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Abstract. In the forest-steppe ecotone in central Mongolia,
forest and permafrost exist close to their climatic limits and
are co-located on north-facing slopes. The deciduous for-
est ecosystems and permafrost on these slopes are linked
through interactions in the local energy and water balance.
Furthermore, in this region the presence of such permafrost-
forest systems provides essential services that supports local
livelihoods and ecosystem function. However, forest distur-
bances that reduce or remove the forest canopies and lead to
changes in surface cover could impact ground surface tem-
peratures (GSTs) and potentially lead to permafrost degra-
dation. In this study, we investigate the relationship between
different forest states and GSTs at a site in the forest-steppe
ecotone. We measured GSTs and surveyed vegetation den-
sity and surface cover over two years in an area that features
both intact, dead and logged forest and dense stands of young
regrowth. Overall, we find GSTs in summer and winter to
vary substantially among the forest states, while differences
in GST in spring and fall are small. Compared to the intact
forest, the annual GST range is increased in the dead and
logged forest while it is dampened in stands of young re-
growth. Contrary to existing literature, we do not observe a
general warming of the ground surface at disturbed sites, but
instead find mean annual GSTs at disturbed sites to be 0.5 °C
lower than at intact sites. We also find substantial floor veg-
etation in the dead and logged forest, which has implications

for livestock grazing patterns and remote sensing of forest
disturbances.

1 Introduction

Forest ecosystems regulate the energy and water balance
of the ground below through process such as canopy shad-
ing, transpiration and accumulation of surface organic lay-
ers (Bonan and Shugart, 1989; Chasmer et al., 2011). As
forest cover generally lowers ground temperatures and lim-
its seasonal thaw depth, it provides the necessary conditions
for permafrost persistence in many regions (Chang et al.,
2015; Fisher et al., 2016). Disturbances to the forest cover
impact its structure and function, which has implications for
the ground hydrological- and thermal regime, and potentially
can impact permafrost stability (Stuenzi et al., 2021b, 2022).
Such disturbances to the forest cover can be biotic, for exam-
ple insect infestations or diseases, or abiotic like wildfires,
logging or windthrow, and we referred to them collectively
as “forest disturbances”. Previous work from sites affected
by wildfire report reduced canopy shading, removal of sur-
face organic layers and lower surface albedo, which enhances
absorption of solar radiation and gives higher ground surface
temperatures (GSTs) (Klinge et al., 2021; Kopp et al., 2014;
Li et al., 2021; Yoshikawa et al., 2002). Furthermore, the re-
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duction in evapotranspiration following logging is found to
elevate soil moisture levels, which in turn increases active
layer thickness and GSTs (Fedorov et al., 2017; Iwahana et
al., 2005). However, most studies on forest disturbances in
discontinuous permafrost in Mongolia focus on summer con-
ditions (Klinge et al., 2021; Kopp et al., 2014), while year-
round studies are limited to flat areas or overall different cli-
mates (Fedorov et al., 2017; Yoshikawa et al., 2002). For this
reason, the impact of forest disturbances on the seasonal and
annual ground temperatures at sites where hydrological and
thermal conditions are strongly influenced by local terrain
remains unclear.

The forest-steppe ecotone in central Mongolia is at the
southern border of both the Eurasian permafrost and boreal
forest regions, where deciduous forests and permafrost is pri-
marily found on north-facing slopes and their presences are
intimately linked (Dashtseren et al., 2014; Ishikawa et al.,
2018; Temuujin et al., 2024). Previous research suggests that
forests cover in this region lowers ground temperatures and
limits active layer depths, which promote permafrost pres-
ence. The existence of a shallow permafrost table in turn el-
evates soil moisture levels, which are essential for the sur-
vival of forests (Klinge et al., 2021; Lange et al., 2015).
The forested and permafrost underlain north-facing slopes
are also important for local livelihoods and ecosystem func-
tion, as they provide essential wood, rangeland and water
resources (Iijima et al., 2012; Karthe et al., 2013; Lkhag-
vadorj et al., 2013b, a). While the intertwined nature of
permafrost-forest systems is widely documented (Dashtseren
et al., 2014; Ishikawa et al., 2018; Temuujin et al., 2024; Un-
drakhbayar et al., 2024), their vulnerability to disturbances
has received only little attention (Klinge et al., 2021). To this
day, there is only sparse data on how forest disturbances in
the forest-steppe ecotone affect vegetation and surface con-
ditions and associated GSTs.

Ground surface temperature measurements are an increas-
ingly valuable tool for research into permafrost dynamics.
Unlike traditional permafrost borehole data, the acquisition
of GST measurements is rather inexpensive and logistically
simple, which facilitates spatially distributed observation of
ground thermal dynamics. As GSTs are sampled at or near
the ground surface, they include the impact of snow or veg-
etation layers, as well as any effects of variations in solar
radiation caused by local terrain (e.g. Temuujin et al., 2024).
Moreover, GST measurement can reveal dynamic changes
in permafrost conditions as they respond quickly to shifts
in climatic conditions or land use. While GSTs cannot di-
rectly reveal the presence or stability of permafrost, mean
annual GSTs (MAGSTs) are linked to deeper ground tem-
peratures through the thermal offset. Due to the generally
higher thermal conductivity of frozen than thawed soil, the
thermal offset is typically negative, which means permafrost
can be expected also for somewhat positive MAGSTs (Smith
and Riseborough, 2002). Moreover, GST measurements pro-

vide important validation for permafrost modelling efforts
(e.g. Schmidt et al., 2021; Zweigel et al., 2021, 2024a).

In this study, we investigate forest disturbances and their
effect on vegetation structure and density, surface cover and
GSTs in Mongolia. We measure GSTs for 2 years and survey
vegetation and surface cover in a study area in central Mon-
golia where different forest disturbance states (intact, dead,
logged and young regrowth) occur at sites with similar topo-
graphic characteristics. Based on these observations, we seek
to answer the following questions:

1. What are the effects of forest disturbances on vegetation
densities in the canopy and forest floor, surface organic
layers and snow cover?

2. How are annual and seasonal GSTs impacted by
changes in forest and surface cover associated with for-
est disturbance?

2 Study area and methods

2.1 Site description

We collected field data over a period of 25 months at sites
in the Bayanzurkh mountains in central Mongolia. Our study
area (ca. 47.83° N, 107.22° E) is located in the forest-steppe
ecotone in the southern part of the Khentii mountain range,
20 km east of Mongolia’s capital Ulaanbaatar (Fig. 1b). This
region of Mongolia is located at the southern margin of the
Eurasian permafrost extent, with a transition in the study area
from continuous permafrost in high-elevation areas in the
northeast to sporadic permafrost in lower lying areas in the
southwest. The study area is located in the discontinuous per-
mafrost zone (Fig. 1b), where permafrost and forest cover are
co-located on north-facing slopes, while south-facing slopes
feature permafrost-free steppe (Temuujin et al., 2024). Cli-
matic, permafrost and subsurface conditions have been stud-
ied for two decades around the Terelj station (Fig. 1b), which
features similar topographic, climatic and vegetation charac-
teristics as our study area (Dashtseren et al., 2014; Ishikawa
et al., 2005; Temuujin et al., 2024). Here, borehole data be-
low a mature larch forest shows wintertime and summertime
GSTs of −9.4 to−11.2 and 9.0 to 10.2 °C, respectively, and
permafrost with an active layer of 2.4–2.7 m (Dashtseren et
al., 2014). Furthermore, Temuujin et al. (2024) studied the
relationship between topographic characteristics, vegetation
cover and GSTs in Terelj using spatially distributed measure-
ments and found lower MAGSTs (−1 to 1 °C) below forest
and on sites with limited available solar radiation. Soil com-
position in Terelj is described as complex, consisting of a 20–
40 cm surface organic layer underlain by sand and gravel on
north-facing forest sites (Ishikawa et al., 2005). Floor vege-
tation below the forest consists mostly of Equisetum pretense
and Fragaria orientalis, while grassland sites are dominated
by Artemisia frigida, Potentilla acaulis, Agropyron cristatum
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and Carex duriuscula (Dashtseren et al., 2014). Snow cover
below the larch forest in Terelj typically last for 140–170 d
with a maximum thickness of 5–20 cm in March (Dashtseren
et al., 2014; Zweigel et al., 2024a).

The climate of the study region is highly continental, with
large annual amplitude in temperature and overall low pre-
cipitation (Dalai et al., 2019). Annual air temperatures and
accumulated precipitation is available for the period 2000
to 2024 from a weather station in Nalaikh (Fig. 1b), located
7.5 km southeast of the study area at 1450 m a.s.l. Here, Mean
Annual Air Temperatures (MAATs) ranges from −5.1 to
−2.0 °C with an average of −3.3 °C, while annual precipita-
tion ranged from 241 to 549 mm with an average of 341 mm
(Fig. 2). Both MAAT and precipitation have increased over
this period, with the warmest and wettest years found mostly
towards the end of the period. Similar MAATs and (liq-
uid) precipitation amounts are reported at the Terelj site
(1662 m a.s.l.) that has a more similar elevation as the study
area, ranging from −3.3 to −1.7 °C and 223 to 295 mm, re-
spectively. However, both Nalaikh and Terelj are located in
valley floors, and the temperature records are likely affected
by the strong and frequent temperature inversions that per-
sist during wintertime in Mongolia (Gerelchuluun and Ahn,
2014).

Semi-nomadic pastoralism is widespread in Mongolia, and
several herder families use the Bayanzurkh mountains as pas-
ture for their livestock. The spatial and temporal use of range-
land in the forest-steppe ecotone in Mongolia is described by
Lkhagvadorj et al. (2013b, a): Generally, grasslands in river
valleys and mountain slopes serve as the main grazing pas-
tures, but forest edges are used in fall and at times when
feed in the steppe is limited due to drought (Lkhagvadorj
et al., 2013b). Livestock are traditionally kept from the for-
est interior so the herders can maintain an overview and to
avoid the risk of insect harassment and predation by wild
animals. However, there has been a substantial increase in
the number of livestock since the early 1990s, and forest are
increasingly used as rangeland especially by horses in win-
ter (Lkhagvadorj et al., 2013a). Moreover, forest grazing by
goats can substantially damage tree saplings (Lkhagvadorj et
al., 2013b), which can limit forest regeneration and succes-
sion. Around the study area in Bayanzurkh, there are sev-
eral seasonal herder camps on south-facing slopes and valley
bottoms, with the closest campsite 700 m south of the ridge
(Fig. 1a). Animal and car tracks from the south-facing slope
suggest that at least the upper parts of the study area are used
by local herder families for grazing and wood collection.

Our study area extends over three roughly parallel, north-
east facing valleys that feature forest at different states of
disturbance (Fig. 1). The upper parts of the western valley
are covered with mature and intact forest dominated by larch
(Larix sibirica), the most common forest tree in Mongolia
(Dulamsuren et al., 2010). In the other parts of the study area,
most trees have been killed by some disturbance and the dead
tree trunks remain standing (Fig. 4b). Landsat imagery re-

veals that the forest dieback occurred between August 2000
and August 2001 (Fig. 3). While the exact type of distur-
bance is unclear, there are no visible signs of windthrow and
burning, so biotic causes such as insect infestations or dis-
eases seem likely. In parts of the disturbed area there is re-
growth of various young deciduous trees (larch, birch and as-
pen), especially in the north-facing part of the central valley
(Fig. 4b), as well as some highly local, dense forest stands in
topographic concavities (Fig. 1). In both the intact and dis-
turbed forests the vegetation consists of a canopy layer that
is made up of intact, dead and young trees, and floor vege-
tation consisting mostly of grasses and dwarf shrubs. In the
study area, we did not observe any surface features or land-
forms that are indicative of permafrost degradation. The up-
per ridge of the central and eastern valleys is accessible by
car from the south, and the forest has largely been logged
circa 150 m downslope of the ridge (Fig. 4a and c).

Within the study area we select 10 sites targeting the four
distinct forest states found in the study area: intact forest,
dead forest, logged forest and stands of young regrowth (Ta-
bles 1 and A1). The field sites are chosen to have broadly
similar topographic characteristics (Table 1) and to avoid
transitional areas between the forest states. INTACT_1 and
INTACT_2 are in the intact forest in the upper part of the
western valley. While the forest at both INTACT_1 and
INTACT_2 forms a canopy without larger gaps, we note
scattered logging and a lack of young trees at these sites.
DEAD_1, DEAD_2 and DEAD_3 are in the dead forest with
standing tree trunks in the lower parts of the western and
central valleys (Fig. 1), where the forest floor in summer is
covered by abundant grass vegetation (Fig. 4b). In the sur-
roundings of DEAD_3, there is also some scattered, young
regrowth of birch and larch. YOUNG_1 and YOUNG_2
are situated in dense stands of young aspen and larch, re-
spectively. These stands are only 20–30 m in diameter and
thus represent highly local conditions that are in stark con-
trast to that of the neighbouring dead forest at DEAD_2
and DEAD_3. To emphasize their small spatial extent, the
young regrowth is referred to as “stands” rather than “for-
est”. LOGGED_1, LOGGED_2 and LOGGED_3 are in the
logged forest in the upper part of the central and eastern
valleys (Fig. 1a). While LOGGED_1 and LOGGED_3 only
feature grass vegetation, there are also scattered shrubs at
LOGGED_2 (Fig. 3c). In addition to these field sites we mea-
sure air temperatures in a relatively flat area near the ridge be-
tween the western and central valley at 1810 m a.s.l. (Fig. 1a).

2.2 Temperature measurements

We measure temperatures using iButton (© Maxim) tem-
perature loggers that we install at the field sites in sum-
mer 2022. We use iButtons of the type “DS1922L”, which
feature an operating range from −40 to +85 °C, and a nu-
merical resolution and accuracy of 0.0625 and 0.5 °C, re-
spectively (Maxim Integrated, 2015). These loggers are small
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Figure 1. Overview maps of the study area. (a) Shows the main landcover and topographic characteristics of the study area in the Bayanzurkh
mountains, as well as the location of the GST loggers and the air temperature measurement. The coloured markers for the field sites (GST
loggers) are grouped by forest states. Background imagery from 10 September 2022 (Esri, 2022 | Powered by Esri) and contour lines (100
and 25 m) derived from the SRTM 30 m Digital Elevation Model (NASA JPL, 2013). (b) Location of the study area and places mentioned
in the text within the Ulaanbaatar area, showing the permafrost zonation by Obu et al. (2019) overlaid a hillshade of the terrain (NASA JPL,
2013).

and are placed below any layers of surface organics (litter
and/or moss) to measure near-surface ground surface tem-
perature (GST). Similar setups using iButton loggers to mea-
sure GSTs have successfully been conducted at grassland-
(Zweigel et al., 2024b), rockwall- (Schmidt et al., 2021) and
high-arctic sites (Zweigel et al., 2021). The loggers are set
to record at 4-hourly intervals, from which we compute the
daily temperatures used in this study. For all sites we suc-
cessfully obtain a complete 25-month record of daily temper-
ature spanning from 10 August 2022 to 19 September 2024.
Throughout this study we calculate temperature indices over
the hydrological year starting on 1 September and ending on
31 August, meaning that the full hydrological years 2023 and
2024 are contained in the GST records. Note that unless spec-
ified otherwise, the GSTs and temperature-based indices pre-
sented in this study are average values for all loggers within
the different forest states.

From the daily temperature records we derive tempo-
ral mean GSTs and various temperature-based indices. The
mean annual GST, MAGST, is calculated over the hydrolog-
ical years 2023 and 2024, while seasonal GSTs are calculated
over 3-month periods for fall, winter, spring and summer
(SON: September, October and November; DJF: December,
January and February; MAM: March, April and May; JJA:
June, July and August, respectively). In addition to average
GSTs, we use the measured air temperatures and GSTs to
calculate the surface offset (SO) and the scale factors for
freezing (nf) and thawing (nt). The surface offset is given as
the difference between the mean annual temperatures of the
ground surface and the air (Smith and Riseborough, 2002):

SO=MAGST−MAAT (1)

Where MAAT is the mean annual air temperature over the
same hydrological year as MAGST. A positive SO indicates
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Table 1. Topographic characteristics for the field sites derived from the SRTM 30 m Digital Elevation Model (NASA JPL, 2013). Aspect is
in degrees counterclockwise from south following the notation by Dozier and Frew (1990) and the cardinal/ordinal direction is indicated in
brackets. SVF denotes the sky view fraction, i.e. the fraction of the upward facing hemisphere not obstructed by terrain. Sin is the average
annual or seasonal incoming solar radiation in the hydrological year 2023 (September through August) using ERA5 reanalysis data (Hersbach
et al., 2020) interpolated to the logger locations (Table A1) and adjusted for local terrain following Zweigel et al. (2024a). Winter and summer
values are averaged over the period December–February and June–August, respectively.

Field site Elevation Slope Aspect SVF Sin Sin [W m−2] Sin [W m−2]
[m a.s.l.] [°] [°] [–] [W m−2] (winter) (summer)

INTACT_1 1778 14.7 141 (NE) 0.95 143 78 159
INTACT_2 1808 17 138 (NE) 0.95 146 82 162
DEAD_1 1690 18.7 117 (NE) 0.94 144 83 160
DEAD_2 1686 17.1 128 (NE) 0.94 141 78 158
DEAD_3 1690 18.9 172 (N) 0.94 127 60 145
YOUNG_1 1686 17.9 128 (NE) 0.94 141 78 157
YOUNG_2 1692 19.3 167 (N) 0.94 126 60 144
LOGGED_1 1748 14.8 131 (NE) 0.95 146 82 162
LOGGED_2 1742 15.8 131 (NE) 0.95 144 80 160
LOGGED_3 1775 8.1 187 (N) 0.96 156 92 171

Figure 2. Climatic conditions at the Nalaikh station from 2000 to
2024. Orange line: Mean annual air temperature. Blue bars: Annual
precipitation. Dashed lines show the corresponding trends over the
period, which are 0.05 °C yr−1 and 4.4 mm yr−1.

that on annual scales, processes related snow and vegetation
cover give higher ground surface temperatures than air tem-
peratures. The scale factors for freezing and thawing are cal-
culated following (Smith and Riseborough, 1996):

nf =
FDDair

FDDsurface
(2)

nt =
TDDair

TDDsurface
(3)

Where FDD and TDD denote the freezing and thawing de-
gree days defined as:

FDD=
∑n

i=1
|Ti | , Ti < 0°C (4)

TDD=
∑n

i=1
|Ti | , Ti > 0°C (5)

Figure 3. Remotely sensed evidence of forest disturbance in
Bayanzurkh. (a) and (c) show RGB and NDVI imagery, respec-
tively, from August 2000, while (b) and (d) show corresponding
imagery from August 2001. Imagery from the 30 m Landsat-derived
GWELDMO product (Version 3.1) (Roy and Zhang, 2019).

Here, Ti is the daily averaged temperature of the air or ground
surface, and n is the number of days per hydrological year.
nf and nt typically vary between 0 and 1, with values close
to 1 indicating that air and ground surface temperatures are
closely related in the cold and warm season, respectively,
while low values indicate that they are more disconnected.
Note that throughout this study we refer to mean GSTs and
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Figure 4. Photographs showing the vegetation cover in the study area. (a) 25 June 2022: Looking north from the saddle point close to
LOGGED_3, showing the transition from logged and grazed areas in the foreground, to scattered, young regrowth mixed with dead tree
trunks in the lower parts of the central valley. The intact and dead forest in the western valley is visible above the ridge in the background.
(b) 19 August 2023: Dead forest and dense floor vegetation in the vicinity of DEAD_1. (c) 19 August 2023: Logged forest at LOGGED_2
with floor vegetation consisting of grasses and shrubs (knife handle 10 cm for scale).

temperature indices by the year in which they end, i.e. SO
(2024) in Table 2 is the surface offset over the hydrological
year 2024 from September 2023 through August 2024.

2.3 Vegetation density

We quantify vegetation density by estimating the Plant Area
Index (PAI) at our field sites from hemispherical images, sim-
ilar to Zweigel et al. (2024b). The PAI is the total one-sided
area of plant material per unit of ground surface and includes
both the contribution from live foliage (leaves/needles) and
that of woody elements such as stems and branches (Liu et
al., 2021). To calculate the PAI from hemispherical images,
pixels of vegetation and sky need to be distinguished, and the
area of plant material per ground area that would yield such

a distribution of vegetation and sky can be calculated. In this
study, we use the software Hemisfer (Schleppi et al., 2007)
and the methodology by Lang (1987), as well as corrections
for slope (Schleppi et al., 2007) and canopy clumping (Chen
and Cihlar, 1995), to derive PAI at all sites. While other soft-
ware/algorithms to derive PAI exist (Liu et al., 2021), and
the exact value is influenced by illumination conditions and
assumptions regarding vegetation properties (e.g. Thimonier
et al., 2010; Zhang et al., 2005), PAIs that are calculated us-
ing the same procedures provide a consistent and quantitative
measure of vegetation density that can be compared among
sites.

At forested sites, the PAI is usually calculated from hemi-
spherical images of the forest canopy only, but in our study
area there is also substantial floor vegetation especially at
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disturbed sites (Sect. 2.1). We thus calculate the PAI from
hemispherical images taken at two levels: (1) 0.5 m above
the ground surface and (2) at the ground surface. The for-
mer is referred to as “PAIcanopy” as it captures the forest
canopy only, while the latter includes both the contributions
of the forest canopy and floor vegetation and is denoted
“PAItotal”. The hemispheric images from which the PAIs in
this study are derived were acquired on 22 December 2022,
6 March 2023 and 19 August 2023.

2.4 Surface cover

We surveyed the surface conditions in the field area in sum-
mer and winter. During field visits on 19 August 2023 and
17 September 2024 we measured the height of floor vegeta-
tion and the presence of surface organic layers at the ground
surface. In winter 2023 we surveyed the snow cover at all
sites on 22 December 2022 and 6 March 2023. At the visit in
early winter, we took measurements of snow height at each
site. In late winter, we observed livestock trampling of the
snow cover at the field sites, and we took several measure-
ments of snow height at each site to capture the apparent
small-scale variability. We also qualitatively assess the ex-
tent of livestock disturbance to the snow cover at the time
of visit, which we classify as “scattered” and “extensive” if
less than 10 % or more than 50 %, respectively, of the snow
surface is visibly disturbed by livestock activity. At the field
visit in late winter, we also investigated the presence of litter
layers at the base of the snowpack at all sites. Measurements
in summer focussed on the immediate vicinity (< 20 cm) of
the GST logger location, while observations in winter were
generally taken 0.5–2 m away to avoid disturbing the snow
cover at the logger location.

2.5 Correlation analysis

We assess the presence of strong relationships between GSTs
and various environmental factors through a correlation anal-
ysis. This analysis seeks to relate temperature metrics (the
target variables) across the 10 field sites to potential explana-
tory variables. The target variables include annual and sea-
sonal GSTs, the range of seasonal GSTs, and the scale factors
for freezing and thawing. As potential explanatory variables
we include the measured vegetation densities (including the
range of PAIcanopy), the thickness of surface organic layers
and snow cover, and the various terrain-related metrics pre-
sented in Table 1. For the analysis we calculate the Pearson’s
linear correlation coefficient (abbreviated correlation) with-
out any transformations of the variables, which thus reflects
the strength of any linear relationships between the differ-
ent sets of variables. With a limited sample size of 10, only
correlations of above or below 0.7 and −0.7, respectively,
are considered strong correlations in the analysis, indicating
that the variables share at least half the variance (Janse et al.,
2021).

3 Results

3.1 Correlation between GSTs and environmental
factors

The correlation analysis (Sect. 2.5) allows for a quantita-
tive assessment of the presence of any strong relationships
between GSTs and environmental factors across the distur-
bance gradient targeted by the field sites. From Table D1 it
is evident that the seasonal GST metrics are strongly corre-
lated to vegetation, while there are no strong correlations be-
tween MAGST and any of the environmental factors. Specif-
ically, the correlation analysis shows that higher PAIcanopy
is associated to higher summertime GSTs and lower win-
tertime GSTs, as well as a smaller seasonal GST range. In-
terestingly, we do not find any strong correlations between
GSTs and the thickness of surface layers of snow or organ-
ics. Furthermore, the analysis shows no strong correlations
between GSTs and the different terrain metrics, which is ex-
pected as the field sites are specifically chosen to have similar
terrain characteristics (Sect. 2.1). The lack of strong correla-
tions between terrain metrics and GSTs thus suggests that
the remaining terrain variations among the field sites do not
substantially influence GSTs. The analysis also shows strong
internal correlation within several of the variable types, for
example among the different terrain metrics. While that the
choice of bounding values of±0.7 for correlations to be con-
sidered strong (Sect. 2.5) is somewhat arbitrary, we note that
the main outcomes of the analysis also hold for more strin-
gent bounding values of for example±0.8 (Table D1). Over-
all, the correlation analysis reveals a strong relationship be-
tween seasonal GSTs and vegetation densities among the dif-
ferent forest states at Bayanzurkh.

3.2 Ground surface temperatures

We observe different seasonal evolution of GSTs for the four
forest states in the Bayanzurkh mountains. The variability of
GSTs with forest state is largest in summer and winter, while
GSTs are rather similar among the different forest states in
spring and fall (Fig. 5b). During summer, the GSTs in the
dead forest and stands of young regrowth are rather similar to
those in the intact forest, while the GSTs in the logged forest
are circa 1.5 °C higher in both 2023 and 2024. In the cold sea-
son the differences in GSTs among the forest states are less
systematic, but overall the intact forest and stands of young
regrowth feature winter GSTs 2–3 °C higher than the dead
and logged forest (Fig. 5b). The largest range in seasonal
GSTs is found in the logged forest, spanning from −13.9 to
+13.4 °C in 2023 (Fig. 5b). In both years the disturbed forest
states and the stands of young regrowth feature rather simi-
lar MAGSTs, which are 0.5 °C higher than in the intact for-
est (Fig. 5a). Comparing the two years shows a lower annual
GSTs range and higher MAGSTs in 2024 than in 2023 for all
forest states, with the latter driven mostly by warmer GSTs
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in fall and winter (Fig. 5b). The variability in seasonal GSTs
among the 2–3 temperature loggers at each site are generally
small (< 1 °C) compared to the GST differences among for-
est states (Figs. 5b and B2). The largest differences of > 2 °C
are observed in summer in the logged forest where we also
find the largest spread in PAItotal (Sect. 3.3), and in winter
and spring where we observe sudden divergences in GSTs at
sites subject to livestock trampling (Sect. 3.4, Fig. B1). Sim-
ilarly, the variability of MAGSTs within each forest states is
generally small with the largest values of 1.5–2.2 °C found in
the logged forest.

Comparing monthly GSTs from the logged and dead for-
est to the intact forest sites shows clear seasonal differences
(Fig. 6). We find GSTs in the logged and dead forest to be
higher than in the intact forest in summer while they are
lower in winter. The strongest difference between disturbed
sites and intact forest is found in the logged forest, where
monthly GSTs are up to −5.1 °C lower and +3.7 °C higher
than those in the intact forest (Fig. 6). In the dense stands of
young regrowth we measure similar or lower GSTs than in
the intact forest for most months, except for a short period in
early winter in both years (Fig. 6).

In Table 2 we present metrics relating the GST of the dif-
ferent forest states to measured air temperatures. The surface
offset (Eq. 1) is close to zero or positive for all forest states
in both years, indicating that on annual timescales GSTs are
generally higher or equal to air temperatures. Furthermore,
the different disturbed forest states have rather similar sur-
face offsets that are circa 0.5 °C lower than for the intact for-
est in both years. The largest scale factors for both freezing
(Eq. 2) and thawing (Eq. 3) are found at the logged forest,
which imply that GSTs at these sites more closely follow air
temperatures. In both years, the intact forest has the small-
est scale factor for freezing while the stands of young re-
growth have the smallest scale factors for thawing, indicat-
ing that these forest states feature the GSTs that are most
disconnected from air temperatures in winter and summer,
respectively. Overall, surface offsets are higher and the scale
factor for freezing is lower for all forest states in 2024, while
the scale factor for thawing is rather similar among the years
(Table 2). This indicates that winter rather than summer ef-
fects contributed to the higher MAGSTs measured in 2024
(Fig. 5a).

3.3 Vegetation density

The PAIcanopy values calculated for the forest states show
distinct patterns in vegetation density. Figure 7a shows how
the PAIcanopy in the intact forest and stands of young re-
growth, which both feature live canopies, increases substan-
tially from winter to summer. Particularly, the PAIcanopy for
the stands of young regrowth increases by 6.3 times from late
winter to summer, which is markedly more than the increase
in PAIcanopy of 4.6 times for the intact forest. We also ob-
serve PAIcanopy in the intact forest to decrease during winter,

which is not observed at any other forest states. This could
be linked to gradual shedding of needles, consistent with ob-
servation of needles at the snow surface in late winter, or to
uncertainties in the PAI calculation under different illumina-
tion conditions (see Sect. 4.1). Nevertheless, the difference in
wintertime PAIcanopy in the intact forest is small (0.5) com-
pared to the PAI increase from early and late winter to sum-
mer of 2.2 and 2.7, respectively.

We observe no seasonal evolution in PAIcanopy in the dead
and logged forest, in line with the absence of live canopies
at these sites. In the dead forest we calculate a PAIcanopy of
0.4 in winter, which is lower than for intact forest but still
a substantial increase compared to the absent canopy of the
logged forest (Fig. 7a). In the logged forest the wintertime
estimates reveal that the remaining tree stumps do not con-
tribute to PAIcanopy (values� 0.1), and we thus set PAIcanopy
to 0 also in summer. In the dead forest PAIcanopy increases to
0.6 in summer, which is due to scattered regrowth of young
trees at the “DEAD_3” site (Sect. 2.1), while the other sites
in the dead forest show no increase in PAIcanopy in summer
(Table C1).

Several of the forest states also feature substantial floor
vegetation, which is evident when comparing summertime
PAIcanopy and PAItotal (Fig. 7b). As all forest states feature
some floor vegetation, PAItotal is greater than PAIcanopy at all
sites, with an increase in PAI of 1.1 in the intact forest. The
smallest increase is found in the stands of young regrowth
(0.7), while the largest increase is in the dead forest (3.9).
For the logged forest where there is no canopy, we calculate
a PAItotal of 1.6 which stems entirely from floor vegetation.
The variability of PAItotal within each forest state is small
compared to their absolute value, except for the logged forest
where PAItotal ranges from 0.9 to 2.5 (Table C1).

Furthermore, we compare vegetation density as quanti-
fied by PAIcanopy to the scale factors for freezing and thaw-
ing (Fig. 8). The scale factors for thawing and freezing are
lower for higher summertime and wintertime PAIcanopy, re-
spectively, which indicate that GSTs are more disconnected
from air temperatures as sites with denser canopies.

3.4 Surface cover

Our observations of surface conditions reveal some general
characteristics of the vegetation and snow cover for the dif-
ferent forest states. Snow surveys in December 2022 and
March 2023, show mean snow depths of circa 15–20 cm for
all forest states at both times, and no systematic differences
between the field visits in late December and early March
(Fig. C1). The snow cover at all field sites consisted of depth
hoar and faceted crystals with no clear horizontal layering.
However, we note a substantial increase in livestock distur-
bance (trampling) to the snow surface from early to late win-
ter (Table 3). While only scattered animal tracks were ob-
served at all sites in December, the snow cover in the dead
and logged forest had been substantially altered by animals
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Figure 5. Time series of GSTs for the different forest states in 2023 and 2024. (a) depicts mean annual GST while (b) shows seasonal GSTs.
SON: September, October and November. DJF: December, January and February. MAM: March, April and May. JJA: June, July and August.
Note the different scales on the temperature axes of (a) and (b). GSTs for the different forest states are presented in Figs. B1 and B2.

Figure 6. Difference in monthly GST between the disturbed forest states and the intact forest. Positive values indicate that GSTs in the
disturbed forest are higher than in the intact forest.

by March, with more than half of the snow surface visually
disturbed by animal activity at several field sites. In contrast,
we observed only scattered animal tracks in the intact forest
throughout winter. In the stands of young regrowth our ob-
servations diverge, with extensive trampling observed in the
aspen stand (YOUNG_1) in March, while we note only scat-
tered trampling within the larch stand (YOUNG_2). Com-
paring the average snow depths and the scale factor for freez-
ing for the different forest states reveals no clear relationship
(Fig. C2).

Surveys of surface cover show how floor vegetation and
surface organic layers vary between the forest states (Ta-
ble C2). In the intact forest we find floor vegetation of 10–
20 cm height underlain by a thin layer of needle litter in both
summer and winter. In the stands of young regrowth we ob-
serve only sparse floor vegetation and litter layers, while the
dead forest features the highest floor vegetation of circa 20–
25 cm (Fig. 4b) as well as the thickest litter layers in win-
ter. In the logged forest we find a continuous, 5-15 cm high,
grass cover in summer (Fig. 4a), except for at “LOGGED_2”
where scattered shrubs yield somewhat higher vegetation
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Table 2. Temperature metrics for the different forest states calculated over the hydrological years 2023 and 2024. SO: Surface offset (Eq. 1),
nf: scale factor for freezing (Eq. 2), nt: scale factor for thawing (Eq. 3).

Forest state SO (2023) SO (2024) nf (2023) nf (2024) nt (2023) nt (2024)

Intact 0.55 1.05 0.58 0.44 0.64 0.66
Dead −0.03 0.41 0.74 0.59 0.71 0.69
Young −0.05 0.63 0.62 0.47 0.58 0.61
Logged 0.06 0.55 0.83 0.68 0.82 0.80

Table 3. Observations of snow cover at the individual field sites. Note that the snow depths on 6 March 2023 are the mean values of several
snow measurements. Livestock disturbance is characterized as “scattered” and “extensive” if respectively less than 10 % or more than 50 %
of the snow surface are visually disturbed by livestock activity.

Field site Forest state 22 December 2022 6 March 2023

Snow depth Disturbance Snow depth Disturbance

INTACT_1 Intact 21 cm Scattered 18 cm Scattered
DEAD_1 Dead 10 cm Scattered 19 cm Extensive
DEAD_2 Dead 19 cm Scattered 16 cm Extensive
YOUNG_1 Young 21 cm Scattered 20 cm Extensive
YOUNG_2 Young 18 cm Scattered 17 cm Scattered
DEAD_3 Dead 16.5 cm Scattered 20 cm Extensive
LOGGED_1 Logged 20 cm Scattered 15 cm Extensive
LOGGED_2 Logged 21.5 cm Scattered 16 cm Extensive
LOGGED_3 Logged 17 cm Scattered 14 cm Extensive
INTACT_2 Intact 20 cm Scattered 16 cm Scattered

Figure 7. Variations in vegetation densities between the forest
states. (a) shows the seasonal evolution of PAIcanopy in 2023, while
(b) compares PAIcanopy (open markers) and PAItotal (filled mark-
ers) on the 19 August 2023.

heights (Fig. 4c). Notably, we find surface organic layers
consisting mostly of plant litter at all sites in winter, but at
most sites these are thinner or absent in summer (Table C2).
Below the layers of surface organics we observe a soil layer
containing organics and sand.

Figure 8. Relationships between vegetation density and the scale
factors for freezing and thawing. (a) Comparison of summertime
PAIcanopy (19 August 2023) and the scale factor for thawing (nt)
over the hydrological year 2023. (b, c) Comparison of wintertime
PAIcanopy (21 December 2022 and 6 March 2023, respectively) and
the scale factor for freezing (nf) over the hydrological year 2023.

4 Discussion

4.1 Novel aspects and limitations

This study presents a novel dataset of GSTs, vegetation den-
sity and surface conditions across a forest disturbance gradi-
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ent at a site in the forest-steppe ecotone in central Mongolia.
Based on these data, we investigate how forest disturbances
impact vegetation and surface cover, and the direct and in-
direct affect that these disturbances have on GST dynam-
ics. Previous studies from the forest-steppe ecotone of cen-
tral Mongolia have shown a strong dampening of the annual
GST cycle and a lowering of MAGSTs associated with forest
cover (Dashtseren et al., 2014; Temuujin et al., 2024). How-
ever, the ecosystem gradients in these studies occur across
substantial differences in topography, and the direct effect of
forests on GSTs remains unclear. To untangle the impacts
of terrain and ecosystems on ground thermal regime, our
study specifically targets differences in forest states across
sites with only small differences in topographic characteris-
tics (Table 1). Overall, we find somewhat lower MAGSTs
at disturbed sites than in intact forest, while the annual GSTs
range is larger at sites where forest disturbances have reduced
the canopy cover (Fig. 5).

GSTs in the study area can also be influenced by environ-
mental factors other than forest state, such as differences in
topography and floor vegetation. Despite being chosen as to
have similar topographic characteristics, there are still varia-
tions in terrain among the field sites. For example, the sites
of dead forest and stands of young regrowth are located at
roughly 50–100 m lower elevation and 2–3° steeper slopes
than the intact and logged forest sites (Table 1). Such an el-
evation difference can entail up to 1 °C higher air tempera-
tures in the lower locations if assuming a dry adiabatic lapse
rate (9.8 °C km−1; Hartmann, 2016). The somewhat steeper
north-facing slopes in the dead forest and stands of young re-
growth can reduce the direct solar radiation at these sites,
an effect that is strongest during low solar angles in win-
ter (Table 1). However, we do not observe generally warmer
summertime GSTs (nor colder wintertime GSTs) at the dead
forest and stands of young regrowth compared to the intact
and logged forest (Fig. 5). Moreover, the correlation analysis
does not suggest a strong correlation between seasonal GSTs
and slope, aspect and elevation, nor available solar radiation
(Table D1). Here, we note that while terrain characteristics
generally are a main control on GSTs in Mongolian forest-
steppe systems (e.g. Temuujin et al., 2024), our study design
deliberately uses field sites with similar typographic exposi-
tion in order to investigate the impact of forest disturbances
specifically (Sect. 2.1). Furthermore, we find variations in
floor vegetation within the forest states that potentially affect
the measured GSTs. The largest variations in floor vegetation
and vegetation density are found in the logged forest, where
differences in vegetation height of 25 cm and PAItotal of 1.59
are accompanied by a spread in summertime GSTs of 1.8 and
2.5 °C in 2023 and 2024, respectively. However, we find that
despite the variations within the logged forest, LOGGED_1,
LOGGED_2 and LOGGED_3 still have the lowest PAItotal
and highest summertime GSTs of all field sites. This indi-
cates that the impact of variations in topography among the

forest states, and vegetation cover within the forest states, is
small compared to the control of forest states on GSTs.

In this study we describe the vegetation density using the
plant area index (PAI), which despite its broad use has in-
herent limitations. The PAI was chosen as it gives a single,
quantitative vegetation metric per site/field visit, and easily
can be estimated using non-destructive optical methods and
off-the-shelf software that accounts for relevant effects such
as local slope and canopy clumping (Sect. 2.3). As the PAI in-
cludes all plant material, it is a useful measure of the canopy-
atmosphere interface and a suitable metric for e.g. overall
light transmission in forests. However, factors such as ex-
posure and sky conditions influence the estimation of PAI
(Chen et al., 1991), which can have contributed to the drop of
0.5 in PAIcanopy in the intact forest in winter (Fig. 7). Further-
more, the PAI has limited application in fields such as hydrol-
ogy and ecology, as processes such as transpiration and pho-
tosynthesis occur only through the leaf-/needle-area (Bréda,
2003), while accurate modelling of sub-canopy radiation re-
lates more to the sky-view fraction and the transmissivity of
direct solar radiation (Jonas et al., 2020). In principle, these
vegetation metrics can be derived from the hemispherical im-
ages using established methodologies, e.g. the leaf area in-
dex (LAI) of the canopy can be found as the difference in
PAIcanopy between summer and winter.

GSTs are also influenced by atmospheric factors such as
air temperature and precipitation, which can vary from year
to year. Meteorological data from the nearby Nalaikh sta-
tion shows MAAT between −3.4 and −2.3 °C during the
study period, which is near or above the 2000–2024 aver-
age (Sect. 2.1). Annual precipitation was above average dur-
ing the study period, with the calendar year 2024 being the
wettest year in the 25-year record (Fig. 2). However, both
MAAT and precipitation show an increasing trend over the
2000–2024 period (Fig. 2), which is expected to continue
over the next decades (Zamba, 2018). It is thus likely that
the relationships between vegetation cover and GSTs es-
tablished in this study period also are relevant for climatic
conditions in the near future. Furthermore, we measure a
MAAT of −0.2 °C at the ridge above the study area in 2023
(Sect. 2.1, Fig. 1a), which is 2.9 °C higher than the corre-
sponding MAAT recorded in Nalaikh (Fig. 2). This differ-
ence is linked to the strong temperature inversions that are
frequent during winter in this region (Gerelchuluun and Ahn,
2014). Radiosonde data have shown that temperature inver-
sion around Ulaanbaatar are common from October through
March with strengths up to 6.9 °C (Ganbat and Baik, 2016;
Sumiya et al., 2023). The persistence of such inversions
throughout the cold season can produce systematically lower
wintertime air temperatures in valleys and topographic de-
pressions, i.e. where Nalaikh is situated, compared to our
study area which is located at higher altitude close to the
mountain ridge (Fig. 1a). This suggests that relative position
within the larger scale terrain needs to be considered when
comparing temperature data in this region.
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More systematic surveys of snow cover are required for
quantifying its impact on GST dynamics. The survey in late
winter reveals a snow cover that is substantially disturbed
by livestock at several of the field sites, especially in the
dead and logged forest (Table 3). We classify this distur-
bance as “scattered” and “extensive” based on the percent-
age of snow surface that is visually disturbed by livestock
activity (Sect. 2.4). Such a classification is however not suit-
able for the correlation analysis (Sect. 3.4), and our further
discussion of the role of livestock disturbances in shaping
wintertime GSTs remains qualitative. Furthermore, our snow
sampling does not capture events where previously disturbed
areas are infilled by subsequent snowfalls. However, a more
comprehensive and quantitative assessment of livestock dis-
turbance was not possible within the scope of this study. Fu-
ture research efforts could for example use repeated airborne
LiDAR surveys in winter for detailed snow depth mapping
(Koutantou et al., 2022), which could provide information
on the snow depth evolution at the location of the GST mea-
surements, and be used to analyse the extensiveness of snow
trampling within each forest state.

4.2 Factors impacting ground surface temperature
dynamics in disturbed forests

A key effect of forest canopies is the attenuation of solar ra-
diation, which reduces the available energy at the ground sur-
face (e.g. Mahat and Tarboton, 2012; Stuenzi et al., 2021a).
The shading effect scales with canopy density, for example,
Dashtseren et al. (2014) found that for a site near our study
area only 14 %–22 % of the incoming solar radiation pen-
etrated the forest canopy in summer, while corresponding
values for the leaf-less season where 63 %–67 %. Overall,
disturbances that remove or reduce the canopy density will
increase the solar radiation available at the ground surface
which can give higher GSTs, an effect which is strongest
during high insolation in summer. This is in line with the cor-
relation analysis, which shows a strong relationship between
vegetation density and summertime GSTs and the scale fac-
tor for thawing (Eq. 3, Table D1), with the lowest summer-
time GSTs and nt values found at sites with higher summer-
time PAIcanopy (Figs. 5 and 7a).

Forest canopies can also intercept substantial amounts of
solar radiation in winter, which affects the surface energy
balance at forested sites. In the forest-steppe ecotone, forests
consist mainly of deciduous needle-leaves and are located on
north-facing slopes (Schlütz et al., 2008; Tsogtbaatar, 2004).
During winter, when sun angles are lower and forest canopies
have shed their needles, incoming solar radiation has both
a longer travel distance through the canopy while also be-
ing able to penetrate deeper into the canopy. For similar lati-
tudes as our sites, Webster et al. (2015) showed that larch tree
trunks in winter are warmer than the surrounding air, emitting
substantial amounts of longwave radiation to the snow sur-
face. At times when absorption of solar radiation is limited

by highly reflective snow cover, sites with dark tree trunks
can thus experience increased energy input to the local sur-
face. This tendency of more available energy at forested sites
in winter agrees well with our findings of higher wintertime
GST and lower scale factor for freezing (Eq. 2) at sites with
denser canopies (Fig. 8b, c) and the strong positive correla-
tions between PAIcanopy and wintertime GSTs (Table D1).

The exchange of energy between the atmosphere and
ground at forested sites can also be modified by the presence
of surface organic layers, which in our study area consist
mostly of needle- and grass litter (Table C2). The low thermal
conductivity of such layers efficiently insulates the soil be-
low, which affects the ground thermal regime through damp-
ening of the annual ground temperature range and maintain-
ing shallow active layer thickness’ (Beringer et al., 2001;
Bonan and Shugart, 1989; Chang et al., 2015; Kasischke
and Johnstone, 2005). For the forest-steppe ecotone, thick
surface organic layers are observed in intact forests and at
grassland sites where grazing is limited (Dashtseren et al.,
2014; Ishikawa et al., 2005; Zweigel et al., 2024b) while they
are shallow at sites with degraded forest or young regrowth
(Klinge et al., 2021). In this study we measure GSTs below
the surface organic layer (Sect. 2.2), and any effects of such
layers are contained in the GST records. Overall, we observer
rather thin (0–5 cm) surface organic layers in our study area,
where needle litter are found year-round in the intact forest,
while grass- and leaf litter layers are found in winter only
at the disturbed forest sites (Table C2). This diminishing of
surface organic layers throughout the year could be due to
animal foraging of plan litter (see below), gradual settling,
or decomposition which can be substantial already within
the first year (Zhao et al., 2022). However, the correlation
analysis does not indicate any strong relationships between
the surface organic layer thickness and seasonal GSTs nor
the scale factors for freezing and thawing. This suggests that
variations in surface organic layer thickness among the forest
states are not the dominant factor influencing GST dynamics
in our study area.

An interesting finding is that dead forest has similar
PAItotal as the intact larch forest (Fig. 7b) but features higher
summertime GSTs (Fig. 5). This GST difference is observed
despite grassland vegetation (which dominate the dead for-
est) having generally higher summer albedo than coniferous
forest (to which larches belong) (Bonan, 2016), indicating
lower absorption of solar radiation in the dead forest. While
the exact reasons for these differences are unclear, there are
notable difference in vegetation structure between these sites
which can have implications for the processes by which en-
ergy is transfers from the vegetation to its surroundings. In
the intact forest the largest part of the vegetation density is
in the tall tree canopy, while it is in the floor vegetation in
the dead forest (Fig. 7b). This implies that the absorption of
solar radiation (and consequent heating of the vegetation) oc-
curs much closer to the ground surface in the dead forest than
in the intact forest, resulting in a larger temperature gradient
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between the vegetation and ground surface and subsequently
more efficient energy transfer at this site. Furthermore, the
relatively open canopy air space in the intact forest, and the
exposure to greater wind speed higher up, can allow the intact
forest canopy to more efficiently shed heat to the atmosphere.

Our results contrast some of the previous research on
the impact of forest disturbances on the ground thermal
regime. Generally, forest disturbances have been shown to
increase ground temperatures, potentially leading to per-
mafrost degradation (e.g. Fedorov et al., 2017; Iwahana et al.,
2005; Li et al., 2021; Yoshikawa et al., 2002). For the forest-
steppe ecotone of central Mongolia, Klinge et al. (2021)
and Kopp et al. (2014) found summertime GSTs at sites
affected by wildfire that were 3.1 to 3.9 °C warmer com-
pared to nearby intact forest. Year-round studies of wildfires
and clear-cuttings found that reduced evapotranspiration fol-
lowing disturbances strongly increased soil moisture levels,
which delayed freezing and deepened the active layer (Fe-
dorov et al., 2017; Iwahana et al., 2005; Yoshikawa et al.,
2002). In our study area, we observe a similar increase in
summertime GST at disturbed sites as Klinge et al. (2021)
and Kopp et al. (2014), but this warming is offset by over-
all lower GSTs in winter, and we do not observe slower
freezing at disturbed sites (Figs. 5b and B2). The correlation
analysis also does not show any strong correlations between
MAGST and the variations in surface and vegetation cover
across the different forest states (Table D1). Overall, our two
years of measurements show an increased annual GST cy-
cle and MAGSTs consistently 0.5 °C lower at disturbed sites
compared to intact forest (Fig. 5). Unlike the study sites of
Yoshikawa et al. (2002), Iwahana et al. (2005) and Fedorov
et al. (2017), our study area is located on discontinuous per-
mafrost in sloping terrain, which could give a more efficient
drainage of soil water and thus inhibit the buildup of soil
moisture following disturbances. While we do not have ob-
servations at deeper ground layers, this demonstrates that for-
est disturbances do not necessary lead to warming of ground
temperatures, and that their impact on ground thermal regime
is influenced by the local hydrological regime.

Furthermore, differences in grassland vegetation impact
GST dynamics, which can explain the differences observed
in the dead and logged forest. These sites feature similar
topographic characteristics (Table 1), but we observe lower
PAItotal and only negligible layers of surface organics in the
logged forest (Fig. 7, Table C2). Such a sparser surface cover
intensifies the exchange of energy between the atmosphere
and ground surface (Zweigel et al., 2024b), which is in line
with the higher summertime GSTs and larger scale factor for
thawing observed in the logged forest (Figs. 4 and 8b). It is
likely that these differences in summertime surface cover are
due to livestock grazing, as we observe several active herder
camps on south-facing slopes in the immediate surroundings
of our study area (< 2 km) and the logged forest is easily ac-
cessible from the south (Fig. 1a).

During winter the presence and depth of the snow cover
can substantially limit the exchange of energy between the
atmosphere and ground surface, exerting significant control
on the overall ground thermal regime (Zhang, 2005). Previ-
ous works have shown that snow cover can vary substantially
between sites with different vegetation cover, which can be
due to (a) snow capture, where interactions between wind
and vegetation cover create areas of preferential snow accu-
mulation at sites with higher and denser vegetation (Hiemstra
et al., 2002; Sturm et al., 2001), and (b) interception loss,
where denser canopies intercept more snow (Fisher et al.,
2016; Lundberg and Koivusalo, 2003; Yi et al., 2007). Due to
these effects on snow accumulation, variations in vegetation
densities due to forest disturbances can lead to substantial
differences in wintertime ground temperatures, an effect that
is strongest at sites with overall thin snow cover (Li et al.,
2021; Zhang, 2005). Interestingly, we observe rather simi-
lar snow depths for the different forest states in Bayanzurkh
(Fig. C1) and find no clear relationship between observed
snow depth and nf (Fig. C2) nor a strong correlation be-
tween snow depths and wintertime GSTs (Table D1). This
lack of systematic differences in snow cover between the for-
est states could be linked to limited wind redistribution of
snow due to the overall sheltered location of the field sites
(Sect. 2.1) and the generally low wintertime windspeeds in
central Mongolia (Hong et al., 2023), and the deciduous na-
ture of the forest in our field area, which limits snow inter-
ception. Notably, the main difference in snow cover between
the forest states is the degree of livestock trampling, which
is characterized as scattered in the intact forest and extensive
in the dead and logged forest (Table 3). If trampling leads
to compaction of the entire snowpack, this can substantially
reduce the thermal insulation of snow and give lower win-
tertime GSTs (e.g. Zweigel et al., 2024b). For both the dead
and logged forest, the temperature records show sudden di-
vergences in GST for single loggers in winter (Fig. B1). A
similar divergence in GSTs is also evident for the stand of
young aspen, where we also note extensive disturbance by
livestock (Table 3). While we do not have direct observa-
tions linking these GST signals to trampling, the extent of
trampling observed at the sites in the dead and logged for-
est suggest that livestock disturbances to the snow cover can
contribute to the overall colder winter GSTs at these sites.

Overall, livestock activity influences surface conditions in
our study area, and these must be considered when studying
the differences in GST dynamics between the forest states.
While the exact patterns of livestock activity are unclear, we
note some general tendencies; in summer, the sparser veg-
etation cover in the logged forest suggests that these sites
are preferentially grazed (Fig. 7b), while the more abun-
dant trampling at the dead and logged forest and the stand
of young aspen indicates larger livestock activity at these
sites in winter (Table 3). The latter is likely linked to the
abundance of edible grass and leaf litter at these sites con-
trary to the needle litter that dominates both young and in-
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tact larch forests (Table C2). For a north-facing grassland
site in central Mongolia, Zweigel et al. (2024b) found graz-
ing and trampling by livestock to give 1.4 °C warmer and
2.5 °C colder GSTs in summer and winter, respectively, and
an overall cooling of MAGST of 0.4 °C. It is thus likely that
livestock activity contributes to the larger annual GST cy-
cle and lower MAGSTs in the logged and dead forest sites
compared to the intact forest (Fig. 5). As these impacts are
superimposed on the forest disturbances in our study area,
quantification of their contribution to the observed GST dy-
namics is not possible. However, livestock activity likely also
affects surface conditions throughout the forest-steppe eco-
tone, as 70 %–80 % of the Mongolian land area is used as
rangeland (Angerer et al., 2008; Fernández-Giménez et al.,
2018) and forests constitute important feeding grounds that
are used especially in winter (Lkhagvadorj et al., 2013b, a).

4.3 Implications and future work

In the forest-steppe ecotone both permafrost and forest are
close to their climatic limits and their existence is intimately
linked (e.g. Dashtseren et al., 2014; Klinge et al., 2018).
In its intact state, forest ecosystems provide shade and in-
sulation which limit ground thawing in summer, while the
presence of shallow permafrost elevates the water table and
increases local soil moisture levels. The potential for these
systems to reestablish themselves after disturbances has re-
ceived little attention, except for the work by Klinge et
al. (2021). For burnt and exploited forests in central Mon-
golia, they found an overall drying of the soil and deep-
ening of the active layer. Modelling efforts have since un-
derpinned the impact removal of forest canopy and associ-
ated surface organic layers have on soil moisture and sea-
sonal thaw depth (Zweigel et al., 2024a). Such ground con-
ditions are unfavourable for tree saplings, and initial succes-
sion is limited to topographic formations promoting water
availability (Klinge et al., 2021). We also observe this effect
in our study area, where sparse regrowth is found across the
parts facing directly north, whereas stands of dense young re-
growth (e.g. YOUNG_1 and YOUNG_2) are limited to topo-
graphic concavities (Fig. 1). However, these stands of young
regrowth feature the coldest summertime GSTs and the low-
est scale factor for thawing (Fig. 5b, Table 2), indicating a
limited active layer thickness and locally stable permafrost
at these sites. Such stands of young regrowth might be essen-
tial for the gradual regeneration of forest on disturbed slopes,
as they provide necessary soil moisture and seed reservoir
(Klinge et al., 2021). Fully understanding and quantifying
the role of permafrost-ecosystem interactions for regenerat-
ing/degenerating forests is however beyond the scope of our
study at this time and should be a topic for future research.

The observed variation in GST dynamics between the
different forest states can impact the local ground thermal
regime. Overall, we find about 0.5 °C lower surface offset
(Eq. 1) in the dead and logged forest and stands of young

regrowth compared to the intact forest (Table 2), indicating
a general cooling of the ground surface following forest dis-
turbance. However, the dead and logged forest also have a
larger annual GST amplitude (Fig. 5b), which in turn can
increase the thermal offset and give higher ground temper-
atures at depth (Smith and Riseborough, 1996). Due to the
potentially opposing effects of surface- and thermal offset,
the impact of dead or logged forest on deeper ground tem-
peratures remains unclear.

The abundant growth of floor vegetation at disturbed forest
sites might limit remote sensing efforts in assessing the spa-
tial scale of forest disturbance. Most remotely sensed veg-
etation indexes (i.e. NDVI) are based on the ratio between
different spectral bands and thus do not distinguish between
vegetation in the canopy and at the forest floor (Glenn et al.,
2008). At our sites, we observe abundant grass vegetation in
disturbed sites, yielding rather similar PAItotal for intact and
disturbed forest (Fig. 7b). Also previous works have found
common vegetation indexes to be insensitive to disturbances
in larch forest, as loss of canopy cover is compensated for by
increased vitality of floor vegetation (Bendavid et al., 2023;
Loranty et al., 2018). This suggests that vegetation indices
derived from spectral remote sensing products might be in-
adequate for detecting or mapping the spatial extent of such
forest disturbances and for assessing their impact on GSTs.

This observed relationship between vegetation density and
GSTs suggests that canopy effects need to be considered
when simulating permafrost in forest ecosystems. In recent
years, single- or multi-layer vegetation schemes that directly
account for canopy effects have been integrated in existing
permafrost models and applied at the point scale (e.g. Stuenzi
et al., 2021a, b; Zweigel et al., 2024a). However, the faster
and simpler models used to simulate regional and global per-
mafrost extent often lump the effects of vegetation, snow
cover and surface organics into scale factors linking air and
ground surface temperatures (e.g. Jafarov et al., 2012; Obu
et al., 2019; Westermann et al., 2015). In the frequently used
permafrost map by Obu et al. (2019), direct canopy effects
are not considered in the parameterization of the scale factors
for freezing and thawing, and this is pointed out as a main
source of uncertainty in the representation of permafrost ex-
tent in forested regions. However, the clear relationship be-
tween canopy density and the scale factors for thawing and
freezing found in this study (Fig. 8) shows that canopies have
a strong control on GSTs throughout the year. At our study
sites, the impact of canopies on freezing and thawing largely
cancel each other out, and surface offsets vary only by 0.5 °C
with forest state (Table 2). However, the strength of canopy
effects such as shading, interception and snow capture vary
with geographic location, climate and forest type, and should
be considered in future permafrost mapping efforts.

The observed GST dynamics in the logged and dead for-
est are likely to affect the soil moisture regime, with impor-
tant implications for ecosystem function. Specifically, higher
summertime GSTs and larger annual GST range are typi-

The Cryosphere, 20, 1001–1023, 2026 https://doi.org/10.5194/tc-20-1001-2026



R. B. Zweigel et al.: Forest disturbances and their impact on ground surface temperatures in Mongolia 1015

cally associated with a deepening of the active layer (Smith
and Riseborough, 1996; Zhang et al., 1997), and greater ac-
tive layer thicknesses have been observed at disturbed forest
sites in central Mongolia (Klinge et al., 2021). As permafrost
is largely impermeable (Walvoord and Kurylyk, 2016), a
deeper active layer permits water infiltration to greater depths
while higher summertime GSTs at the same time increase
surface evaporation. Consequentially, near-surface moisture
levels are reduced which limits water available for plant up-
take. Moreover, meltwater from ground ice near the top of
the permafrost can be crucial in sustaining boreal forests dur-
ing dry years (Sugimoto et al., 2002). If forest disturbances
lead to deepening of the active layer and a melt out of these
ground ice layers, this important water reservoir is lost and
any post-disturbance ecosystems will be more susceptible to
droughts. Overall, forest disturbances can negatively affect
both short- and long-term water availability, which has im-
plications for ecosystem function and succession. Although
investigating water availability is beyond the scope of this
study, the similar terrain configurations among sites in the
Bayanzurkh mountains suggest that it could be a well-suited
location for future research on the impact of forest distur-
bances on soil moisture dynamics.

5 Conclusion

In this study we explore the relationship between ground
surface temperatures (GST), vegetation density and surface
cover at intact and disturbed forest sites in the discontinu-
ous permafrost in central Mongolia. We present two years of
daily GST measurements from sites with intact, dead, and
logged forest, as well as from dense stands of young re-
growth. The GST measurements are complemented by daily
air temperature measurements, calculations of canopy and
floor vegetation density and surveys of surface cover in sum-
mer and winter.

We find forest disturbances to strongly affect vegetation
structure, with the dead and logged forest featuring lower
canopy density, denser floor vegetation and lower accumu-
lation of surface organic layers. Stands of young regrowth
have the highest summertime canopy density and the spars-
est floor vegetation, and feature only a negligible surface or-
ganic layer. The forest disturbance also induces differences in
local livestock activity especially in winter when grass- and
leaf litter available at disturbed sites is an important source
of feed. Overall, there is a clear relationship between canopy
density and winter and summer GSTs, where the annual GST
amplitude increases at sites with sparser canopies. Compared
to intact forest, monthly GSTs in the dead and logged forest
are up to+1.8 and+3.7 °C higher in summer and up to−3.6
and−5.1 °C lower in winter, respectively. In stands of young
regrowth, GSTs are generally lower and more dampened than
in intact forest. We find summer and winter effects to largely
offset each other, and that mean annual GSTs in the dead,

logged and stands of young regrowth are 0.5 °C lower than
in the intact forest.

Our findings suggest that while forest disturbances
strongly influence the GST dynamics, they do not lead to
widespread warming of the ground surface or permafrost
degradation. Forest disturbances lead to a shift in vegetation
density from the canopy to the forest floor, which can impede
remote sensing of forest disturbances using well-established
vegetation indices and induce patterns in livestock activity.

Appendix A: Location of the field sites

Table A1. Coordinates of the field sites used in this study.

Logger Latitude [°] Longitude [°]

INTACT_1 47.8334 107.2137
DEAD_1 47.8348 107.2165
DEAD_2 47.8336 107.2175
YOUNG_1 47.8333 107.2179
YOUNG_2 47.8326 107.2190
DEAD_3 47.8326 107.2193
LOGGED_1 47.8295 107.2202
LOGGED_2 47.8294 107.2206
LOGGED_3 47.8303 107.2174
INTACT_2 47.8324 107.2129

Appendix B: Time series of GST evolution

Figure B1. Evolution of daily GSTs for the individual loggers in the
young forest stands winter 2024. The arrow indicates a time in late
December from which the two loggers swich from having highly
similar GSTs to having strongly diverging GSTs until late winter,
possibly in response to livestock trampling at the young aspen site
(YOUNG_1).
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Figure B2. Daily mean GST (black line) and GST range (coloured shading) for the 2–3 temperature measurements within the different forest
states (Sect. 2.2). Note the abrupt increases in GST range in winter for some forest states, which is due to sudden divergence in GST for
single loggers.
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Appendix C: Detailed vegetation and snow observations

Table C1. Calculated PAI for the different field sites.

Logger Forest state PAIcanopy PAItotal

22 Dec 2022 6 Mar 2023 19 Aug 2023 19 Aug 2023

INTACT_1 Intact 1.15 0.77 3.60 4.20
DEAD_1 Dead 0.30 0.32 0.34 4.94
DEAD_2 Dead 0.40 0.41 0.40 4.51
YOUNG_1 Young 0.58 0.63 4.14 5.39
YOUNG_2 Young 0.80 0.73 4.41 4.53
DEAD_3 Dead 0.51 0.45 1.15 4.17
LOGGED_1 Logged 0.00 0.00 0.00* 2.45
LOGGED_2 Logged 0.00 0.01 0.00* 1.38
LOGGED_3 Logged 0.00 0.00 0.00* 0.86
INTACT_2 Intact 1.37 0.75 3.35 4.94

* PAIcanopy values for logged sites in summer are not calculated directly but are assumed to be equal to those calculated
for winter (see Sect. 3.2).

Table C2. Observed surface cover from the visits in 6 March 2023, 19 August 2023 and 17 September 2024. Note that the surface organic
layer was only qualitatively assessed in summer 2024.

Field site Floor vegetation Surface organic layers

2023 summer 2024 summer 2023 winter 2023 summer 2024 summer

INTACT_1 n.m. n.m. 1 cm, litter 4 cm, litter Needle litter
INTACT_2 10–20 cm, grass n.m. 1–2 cm, litter 1 cm, litter Needle litter
DEAD_1 25 cm, grass 20 cm, grass 5 cm, grass litter 0 cm Grass litter
DEAD_2 25–50 cm, grass 20 cm, grass 5 cm, grass litter 0 cm Grass litter
DEAD_3 25 cm, grass 15 cm, grass 2 cm, litter/moss 1 cm, moss Litter and moss
YOUNG_1 3–4 m, Aspen saplings 0 cm, grass 2 cm, litter 0 cm Leaf litter
YOUNG_2 2–4 m, Larch saplings n.m. 2 cm, litter 0 cm Needle litter
LOGGED_1 15 cm, grass 15 cm, grass 5 cm, litter/moss 0 cm, 10 %–20 % bare soil Negligible
LOGGED_2 20–30 cm, grass/shrubs 40 cm, grass/shrubs 2 cm, grass litter 0 cm, 10 %–20 % bare soil Negligible
LOGGED_3 5–15 cm, grass 15 cm, grass 1 cm, grass litter 0 cm Negligible

n.m.: not measured.
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Figure C1. Average snow depths measured in the immediate vicinity of the logger locations in winter 2023. Note that the data from
6 March 2023 is the mean of measurements at both visually undisturbed and disturbed locations.

Figure C2. Comparison of average snow depth and the scale factor for freezing (nf) over the hydrological year 2023.
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Appendix D: Correlation analysis
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