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In Central Asia, the ground thermal regime is strongly affected by the interplay
between topographic factors and ecosystem properties. In this study, we
investigate the governing factors of the ground thermal regime in an area in
Central Mongolia, which features discontinuous permafrost and is characterized
by grassland and forest ecosystems. Miniature temperature dataloggers were
used to measure near-surface temperatures at c. 100 locations throughout
the 6 km2 large study area, with the goal to obtain a sample of sites that can
represent the variability of different topographic and ecosystem properties.
Mean annual near-surface ground temperatures showed a strong variability,
with differences of up to 8 K. The coldest sites were all located in forests on
north-facing slopes, while the warmest sites are located on steep south-facing
slopeswith sparse steppe vegetation. Sites in forests showgenerally colder near-
surface temperatures in spring, summer and fall compared to grassland sites,
but they are warmer during the winter season. The altitude of the measurement
sites did not play a significant role in determining the near-surface temperatures,
while especially solar radiationwas highly correlated. In addition, we investigated
the suitability of different hyperspectral indices calculated from Sentinel-2 as
predictors for annual average near-surface ground temperatures. We found that
especially indices sensitive to vegetation properties, such as the Normalized
Difference Vegetation Index (NDVI), show a strong correlation. The presented
observations provide baseline data on the spatiotemporal patterns of the ground
thermal regime which can be used to train or validate modelling and remote
sensing approaches targeting the impacts of climate change.

KEYWORDS

permafrost, ground surface temperature, snow cover, topography, vegetation, remote
sensing, climate change

1 Introduction

Ecosystems in Mongolia are intricately shaped by the interplay between topography
and the associated radiation regime, which especially in Central Mongolia determines
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the small-scale pattern of forests and steppes (Dulamsuren et al.,
2011). In particular, the radiation regime determines the
evapotranspiration during the summer months, which has a
significant impact on soil moisture and thus ecosystem dynamics
(Batima et al., 2005). Another crucial factor that exerts a strong
control on these ecosystems is the insulating winter snow cover,
which plays a vital role in governing ground temperatures
(e.g., Zhang, 2005; Rödder and Kneissel, 2012; Gisnås et al.,
2014). Furthermore, in Mongolia about 30% of the area is
underlain by permafrost (Jambaljav et al., 2022). While the
larger-scale permafrost patterns in Mongolia are climate- and
elevation-controlled, the radiation regime, snow cover, and
properties of the subsurface control the smaller-scale patterns
of permafrost occurrence. Permafrost strongly interacts with
the structure and function of Mongolia’s ecosystems, influencing
vegetation, hydrology, and soil processes (Dulamsuren et al., 2011;
Zweigel et al., 2024). The transition from the Siberian boreal forest
region in the north to the steppes in the central parts and finally
to the Gobi Desert in the south corresponds to a change from
discontinuous to sporadic permafrost and ultimately to seasonally
frozen ground (Dashtseren et al., 2014). In a warming climate, the
response of permafrost is often controlled by ecosystem factors
which in some cases can strongly delay thawing (e.g., Shur and
Jorgenson, 2007). On the other hand, climate-induced ecosystem
changes, e.g., due to fires, also have the potential to initiate or
accelerate permafrost thaw (Shur and Jorgenson, 2007) which
highlights the importance of local-scale ecosystem interactions for
permafrost dynamics in Mongolia and elsewhere.

Mongolia has experienced one of the fastest warming rates
globally, with air temperatures increasing by 2.4°C over the
past 60 years, approximately three times higher than the global
average (IPCC, 2013; MARCC, 2014; Dashtseren et al., 2021). As
a consequence, permafrost in the region is rapidly warming and
thawing, and it has already disappeared from many marginal
areas (Sharkhuu, 2003; Ishikawa et al., 2018; Dashtseren, 2021).
However, the local-scale response of permafrost and associated
ecosystem types to climate change remains highly uncertain.
Therefore, it is of utmost importance to better understand the factors
governing the ground thermal regime at spatial scales of tens of
meters to kilometres, in particular the interplay between climatic,
topographic, and ecosystem-related controls.

In-situ monitoring of ground temperatures in permafrost areas
generally relies on boreholes which capture the ground thermal
regime on the plot scale (Biskaborn et al., 2019). As borehole
installations are logistically challenging and expensive, there are
usually only a single or few boreholes measurement available
within a certain area, so that the small-scale spatial variability
caused by topographic and ecosystem factors remains uncaptured.
Temperature measurements near the ground surface can at least
partly fill this gap: as they are efficient to conduct using miniature
temperature loggers, it is possible to install arrays of dozens or even
hundreds of temperature loggers that can indeed capture variations
of near-surface ground temperature on spatial scales of tens of
meters to kilometres. Studies conducted outside Mongolia have
shown that annual averages of near-surface ground temperature
can vary by several Kelvin over short spatial distances, driven
by environmental factors like snow depth (Gisnås et al., 2014;
Zweigel et al., 2021), topographic factors like altitude, slope and

aspect (Serban et al., 2023), as well as surfacematerial and vegetation
(Rödder and Kneissel, 2012; Luo et al., 2019).

In this study, we present spatially distributed measurements
of near-surface ground temperatures from a 6 km2 area in
Central Mongolia, which is located in the discontinuous
permafrost zone. The dataset allows us to statistically evaluate
the importance of different factors for both annual and seasonal
temperatures, in particular topography- and ecosystem-related
controls. Furthermore, we evaluate the suitability of satellite-
derived indices as predictors for mean annual near-surface ground
temperature. Finally, we discuss the potential to employ the dataset
presented in this study as training and/or validation for both
remote sensing and numerical modelling targeting the state of
permafrost.

2 Study area

The Terelj climate and permafrost observatory (47°58′, 107°26′;
Figure 1) is located in the southern Khentii Mountain in the
discontinuous permafrost zone, close to the southern limit of
permafrost occurrence inMongolia. In the study area, the elevations
vary between 2,200 m a.s.l. and 1,550 m a.s.l. The area is located
in the forest-steppe zone, with forests dominated mainly by larch,
birch and occasional pine trees (Batchuluun et al., 2021). At the
site, the south-facing slopes are permafrost-free and occupied by
steppe vegetation, while the majority of the forests occurs on north-
facing slopes underlain by permafrost. Soil properties change rapidly
in space; in the forest, the organic soil layer has a thickness of
0.2–0.4 m, whereas it is much thinner or even non-existent in the
steppe (Ishikawa et al., 2005; Dashtseren et al., 2014).

Three automatic meteorological stations are located in the study
area: one in bottomof the central valley (VS), one in the north-facing
slope inside the forest (FS), and one on the south-facing slope in
the mountain steppe (GS). In this study, we use observations of air
temperature data (Table 1).

Figure 2 shows the mean annual air temperatures (MAAT)
measured at the Terelj meteorological station from 1986 to
2017, ranging from about −5°C to −2°C. Over the three shown
decades, temperatures have increased by about 0.75°C which largely
corresponds to the general temperature trend in Mongolia. In the
study period, MAAT were relatively warm with around −3°C.

3 Methods

3.1 Near-surface ground temperature and
snow measurements

We installed miniature temperature data loggers, specifically
Micro-Temperature Data Loggers (MTDs), 2–3 cm below the
ground surface at 100 locations within an area of approximately
6 km2 (Figure 1). These devices, covering two valley sides, were
deployed across a variety of elevations, slopes, and aspects, and
included different land cover types. The Maxim iButton DS 1922L
model was selected for its accuracy of ±0.5°C and a resolution of
0.0625°C, ensuring precise temperature measurements critical for
our study (Thermochron iButton, 2014). The measurements were
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FIGURE 1
Map of the study area (left) with the locations of the ground surface temperature logger, as well as the location of the study area within Mongolia (right).

automatically conducted at 4-h temporal resolution. The loggers
were installed on 1 Aug 2015, and continued until the logger
malfunctioned, which generally occurred by summer 2018. For the
main analysis, we concentrated on 59 points for which the two
complete years 2016 and 2017 are available. Twenty-four of these
points are located in rather dry steppe areas, ten are in the relatively
moist grasslands in the central valley, and twenty-five points are
located in forest areas (Figure 1). For the analysis, the sites are
divided into two categories according to their surface type, i.e., forest
and grassland.

While there can be differences between the ground surface
temperature (i.e., skin temperature when the ground is not
snow-covered) and the measured temperatures 2–3 cm below
the ground surface for individual points in time, these largely
cancel out for longer-term averages (e.g., Gisnås et al., 2014; Way
and Lewkovicz, 2018), making it possible to derive long-term
averages of ground surface temperature from our measurements.

In line with previous studies using similar measurement setups
(e.g., Luo et al., 2019; Zweigel et al., 2021), we therefore use the
well-established term “MAGST” (Mean Annual Ground Surface
Temperature), when referring to annual averages of near-surface
ground temperature derived from our measurements. In all
other cases, we use the term “near-surface ground temperature”
throughout the manuscript.

A survey with local residents was conducted to establish the
start and end dates of a stable winter snow cover, and the results
were cross-checked by comparing them to the records of the near-
surface ground temperature (Klein et al., 2016). Additionally, in situ
measurements of the snow depth and density were conducted on
20 February 2017, at various locations with MTDs. The date of
the snow survey was selected to approximately coincide with the
annual maximum of snow depths in the study area (Sturm et al.,
2010, Sturm and Liston, 2021). In addition, air temperature data
from meteorological stations located within and close to the
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TABLE 1 Position and site description of automatic meteorological stations.

AWS name Coordinate Altitude, a.s.l, m Ground type and aspect MAAT, °С

2016 2017

FS Lat: 47°58′30.05″

Long:107°25′30.07″
1,653 Forest, north facing slope −3.2 −2.1

GS Lat: 47°59′23.00″

Long:107°25′19.70″
1,662 Steppe, south facing slope N/A N/A

VS Lat: 47°59′18.95″

Long:107°25′24.13″
1,531 Steppe, valley −3.1 −2.7

FIGURE 2
Mean annual air temperature (MAAT) measured at Terelj meteorological station. Dashed line: linear trend from 1986 to 2017.

study area (Table 1) are used for interpretation of near-surface
ground temperatures.

3.2 Satellite remote sensing data

To further characterize the study area, we use spectrally resolved
late summer surface reflectance from the Sentinel-2A satellite and
the global digital elevation model (GDEM) from the Advanced
SpaceborneThermal Emission and Reflection Radiometer (ASTER)
onboard the Terra satellite (Table 2).

From Sentinel-2A, data, the Normalized Difference Vegetation
Index (NDVI), Normalized Difference Water Index (NDWI),
Normalized Difference Moisture Index (NDMI), Soil Adjustment
Vegetation Index (SAVI), and Modified Soil Adjustment Vegetation
Index (MSAVI), Modified Normalized Difference Water Index
(MNDWI) have been calculated (Table 3) for the pixel closest to each
logger site (see Table 3).

Furthermore, we determine the elevation, slope, aspect and the
potential incoming solar radiation for all logger points from the
ASTER GDEM (Abrams, M., 2015) using ArcGIS(©).

3.3 Frost number

To analyse the surface offset between air and near-surface
ground temperatures, we calculate thawing degree days (TDD)

TABLE 2 Satellite data used to calculate indices.

Data type Acquisition
date

Resolution
(m)

Source

Sentinel-2A 13-08-2016 30 NASA earthdata

Sentinel-2A 09-08-2017 30 NASA earthdata

ASTER GDEM 13-08-2015 30 NASA earthdata

and frezing degree days (FDD) from air and near-surface ground
temperature:

TDDS =
Dt

∑
0
TA

FDDS =
Df

∑
0
TS;

where, FDDS and TDDS are freezing and thawing degree days
near the ground surface, TA and Ts are daily mean air and surface
temperatures, D is number of days in each month, D f is freezing
period and Dt is thawing period.

Furtermore, we determine the frost number Fn (also called
“permafrost index”), which is a measure for the likelihood of
permafrost occurrence (Smith and Riseborough, 1996):
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TABLE 3 Indices used to analyse with MAGST (mean annual ground surface temperature).

Indices Formulation Reference

Normalized Difference Vegetation Index NDVI NIR−RED
NIR+RED

Rouse et al. (1974)

Normalized Difference Water Index NDWI GREEN−NIR
GREEN+NIR

Gao, B.C (1996)

Normalized Difference Moisture Index NDMI (NIR−SWIR1)
(NIR+SWIR1)

Wilson and Sader (2002)

Soil Adjustment Vegetation Index SAVI (1+ L) × NIR−RED
NIR+RED

Huete, A.R (1988)

Modified Soil Adjustment Vegetation Index MSAVI
2NIR+1−√(2NIR+1)2−8(NIR−RED)

2
Wu, J. (2007)

Modified Normalized Difference Water Index MNDWI (GREEN−SWIR1)
(GREEN+SWIR1)

Xu, H. (2006)

Fn =
√FDDS

√FDDS +√TDDS

Frost numbers smaller than 0.5 indicate that permafrost-free
conditions are likely, while frost numbers higher than 0.5 are
indicative for permafrost.

4 Results

4.1 Spatial variability of near-surface
ground temperatures

Of the 59 analysed sites, 25 points are located in grasslands
the flat valley and south facing slopes, while 34 points are
located in forested areas mainly on north-facing slopes. Figure 3
shows histograms for seasonal average near-surface ground
temperature for these two main landcover types for both 2016
and 2017. In winter, near-surface ground temperatures of the
“forest” points are on average warmer than the “grassland”
points, while summer and spring temperatures are significantly
warmer. In autumn, near-surface ground temperatures are more
similar, but still on average warmer for the grassland sites. This
pattern is largely consistent in both analysed years (Figure 3),
as well as for the entire time series containing three winter and
summer seasons (Figure 4).

4.2 Controlling factors of near-surface
ground temperature

Figure 5 shows the dependence of mean annual near-
surface ground temperature (denoted MAGST, see Section 3) on
topographic factors and snow depth. Aspect is a major control
for MAGST, with south-facing aspects on average more than
4°C warmer than north-facing expositions (Figure 5), for which
MAGST between −1°C and 1°C are observed. Furthermore,
north-facing expositions are largely associated with forests, while
grasslands dominate the south-facing expositions. In contrast, the
elevation is uncorrelated with MAGST (Figure 5), which suggests
that elevation-dependent differences in climate are overridden by

other factors. Similarly, there is no clear dependence on the slope,
especially for the forest sites. However, there is a strong positive
correlation with potential incoming solar radiation (Figure 5) which
is controlled by both slope and aspect, with R2 values between
0.57 and 0.64.

For the year 2017, the data illustrate only a very moderate
correlation between February snow depth and MAGST (R2 =
0.12), indicating that the impact of the snow cover on annual
averages of near-surface ground temperatures is less pronounced
compared to solar radiation. The measured snow height varied
between 6 and 20 cm, with low snow depths generally associated
with grasslands and thus higher values of MAGST (Figure 5).
On the contrary, average winter (December to February) near-
surface ground temperatures were strongly correlated with snow
depth (R2 = 0.72, Figure 6), with low snow depths associated
with low average winter near-surface ground temperatures, likely
due to the thermally insulating effect of the seasonal snow cover.
This shows that while the snow cover is a major control on the
ground thermal regime during the winter season, its effect is
largely overridden by other factors for annual averages. Table 4
presents the results of the snow cover duration analysis, showing
that a stable snow cover forms more than 10 days earlier for
the forested compared to the grassland sites. Furthermore, the
snow disappears considerably earlier at the grassland sites, with
a difference of approximately 1 month, leading an about 40 days
longer snow-covered period for the sites located in forest (Table 4)
which likely contributes to the overall lower MAGST values in the
forested areas.

4.3 Remote sensing indices as predictors
for MAGST

Figure 7 shows the relationship between the six indices and the
measured MAGST. All indices are to some extent correlated with
MAGST, with R2 values between 0.45 and 0.75. The main reason
for this strong correlation is their ability to distinguish between
the grassland and forest which was found to be a major control
for near-surface ground temperatures (Section 4.1). In general, the
vegetation-related indices perform better than the soil moisture
related indices, especially NDVI and SAVI for which R2 values
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FIGURE 3
Histogram of mean seasonal near-surface ground temperature of the loggers at the study area in 2016 (N=59) and 2017 (N=59). Mean winter
temperature (December, January, February); mean spring temperature (March, April, May); mean summer temperature (June, July, August); mean
autumn temperature (September, October, November).

FIGURE 4
Daily average near-surface ground temperature of forest (mean of 25 sites) and grassland sites (mean of 34 sites).

exceeded 0.7 in both years (Figure 7). The weakest correlation
was found with MNDWI (R2 = 0.45). It is worth pointing out
that the best-performing satellite-derived indices outperform
topography-based predictors for MAGST in our study area,
although the potential incoming solar radiation shows a
similar significant correlation.

4.4 Implications for permafrost occurrence

Figure 8 shows the distribution of frost number (FN) values
across different temperature data loggers placed in grassland and
forest ecosystems. For the grassland areas, the frost numbers
are exclusively below 0.5, indicating permafrost-free conditions.
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FIGURE 5
Correlation between topographic factors and snow depth and mean annual ground surface temperature (MAGST, see Sect. 3) of 59 points in the study
area in 2016 and 2017.

FIGURE 6
Correlation between snow depth and mean winter (December, January and February) near-surface ground temperature in 2017.
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TABLE 4 Stable snow cover start, melt date, and duration during the
study period, based on interview data from local people.

Stable snow
cover start

date

Stable snow
cover melt

date

Duration of
stable

snow cover

Grassland Forest Grassland Forest Grassland Forest

1-Nov-15 18-Oct-15 20-Mar-16 24-Apr-16 140 189

25-Oct-16 17-Oct-16 27-Mar-17 27-Apr-17 153 192

27-Oct-17 11-Oct-17 19-Mar-18 18-Apr-18 143 189

In contrast, the frost number values for forested areas are
predominantly higher than 0.5, thus giving a high probability for
permafrost presence. However, the frost numbers are generally
close to 0.5 which indicates warm permafrost which may be close
to thawing.

5 Discussion

5.1 Uncertainties and limitations

This study aims to capture the spatial variability of near-surface
ground temperatures within the study area, but it is unclear to what
extent the 59 analysed temperature loggers can indeed represent the
true spatial distribution of near-surface ground temperature. While
the measurements show a large variability of 8 K for the annual
averages, it is possible that even colder and warmer sites exist, but
likely only a few localized spots. With the available measurements,
we have performed a correlation analysis with different topographic
and environmental factors (Section 4.2), as well as satellite-derived
hyperspectral indices (Section 4.3). Hereby, the coarse spatial
resolution (30 m pixels) of both the employed DEM and the satellite
products can be a limiting factor, as the logger represents only a
single point within the footprint and factors like exposition and
surface reflectance could vary at smaller spatial scales. While this
can be problematic for single sites, the large number of analysed sites
moderate this issue, so that we are confident that our analysis can
realistically capture the correlations between key variables and the
ground thermal regime. Furthermore, it must be emphasized that
the different factors are not independent of each other, which makes
it challenging to compare the correlation coefficients of different
factors and indices. For the same reason, this study does not allow
to entangle causal relationships between the ground thermal regime
and ecosystem-related factors. Forests, for example, occur almost
exclusively on north-facing slopes, but they also strongly affect
ground temperatures (Dulamsuren et al., 2011; Dashtseren et al.,
2014), so that it is not possible to separate the relative impacts of
the ecosystem and the topographic controls. Here, physically-based
numerical modelling studies could improve our understanding of
the controllingmechanisms. For our study area, Zweigel et al. (2024)
demonstrated with a land surfacemodel that the topographic factors
are likely the main control on annual average ground temperatures,
while the “ecosystem control” by the forest canopy more affected
the seasonal temperature amplitude of ground temperatures. The
dataset presented in this study can thus be further exploited

together with model approaches which rely on established process
understanding to aid the interpretation of the field observations.

5.2 Relation between satellite-derived
indices and near-surface ground
temperature

The correlation analysis between MAGST and satellite-based
indices suggests that especially indices like NDVI related to
vegetation properties can be excellent predictors for the ground
thermal regime. However, this finding is almost certainly restricted
to the relatively small study site, or possibly similar areas in
the vicinity, but it is unlikely that it can capture climate-related
MAGST patterns over large spatial scales. The good correlation
is likely related to the fact that basically all tested indices can
very well distinguish between forest and grassland ecosystems
which are strongly related to the observed near-surface ground
temperatures. Nevertheless, there are clear differences in the
performance of the different spectral indices, for example, the
vegetation-focused indices NDVI, SAVI, andMSAVI perform better
than soil moisture and evaporation-focused indices like MSAVI,
NDMI, and NDWI. The widely used NDVI index has the overall
best performance, on par with the SAVI index which was found
to achieve a better separation in regions with low vegetation cover
(Bader Almutairi and Vargas, 2013). The MSAVI index (Qi et al.,
1994) performs worse than NDVI and SAVI, especially in 2016,
but still better than the water-related indices, although the NDMI
is developed as a measure for the amount of water contained in
plants (Ajay Kumar Taloor, 2021). Surprisingly, the NDWI index
has a relatively good performance although it is more suitable
for mapping water bodies (Ajay Kumar Taloor, 2021). Overall, the
strong performance of especially NDVI and SAVI suggests that they
could be employed for upscaling purposes at least on the regional
scale, possibly supported by numerical modelling or machine
learning (Zweigel et al., 2024).The near-surface ground temperature
observations could be further exploited to calibrate and validate
remote sensing-based approaches to characterize permafrost, such
as statistical models targeting ground temperatures on a continental
scale (e.g., Aalto et al., 2020). In addition to multispectral satellite
data, the observations presented in this study could be employed
to validate and enhance satellite-based observations of land surface
temperature (LST), e.g., coarse 1 km scale remote observations from
MODIS (which are also employed as input for permafrostmodelling,
Westermann et al., 2017), or more fine-scale measurements, e.g.,
from Landsat (Gao, 1996).

5.3 Ground thermal regime and
implications for permafrost occurrence

The warmest temperatures are recorded on south-facing slopes
within the grassland/steppe ecosystem, with MAGST close to +7°C.
On the other hand, the coldest MAGST of close to −1°C occurred
in the forest ecosystems on north-facing slopes, thus yielding
significant spatial variations of up to 8 K. Our results confirm
that vegetation and solar radiation are significant in controlling
near surface ground temperature (Cheng, 2004; Etzelmüller et al.,

Frontiers in Earth Science 08 frontiersin.org

https://doi.org/10.3389/feart.2024.1456012
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Temuujin et al. 10.3389/feart.2024.1456012

FIGURE 7
MAGST (mean annual ground surface temperature, see Section 3) vs. NDWI (Normalized Difference Water Index), NDVI (Normalized Difference
Vegetation Index), MSAVI (Modified Soil Adjusted Vegetation Index), MNDWI (Modified Normalized Difference Water Index), SAVI (Soil Adjusted
Vegetation Index), and NDMI (Normalized Difference Moisture Index), for the years 2016 and 2017.

2006; Heggem et al., 2006; Kade andWalker, 2008; Dashtseren et al.,
2014), while the snowdepth is not amajor control forMAGST in our
study area, contrary tomanyArctic regions (e.g., Gisnås et al., 2014).

Our study shows that siteswith higher snowdepths are characterized
by warmer winter temperatures, as expected from the insulating
properties of snow (e.g., Sturm et al., 2021; Cheng, 2004). However,
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FIGURE 8
Histogram of frost number values of the loggers at the study area in 2016 and 2017 (N=59).

as high-snow sites more often occur in forest in north-facing
expositions (Figure 5), the warmer winter temperatures are offset
by colder spring, summer and autumn temperatures (Figure 3), thus
strongly reducing the influence of snow depth on the annual mean.
Furthermore, the snow cover persists around 1 month longer in the
forested sites which confines near-surface ground temperatures to
0°C or below, while the snow-free grassland sites already experience
positive temperatures during this period (Figure 3; Robin et al.,
2024), thus contributing to the overall lower MAGST values at the
forest sites.

The MAGST variability within the relatively small study
area is large compared to the observed temperature increase of
+2.4 K in the last 60 years, which could suggest that ecosystems
can to a certain degree adapt by spreading to more suitable
locations in the immediate vicinity, when conditions at their
previous locations become too warm. However, this picture is
clearly oversimplified, as atmospheric warming can also affect
other key processes, especially precipitation and evaporation which
are main controls for soil moisture conditions and ecosystems
(Batima et al., 2005). This is especially true for permafrost which
is largely restricted to the north-facing slopes in the study area
(Jambaljav et al., 2022). The measured MAGSTs between −1 and
+1°C indicate the presence of warm permafrost, considering
the likely thermal offset between the ground surface and the
top of the permafrost (Smith and Riseborough, 1996). This
interpretation is supported by the calculated frost numbers higher
than 0.5 and further corroborated by borehole measurements
at the north-facing slope in the study area (Sharkhuu, 2003).
Continued warming could therefore quickly lead to the loss
of permafrost which may in turn affect the forest ecosystem
and thus lead to a non-linear response to the warming. On
the other hand, the presence of a forest canopy can change

the response of the ground thermal regime to atmospheric
warming (Zweigel et al., 2024). To further disentangle the interplay
between climatic, topographic, and ecosystem-related factors, a
close integration of field observations (as presented in this
study), manipulation experiments (Batima et al., 2005), and land
surface modelling (e.g., Zweigel et al., 2024) could be a promising
way forward.

6 Conclusion

In this study, we present 2 years of measurements of spatially
distributed near-surface ground temperatures from a 6 km2 large
study area in Central Mongolia which features a range of
different elevations, expositions, and ecosystem types. We analyze
observations from more than 50 sites, which constitute a near-
representative sample of conditions within the area, so that
it is possible to analyze the governing factors of the ground
thermal regime. From the study, the following conclusions can be
drawn:

• The spatial variability of annual average near-surface ground
temperatures is on the order of 8 K, highlighting the large range
of ground thermal conditionswhich shape the local ecosystems.

• Altitude and winter snow depth is largely uncorrelated with
annual average near-surface ground temperatures, while slope
and aspect, and the related potential incoming short-wave
radiation are strong controls.

• Forest ecosystems, which are almost entirely located on local
north-facing slopes, feature significantly colder annual average
near-surface ground temperatures than grassland ecosystems,
indicating the presence of permafrost. Permafrost conditions
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are less likely for grassland sites, and the warmest sites are
located on steep south-facing slopes in grasslands,

• In grasslands, near-surface ground temperatures are warmer in
spring, summer, and fall compared to forests, while they are
colder in the winter season.

• Spectral indices sensitive to vegetation, such as the Normalized
Difference Vegetation Index (NDVI), are good predictors for
mean annual near-surface ground temperatures, with square
correlation coefficients R2 exceeding 0.7.

The study presents a new observational dataset on the
spatial variability of the ground thermal regime in permafrost
regions. Especially for Central Asian permafrost, which is strongly
dominated by the radiation regime, such datasets are extremely
rare. However, they can provide valuable information to better
understand the governing factors of the ground thermal regime
and assess the impacts of climate change on the spatial patterns of
ecosystems and permafrost. Our findings emphasize the importance
of vegetation cover and topographic factors in controlling near-
surface ground temperatures and permafrost stability. The data can
be further utilized in conjunction with modeling studies to improve
the predictive understanding of permafrost dynamics under
changing climatic conditions. Additionally, the correlation between
spectral indices and ground temperatures suggests potential
for upscaling in situ observational data using remote sensing
techniques, thereby enhancing the spatial coverage and resolution of
permafrost monitoring efforts. This can aid in developing adaptive
strategies to mitigate the impacts of climate change on permafrost
and associated ecosystems.
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