climate change on land-atmosphere feedback and ecosystem functions. Here, we quantify the
recent thermal status and trends in shallow ground using the most up-to-date data set of over 457 sites in Russia.
The data set consists of in situ soil temperatures at multiple depths (0.8, 1.6, and 3.2 m) collected from 1975 to
2016. For the region as a whole, significant soil warming occurred over the period. The mean annual soil
temperature at depths of 0.8, 1.6, and 3.2 m increased at the same level, at ca 0.30-0.31 °C/decade, whereas the
increase in maximum soil temperature ranged from 0.40 °C/decade at 0.8 m to 0.31 °C/decade at 3.2 m. Unlike
the maximum soil temperature, the increases in minimum soil temperature did not vary (ca 0.25 °C/decade) with
depth. Due to the overall greater increase in maximum soil temperature than minimum soil temperature, the
intra-annual variability of soil temperature increased over the decades. Moreover, the soil temperature increased
faster in the continuous permafrost area than in the discontinuous permafrost and seasonal frost areas at shallow
depths (0.8 and 1.6 m depth), and increased slower at the deeper level (3.2 m). The warming rate of the
maximum soil temperature at the shallower depths was less than that at the deeper level over the discontinuous
permafrost area but greater over the seasonal frost area. However, the opposite was found regarding the increase
in minimum soil temperature. Correlative analyses suggest that the trends in mean and extreme soil temperatures
positively relate to the trends in snow cover thickness and duration, which results in the muted response of intra-
annual variability of the soil temperature as snow cover changes. This study provides a comprehensive view of
the decadal evolutions of the shallow soil temperatures over Russia, revealing that the temporal trends in annual
mean and extreme soil temperatures vary with depth and permafrost distribution.

1. Introduction

2016; Serreze et al., 2009). Permafrost — ground that remains frozen for
at least two consecutive years — is mainly distributed across polar and

The soil thermal regime is one of the most fundamental factors
influencing terrestrial processes in cold regions (Barry and Gan, 2011;
Karjalainen et al., 2019; Streletskiy et al., 2017). Soil temperature is a
valuable indicator of climatic change since it integrates multiple pro-
cesses occurring above and below the land surface. The changing soil
temperatures have already had a significant impact on biogeochemical
functions, soil hydrology, geomorphologic processes, and infrastructure
stability (Cheng and Wu, 2007; Fountain et al., 2012; Grosse et al., 2016;
Hjort et al., 2018). Over the past few decades, the frost-affected soil has
been at the center of global change research due to its known sensitivity
to ongoing climate warming, which is stronger in high latitude areas
than the global average (Blunden and Arndt, 2019; Guo and Wang,
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high altitude areas, which are some of the most climate-sensitive places
on Earth (Chadburn et al., 2017; Gruber, 2012; Romanovsky et al., 2010;
Vieira et al., 2010; Zhao et al., 2010). Compared with research on
permafrost areas, the seasonal frost area — where the ground experiences
at least 15 days of freezing per year — has received less attention (Tar-
nocai et al., 2009; Tingjun, 2005).

In permafrost areas over the pan-Arctic, the ground warming near
the depth of zero annual amplitude (ZAA) has varied regionally during
the past 30 to 40 years, and the warming rate in 2006-2017 was more
notable in northern Eurasia (0.33 + 0.16 °C) than in North America
(0.23 £ 0.11 °C) (Biskaborn et al., 2019; Blunden and Arndt, 2019). In
particular, the greatest permafrost warming occurred in northeast (0.90
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°C at Samoylov, 20.75 m) and northwest (0.93 °C at Marre Sale, 10 m)
Siberia underlain by continuous permafrost from 2008/2009 to 2016
compared with a global average of 0.29 °C in 2007-2016 (Biskaborn
et al., 2019). However, the soil temperature dynamics in shallow depths
(0-3 m), especially the extreme soil temperatures, have received less
attention. The shallow soil temperatures are more sensitive to season-
ality and extremes of air temperature that may largely be filtered out in
deep boreholes. The extreme soil temperatures in shallow depths
determine the seasonal freeze-thaw depth and thus influence root
growth, soil biodiversity, water cycles, vegetation composition, and
infrastructure stability (Adriaenssens et al., 2017; Anderson et al., 2019;
Porter and Gawith, 1999; Turetsky et al., 2020; Vardon, 2015; Walvoord
and Kurylyk, 2016). Furthermore, the soil carbon store down to 3 m
depth is nearly triple the size of that stored in the atmosphere and is
sensitive to the soil temperature variations, which may be beyond
regional consequences but a global concern (Davidson and Janssens,
2006; Fernandez-Martinez et al., 2019; Heimann and Reichstein, 2008;
Jobbagy and Jackson, 2000).

Due to highly nonlinear heat propagation and inconsistent heat
fluxes with depth, soil temperature trends are likely to vary with depth
(Baker and Baker, 2002; Phillips, 2020). Meanwhile, the intensity and
frequency of extreme weather events are increasing in northern Eurasia,
and the response of extreme soil temperatures at multiple depths to
climate extremes may be different because of the enhanced thermal
filtering ability with depth (Blunden and Arndt, 2019; Groisman et al.,
2017). Moreover, frozen soil generally has larger thermal conductivity
than unfrozen soil owing to the higher thermal conductivity of ice than
water, indicating the necessity of examining the soil temperature
changes with the extent of frozen ground (continuous and discontinuous
permafrost, seasonal frost) (Coté and Konrad, 2005a, 2005b). Hence,
trends in multilayer soil temperatures can be used to validate mecha-
nistic soil temperature models. The knowledge could also advance our
understanding of the role of soil temperature in Earth system models as
the insufficiency of soil depths in the models has been criticized (Phil-
lips, 2020). In Russia, the shallow-depth soil temperature has been well-
documented for decades, especially in the discontinuous permafrost
area where knowledge of the ground thermal regime is inadequate
because of the sparse borehole monitoring network (Biskaborn et al.,
2015; Biskaborn et al., 2019). Therefore, investigations of multiple
shallow soil temperature parameters at different depths over a long
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period (40 years) are indispensable for gaining new insights into the
ground thermal status and changes across the region.

Here, we aim to provide a thorough picture of the recent soil tem-
perature variations in Russia. We used a large in situ data set of soil
temperature measurements at multiple depths (0.8, 1.6, and 3.2 m)
during 1975-2016. We analyzed trends in four soil temperature pa-
rameters (mean annual temperature, absolute minimum and maximum
temperatures, intra-annual variation) at 457 stations. Finally, we
examined the spatial patterns of the trends and contrasted them against
current permafrost zonation.

2. Material and methods
2.1. Regional setting

The study region encompasses the land of Russia at latitude >42° N,
where the climate varies strongly with latitude and longitude. The mean
annual air temperature (MAAT) ranges from —25 to 15 °C, and annual
precipitation ranges from ca 200 mm in Siberia to over 2000 mm in
Kamchatka and coastal areas of the Black Sea (Groisman et al., 2017;
Hijmans et al., 2005). The increase in MAAT over the study region is ca
1.48 °C from the early 1970s to 2010s (Lugina et al., 2006; Park et al.,
2014). Taiga dominates the majority of permafrost areas with a tundra
belt northward of the tree line (Fig. 1), and the seasonal frost area is
covered with a mixture of temperate forest and taiga (Groisman et al.,
2017; Tchebakova et al., 2010). In the permafrost area, cryosols and
weakly developed soil characterize the zone, and the tundra area is
occupied by a diversity of soils in which gleysols prevail with shallow
peat coverage (within 30-50 cm). Luvisols with peat coverage dominate
the seasonal frost area (Jones et al., 2010).

2.2. Soil temperature data

The daily soil temperature data (from 1975 to 2016) were collected
from 457 Russian meteorological stations operated by the All-Russia
Research Institute of Hydrometeorological Information — World Data
Centre (RIHMI-WDC) (Fig. 1). The soil temperatures at depths >0.8 m
were measured once a day close to midday under the natural cover of
grasses that were cut periodically for station maintenance and snow by a
draw-out thermometer with an accuracy of 0.1 °C (Gilichinsky et al.,
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Fig. 1. Soil temperature observation sites. Map a. shows the distribution of observation stations (n = 457) across the region. b—d. show the averaged mean annual soil
temperatures (MASTs) at depths of 0.8 m (n = 315), 1.6 m (n = 319), and 3.2 m (n = 216), respectively, during 1975-2016. The background map of the permafrost
zonation (continuous permafrost area: extent of permafrost >90%; discontinuous permafrost area: 0% < extent of permafrost <90%) was obtained from the In-
ternational Permafrost Association (Brown et al., 1997). The tree line was determined from the Circumpolar Arctic Vegetation Map project (Walker et al., 2005). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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1998). Below a depth of 0.8 m, diurnal temperature variation is mostly
damped out (Hinkel, 1997; Hirota et al., 2002; Jacobs et al., 2011). Data
gaps are mainly due to the interrupted observations at some sites and
depths, but the reasons were not always documented (e.g., harsh
weather in winter seasons). Before releasing the data set to the public,
RIHMI-WDC undertook multiple quality control checks to maximally
exclude suspicious measurements (Sherstiukov, 2012). First, visual in-
spection of the distributions and neighboring values for the raw data
were used to reveal apparent errors (e.g., unphysical values or reversed
signs). Second, outlier detection using 4c (standard deviation, SD) was
applied to ensure that the data were within a reasonable range. Finally,
the connectedness of neighboring values was evaluated to reveal irreg-
ular errors in analyzing successive days (see Text S1). Consequently,
none of the data were artificially adjusted but they were flagged for
quality levels. Only data flagged as “reliable” were analyzed in this study
(see Text S2). The observational periods and depths are inconsistent at
the sites. Therefore, we used the data collected from depths of 0.8, 1.6,
and 3.2 m because of satisfactory spatiotemporal coverage.

2.3. Soil temperature parameters and temporal trends

Four parameters were computed from the daily soil temperature
measurements: annual mean temperature (MAST, °C), annual maximum
temperature (Tpay, °C), annual minimum temperature (Tp,, °C), and
intra-annual variation (Trange = Tmax — Tmin, °C). The parameters were
calculated for all sites in each calendar year from 1975 to 2016, during
which Tpin was observed from January to July for most of the years
(more than 95-99%) depending on depth (Table S1). On average, less
than 5% (no more than two days) of data per month are missing (Table
S2) and 362 days (minimum 300 days) of data are available in a year at
three depths (Table S3).

The temporal trends in parameters were derived from the slopes of
linear least squares regressions during a minimum of 30 years from 1975
to 2016. Consequently, regional soil temperature evolution was assessed
by integrating results over 457 sites. The variations in soil temperature
trends were visualized by kernel density estimation and box-and-
whisker plots based on the packages of sm and ggplot2, respectively,
in R (Bowman and Azzalini, 1997; R Core Team, 2017; Wickham, 2016).
Moreover, we used the Wilcoxon method (Gehan, 1965) to test the
statistical significance of the trends in soil temperature against the null
(0 °C/decade).

2.4. Air temperature and snow cover characteristics

We used air temperature (2 m above the land surface) and snow
cover depth data to examine the influence of snow cover on soil tem-
perature and the temperature offset between air and soil. Archived daily
mean air temperature was the average of three-hourly measurements for
each calendar day with an accuracy of 0.1 °C, and daily snow depth was
measured once per day with an accuracy of 0.1 cm (Bulygina and
Razuvaev, 2012). The MAAT and minimum annual air temperature were
computed by daily measurements at the sites where the soil temperature
data were available during 1975-2016. Consequently, the annual offset
(AT ) is defined as the magnitude of the difference between mean
annual soil temperature (MAST(g) and MAAT (ATpg = MASTpg —
MAAT, °C). Similarly, the annual sum of snow depth (SSD, cm) and snow
cover duration (SCD, days) were derived from the daily snow cover
depth. Moreover, the trends in SCD and SSD were calculated following
the same criteria for computing the trends in soil temperature.

3. Results
3.1. Trends in soil temperature from 1975 to 2016

It is found that MAST increased at 279, 286, and 197 sites, while it
decreased at 4, 2, and 2 sites, and remained stable (within measurement
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accuracy) at 32, 31, and 17 sites at depths of 0.8, 1.6, and 3.2 m,
respectively (Fig. 2a). The greatest warming of MAST at shallow depths
(0.8 and 1.6 m) is 1.09 =+ 0.20 °C/decade (mean + SD, P < 0.01) at a site
located in the northern Siberian permafrost area. At a deeper level (3.2
m), the greatest warming in MAST occurred in central Siberia at 0.89 +
0.12 °C/decade (P < 0.01). However, a few sites that had decreased
MAST are mainly located in the permafrost area. Trends in MAST from
—0.11 to —0.21 °C/decade were observed at four sites at 0.8 m. For the
depths of 1.6 and 3.2 m, MAST of the two sites located in the continuous
permafrost area decreased by 0.15 + 0.09 (P > 0.05) and 0.11 + 0.05
°C/decade (P > 0.05), respectively, and a decrease in MAST at 3.2 m of
0.36 & 0.06 °C/decade (P < 0.05) occurred at a seasonal frost site.

In the region as a whole, soil temperature of shallow ground signif-
icantly increased over the past four decades (Fig. 3). For example, MAST
on average increased by ca 0.30 °C/decade at multiple depths at over
80% of the significant sites (P < 0.05); in particular, at 3.2 m, 89% of the
sites had a significant trend in MAST (Table 1). The warming rate of Ty«
was greater than that of Tyn, which led to an increase in Trange across the
region. The trend in Tp,x at the shallow depth (0.40 °C/decade at 0.8 m)
was greater than at the deeper level (0.33 °C/decade at 3.2 m), whereas
the trend in Tp,;, remained relatively stable at ca 0.25 °C/decade at all
depths. Trange significantly increased (ranging from 0.08 to 0.15 °C/
decade with depth) over the period, with less than 50% significant sites.
Notably, the proportion of sites associated with a significant trend in
Tmin at 3.2 m (80%) is much higher than that at other depths (less than
60%), which may partially be attributed to the different levels of latent
heat effects from the freeze-thaw cycles that occurred at over half of the
insignificant sites at 0.8 m but at only 6% at 3.2 m (Table 1). The
filtering effect of depth also contributes to the magnitude of the pro-
portion as a significant trend may be more detectable at a deeper level
where the soil temperature is less variable than at the shallow depth
(Qian et al., 2011).

The trends in soil temperature varied regionally with the extent of
frozen ground (Fig. 4). At depths of 0.8 and 1.6 m, the increase in MAST
in the continuous permafrost area was the fastest, followed by the soil
warming rates in the seasonal frost and discontinuous permafrost areas.
However, at 3.2 m, the warming of the soil in the continuous permafrost
area (0.26 °C/decade) was ca 20% less than that in the discontinuous
permafrost area (0.31 °C/decade). This could partially be attributed to
the different latent heat effect levels, which are primarily controlled by
the soil moisture and active layer thickness. In the discontinuous
permafrost area, the warming of the soil is likely to be decelerated under
the more significant effects of freeze-thaw cycles and latent heat than in
the continuous permafrost area. Besides, the warming rate of the soil
temperature in the seasonal frost area is less compared with that
observed in the continuous permafrost area but larger than in the
discontinuous permafrost area. The increase in T, in the discontinuous
permafrost area was greater at 3.2 m compared with at the shallow
depth, but the opposite was the case for Tp,;,. However, over the sea-
sonal frost area, the trend in Ty diminished from 0.40 to 0.32 °C/
decade with depth, while the increase in Tp;, ranged from 0.19 to 0.25
°C/decade. The increase in Ty, over the seasonal frost area (0.19 °C/
decade) was much less than in the permafrost area (0.30-0.56 °C/
decade) at 0.8 and 1.6 m, indicating more significant latent heat effects
at the shallower depths. Trange significantly increased by 0.24 °C/decade
at 0.8 m and diminished to 0.07 °C/decade at 3.2 m in the seasonal frost
area, whereas the trend was not clear in the permafrost area.

3.2. Impact of snow cover characteristics on soil temperature

It is found that MAST was, in general, higher than MAAT, accounting
for 0.64 of MAAT at all sites (Fig. 5a). Meanwhile, the sites with smaller
SSD and SCD (lighter dots) are closer to the 1:1 line, indicating the role
of snow cover in offsetting MAST against MAAT. SSD and SCD were both
positively related to AT g (Fig. 5b and c), whereas the relations between
ATy g and two snow cover parameters are different, with AT g-SSD
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Fig. 2. Spatial distribution of the trends in MAST (a), Tmax (b), Tmin (¢), and Trange (d) from 1975 to 2016 at multiple depths. There are 315, 319, and 216 sites at

depths of 0.8, 1.6, and 3.2 m, respectively.

relations being more linear than AT, g-SCD relations. Moreover, SCD
shows a higher R? (0.49) than SSD (0.40) in the linear relationship with
ATog.

In general, there were significant positive relations between the
trends in snow cover and soil temperatures, with the exception of the
negative relations between the trends in Tyange and snow cover (Fig. 6).
Notably, the five cooling sites were all accompanied by the decreased
SSD and SCD during the period (Fig. 6a and b). Relations between the
trends in temperature (MAST, Tp,in) and SSD are stronger than the trends
in SCD with a higher coefficient of determination (Rz), indicating that
the changes in snow cover depth may be more influential in affecting the
soil temperature than the SCD. However, the relation between the trends
in Trange and SCD is slightly stronger than between Tyange and SSD.

The minimum soil temperature in winter can be affected by the
freezing latent heat. At Yakutsk, the freezing zero-curtain of the soil
temperature at depths of 0.8 and 1.6 m last 46 and 96 days in 1995,
respectively, which are longer than observed in 1996 (32 and 76 days)
(Fig. 7). It is noted that the longer zero-curtain period is associated with
deeper snow cover. For example, the mean snow cover depth in 1995
(11.3 cm) was over three times that in 1996 (3.7 cm) during the zero-
curtain period at a depth of 0.8 m. The long-curtain period deceler-
ated the cooling of the soil after the air temperature went below 0 °C.

Consequently, the minimum soil temperature in 1995 was 2.5 °C higher
than that in 1996 despite a 2.3 °C lower minimum air temperature in
1995.

4. Discussion

The annual mean and extreme soil temperatures of shallow ground
significantly increased from 1975 to 2016 in Russia. The majority of the
sites had warming trends, and a few sites mainly located in the perma-
frost areas remained thermally stable and even cooled during the period.
The soil warming in the continuous permafrost area was faster than that
in the discontinuous permafrost and seasonal frost areas at 0.8 m and
1.6 m, and was slower at 3.2 m (Fig. 4). Moreover, the annual maximum
soil temperature increased faster than the minimum soil temperature,
which led to increased intra-annual variability of soil temperature
(Fig. 3). The study provides an unprecedentedly detailed picture of soil
temperature evolution over the past four decades in Russia by quanti-
fying the trends in the multilayer soil temperature parameters at 457
sites.

It is notable that variations in the trends of MAST and Ty, over the
discontinuous permafrost area were smaller than those in the continuous
permafrost in the shallow depth but at a similar level at 3.2 m. This is
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Fig. 3. Density distribution of the trends in soil temperature from 1975 to 2016. The kernel-smoothed distributions (bandwidth = 0.15) represent estimated soil
temperature trends in the four parameters (MAST, Tmax, Trmin, Trange) at multiple depths. The significance of the distributions was tested against the null (0 °C/decade,
indicated by red dashed line) based on the Wilcoxon method. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 1

Summary of linear regression analyses for the four soil temperature parameters with depth from 1975 to 2016.

Parameter Depth (m) Mean years" Mean changes” (S.D.) (°C/decade) Niites significant sites (%) (P < 0.05)° insignificant sites (freeze - thaw affected)’
MAST 0.8 35.5 0.31 (0.18) 315 81 48 (76%)
1.6 35.6 0.30 (0.17) 319 83 19 (34%)
3.2 35.3 0.30 (0.18) 216 89 3 (11%)
Tmax 0.8 35.5 0.40 (0.39) 315 63 92 (77%)
1.6 35.6 0.37 (0.33) 319 70 31 (32%)
3.2 35.3 0.33 (0.26) 216 81 3 (6%)
Tmin 0.8 35.5 0.25 (0.41) 315 39 112 (58%)
1.6 35.6 0.24 (0.31) 319 56 44 (30%)
3.2 35.3 0.25 (0.21) 216 80 3 (6%)
Trange 0.8 35.5 0.15 (0.59) 315 46 124 (72%)
1.6 35.6 0.13 (0.44) 319 44 51 (28%)
3.2 35.3 0.08 (0.28) 216 43 4 (3%)

2 Mean number of years used for computing the trends at all sites.
b SD = standard deviation.
¢ P value was derived from the linear regression for each site.
4 A site was affected by the freeze—thaw cycles if the averaged maximum and minimum soil temperatures during 1975-2016 were above and below 0 °C,
respectively.
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P > 0.05). The mean of each distribution are marked with yellow diamonds and reported at the top. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

presumably because the soil in the discontinuous permafrost area in-
volves a more pronounced ice-water phase change process due to the
thicker active layer than in the continuous permafrost area. Thus, more
latent heat is needed to thaw the active layer in the discontinuous
permafrost area, which is likely to resist the increase in MAST (James
et al., 2013; Romanovsky et al., 2010; Zhang et al., 2001). At depths of
0.8 and 1.6 m, the increase in T, over the seasonal frost area was
slower than that of Tp,x, Whereas in the continuous permafrost area,
Tmin increased faster than T, which might advance talik development
as the soil at these depths cannot refreeze and will remain thawed in a
warm climate (Jafarov et al., 2018; Jorgenson et al., 2010). Of note, in
the continuous permafrost area, the warming of MAST at 1.6 m (0.37 °C/
decade) was greater than that at 0.8 m (0.33 °C/decade), whereas the
warming rates were similar in the discontinuous permafrost and sea-
sonal frost areas. It can be interpreted that warming in the upper soil
could take some time to reach deeper in the continuous permafrost area,
but once warmed, the deeper layer remains warm later in the year (Qian
et al.,, 2011). Consequently, the heat trapped in the deep levels can
trigger permafrost degradation, enhancing organic matter decomposi-
tion in permafrost and thereby positively contributing to climate
warming (MacDougall et al., 2012; Schuur et al., 2013; Schuur et al.,
2015). The magnitude of T;ange is dependent on the ground thermal
properties and land cover conditions (Christiansen et al., 2010;

Romanovsky et al., 2010; Smith et al., 2010). Our results suggest a
negative relation between trends in Trange and snow cover characteris-
tics, which may relate to a positive relationship between the trends in
snow cover and Tpi, (Fig. 6).

Air temperature is a major control of soil temperature (Grosse et al.,
20165 Park et al., 2014; Smith et al., 2010). In the study region, the
increase in MAAT was ca 0.37 °C/decade during 1975-2011. However,
the air temperature changes alone cannot account for the increase in soil
temperature (MAST ca 0.30 °C/decade), indicating that the temperature
in shallow ground increased less than the air temperature in Russia
during the period. The response of soil temperature to the changes in
snow cover conditions is significant (Fig. 6). The trends in soil temper-
ature positively related to snow cover trends and the sites with
decreased MAST are consistently associated with decreases in snow
cover depth and duration (Fig. 6). Similarly, in interior Alaska, the
decrease in permafrost temperature measured near the depth of ZAA
during 2007-2013 was attributed to the relatively shallow snow cover
during the period (AMAP, 2017; Romanovsky et al., 2015).

The role of snow cover in mitigating soil temperature has been
widely examined (Lawrence and Slater, 2010; Morse et al., 2012;
Romanovsky et al., 2007; Tingjun, 2005; Zhang et al., 2018). The snow
cover generally offset the soil and air temperatures by insulating ground
from the cold in winter, whereas a late snow cover onset in autumn or
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winter with late snowmelt in spring may have an overall cooling effect
on the annual soil temperature (Bonnaventure and Lewkowicz, 2012;
Euskirchen et al., 2007; Morse et al., 2012; Palmer et al., 2012; Smith
et al.,, 2016). The strength of snow cover effects on MAST-MAAT
coupling is not only dependent on the air temperature, active layer
thickness but also on substrate material and soil moisture content (lijima
et al., 2010; Throop et al., 2012). For instance, it is noticeable that some
sites have close relationships between MAST and MAAT despite the
massive and long snow cover during winter, which can be attributed to
the limited latent heat effect due to the local substrate and soil moisture
conditions (Fig. 5a and b). Throop et al. (2012) conclude that, at the
Alert site, which was built on bedrock in far northern Canada, a high
coupling (0.80-0.96) between MAGT (mean annual ground temperature
measured at 15.4-16.0 m) and MAAT is due to the ice-poor overburden
layer above the bedrock, which significantly reduces the latent heat
effect and thus allows rapid refreezing of the active layer and decrease in
ground temperature, consequently, improving the coupling of
MAGT-MAAT. However, the sites underlain by unconsolidated sedi-
ments are more strongly affected by latent heat owing to higher soil
water content and larger porosity.

Moreover, the influence of snow cover on soil temperature aggre-
gates the effects of snow cover thickness, duration, and timing. Smith

et al. (2012) highlight that soil temperature trends at the sites with
greater snow cover show a muted response to air temperature trends,
especially if largely due to winter and autumn air temperature change.
However, if snow cover is changing over time, this can either enhance or
counteract the effect of changing air temperature on soil temperature
trends (AMAP, 2017; Taylor et al., 2006). For instance, permafrost
warming during 1970-1990 in northern Russia was attributed to
enhanced snow accumulation rather than increased air temperature
(Pavlov, 1994; Stieglitz et al., 2003). In the Canadian Arctic, warming of
the permafrost from 1950 to 1975 at Alert was dominated by increased
snow cover despite a decreased MAAT (Taylor et al., 2006).

The impact of other factors on soil temperature can be more
complicated than that of air temperature. In the seasonal frost area, an
increase in snowfall in early winter has a strong positive impact on the
soil thermal regime, whereas late snowfall may have a negative impact
due to the high albedo and consumption of latent heat during snowmelt
(Zhang et al., 2001). Moreover, the ratios of rainfall to snowfall and
evapotranspiration, even the amount of total precipitation, closely relate
to the variations of air temperature (Bintanja and Andry, 2017). As such,
changing precipitation regime modifies soil moisture content and ther-
mal conductivity, further affecting the soil temperature (Westermann
et al., 2011). For instance, warming of the ground in the central Lena
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River basin in eastern Siberia occurred in response to an increase in
rainfall during the pre-winter periods between 2004 and 2007 (Iijima
etal., 2010). Moreover, local and regional scale studies have highlighted
the importance of vegetation in affecting soil temperature (Bonan, 2015;
Karjalainen et al., 2019). An experimental study at high Siberia sug-
gested that removal of shrubs significantly alters ground heat flux,
which thickens the active layer of the permafrost and increases summer
soil temperature (Blok et al., 2010; Nauta et al., 2015). Thus, regular
cuts of grasses at stations in summer may act as a non-climatic

contributor to soil warming (Gilichinsky et al., 1998). This can be
further complex considering the interactions between air temperature
and vegetation dynamics as it has been demonstrated that increase in air
temperature sometimes causes vegetation changes that can offset the
warming of soil against air (Bonfils et al., 2012; Walker et al., 2003; Yi
et al., 2007).
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5. Conclusions

By quantifying the trends in multiple soil temperature parameters
over the areas with a different extent of frozen ground, we found sig-
nificant shallow ground warming over Russia from 1975 to 2016.
Beyond the MAST, the increases in extreme and intra-annual variability
of soil temperature varied with depth and permafrost distribution. This
highlights the importance of discriminating the areas by the extent of
frozen ground in future studies, when soil temperature, especially
extreme temperature, is involved at a regional scale. The results provide
a set of benchmark data for regional soil temperature models and may
also have broader implications in urban development, agriculture, and
infrastructure over the region in the future with denser human activities
through the region (Groisman et al., 2017; Hjort et al., 2018).

The current soil temperature monitoring network in the region is
sparse, especially over the northern Siberia permafrost area, limiting the
spatial resolution of the analyses and bringing some uncertainties.
Despite a data deficit of less than five days a year, an average 36-year
time series analysis during 1975-2016 is likely to emerge as a basis
for the results. Considering ongoing climate change and its conse-
quences, the thermal interactions near the land-atmosphere interface
keep changing (AMAP, 2017; Biskaborn et al., 2019; Blunden and Arndt,
2019; Hjort et al., 2018). Thus, continuous and enhanced monitoring of
soil temperatures is required.
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