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Abstract. Palsas and peat plateaus are expected to disappear
from many regions, including Finnish Lapland. However,
detailed long-term monitoring data of the degradation pro-
cess on palsas are scarce. Here, we present the results of the
aerial photography time series analysis (1959–2021), annual
real-time kinematic (RTK) GNSS and active layer monitor-
ing (2007–2021), and annual unoccupied aerial system sur-
veys (2016–2021) at two palsa sites (Peera and Laassaniemi,
68◦ N) located in north-west Finland. We analysed tempo-
ral trends of palsa degradation and their relation to climate
using linear regression. At both sites, the decrease in palsa
area by −77 % to −90 % since 1959 and height by −16 %
to −49 % since 2007 indicate substantial permafrost degra-
dation throughout the study periods. The area loss rates are
mainly connected to winter air temperature changes at Peera
and winter precipitation changes at Laassaniemi. The active
layer thickness (ALT) has varied annually between 2007 and
2021 with no significant trend and is related mainly to the
number of very warm days during summer, autumn rainfall
of previous year, and snow depths at Peera. At Laassaniemi,
the ALT is weakly related to climate and has been decreasing
in the middle part of the palsa during the past 8 years despite
the continuous decrease in palsa volume. Our findings imply
that the ALT in the inner parts of palsas do not necessarily
reflect the overall permafrost conditions and underline the
importance of surface position monitoring alongside the ac-
tive layer measurements. The results also showed a negative
relationship between the ALT and snow cover onset, indicat-

ing the complexity of climate–permafrost feedbacks in palsa
mires.

1 Introduction

Permafrost degradation manifested by widespread
thermokarst activity (Kokelj and Jorgenson, 2013), warming
ground temperatures (Biskaborn et al., 2019), and (mostly)
increasing active layer thicknesses (ALT) (Smith et al., 2022)
is taking place throughout its extent in the polar regions,
mountain environments, and central Asia. Consequently, an
extreme loss of permafrost landscape features is projected
because of climate warming and the increase in precipitation
in the northern regions (Aalto et al., 2014; Karjalainen
et al., 2020; Fewster et al., 2022; Könönen et al., 2022).
Ecosystem-protected permafrost features located at the
margins or even outside their climatic envelopes, such as
palsas and peat plateaus, are particularly sensitive to climatic
changes (Luoto et al., 2004a; Shur and Jorgenson, 2007;
Meier, 2015).

Both peat plateaus and palsas are characterized by a thick,
upheaved layer of peat and perennially frozen core (Zoltai
and Tarnocai, 1975; Meier, 2015). The main differences be-
tween peat plateaus and palsas are in their topographical pro-
files. Peat plateaus are usually extensive, flat-topped, and less
than 3 m high, while peat mounds with a smaller areal ex-
tent but a more dome-shaped profile are deemed palsas. In
the Fennoscandian context, both are often called palsas due
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to the similarity of their formation processes and common
occurrence within the same peatland areas (Seppälä, 2011;
Meier, 2015). Additionally, smaller mounds identified as sep-
arate palsas can also be disintegrated parts of larger peat
plateaus (Borge et al., 2017).

Palsa mires are important features of subarctic landscapes.
The heterogeneity of habitats makes them particularly bio-
diverse ecosystems (Luoto et al., 2004b). Degradation of
palsas and peat plateaus alters mire topography, vegetation
structure, hydrological processes, and biogeochemical cycles
(Christensen et al., 2004; Turetsky et al., 2007). Loss of dry,
elevated surfaces also diminishes palsa mires’ cultural and
provisioning ecosystem services, such as wild berry picking
and reindeer pastures (Way et al., 2018; Näkkäläjärvi et al.,
2020).

The rapid lateral degradation of palsas and peat plateaus
during the past several decades has been reported from
Fennoscandia (Zuidhoff and Kolstrup, 2000; Meier, 2015;
Borge et al., 2017; Olvmo et al., 2020) and North America
(Payette et al., 2004; Jones et al., 2016; Mamet et al., 2017).
The occurrence of widespread permafrost degradation also
before the time covered by aerial photography time series is
indicated by the presence of thermokarst ponds in the earli-
est available aerial photographs (Luoto and Seppälä, 2003;
Payette et al., 2004; Borge et al., 2017).

The periods of most rapid lateral degradation vary depend-
ing on the studied region, methodology, and temporal cover-
age of aerial photography time series used to map the extent
of palsas and peat plateaus. A comparison of palsa degrada-
tion rates (area loss in % a−1) during different periods and
respective climatic conditions has linked rapid lateral degra-
dation to increases in precipitation and temperature (Payette
et al., 2004; Olvmo et al., 2020). On the contrary, Borge et
al. (2017) did not find a correlation between the degradation
rates and climatic parameters.

A delineation of the palsa extent from orthophotos does
not provide information about the height and volume of pal-
sas unless stereophotographs are available. High-resolution
light detection and ranging (lidar)-based digital elevation
models (DEMs) are therefore a great asset for (regional)
palsa inventories (Wramner et al., 2015; Ruuhijärvi et al.,
2022). The increasing availability of unoccupied aerial sys-
tems (UASs) allows even more frequent and detailed map-
ping and change detection of both the extent and topography
of palsas and peat plateaus (Martin et al., 2021; Fraser et al.,
2022).

Active layer thickness (annually thawing and freezing
ground layer underlain by permafrost) is one of the main pa-
rameters commonly used to monitor permafrost conditions
(Brown et al., 2000). In the Northern Hemisphere, the ALT
varies from a few decimetres in the High Arctic to several
metres in the mountainous regions at mid-latitudes (Luo et
al., 2016). Analyses of the long-term trends showed an in-
crease in the ALT, especially in the Qinghai–Tibetan Plateau
(Luo et al., 2016), Greenland and Scandinavia (Strand et

al., 2021), West Siberia (Smith et al., 2021), and the inte-
rior of Alaska (Nyland et al., 2021). The lack of a signifi-
cant change in the ALT on the Alaskan North Slope and the
Mackenzie River delta has been (partially) attributed to the
effect of thaw consolidation following the melting of ice in
the transient layer at the boundary between the active layer
and the permafrost table (Shiklomanov et al., 2013; Strelet-
skiy et al., 2017; O’Neill et al., 2019). Some active layer data
are also available from palsas and/or peat plateaus (Åker-
man and Johansson, 2008; Sannel et al., 2016; Mamet et al.,
2017). Based on these studies, summer air temperatures and
thaw degree days, and in some cases freezing degree days
and snow accumulation, seem to be the most important me-
teorological predictors of the ALT. More than a decade-long
ALT records from palsas are, however, scarce.

In this research, we present the results of long-term mon-
itoring of two palsa mires in the Kilpisjärvi area, north-west
Finland, inspected annually in late summer. The aim of our
study is to investigate permafrost degradation dynamics and
their relation to climatic parameters. In particular, we aim to
answer the following questions: (1) how did the lateral extent
of palsas (1959–2021), palsas’ heights (2007–2021), and the
active layer thickness (2007–2021) change during the inves-
tigation periods? (2) Can the detected changes be related to
climatic drivers, and if yes, which?

The study consists of three overlapping periods of de-
creasing length and increasing data availability. Aerial pho-
tographs with various intervals are available since 1959 and
daily meteorological observations are available since 1960.
The annual active layer monitoring grids including palsa sur-
face measurements with high accuracy real-time kinematic
(RTK) GNSS were established on two palsas in 2007. For the
last 6 years (2016–2021), the UAS RGB data have enabled
the capturing of changes in palsas at ultra-high (< 5 cm) spa-
tial resolution. This unique data set that includes multiple
spatial and temporal scales allows comprehensive analysis of
both lateral permafrost degradation and active layer dynam-
ics of palsas in Finland.

2 Study sites

The study sites are located in the Kilpisjärvi area, the north-
western part of Finnish Lapland (Fig. 1a). The mean annual
air temperature measured at the Kilpisjärvi weather station
is −1.38 ◦C (1990–2020; FMI, 2022). The average air tem-
peratures of the coldest (January) and warmest (July) months
are−12.27 and 11.66 ◦C, respectively. The mean annual pre-
cipitation is about 514 mm, of which around 240 mm falls as
snow (FMI, 2022).

Kilpisjärvi is located on the pre-alpine belt of the Scan-
dinavian Mountains. The general landscape is characterized
by flat summits typical for old peneplain surfaces and valleys
with mires that have usually less than a 2 m thick peat layer
(King and Seppälä, 1987). This topography supports the for-
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Figure 1. (a) Location of the study sites in north-west Finland. (b) Climate data used in this study are from the Kilpisjärvi weather station,
from which the distance to Laassaniemi and Peera is around 12 and 20 km, respectively. (c) In 2021, there were four palsas in the studied
part of the Peera palsa mire. The yellow rectangle indicates the area of the RTK-GNSS and active layer measurements on the Peera palsa.
(d) The Peera palsa is around 2 m high. Dry palsa surface is vegetated by lichens, dry mosses, and dwarf shrubs, while the thermokarst
depression in the middle of the photo is fully vegetated by sphagnum mosses (photo by Mariana Verdonen, August 2012). (e) Four palsas in
the Laassaniemi palsa mire. The annual monitoring is focused on the southernmost Laassaniemi palsa. (f) Laassaniemi palsa is less than a
metre high. Low profile and surrounding vegetation – dwarf birch shrubs in particular – complicate the delineation of the palsa’s edges from
aerial data and digital elevation models (UAS photo by Pasi Korpelainen, August 2018).

mation of cold air ponds in the valleys and, in combina-
tion with low snow depths, favours the development of palsa
mounds (King and Seppälä, 1987). South-south-east is the
prevailing wind direction during the wintertime (November–
April), as measured at the Kilpisjärvi weather station (FMI,
2022).

2.1 Peera

The Peera palsa mire is located south of Peerajärvi Lake, at
68◦52′41′′ N, 21◦04′41′′ E and around 460 m a.s.l. The stud-
ied mire area is ca. 5.2 ha and has four palsa mounds, which
used to be two large peat plateaus. The northernmost of the
four palsas (hereafter “Peera palsa”) has been monitored in
this research (Fig. 1c). The palsa consists of a main body with
a diameter of around 50 m, the highest point of which was
2 m above the surrounding mire in 2021, and two lower parts,
which increase the palsa’s core-to-edge ratio. The area of the
palsa was around 1500 m2 in 2021. The vegetation cover on
the palsa (Fig. 1d) varies from almost bare peat surface to
dwarf birch shrubs of up to 50 cm in height. The average peat
depth around the palsa is 1.3± 0.3 m (±SD).

2.2 Laassaniemi

The Laassaniemi palsa mire is located between Ala-
Kilpisjärvi Lake and the main road (68◦56′39′′ N,
20◦54′40′′ E, 475 m a.s.l.) and is ca. 0.7 ha. The mire
includes four palsas, which are disintegrated parts of a
larger peat plateau, all of which are < 1 m high (Fig. 1e).
The detailed investigation focuses on the southern palsa
(hereafter “Laassaniemi palsa”), which has an over 10
times smaller area (ca. 120 m2) than the Peera palsa. The
Laassaniemi palsa is more oval shaped, and it was around
18 m long and 7 m wide in 2021. The sparse vegetation
on the palsa consists mainly of lichens, cloudberries, and
crowberries. The thermokarst pond between the palsas is
partly revegetated by sphagnum mosses and common cotton
grass. Low (< 20 cm) dwarf birches occupy the dry areas
next to the palsa (Fig. 1f). The peat depth around the palsa
varies between 1.5 and 2.8 m.
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3 Data and methods

3.1 RTK-GNSS and active layer measurements

The ALT monitoring sites were established at the end of Au-
gust 2007. Palsa surface and edges were surveyed using the
RTK-GNSS (Topcon Hiper Pro, II, and V) with 1 cm hori-
zontal and vertical accuracies. Permanent control points es-
tablished by the Finnish Geodetic Institute were used for the
local RTK-GNSS base station installation. A 1 m long steel
rod was used to measure the depth of the active layer. In total,
515 points were measured at Peera (Fig. 2a), of which ca. 180
were placed every 2 m along 11 transects covering half of
the palsa, indicated by the yellow rectangle in Fig. 1c. In
Laassaniemi, 374 points were measured (Fig. 2c), of which
ca. 240 were placed every 1 m along 18 transects. In the fol-
lowing years (2008–2021), the number of measured points
and length of transects varied because many of the points
were abolished after years of no permafrost (ALT > 1 m) ob-
servations and/or due to the collapse of the palsas. The mea-
surements were done during the last week of August, except
in 2013, when the sites were visited on the 9 and 10 Septem-
ber (Table S1). In 2018, the active layer was not measured
at exactly the same points as in other years due to an RTK-
GNSS malfunction. Therefore, we interpolated the 2018 ALT
values using the Natural Neighbour method and extracted the
values from the interpolated raster layers at the locations of
points in 2019.

The Natural Neighbour interpolation of the elevation in-
formation was used to create digital terrain models (DTMs)
from each year’s RTK-GNSS data. We determined the edges
of the Laassaniemi palsa and the western half of the Peera
palsa for each year based on these DTMs and the ALT values.
We then subtracted the base altitude (459.7 and 474.3 m a.s.l.
for Peera and Laassaniemi, respectively), representing the
water level next to the palsa, from the DTMs to analyse the
changes in palsa height and volume. ArcGIS Pro (ESRI, Inc.)
and terra package (v1.7-3; Hijmans, 2023) in R (R Core
Team, 2021) were used for geospatial data processing, and
all statistical analyses were done in R.

The ALT trends were analysed by fitting linear regres-
sion models using the least squares method. Only ALT val-
ues≤ 1 m were included in the statistical analyses. To cap-
ture seasonal thaw dynamics with minimal effects of lateral
thermal fluxes and thermokarst at the edges of the palsas, we
delineated the areas not visibly affected by lateral permafrost
degradation. These top-of-palsa (TOP) areas were 309 m2 at
Peera and 49 m2 at Laassaniemi (Fig. 2). The focus of our
analyses and results is on the ALT values within these TOP
areas (ALTTOP), while the results using all ALT values≤ 1 m
are presented in the Appendices (Fig. A1 and Table A2). The
number of ALT values≤ 1 m (all and within TOP) for each
year are presented in Table S1.

A correction for the thaw subsidence has been suggested
for the ALT observations in ice-rich permafrost areas where

the subsidence is slow and spatially uniform (Shiklomanov
et al., 2013; Streletskiy et al., 2017). Despite the permafrost
thaw in palsa mires being relatively fast compared to the ar-
eas described by Shiklomanov et al. (2013) and Streletskiy et
al. (2017), we also tested whether using subsidence-corrected
ALTTOP values would improve the model fits. The correction
for subsidence was done by calculating the sum of the annual
mean ALTTOP and total surface subsidence within the TOP
compared to the 2007 level.

3.2 Aerial and UAS time series

We used a combination of aerial photography and UAS or-
thomosaic time series to assess the changes in the palsa ex-
tent between 1959 and 2021. Photographs from 1959 and
1985 and orthophotos from 2000 and 2012 with a spatial res-
olution of 50 cm were accessed through the National Land
Survey of Finland (NLS, 2022) (Table S2). The UAS data
have been collected with various unoccupied aerial vehicles
every August since 2016 and every second June since 2018.
In this work, we used data collected in August (Table S3),
except for the delineation of palsa areas in 2018 for which
June data were used due to better accuracy. Ground con-
trol points (GCPs) measured with the RTK-GNSS connected
to the local geodetic control points or using a virtual refer-
ence system (VRS) were available for at least one UAS sur-
vey per site per year except for Laassaniemi in 2020. The
data were processed into orthomosaics and DEMs in Ag-
isoft Metashape software (version 1.8.4) by using the struc-
ture from motion approach (Westoby et al., 2012). Aggres-
sive depth filtering was applied when processing the UAS
data into a dense point cloud to minimize the effects of small
shrubs or shrub patches. In some parts of the study areas the
vegetation cover was too dense to distinguish the ground sur-
face from the point cloud. Therefore, the DEMs created are
digital surface models (DSMs). The horizontal resolution of
the orthomosaics and DSMs is ca. 2 and ca. 5 cm, respec-
tively.

To quantify the lateral degradation of permafrost, palsa
edges were delineated by visual interpretation of the aerial
photographs and orthomosaics. Distinguishing palsas from
old, panchromatic photographs is challenging, especially in
shadowed areas. Therefore, the extent of palsas at the begin-
ning of the time series is more ambiguous than in more re-
cent years. In uncertain cases during delineation, the edge
resulting in the lesser palsa area was prioritized to avoid
overestimation. The time series was divided into four peri-
ods: (I) 1959–1984, (II) 1985–1999, (III) 2000–2011, and
(IV) 2012–2021. The average annual area loss rate (% a−1)
with consideration of the annual change in the area was cal-
culated for each period using the following equation adapted
from Olvmo et al. (2020):

Annual area loss rate=

[(
Astart

Aend

) 1
Ystart−Yend

− 1

]
× 100, (1)
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Figure 2. (a) RTK-GNSS measurement points and the active layer thickness (ALT) in 2007 and 2021 at Peera (a and b) and Laassaniemi (c
and d). The shaded area indicates the top-of-palsa (TOP) area used for analysing changes in the active layer during the study period.

where Astart and Aend are the total area of palsas at the start
year Ystart of the respective period and at the end of it (Yend).

UAS DSMs, resampled to a 10 cm cell size, were used to
analyse height and volume changes (2016–2021) of the two
main palsas, from which the ALT and RTK-GNSS data were
collected. Change analysis based on UAS DSMs is sensitive
to small changes in vegetation structure and differences in
lightning conditions. No notable changes in the vegetation
cover of the palsas were observed during the annual vis-
its to the sites by the authors. However, it is possible that
small differences in vegetation cover because of, for exam-
ple, trampling or vegetation growth may have affected the
height and volume changes derived from the DSMs. Varia-
tions in the UA systems (Table S3), settings used in the data
collection and the devices used to collect the coordinates of
the GCPs resulted in discrepancies in the DSMs of differ-
ent years. Due to the lack of stable surfaces unaffected by
the “edge-effect” in the UAS data, we were unable to correct
for potential global offsets between the DSMs. Therefore, we
used the palsa polygons as delineated from the 2016 ortho-
mosaics to extract only the areas of the main palsas from
the 2016 and 2021 DSMs. We then used the minimum value
within that area as the base altitude for the respective year.

We used two methods to assess the results of height
changes based on the 2016 and 2021 UAS DSMs. First,
we used TOP polygons to extract the mean 2016 and 2021
heights from the RTK-GNSS DTMs and the UAS DSMs
and compared these mean height values. Second, we used
all RTK-GNSS measurement points to extract the absolute
elevation (m a.s.l.) and height values to these points from the
UAS DSMs and RTK-GNSS DTM heights. We then calcu-
lated root mean square errors (RMSEs) and median differ-
ences between the elevation values and height values of the
two data sets.

3.3 Climate data and statistical analysis

The meteorological data in Kilpisjärvi were obtained from
the official weather station of the Finnish Meteorological In-
stitute (FMI, Fig. 1b). The data set includes daily values of
precipitation (mm), snow depth (cm), and mean air tempera-
ture (◦C) from 1960 to 2021, as well as wind speed (m s−1)
and wind direction (◦) from 1998 to 2021.

We calculated several climatic parameters known to affect
the active layer and/or permafrost degradation (Meier, 2015).
These parameters are (the square root of) thawing and freez-
ing degree days (TDD and FDD); mean annual, summer, and
winter air temperatures (MAAT, MSAT, and MWAT); and
precipitation: total precipitation, rain (precipitation when air
temperature > 0 ◦C), snow (precipitation when air tempera-
ture < 0 ◦C), and rain during preceding autumn, spring, and
summer. We also examined the effects of wind speed during
winter, the number of days with particularly low (<−10 ◦C)
and warm (> 15 ◦C) air temperatures, and the number of
days with over 10 cm snow depth. We used the hydrological
year starting from the beginning of September and ending at
the end of August for all annual average values. TDD was
calculated as the sum of positive daily temperatures from the
start of the calendar year until the day of measurement of the
active layer (for the comparison with the ALT values) or un-
til the end of August (for the comparison with annual area
loss rates). Full lists of the climatic parameters used in the
analyses are presented in Tables 6 and A1.

We also extracted the timing (day of year) and duration
of seasonal snow cover, maximum and end of March snow
depth, and the fraction of precipitation as snow. Snow ac-
cumulation is likely lower, and snow melts earlier on wind-
exposed palsas than at the weather station. As we were not
able to validate snow onset and melt dates from freely avail-
able optical satellite data, due to frequent cloud cover, we
assumed that the differences in the timing of snow cover be-
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tween the station and the palsas are similar every year. How-
ever, to account for thinner snow cover on the palsas, we es-
timated the local snow depths at our sites using SnowModel
(Liston and Elder, 2006). Meteorological observations from
the Kilpisjärvi station, UAS DSMs from 2018 resampled to
30 cm, and vegetation classification maps were used as in-
put parameters for the model. The average top-of-palsa val-
ues were extracted from the daily snow depth raster lay-
ers produced by SnowModel and used to access local snow
depth at the end of March (2008–2021). A comparison of
the snow depth values by SnowModel and field observations
from 2019 (Table S4) showed RMSEs of 8–25 cm, while
the RMSEs between field observations and the values at the
Kilpisjärvi station were 16–48 cm. A more detailed descrip-
tion of SnowModel and its application to estimate the snow
depth on Peera and Laassaniemi palsas is presented in the
Supplement.

We used linear regression to assess temporal trends in the
climatic parameters and to find which of the parameters in-
fluence the ALT, RTK-GNSS-based volume loss, and annual
area loss rate. For the analysis of climatic drivers of the lat-
eral palsa degradation, we used average values for the same
four time periods as in Sect. 3.2. The regressions of temporal
trends and correlations were considered statistically signifi-
cant if p ≤ 0.05.

4 Results

4.1 Active layer thickness

The ALT fluctuates annually (Figs. 3 and A1, Table S1). At
both palsas, the number of values over 1 m has increased,
especially at the edges (Fig. 2b and d). During the study pe-
riod of 2007–2021, the average (±SD) ALTTOP at Peera was
60± 4.6 cm. A linear trend suggests a moderate deepening
of the thawed layer of ca. 0.3 cm a−1. The trend, however, is
not statistically significant (R2

= 0.07, p = 0.353), and the
ALTTOP has decreased after reaching ca. 70 cm in 2014. At
Laassaniemi, the average ALTTOP was 49± 6.5 cm, and the
linear trend indicates a significant decrease in the thawed
layer at the rate of ca. 1.2 cm a−1 (R2

=−0.68, p < 0.001).
Linear trends 2007–2021 using all ALT values≤ 1 m show
similar results (+0.4 cm a−1 at Peera, −1 cm a−1 at Laas-
saniemi), although with higher standard deviations (Fig. A1
and Table S1).

4.2 Climatic drivers of the active layer thickness

Most of the correlations between climatic parameters and
the ALTTOP were not significant. Therefore, we focused here
only on those correlations, which are comparable with other
studies, and/or which showed relatively strong correlations at
least at one of the sites. The full list of R2 and p values of
the regression analyses is presented in Table A1.

Figure 3. Mean (±1 SD) top-of-palsa ALT 2007–2021. The dashed
lines indicate linear trends, and the shaded areas represent 95 % con-
fidence intervals.

The linear trends (Fig. 4a and b) showed no statistically
significant relationship between ALTTOP and mean summer
air temperature (Peera R2

= 0.23, Laassaniemi R2
= 0.03)

or
√

TDD (Peera R2
= 0.16, Laassaniemi R2

= 0.19). The
number of days with air temperature > 15 ◦C had significant
correlation with the ALTTOP, but only at Peera (Fig. 4c, R2

=

0.31). The analysis showed no relationship between winter
air temperatures and ALTTOP at Peera (MWAT R2

=−0.03,
√

FDD R2
= 0.03) and some correlation, although statisti-

cally not significant, at Laassaniemi (MWAT R2
=−0.25,

√
FDD R2

= 0.25) (Fig. 4d and e). The direction of these
correlations at Laassaniemi suggests that the active layer is
shallower after milder winters.

The amount of precipitation affected the ALTTOP only at
Peera, and the correlation was significant only for ALTTOP
and the sum of rainfall during September and October of the
previous year (Fig. 4f, R2

= 0.28). Timing of the snow cover
onset (Fig. 4g) had a significant negative correlation at both
sites (Peera R2

=−0.29, Laassaniemi R2
=−0.27), while

the thickness of the snow cover (Fig. 4h and i) showed cor-
relation with the ALTTOP only at Peera (snow depth at the
end of March R2

= 0.33, maximum snow depth R2
= 0.32,

n. of days with snow depth > 10 cm R2
= 0.37). The correla-

tion at Peera was greater, with the end of March snow depth
values measured at the weather station rather than the local
snow depth estimated using SnowModel (R2

= 0.10).
Using all ALT values≤ 1 m instead of ALTTOP in the

regression analyses slightly improved the correlations with
some of the precipitation-related parameters at both sites
(Table A2). The improvements in the correlations, however,
were not high enough to change the p value from > 0.05 to
≤ 0.05 for any of the parameters at either site. The p value
increased over the 0.05 threshold for the number of days with
air temperature > 15 ◦C, for rainfall during September and
October of the previous year for Peera, and for snow cover
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Figure 4. ALTTOP vs. different climatic parameters: (a) mean summer air temperature (JJA), (b) square root of thawing degree days, (c)
number of days when the air temperature was above 15 ◦C, (d) mean winter air temperature (NDJFM), (e) square root of the absolute value
of the freezing degree days, (f) sum of precipitation when air temperature was > 0 ◦C during September and October in the previous year, (g)
day of year (DOY) of the snow cover onset, (h) snow depth at the end of March, and (i) number of days when snow depth was over 10 cm,
measured at the Kilpisjärvi weather station. The dashed lines indicate linear trends, and the shaded areas represent 95 % confidence intervals.
Equations and R2 values of the statistically significant (p ≤ 0.05) correlations are in bold.

onset at Laassaniemi when all ALT values≤ 1 m were used
compared to ALTTOP.

The regression analyses of volume loss in relation to cli-
matic parameters did not show any statistically significant
correlations (Table A1). The correlations of volume loss with
highest R2 at Peera were related to winter air temperatures
(MWAT R2

= 0.22,
√

FDD R2
=−0.22). At Laassaniemi,

the volume loss had the highest R2 with the duration of snow
cover (R2

= 0.17). The subsidence-corrected ALTTOP had
also no statistically significant correlations with the climatic
parameters. The correlation with the highest R2 at Peera was
with the end of March snow depth (R2

= 0.19) and at Laas-
saniemi with the mean summer air temperature (R2

= 0.13).

4.3 RTK-GNSS-based palsa area, height, and volume
changes

Degradation of permafrost in the form of palsa area and
height loss is noticeable at both palsas (Fig. 5) but has been
relatively stronger at Laassaniemi than at the western half of
the Peera palsa (Table 1). At Peera, most of the degradation

has been taking place in the south-western corner. The vol-
ume decreased by 55 % within the area covered by the RTK-
GNSS surveys between 2007 and 2021. At Laassaniemi, the
palsa has degraded from all sides, especially from its south-
ern and north-eastern edges. The total subsidence between
2007 and 2021 was double at Laassaniemi (ca. 60 cm) com-
pared with Peera (ca. 30 cm), and the total volume loss was
almost 80 %. The annual subsidence increased at Peera and
decreased at Laassaniemi over the last ca. 8–10 years of the
monitoring period (Table S5 and Fig. S4).

4.4 Area, height, and volume changes based on UAS
DSMs

Based on the UAS DSMs, the mean height of both palsas
decreased by 20 cm between 2016 and 2021, correspond-
ing to ca. −17 % change at Peera and ca. −32 % change
at Laassaniemi (Table 2). Overall, the lateral degradation
was greater at Peera, while the relative volume change at
both palsas was similar at ca. −33 % to −38 %. The 2016–
2021 DSM difference shows that the north-eastern part of the
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Table 1. Palsa mean height, area, and volume changes in 2007–2021 from the whole RTK-GNSS measurement area of the years in question.
Note that the RTK-GNSS surveys cover only the western half of the Peera palsa.

Peera Laassaniemi

2007 2021 Change % 2007 2021 Change %

Mean height (m)∗ 1.6 1.4 −0.3 −16.5 1.2 0.6 −0.6 −48.9
Area (m2) 943.8 505.9 −437.9 −46.4 191.9 82.5 −109.4 −57.0
Volume (m3)∗ 1530.6 685.2 −845.4 −55.2 224.4 49.4 −175.0 −78.0

∗ Base altitudes used for height and volume calculation: 459.7 and 474.3 m a.s.l. for Peera and Laassaniemi, respectively.

Figure 5. Digital terrain models of the western half of the Peera
palsa (a and b) and the Laassaniemi palsa (c and d) in 2007 and
2021 based on the RTK-GNSS measurements of the surface. Palsa
edges are delineated from the RTK-GNSS and active layer measure-
ments. Base altitudes used for the height are 459.7 and 474.3 m a.s.l.
for Peera and Laassaniemi, respectively.

Peera palsa has been relatively stable compared to the south-
western half and the edges, where the thermokarst is the most
active (Fig. 6a and d). At Laassaniemi, the surface subsidence
appears to be lowest at the south-western side and gradually
increases towards the north-eastern edge of the palsa (Fig. 6b
and e). The apparent increase in the height at the northern
edge of the Peera palsa is likely a result of differences in how
shrubs (Fig. 6c) and their shadows influenced the point cloud
generation from the RGB data and consequently the DSMs.
At the northern edge of the Laassaniemi palsa, the increase in
height was caused by the rapid expansion of common cotton
grass within the adjacent thermokarst pond (Fig. 6f).

Over a 30 % larger area of the Laassaniemi palsa as delin-
eated from UAS DSM (122.2 m2) compared to RTK-GNSS
and ALT measurements (82.5 m2) is caused by the difference
in how the extent of the palsa is defined using these two
methods. In the RTK-GNSS and ALT approach, the infor-
mation about the active layer affected the delineation of the
palsa edge, especially in the areas where the palsa edge can-
not be distinguished based on the topography alone. For the
UAS-based delineation, the ALT values were not used, and
the palsa extent is therefore only based on the information
about the surface topography and vegetation cover.

4.5 Comparison of RTK-GNSS and UAS 2016–2021

A comparison of the 2016 mean heights within the TOP areas
derived from RTK-GNSS DTMs and UAS DSMs showed a
13 cm difference at Peera and only a 2 cm difference at Laas-
saniemi (Table 3). These differences roughly correspond to
the vegetation heights within the TOP areas of the palsas: 0–
30 cm at Peera and 0–10 cm at Laassaniemi. The 2021 UAS
DSM resulted in lower heights than the RTK-GNSS DTMs
at both sites. Therefore, the TOP subsidence is 17 cm (54 %)
larger at Peera and 13 cm (48 %) larger at Laassaniemi based
on the UAS data compared to the RTK-GNSS.

The RMSEs and median differences using all RTK-GNSS
measurement points overlapping with the palsa UAS DSMs
(Table 4) also showed larger differences in elevation between
the two data sets in 2021 than in 2016. The locations of 2021
GCP points at both sites were measured with a VRS RTK-
GNSS device, while the RTK-GNSS device used to monitor
the palsa surface was connected to the local geodetic con-
trol points. For the height values, the difference was less pro-
nounced, as the base altitudes for the UAS DSM heights were
derived separately for 2016 and 2021 using the minimum el-
evation value within the palsa area (see Sect. 3.2).

4.6 Palsa area change 1959–2021

Based on the manual delineation of palsa area from the aerial
photography, the overall extent of palsas decreased from 2.18
and 0.39 ha in 1959 to 0.50 and 0.04 ha in 2021 at Peera
and Laassaniemi, respectively (Fig. 7). The total palsa area
loss between 1959 and 2021 has been −77.3 % at Peera
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Table 2. Palsa mean height, area, and volume changes in 2016–2021 based on the UAS DSMs.

Peera Laassaniemi

2016 2021 Change % 2016 2021 Change %

Mean height (m) 1.3 1.1 −0.2 −16.7 0.7 0.5 −0.2 −32.1
Area (m2) 1847.5 1483.9 −363.5 −19.7 133.0 122.2 −10.8 −8.1
Volume (m3) 2399.3 1605.3 −794.0 −33.1 91.2 56.9 −34.2 −37.6

Figure 6. Absolute and relative palsa height changes at Peera (a and d) and Laassaniemi (b and e) based on UAS DSMs from 2016 and
2021. The effect of vegetation on the DSMs shows as increased values, especially at the northern edge of the Peera palsa indicated by the
white arrow in (c), whereas the increased values at the northern edge of the Laassaniemi palsa are due to expansion of vegetation within
the thermokarst pond, indicated by the white arrow in (f). Black arrows in (d) and (e) point to the areas of the most active thermokarst. The
dashed line shows the edge of palsas as delineated based on the RTK-GNSS and active layer measurements. The noticeable difference in
Laassaniemi palsa area based on the RTK-GNSS compared to the area based on the UAS data is a good example of how the delineated palsa
area can vary depending on the chosen method (photos by Pasi Korplelainen, September 2017 (c) and Timo Kumpula, August 2022 (f)).

Table 3. Mean heights (m) within top-of-palsa areas derived from
the RTK-GNSS DTMs and UAS DSMs from 2016 and 2021. The
differences in mean heights between the data sets are highlighted in
bold.

2016 2021 Change

Peera RTK-GNSS 1.85 1.71 −0.14
Peera UAS 1.98 1.67 −0.31
Difference 0.13 −0.04 −0.17
Laassaniemi RTK-GNSS 0.78 0.64 −0.14
Laassaniemi UAS 0.80 0.53 −0.27
Difference 0.02 −0.11 −0.13

and −89.7 % at Laassaniemi. The average loss rates for the
whole study period are −2.4 % a−1 at Peera and −3.6 % a−1

at Laassaniemi. Contrary to the accelerating degradation at
Peera towards the end of the time series, the degradation rate
at Laassaniemi was the lowest during the 2012–2021 period
(Fig. 8). No signs of anthropogenic disturbance, such as arti-
ficial draining or excavation, are visible in the aerial data.

4.7 Climate trends and lateral palsa degradation

The climatic averages for each of the four periods are sum-
marized in Table 5. The mean annual air temperature in-
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Figure 7. Palsa area delineated by visual interpretation of aerial (1959–2012) and UAS (2016–2021) data. (a, c) Palsa edges of 1959 and
2021 overlain on the 2021 UAS orthomosaics. (b, d) Palsa extent in the years having available data. Note that the scales are different for the
two sites.

Table 4. RMSEs (m) and median differences (m) between the RTK-
GNSS and UAS DSM elevation (m a.s.l.) and between the height
values derived from the RTK-GNSS DTMs and UAS DSMs from
2016 and 2021.

RMSE Median RMSE Median
elev. elev. diff. height height diff.

Peera 2016 0.09 −0.02 0.16 0.14
Laassaniemi 2016 0.18 0.14 0.07 0.01
Peera 2021 0.26 −0.24 0.11 −0.03
Laassaniemi 2021 0.52 −0.53 0.11 −0.12

creased significantly over the past 60 years by ca. 0.36 ◦C
per decade. The average air temperatures have warmed, espe-
cially after 1988, and the increase has generally been stronger
in the winter months than in the summer. The precipitation

has also increased significantly by ca. 25 mm per decade. The
period 2000–2012 had the highest amount of precipitation as
rain, while the highest average amount of snow was between
1985 and 2000. The snow cover duration was also on aver-
age the longest in 1985–2000 and has been decreasing since
then.

The full list of R2 and p values of the correlations be-
tween the annual area loss rates and climatic parameters is
presented in Table 6. Because of the low number of sam-
ples (only four periods), these results are only indicative.
None of the correlations were statistically significant at 95 %
confidence level. At Peera, three parameters related to the
winter air temperatures had the highest R2 and p values <

0.1. These parameters were MWAT (R2
= 0.88),

√
FDD

(R2
=−0.88), and the number of days with air tempera-

ture <−10 ◦C (R2
=−0.87). At Laassaniemi, the area loss
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Table 5. Climate averages for the periods (I) 1961–1984, (II) 1985–1999, (III) 2000–2011, and (IV) 2012–2021, and the trends based on the
linear regression for 1961–2021. Values are calculated for hydrological years starting from the beginning of September of the previous year
until the end of August. Maximum value of each parameter is in bold. DOY – day of year.

1961–1984 1985–1999 2000–2011 2012–2021 1961–2021 trend
(10 a)−1

MAAT (◦C) −2.6 −2.2 −1.3 −0.8 +0.36∗∗∗

MSAT (◦C) 8.9 9.4 10.1 10.0 +0.25∗∗

MWAT (◦C) −11.6 −10.9 −10.3 −9.1 +0.46∗∗∗

Total precipitation (mm) 416.2 464.0 515.5 508.4 +24.9∗∗∗

Rain (mm) 240.2 226.3 289.9 280.7 +9.9∗

Snow (mm) 175.0 233.2 221.2 224.8 +14.3∗

Snow fraction (%) 42.4 49.2 42.9 44.1 +0.6
Snow cover onset (DOY) 293.5 290.9 296.8 304.9 +1.3
Snow cover end (DOY) 147.0 151.7 142.9 147.3 −0.3
Snow cover duration (days) 217.6 226.1 211.4 207.7 −1.2
Maximum snow depth (cm) 103.9 120.1 96.1 106.4 +0.1

∗
=p ≤ 0.05. ∗∗ =p ≤ 0.01. ∗∗∗ =p ≤ 0.001.

Figure 8. Annual area loss rates (% a−1) of the palsa area within the
Peera and Laassaniemi palsa mires based on digitized palsa edges
from aerial photographs (1959, 1985, 2000, 2012) and the UAS or-
thomosaics (2021).

rates had very little correlation with the climatic parameters;
the lowest p values were only around 0.3 for the snow cover
onset (R2

=−44) and snow cover duration (R2
= 0.46).

5 Discussion

5.1 Permafrost degradation 1959–2021

In Fennoscandia, the climatologically most optimal condi-
tions for palsa existence are MAAT −3 to −5 ◦C and an an-
nual precipitation sum of < 450 mm (Luoto et al., 2004a).
The MAAT was already −2.6 ◦C in Kilpisjärvi between
1960 and 1985 (Table 5). Over the past decades, both air

Table 6. Coefficient of determination and significance of the corre-
lations between climatic parameters and annual area loss rates.

Peera Laassaniemi

R2 p R2 p

MAATa 0.76 0.126 −0.05 0.776
MSAT (JJA)b 0.70 0.161 0.00 0.929
MWAT (NDJFM)c 0.88 0.061 −0.07 0.730
√

TDDd 0.65 0.194 −0.01 0.887
√
|FDD|e −0.88 0.064 0.01 0.897

N. of days air <−10 ◦C −0.87 0.070 0.04 0.807
N. of days air >+15 ◦C 0.69 0.168 −0.29 0.458
Total precipitation 0.69 0.171 0.02 0.876
Rain 0.25 0.500 −0.02 0.866
Snow 0.69 0.169 0.31 0.442
Snow cover onset 0.50 0.295 −0.44 0.333
Snow cover end 0.00 0.929 0.09 0.694
Snow cover duration −0.19 0.564 0.46 0.323
Snow depth 31.3. 0.03 0.827 0.16 0.598
Maximum snow depth 0.02 0.848 0.19 0.564
N. of days snow depth > 10 cm −0.03 0.826 0.02 0.847

a MAAT – mean annual air temperature. b MSAT – mean summer air temperature. c MWAT
– mean winter air temperature. d TDD – thawing degree days (sum of positive daily
temperatures from the beginning of the year until the end of August). e FDD – freezing
degree days (sum of negative temperatures). Absolute value used for square root.

temperatures and precipitation have increased significantly,
especially during the wintertime. Following these climatic
changes, palsas in the Kilpisjärvi area have experienced a
rapid and continuous decrease in area over the past 60 years,
and no new palsas have formed.

The degradation rates differ between our two sites and be-
tween the four time periods. At Peera, the trend of increasing
area loss rates follows the increase in air temperatures and
precipitation similar to the permafrost peatland near Hudson
Bay in Canada (Payette et al., 2004) and at the Vissátvuopmi
palsa mire in Sweden (Olvmo et al., 2020). Based on the vol-
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ume loss rates derived from the RTK-GNSS surveys, the per-
mafrost degradation at Peera is particularly driven by the in-
crease in winter air temperatures.

At Laassaniemi, the area loss rate peaked during 1985–
2000, which is also the period with the longest snow cover
duration and highest maximum snow depths. The RTK-
GNSS-based volume loss appears to correlate mainly with
the snow cover duration as well. Opposite to Peera, the an-
nual area loss rate was lowest during the last period (2012–
2021) at Laassaniemi. Palsas at Laassaniemi are generally
much lower than at Peera and are surrounded by dwarf birch
thickets and tall common cotton grass (Fig. 1f), which in-
creases the possibility of errors in the delineation of palsa
edges by visual analysis of the aerial data. Therefore, it is
possible that the UAS-based palsa edge delineation overes-
timates the palsa extent, which is also indicated by ca. 30 %
larger palsa area compared to the RTK-GNSS and ALT-based
extent (Fig. 6e).

The UAS-based change analysis also showed ca. 50 %
larger thaw subsidence within the top-of-palsa areas between
2016 and 2021 than the RTK-GNSS-based change analysis.
The difference is most likely a mixed result of the effects of
vegetation cover in the UAS DSMs, the lack of stable refer-
ence surfaces around the palsas, the uncertainties related to
the variations in the UA systems, the number and quality of
the GCPs, and the reference settings of the RTK-GNSS de-
vices. These are all potential issues related to the use of UAS
RGB data for elevation change detection in permafrost peat-
lands. Adding fixed GCP points (Fraser et al., 2022) to our
sites could improve the interannual comparability of UAS
DSMs in the future.

Variability in local conditions, such as microclimate, vege-
tation cover, hydrology, and palsa size and shape, may cause
differences in degradation rates despite a similar regional cli-
mate (Borge et al., 2017). The increasing fragmentation and
complexity of the palsas’ shapes in Peera can have a pos-
itive feedback effect on the area loss rate, and vice versa.
For example, despite only 10–20 km distance from our sites,
the degradation rates were almost 3 times slower at Vis-
sátvuopmi palsa mire (Olvmo et al., 2020), where palsas
were considerably larger covering almost 49 ha in 2015. A
direct comparison with other area loss rates reported from
North America (Payette et al., 2004; Jones et al., 2016;
Mamet et al., 2017) and Norway (Borge et al., 2017) is not
possible due to the different ways of calculating the average
annual change in per cent. However, when calculated using
the same method as used here and in Olvmo et al. (2020),
the long-term (ca. 1950s to 2010s) degradation rates, for in-
stance, at sites D6 and GF in Mamet et al. (2017) and in
Goatheluoppal palsa site in Borge et al. (2017), are similar to
ours at ca. 2 % a−1–4 % a−1 (see supp. material in Olvmo et
al., 2020).

5.2 Active layer and climate dynamics

The analysis of the active layer and climate dynamics over
the past 14 years revealed two different cases. At Peera, there
was no clear trend in the ALT between 2007 and 2021, al-
though the height and area of the palsa decreased annually.
The ALTTOP at Peera varied annually following a number of
particularly warm days with air temperatures > 15 ◦C, au-
tumn precipitation, snow cover onset, and snow depth. The
correlation with the snow cover measured at the weather
station is uncertain, however, as the snow accumulation is
generally lower on the Peera palsa than at the weather sta-
tion (Fig. S3). At Laassaniemi, the annual variations in the
ALTTOP could be explained only by the differences in snow
cover onset and, to a lesser degree, winter air temperatures.
The active layer is becoming shallower, while the palsa sur-
face is continuously subsiding, and thawing is occurring at
the edges. Excluding the areas affected by lateral thermal
fluxes did not obscure any significant relationship between
the ALT and climate dynamics. On the other hand, it did re-
sult in a few more statistically significant correlations com-
pared to regressions using all ALT values≤ 1 m. For exam-
ple, at Laassaniemi, none of the regressions showed a signifi-
cant correlation between the active layer and climatic param-
eters when all ALT values≤ 1 m were used.

The lack of correlation between the ALT and climatic
parameters indicates that other factors, such as vegetation
cover, hydrology, soil properties, or palsa shape, have a
strong influence on the seasonal thaw at the Laassaniemi
palsa. A shallower active layer in lower palsas compared to
higher ones in the same area has also been observed else-
where in northern Finland (Rönkkö and Seppälä, 2003; Sep-
pälä, 2011). Seppälä (2011) attributed the thicker active layer
in higher palsas to a longer snow-free period, which allows
more time to receive solar radiation and thaw. Therefore, the
lack of any significant increase in the ALT at Peera and a
significant decrease in the ALT at Laassaniemi could be (par-
tially) attributed to the lowering of the palsas. However, more
palsa and peat plateau sites, including ALT and surface ele-
vation monitoring as well as local snow cover observations,
are needed to support these hypotheses.

A comparison of our results with the published active
layer records at the geographically close locations in Swe-
den shows some similarities but also contrasting trends. Sim-
ilar to the observations in Tavvavuoma (Sannel et al., 2016),
there was little annual variation between 2007 and 2011 and
a relatively shallow active layer in 2012. Relatively deep
thaw depths in 2013 and 2014 were also observed in Abisko
(CALM, 2022). However, the deepening of the active layer in
Abisko continued after 2014, whereas at Peera, the ALT re-
turned to similar values as before 2013. And at Laassaniemi,
the active layer was even shallower in 2021 than after a par-
ticularly cold summer in 2012. Contrary to the results from
Sweden (Åkerman and Johansson, 2008; Sannel et al., 2016),
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the ALT did not have significant correlation with mean sum-
mer air temperature and TDD at our study sites.

The strong negative correlation between the ALT and snow
cover onset could be due to the longer time of peat saturation,
which increases its thermal conductivity (Kujala et al., 2008)
and promotes cooling of the ground in late autumn. The tim-
ing of snow accumulation has also been shown to have an
impact on the ALT at a peat plateau in northern Sweden
(Johansson et al., 2013). Warm air temperature in Novem-
ber can delay the snow cover onset, which could explain the
surprising negative correlation between the winter air tem-
peratures and the ALTTOP at Laassaniemi. The changes in
snow cover duration have been observed in various Arctic
regions, and an even stronger shift in snow-on and snow-off
dates is expected with the projected climate change (AMAP,
2017). The effects of snow cover timing on the ground’s ther-
mal regime and ALT have so far been investigated mainly in
continuous permafrost environments (Ling and Zhang, 2003;
O’Neill and Burn, 2017; Jan and Painter, 2020). Hence, the
response of discontinuous and sporadic permafrost to chang-
ing snow cover duration warrants more research.

Correcting the ALTTOP values for subsidence did not im-
prove the linear model fits with thaw degree days or any other
climatic parameters at our sites. This was not surprising, as
the rate of subsidence at our sites has been around 2 to 6
times greater than at the Alaska North Slope (Shiklomanov et
al., 2013; Streletskiy et al., 2017) and even more compared to
the Mackenzie River delta in Canada (O’Neill et al., 2019).
However, as noted by Martin et al. (2019), the permafrost
thaw occurring from the bottom may also cause subsidence
of palsas without an effect on the ALT. This suggests that
the active layer may appear stable due to subsidence also in
rapidly degrading sporadic permafrost environments.

Our results imply that using the ALT alone for assess-
ing permafrost conditions can be insufficient in permafrost
peatlands and, therefore, underline the importance of high-
accuracy surface position measurements at the ALT moni-
toring sites. The possibility that the active layer may remain
stable or become shallower in the inner parts of the palsas
despite overall permafrost degradation should be considered
when analysing ALT records from similar environments and
in modelling efforts of biogeochemical, hydrological, and
permafrost dynamics of palsa mires.

6 Conclusions

The analysis of the aerial photography time series indicates
a rapid degradation of the permafrost in north-west Finland
over the past 60 years. At the Peera and Laassaniemi palsa
mires, the extent of palsa area degraded over 75 % between
1959 and 2021. At the same time, air temperatures and pre-
cipitation have increased significantly. The accelerating lat-
eral degradation at Peera coincides with increasing (winter)
air temperatures, while the lateral degradation at Laassaniemi
was greatest during the period of high winter precipitation in
the 1990s.

Although we found no increasing trend for the ALT be-
tween 2007 and 2021, permafrost degradation is evident in
the form of lowering palsa surfaces and thermokarst devel-
opment at their edges. The active layer was especially deeper
after winters with thick snow cover and summers with high
number of very warm days at Peera, while at Laassaniemi,
the relationships between ALT and climatic drivers are weak.
A thinner active layer at both sites following a later snow
cover onset in the preceding autumn indicates the complex-
ity of feedbacks related to climate warming and consequent
shifts in snow cover duration in Arctic regions. Furthermore,
the decreasing ALT at Laassaniemi despite the overall de-
crease in palsa area and height emphasizes that the active
layer thickness alone is not enough to assess the (in)stability
of permafrost.
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Appendix A

Figure A1. Mean (±1 SD) ALT 2007–2021 using all ≤ 1 m ALT values. The dashed lines indicate linear trends, and the shaded areas
represent 95 % confidence intervals.

Table A1. Coefficient of determination and significance of the correlations between climatic parameters and annual active layer thickness
(ALTTOP), annual subsidence-corrected ALTTOP, and annual RTK-GNSS-based volume loss in % a−1 from the whole RTK-GNSS mea-
surement area of the years in question (2007–2021). Climatic parameters are calculated from the data of the Kilpisjärvi weather station
(FMI), except for the “Snow depth 31.3. (SM)”, which is based on the values derived using SnowModel. Statistically significant (p ≤ 0.05)
correlations are in bold.

Peera Laassaniemi

ALTTOP Sub. corr. ALTTOP Volume loss ALTTOP Sub. corr. ALTTOP Volume loss

R2 p R2 p R2 p R2 p R2 p R2 p

MAAT (Sep–Aug)a 0.00 0.909 0.12 0.215 0.19 0.125 −0.17 0.124 0.09 0.285 0.00 0.995
MSAT (JJA)b 0.23 0.072 0.18 0.114 0.02 0.661 0.03 0.524 0.13 0.182 0.00 0.746
MWAT (NDJFM)c

−0.03 0.563 0.04 0.497 0.22 0.087 −0.25 0.055 0.02 0.655 0.00 0.858
√

TDDd 0.16 0.141 0.01 0.706 −0.02 0.643 0.19 0.104 0.02 0.594 0.02 0.637
√
|FDD|e 0.03 0.571 −0.03 0.531 −0.22 0.095 0.25 0.058 −0.01 0.685 0.00 0.928

N. of days air <−10 ◦C −0.01 0.766 −0.06 0.364 −0.13 0.203 0.17 0.125 −0.02 0.592 −0.02 0.628
N. of days air >+15 ◦C 0.31 0.033 0.14 0.172 −0.01 0.702 0.05 0.439 0.09 0.266 −0.02 0.634
Total precipitation 0.01 0.774 0.02 0.575 0.05 0.462 −0.10 0.245 0.00 0.736 −0.02 0.620
Rain −0.07 0.325 −0.02 0.584 0.00 0.920 0.00 0.899 0.00 0.894 −0.05 0.453
Snow 0.14 0.166 0.10 0.260 0.05 0.436 −0.08 0.300 0.02 0.656 0.00 0.763
Rain (May–Jun) −0.10 0.243 −0.09 0.265 −0.15 0.177 0.05 0.435 −0.02 0.645 −0.01 0.688
Rain (Jul–Aug) 0.06 0.368 0.03 0.522 0.00 0.906 −0.02 0.597 0.04 0.455 −0.05 0.459
Rain (Sep–Oct of previous year) −0.28 0.042 −0.10 0.256 0.10 0.273 0.00 0.912 −0.10 0.248 0.00 0.936
Snow cover onset −0.29 0.040 0.00 0.827 0.06 0.397 −0.27 0.047 0.04 0.463 −0.14 0.180
Snow cover end 0.02 0.610 0.00 0.730 0.06 0.409 −0.02 0.585 0.00 0.818 0.02 0.613
Snow cover duration 0.19 0.106 0.00 0.937 0.00 0.937 0.11 0.226 −0.02 0.610 0.17 0.145
Snow depth 31.3. (SM) 0.10 0.271 0.11 0.241 0.03 0.540 −0.04 0.506 0.05 0.461 0.00 0.929
Snow depth 31.3. 0.33 0.025 0.19 0.101 0.00 0.933 −0.02 0.612 0.09 0.269 0.00 0.978
Maximum snow depth 0.32 0.027 0.14 0.162 0.00 0.974 −0.01 0.693 0.05 0.411 0.03 0.547
N. of days snow depth > 10 cm 0.37 0.016 0.10 0.253 0.01 0.733 0.03 0.540 0.02 0.590 0.10 0.277
Wind speed (Nov–Apr) 0.03 0.540 0.07 0.353 0.13 0.197 −0.06 0.391 0.00 0.840 0.00 0.996

a MAAT – mean annual air temperature. b MSAT – mean summer air temperature. c MWAT – mean winter air temperature. d TDD – thawing degree days (sum of positive daily temperatures from the
beginning of the year until the ALT measurements). eFDD – freezing degree days (sum of negative temperatures). Absolute value used for square root.
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Table A2. Coefficient of determination and significance of the cor-
relations between climatic parameters and annual active layer thick-
ness, 2007–2021, using all ALT values≤ 1 m. Climatic parameters
are calculated from the data of the Kilpisjärvi weather station (FMI),
except for the “Snow depth 31.3. (SM)”, which is based on the val-
ues derived using SnowModel. Statistically significant (p ≤ 0.05)
correlations are in bold, and the values that are better compared to
the results using only the ALTTOP values are in italics.

Peera Laassaniemi

R2 p R2 p

MAAT (Sep–Aug)a 0.00 0.850 −0.10 0.243
MSAT (JJA)b 0.23 0.071 0.00 0.801
MWAT (NDJFM)c

−0.02 0.643 −0.17 0.129
√

TDDd 0.16 0.139 0.12 0.216
√
|FDD|e 0.01 0.667 0.15 0.148

N. of days air <−10 ◦C 0.00 0.727 0.09 0.278
N. of days air >+15 ◦C 0.24 0.067 0.04 0.499
Total precipitation 0.00 0.830 −0.06 0.363
Rain −0.09 0.275 0.00 0.876
Snow 0.14 0.163 −0.08 0.298
Rain (May–Jun) −0.15 0.150 0.05 0.414
Rain (Jul–Aug) 0.06 0.396 −0.01 0.673
Rain (Sep–Oct of previous year) −0.24 0.063 0.01 0.692
Snow cover onset −0.30 0.033 −0.22 0.079
Snow cover end 0.04 0.501 −0.04 0.477
Snow cover duration 0.24 0.066 0.06 0.399
Snow depth 31.3. (SM) 0.10 0.259 −0.04 0.489
Snow depth 31.3. 0.30 0.034 −0.04 0.472
Maximum snow depth 0.30 0.034 −0.03 0.528
N. of days snow depth > 10 cm 0.44 0.007 0.00 0.774
Wind speed (Nov–Apr) 0.02 0.594 −0.07 0.329

a MAAT – mean annual air temperature. b MSAT – mean summer air temperature. c MWAT –
mean winter air temperature. d TDD – thawing degree days (sum of positive daily
temperatures from the beginning of the year until the ALT measurements). e FDD – freezing
degree days (sum of negative temperatures). Absolute value used for square root.

Data availability. RTK-GNSS, ALT, and UAS data used in this
study are available upon request from the authors. Meteorologi-
cal data are available through the Finnish Meteorological Institute
(https://en.ilmatieteenlaitos.fi/download-observations, FMI, 2022).
Aerial photographs and orthophotos are available through the Na-
tional Land Survey of Finland (https://www.maanmittauslaitos.fi/
ortokuvien-ja-korkeusmallien-kyselypalvelu, NLS, 2022).

Supplement. The supplement related to this article is available on-
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Author contributions. Initial study design: TK and AC. Supervi-
sion: TK and BB. Data collection: all authors. Data processing: MV,
AS, and PK. Data analysis and visualization of the results: MV. Dis-
cussion of results and conclusions: MV, AS, TK, and BB. Writing
the paper: MV, with contribution from AS, EL, TK, and BB.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. We thank all students and teachers of the field
courses during 2007–2021 for their contribution to the collection of
the field data throughout the years. We also thank Heather Reese,
the anonymous reviewer, and the editor Hanna Lee for their com-
ments and suggestions, which helped to improve our paper.

Financial support. This research has been supported by the Vilho,
Yrjö and Kalle Väisälä Foundation of the Finnish Academy of Sci-
ence and Letters, EU Horizon 2020 Research and Innovation Pro-
gramme (grant no. 869471), the Academy of Finland (grant no.
330319, 338480, and 346602), and the Erasmus+ staff mobility pro-
gramme.

Review statement. This paper was edited by Hanna Lee and re-
viewed by Heather Reese and one anonymous referee.

References

Aalto, J., Venäläinen, A., Heikkinen, R. K., and Luoto, M.: Po-
tential for extreme loss in high-latitude Earth surface processes
due to climate change, Geophys. Res. Lett., 41, 3914–3924,
https://doi.org/10.1002/2014GL060095, 2014.

Åkerman, H. J. and Johansson, M.: Thawing Permafrost and
Thicker Active Layers in Sub-arctic Sweden, Permafrost
Periglac., 19, 279–292, https://doi.org/10.1002/ppp.626, 2008.

AMAP: Snow, Water, Ice and Permafrost in the Arctic (SWIPA)
2017, Arctic Monitoring and Assessment Programme (AMAP),
Oslo, Norway. xiv + 269 pp., 2017.

Biskaborn, B. K., Smith, S. L., Noetzli, J., Matthes, H., Vieira, G.,
Streletskiy, D. A., Schoeneich, P., Romanovsky, V. E., Lewkow-
icz, A. G., Abramov, A., Allard, M., Boike, J., Cable, W. L.,
Christiansen, H. H., Delaloye, R., Diekmann, B., Drozdov, D.,
Etzelmüller, B., Grosse, G., Guglielmin, M., Ingeman-Nielsen,
T., Isaksen, K., Ishikawa, M., Johansson, M., Johannsson, H.,
Joo, A., Kaverin, D., Kholodov, A., Konstantinov, P., Kröger, T.,
Lambiel, C., Lanckman, J., Luo, D., Malkova, G., Meiklejohn,
I., Moskalenko, N., Oliva, M., Phillips, M., Ramos, M., Sannel,
A. B. K., Sergeev, D., Saybold, C., Skryabin, P., Vasiliev, A.,
Wu, Q., Yoshikawa, K., Zheleznyak, M., and Lantuit, H.: Per-
mafrost is warming at a global scale, Nat. Commun., 10, 264,
https://doi.org/10.1038/s41467-018-08240-4, 2019.

Borge, A. F., Westermann, S., Solheim, I., and Etzelmüller, B.:
Strong degradation of palsas and peat plateaus in northern
Norway during the last 60 years, The Cryosphere, 11, 1–16,
https://doi.org/10.5194/tc-11-1-2017, 2017.

Brown, J., Hinkel, K. M., and Nelson, F. E.: The cir-
cumpolar active layer monitoring (CALM) program: Re-
search designs and initial results, Polar Geogr., 24, 166–258,
https://doi.org/10.1080/10889370009377698, 2000.

CALM: CALM North Summary Data Table, https://www2.gwu.
edu/~calm/data/north.htm, last access: 12 July 2022.

https://doi.org/10.5194/tc-17-1803-2023 The Cryosphere, 17, 1803–1819, 2023

https://en.ilmatieteenlaitos.fi/download-observations
https://www.maanmittauslaitos.fi/ortokuvien-ja-korkeusmallien-kyselypalvelu
https://www.maanmittauslaitos.fi/ortokuvien-ja-korkeusmallien-kyselypalvelu
https://doi.org/10.5194/tc-17-1803-2023-supplement
https://doi.org/10.1002/2014GL060095
https://doi.org/10.1002/ppp.626
https://doi.org/10.1038/s41467-018-08240-4
https://doi.org/10.5194/tc-11-1-2017
https://doi.org/10.1080/10889370009377698
https://www2.gwu.edu/~calm/data/north.htm
https://www2.gwu.edu/~calm/data/north.htm


1818 M. Verdonen et al.: Permafrost degradation at two monitored palsa mires in north-west Finland

Christensen, T. R., Johansson, T., Åkerman, H. J., Mastepanov,
M., Malmer, N., Friborg, T., Crill, P., and Svensson, B.
H.: Thawing sub-arctic permafrost: Effects on vegetation
and methane emissions, Geophys. Res. Lett, 31, L04501,
https://doi.org/10.1029/2003GL018680, 2004.

Fewster, R. E., Morris, P. J., Ivanovic, R .F., Swindles, G. T., Pere-
gon, A. M., and Smith, C. J.: Imminent loss of climate space
for permafrost peatlands in Europe and Western Siberia, Nat.
Clim. Change 12, 373–379, https://doi.org/10.1038/s41558-022-
01296-7, 2022.

FMI: Download observations, FMI [data set], https:
//en.ilmatieteenlaitos.fi/download-observations, last access:
7 February 2022.

Fraser, R., Leblanc, S., Prevost, C., and van der Sluijs, J.: To-
wards Precise Drone-based Measurement of Elevation Change
in Permafrost Terrain Experiencing Thaw and Thermokarst,
Drone Syst. Appl., 10, 406–426, https://doi.org/10.1139/dsa-
2022-0036, 2022.

Hijmans R.: terra: Spatial Data Analysis, R package version 1.7-3,
CRAN [code], https://CRAN.R-project.org/package=terra, last
access: 15 March 2023.

Jan, A. and Painter, S. L.: Permafrost thermal conditions are sen-
sitive to shifts in snow timing, Environ. Res. Lett., 15, 084026,
https://doi.org/10.1088/1748-9326/ab8ec4, 2020.

Johansson, M., Callaghan, T. V., Bosiö, J., Åkerman, H. J.,
Jackowicz-Korczynski, M., and Christensen, T.R.: Rapid re-
sponses of permafrost and vegetation to experimentally increased
snow cover in sub-arctic Sweden, Environ. Res. Lett. 8, 035025,
https://doi.org/10.1088/1748-9326/8/3/035025, 2013.

Jones, B. M., Baughman, C. A., Romanovsky, V. E., Parsekian,
A. D., Babcock, E. L., Stephani, E., Jones, M. C., Grosse,
G., and Berg, E. E.: Presence of rapidly degrading permafrost
plateaus in south-central Alaska, The Cryosphere, 10, 2673–
2692, https://doi.org/10.5194/tc-10-2673-2016, 2016.

Karjalainen, O., Luoto, M., Aalto, J., Etzelmüller, B., Grosse,
G., Jones, B.M., Lilleøren, K.S., and Hjort, J.: High poten-
tial for loss of permafrost landforms in a changing climate,
Environ. Res. Lett. 15, 104065, https://doi.org/10.1088/1748-
9326/abafd5, 2020.

King, L. and Seppälä, M.: Permafrost Thickness and Distribution
in Finnish Lapland – Results of Geoelectrical Soundings, Polar-
forschung, 57, 127–147, 1987.

Kokelj, S. V. and Jorgenson, M. T.: Advances in
Thermokarst Research, Permafrost Periglac., 24, 108–119,
https://doi.org/10.1002/ppp.1779, 2013.

Kujala, K., Seppälä, M., and Holappa, T.: Physical properties
and palsa formation, Cold Reg. Sci. Technol., 52, 408–414,
https://doi.org/10.1016/j.coldregions.2007.08.002, 2008.

Könönen, O. H., Karjalainen, O., Aalto, J., Luoto, M., and Hjort, J.:
Environmental spaces for palsas and peat plateaus are disappear-
ing at a circumpolar scale, The Cryosphere Discuss. [preprint],
https://doi.org/10.5194/tc-2022-135, in review, 2022.

Ling, F. and Zhang, T.: Impact of the Timing and Duration of
Seasonal Snow Cover on the Active Layer and Permafrost
in the Alaskan Arctic, Permafrost Periglac., 14, 141–150,
https://doi.org/10.1002/ppp.445, 2003.

Liston, G. E. and Elder, K. A.: Distributed Snow-Evolution Mod-
eling System (SnowModel), J. Hydrometeorol., 7, 1259–1276,
https://doi.org/10.1175/JHM548.1, 2006.

Luo, D., Wu, Q., Jin, H., Marchenko, S. S., Lü, L., and
Gao, S.: Recent changes in the active layer thickness
across the northern hemisphere, Environ. Earth Sci., 75, 555,
https://doi.org/10.1007/s12665-015-5229-2, 2016.

Luoto, M. and Seppälä, M.: Thermokarst Ponds as Indicators of
the Former Distribution of Palsas in Finnish Lapland, Permafrost
Periglac., 14, 19–27, https://doi.org/10.1002/ppp.441, 2003.

Luoto, M., Fronzek, S., and Zuidhoff, F. S.: Spatial Mod-
elling of Palsa Mires in relation to Climate in North-
ern Europe, Earth Surf. Proc. Land., 29, 1373–1387,
https://doi.org/10.1002/esp.1099, 2004a.

Luoto, M., Heikkinen, R. K., and Carter, T. R.: Loss of palsa mires
in Europe and biological consequences, Environ. Conserv., 31,
30–37, https://doi.org/10.1017/S0376892904001018, 2004b.

Mamet, S., Chun, K. P., Kershaw, G. G. L., Loranty, M.
M., and Kershaw, P.: Recent Increases in Permafrost Thaw
Rates and Areal Loss of Palsas in the Western North-
west Territories, Canada, Permafrost Periglac., 28, 619–633,
https://doi.org/10.1002/ppp.1951, 2017.

Martin, L. C. P., Nitzbon, J., Aas, K. S., Etzelmüller, B., Kristiansen,
H., and Westermann, S.: Stability conditions of peat plateaus and
palsas in northern Norway, J. Geophys. Res. Earth Surf., 124,
705–719, https://doi.org/10.1029/2018JF004945, 2019.

Martin, L. C. P., Nitzbon, J., Scheer, J., Aas, K. S., Eiken, T., Langer,
M., Filhol, S., Etzelmüller, B., and Westermann, S.: Lateral
thermokarst patterns in permafrost peat plateaus in northern Nor-
way, The Cryosphere, 15, 3423–3442, https://doi.org/10.5194/tc-
15-3423-2021, 2021.

Meier, K.-D.: Permafrosthügel in Norwegisch und Schwedisch Lap-
pland im Klimawandel, Department of Geography, University of
Hamburg, ISSN 1866-170X, 2015 (in German).

NLS: Ortokuvien ja korkeusmallien kyselypalvelu (WCS)
BETA, NLS [data set], https://www.maanmittauslaitos.fi/
ortokuvien-ja-korkeusmallien-kyselypalvelu, last access:
26 October 2022 (in Finnish).

Nyland, K. E., Shiklomanov, N. I., Streletskiy, D. A., Nelson,
F. E., Klene, A. E., and Kholodov, A. L.: Long-term Cir-
cumpolar Active Layer Monitoring (CALM) program observa-
tions in Northern Alaskan tundra, Polar Geogr. 44, 167–185,
https://doi.org/10.1080/1088937X.2021.1988000, 2021.

Näkkäläjärvi, K., Juntunen, S., and Jakkola, J. J. K.:
SAAMI – Saamelaisten sopeutuminen ilmastonmuutok-
seen -hankkeen tieteellinen loppuraportti. Valtionneu-
voston selvitys- ja tutkimustoiminnan julkaisusarja, 25,
http://urn.fi/URN:ISBN:978-952-287-930-1 (last access: 8
September 2022), 2020 (in Finnish).

Olvmo, M., Holmer, B., Thorsson, S., Reese, H., and Lind-
berg, F.: Sub-arctic palsa degradation and the role of cli-
matic drivers in the largest coherent palsa mire complex
in Sweden (Vissátvuopmi), 1955–2016, Sci. Rep., 10, 8937,
https://doi.org/10.1038/s41598-020-65719-1, 2020.

O’Neill, H. B., Smith, S. L., and Duchesne, C.: Long-Term
Permafrost Degradation and Thermokarst Subsidence in the
Mackenzie Delta Area Indicated by Thaw Tube Measurements,
in: Proceedings of the 18th International Conference on Cold
Regions Engineering and 8th Canadian Permafrost Conference,
Quebec City, Quebec, Canada, 18–22 August 2019, 643–651,
https://doi.org/10.1061/9780784482599.074, 2019.

The Cryosphere, 17, 1803–1819, 2023 https://doi.org/10.5194/tc-17-1803-2023

https://doi.org/10.1029/2003GL018680
https://doi.org/10.1038/s41558-022-01296-7
https://doi.org/10.1038/s41558-022-01296-7
https://en.ilmatieteenlaitos.fi/download-observations
https://en.ilmatieteenlaitos.fi/download-observations
https://doi.org/10.1139/dsa-2022-0036
https://doi.org/10.1139/dsa-2022-0036
https://CRAN.R-project.org/package=terra
https://doi.org/10.1088/1748-9326/ab8ec4
https://doi.org/10.1088/1748-9326/8/3/035025
https://doi.org/10.5194/tc-10-2673-2016
https://doi.org/10.1088/1748-9326/abafd5
https://doi.org/10.1088/1748-9326/abafd5
https://doi.org/10.1002/ppp.1779
https://doi.org/10.1016/j.coldregions.2007.08.002
https://doi.org/10.5194/tc-2022-135
https://doi.org/10.1002/ppp.445
https://doi.org/10.1175/JHM548.1
https://doi.org/10.1007/s12665-015-5229-2
https://doi.org/10.1002/ppp.441
https://doi.org/10.1002/esp.1099
https://doi.org/10.1017/S0376892904001018
https://doi.org/10.1002/ppp.1951
https://doi.org/10.1029/2018JF004945
https://doi.org/10.5194/tc-15-3423-2021
https://doi.org/10.5194/tc-15-3423-2021
https://www.maanmittauslaitos.fi/ortokuvien-ja-korkeusmallien-kyselypalvelu
https://www.maanmittauslaitos.fi/ortokuvien-ja-korkeusmallien-kyselypalvelu
https://doi.org/10.1080/1088937X.2021.1988000
http://urn.fi/URN:ISBN:978-952-287-930-1
https://doi.org/10.1038/s41598-020-65719-1
https://doi.org/10.1061/9780784482599.074


M. Verdonen et al.: Permafrost degradation at two monitored palsa mires in north-west Finland 1819

O’Neill, H. B. and Burn, C. R.: Impacts of variations in snow cover
on permafrost stability, including simulated snow management,
Dempster Highway, Peel Plateau, Northwest Territories, Arctic
Science, 3, 150–78, https://doi.org/10.1139/as-2016-0036, 2017.

Payette, S., Delwaide, A., Caccianiga, M., and Beauchemin,
M.: Accelerated thawing of subarctic peatland permafrost
over the last 50 years, Geophys. Res. Lett., 31, L82008,
https://doi.org/10.1029/2004GL020358, 2004.

R Core Team: R: A Language and Environment for Statistical Com-
puting (Vienna, Austria: R Foundation for Statistical Comput-
ing), http://R-project.org (last access: 1 March 2023), 2021.

Ruuhijärvi, R., Salminen, P., and Tuominen, S.: Distribution range,
morphological types and state of palsa mires in Finland in the
2010s, Suo, 73, 1–32, http://www.suo.fi/article/10741 (last ac-
cess: 1 March 2023), 2022 (in Finnish).

Rönkkö, M. and Seppälä, M.: Surface characteristics affecting ac-
tive layer formation in palsas, Finnish Lapland, in: Permafrost:
Proceedings of the 8th International Conference on Permafrost,
Zürich, Switzerland, 21–25 July 2003, Vol. 2, 995–1000, ISBN
978-9058095824, 2003.

Sannel, A. B. K., Hugelius, G., Jansson, P., and Kuhry, P.: Per-
mafrost Warming in Subarctic Peatland – Which Meteorological
Controls are Most Important? Permafrost Periglac., 27, 177–188,
https://doi.org/10.1002/ppp.1862, 2016.

Seppälä, M.: Synthesis of studies of palsa formation un-
derlining the importance of local environmental and
physical characteristics, Quaternary Res., 75, 366–370,
https://doi.org/10.1016/j.yqres.2010.09.007, 2011.

Shiklomanov, N. I., Streletskiy, D. A., Little, J. D., and Nel-
son, F. E.: Isotropic thaw subsidence in undisturbed per-
mafrost landscapes, Geophys. Res. Lett., 40, 6356–6361,
https://doi.org/10.1002/2013GL058295, 2013.

Shur, Y. L. and Jorgenson, M. T.: Patterns of Permafrost Forma-
tion and Degradation in Relation to Climate and Ecosystems,
Permafrost Periglac., 18, 7–19, https://doi.org/10.1002/ppp.582,
2007.

Smith, L. S., O’Neill, H. B., Isaksen, K., Noetzli, J., and Ro-
manovsky, V. E.: The changing thermal state of permafrost, Nat.
Rev. Earth Environ., 3, 10–23, https://doi.org/10.1038/s43017-
021-00240-1, 2022.

Smith, S. L., Romanovsky, V. E., Isaksen, K., Nyland, K.
E., Kholodov, A. L., Shiklomanov, N. I., Streletskiy, D.
A., Farquharson, L. M., Drozdov, D. S., Malkova, G. V.,
and Christiansen, H. H.: Permafrost, in: State of Climate
in 2020, no. 8 in 102, S293–S297, B. Am. Meteorol. Soc,
https://doi.org/10.1175/BAMS-D-21-0086.1, 2021.

Strand, S. M., Christiansen, H. H., Johansson, M., Åker-
man, J., and Humlum, O.: Active layer thickening and con-
trols on interannual variability in the Nordic Arctic com-
pared to the circum-Arctic, Permafrost Periglac., 32, 47–58,
https://doi.org/10.1002/ppp.2088, 2021.

Streletskiy, D., Shiklomanov, N. I., Little, J. D., Nelson,
F. E., Brown, J., Nyland, K. E., and Klene, A. E.:
Thaw Subsidence in Undisturbed Tundra Landscapes, Bar-
row, Alaska, 1962–2015, Permafrost Periglac., 28, 566–572,
https://doi.org/10.1002/ppp.1918, 2017.

Turetsky, M. R., Wieder, R. K., Vitt, D. H., Evans, R. J., and Scott,
K. D.: The disappearance of relict permafrost in boreal north
America: Effects on peatland carbon storage and fluxes, Glob.
Change Biol., 13, 1922–1934, https://doi.org/10.1111/j.1365-
2486.2007.01381.x, 2007.

Way, R. G., Lewkowicz, A. G., and Zhang, Y.: Characteristics and
fate of isolated permafrost patches in coastal Labrador, Canada,
The Cryosphere, 12, 2667–2688, https://doi.org/10.5194/tc-12-
2667-2018, 2018.

Westoby, M. J., Brasington, J., Glasser, N. F., Hambrey,
M. J., and Reynolds, J. M.: “Structure-from-Motion”
photogrammetry: A low-cost, effective tool for geo-
science applications, Geomorphology, 179, 300–314,
https://doi.org/10.1016/j.geomorph.2012.08.021, 2012.

Wramner, P., Wester, K., Backe, S., Gunnarsson, U., Hahn, N.,
and Alsam, S.: Tavvavuoma – Inledande dokumentation inom
övervakningsprogram för Sveriges palsmyrar. Länsstyrelsen
i Norrbottens län, Länsstyrelsens rapportserie nr 20/2015,
http://naturvardsverket.diva-portal.org/smash/record.jsf?pid=
diva2:908710&dswid=7820(last access: 1 March 2023), 2015
(in Swedish).

Zoltai, S. C., and Tarnocai, C. Perennially frozen peatlands in the
western Arctic and Subarctic of Canada, Can. J. Earth Sci.,12,
28-43, https://doi.org/10.1139/e75-004, 1975.

Zuidhoff, F. S. and Kolstrup, E.: Changes in Palsa Distri-
bution in Relation to Climate Change in Laivadalen,
Northern Sweden, especially 1960–1997, Permafrost
Periglac., 11, 55–69, https://doi.org/10.1002/(SICI)1099-
1530(200001/03)11:1<55::AID-PPP338>3.0.CO;2-T, 2000.

https://doi.org/10.5194/tc-17-1803-2023 The Cryosphere, 17, 1803–1819, 2023

https://doi.org/10.1139/as-2016-0036
https://doi.org/10.1029/2004GL020358
http://R-project.org
http://www.suo.fi/article/10741
https://doi.org/10.1002/ppp.1862
https://doi.org/10.1016/j.yqres.2010.09.007
https://doi.org/10.1002/2013GL058295
https://doi.org/10.1002/ppp.582
https://doi.org/10.1038/s43017-021-00240-1
https://doi.org/10.1038/s43017-021-00240-1
https://doi.org/10.1175/BAMS-D-21-0086.1
https://doi.org/10.1002/ppp.2088
https://doi.org/10.1002/ppp.1918
https://doi.org/10.1111/j.1365-2486.2007.01381.x
https://doi.org/10.1111/j.1365-2486.2007.01381.x
https://doi.org/10.5194/tc-12-2667-2018
https://doi.org/10.5194/tc-12-2667-2018
https://doi.org/10.1016/j.geomorph.2012.08.021
http://naturvardsverket.diva-portal.org/smash/record.jsf?pid=diva2:908710&dswid=7820
http://naturvardsverket.diva-portal.org/smash/record.jsf?pid=diva2:908710&dswid=7820
https://doi.org/10.1139/e75-004
https://doi.org/10.1002/(SICI)1099-1530(200001/03)11:1<55::AID-PPP338>3.0.CO;2-T
https://doi.org/10.1002/(SICI)1099-1530(200001/03)11:1<55::AID-PPP338>3.0.CO;2-T

	Abstract
	Introduction
	Study sites
	Peera
	Laassaniemi

	Data and methods
	RTK-GNSS and active layer measurements
	Aerial and UAS time series
	Climate data and statistical analysis

	Results
	Active layer thickness
	Climatic drivers of the active layer thickness
	RTK-GNSS-based palsa area, height, and volume changes
	Area, height, and volume changes based on UAS DSMs
	Comparison of RTK-GNSS and UAS 2016–2021
	Palsa area change 1959–2021
	Climate trends and lateral palsa degradation

	Discussion
	Permafrost degradation 1959–2021
	Active layer and climate dynamics

	Conclusions
	Appendix A
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

