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Germany, “Department of Electrical Engineering and Computer Science, Technical University of Berlin, Berlin, Germany,
Department of Geosciences, University of Oslo, Oslo, Norway, “Department of Geography, Humboldt Universitit zu
Berlin, Berlin, Germany

Abstract Permafrost warming has been observed all around the Arctic, however, variations in temperature
trends and their drivers remain poorly understood. We present a comprehensive analysis of climatic changes
spanning 25 years (1998-2023) at Bayelva (78.92094°N, 11.83333°E) on Spitzbergen, Svalbard. The quality
controlled hourly data set includes air temperature, radiation fluxes, snow depth, rainfall, active layer
temperature and moisture, and, since 2009, permafrost temperature. Our Bayesian trend analysis reveals an
annual air temperature increase of 0.9 + 0.5°C/decade and strongest warming in September and October. We
observed a significant shortening of the snow cover by —14 + 8 days/decade, coupled with reduced winter snow
depth. The active layer simultaneously warmed by 0.6 & 0.7°C/decade at the top and 0.8 £ 0.5°C/decade at the
bottom. While the soil surface got drier, in particular during summer, soil moisture below increased in
accordance with the longer unfrozen period and higher winter temperatures. The thawed period prolonged by
10-15 days/decade at different depths. In contrast to earlier top-soil warming, we observed stable temperatures
since 2010 and only little permafrost warming (0.14 = 0.13°C/decade). This is likely due to recently stable
winter air temperature and continuously decreasing winter snow depth. This recent development highlights a
complex interplay among climate and soil variables. Our distinctive long-term data set underscores (a) the
changes in seasonal warming patterns, (b) the influential role of snow cover decline, and (c) that air temperature
alone is not a sufficient indicator of change in permafrost environments, thereby highlighting the importance of
investigating a wider range of parameters, such as soil moisture and snow characteristics.

Plain Language Summary Permafrost is warming across the Arctic, but it is not yet well understood
why temperature trends vary and what affects them the most. Our detailed study investigates 25 years (1998—
2023) of data at the Bayelva permafrost observatory on Svalbard. We analyzed a quality-controlled data set,
including hourly measurements of air temperature, radiation, snow depth, rainfall, permafrost temperature, and
active layer conditions. We looked beyond annual averages, examining changes in each month. The air warmed
strongly by 0.9°C/decade and even stronger in September and October. Continuous snow cover shortened by
—14 days/decade and winter snow depth decreased. Simultaneously, the active layer warmed by 0.6°C/decade at
the top and 0.8°C/decade at the bottom. While the surface dried in summer, deeper soil layers became moister
due to a longer unfrozen period and higher temperatures in winter. The thawed period extended by 10-15 days/
decade, with slightly stronger changes toward later freezing in autumn. We found that soil warming stopped in
recent years and attributed this effect to the lower winter snow depth since 2010. Therefore, if we want to know
how permafrost warms or cools in the future, we need to consider additional measurements such as soil moisture
and snow properties.

1. Introduction

The drastic warming observed in the Arctic, which has exceeded the global average by nearly four times since
1979 (Rantanen et al., 2022), has profound implications for various cryospheric and meteorological variables,
including rainfall, snow cover, and the thermal and hydrological characteristics of permafrost. Quantifying
subsurface changes requires complex instrumentation or modeling and is addressed by a limited number of long-
term data series. The impact of climatic changes and, in particular, of snow cover trends on permafrost is notably
pronounced on the west coast of Svalbard.

Air temperature warming on Svalbard has been even stronger than the Arctic average with warming rates of about
1.5°C/decade (1991-2020) (Isaksen et al., 2022b; Nordli et al., 2020). This is linked with the strong sea-ice
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decline in that region (Dahlke et al., 2020; Isaksen et al., 2016; Vihma, 2014). While warming was most pro-
nounced during winter in the 1980s and 1990s, autumn warming has become more significant since then (Isaksen
et al., 2022b). Higher temperatures and sea-ice decline led to increased precipitation in all seasons (Hanssen-
Bauer et al., 2019; McCrystall et al., 2021) and a strong increase in the ratio of rainfall to snowfall (Bintanja &
Andry, 2017; Hanssen-Bauer et al., 2019). The snow-covered period in Svalbard shortened by about 3.3 days/
decade (1958-2017) with a stronger trend toward later last snow-free day in autumn as compared to earlier first
snow-free day in spring (Hanssen-Bauer et al., 2019; van Pelt et al., 2019; Vickers et al., 2020). Due to the
maritime climate, the west coast of Svalbard experiences rain-on-snow events even in mid winter (Wickstrom
et al., 2020). Such events are getting more frequent due to autumn and winter warming (Bintanja & Andry, 2017;
Hansen et al., 2014; Vickers et al., 2022). Strong rain-on-snow events are a significant source of energy for the
snowpack and ultimately for the permafrost (Boike et al., 2003; Westermann et al., 2011). On the other hand, rain-
on-snow also has the potential to destroy the snow structure and convert thermally insulating low density snow
into more conductive high-density snow or even ice layers (Calonne et al., 2011). When cooling occurs after the
rain-on-snow event, this snow metamorphism allows the soil to cool down more efficiently (Pomeroy &
Brun, 2001). This may lead to a net soil cooling following rain-on-snow if it happens in early or mid-winter.

The observed drastic changes in climate variables affect the permafrost. Permafrost temperatures on Svalbard are
often close to the freezing point, especially in the vicinity of the coasts in the south of the archipelago (Chris-
tiansen et al., 2020a; Hanssen-Bauer et al., 2019). Warming has been observed since instrumentation in 1998, as
shown by long-term temperature data from the Janssonhaugen station in central Svalbard close to Longyearbyen
(Isaksen et al., 2022a). This warming was especially pronounced at depths of 10 and 20 m. Additionally, near-
surface permafrost had also warmed significantly (Boike et al., 2018), and the active layer depth at Jansson-
haugen increased from 1.6 m (1999) to almost 2 m (2016) (Isaksen et al., 2022a). At a more coastal site in
Adventdalen, the active layer depth increased by 0.7 cm/year (2000-2018) (Strand et al., 2021). These changes
are indicative of a significant long-term shift in the permafrost thermal state, a commonly used indicator in in-
ternational assessment reports. However, permafrost temperature alone does not fully define the thermal state in
warmer permafrost regions where latent heat effects play a substantial role (Groenke et al., 2023; Smith
et al., 2022). Depending on the soil properties, unfrozen water can remain present in the soil pores at temperatures
well below 0°C (Nicolsky & Romanovsky, 2018). Therefore, additional measurements of volumetric liquid water
content, referred to hereafter as soil moisture, are necessary to fully assess the thermal state of permafrost.

While the current state and recent trends in air and permafrost temperatures are relatively well established, there is
a lack of long-term data on other meteorological drivers such as snow depth and liquid precipitation, hereafter
referred to as rainfall. Furthermore, there is a lack of data describing the thermal state of the active layer including
soil moisture. Due to this knowledge gap, relying only on air temperature trends is insufficient to draw con-
clusions about permafrost vulnerability in regions with warmer permafrost such as Svalbard.

Our study contributes to filling this gap by quantifying current climatology and trends (1998-2023) for both
climatic drivers as well as thermal and hydrological conditions in permafrost affected soil (hereafter referred to
simply as “soil”) at the Bayelva study site close to Ny—Alesund, Svalbard. We quantify trends in temperature,
radiation fluxes, rainfall, and snow cover. We then compare them to trends in active layer moisture and tem-
perature and analyze the seasonality of the observed changes. Furthermore, we relate the most important climatic
drivers to permafrost temperatures for the years 2010-2023.

2. Soil and Climate Data
2.1. Field Site

The Bayelva permafrost and climate observatory is located near Ny-Alesund, Svalbard (78.92094°N,
11.83333°E, Figure 1). It is a High Arctic site located on the Leirhaugen hill (25 m a.s.l.) currently 2 km north of
the rapidly retreating tongue of the Brgggerbreen glacier. The Leirhaugen hill is covered with permafrost
patterned ground and sparse vegetation (prostrate dwarf-shrub, herb tundra, P1 in the classification by Walker
et al. (2005)). The soil contains large stones and gravel within silty material (Boike et al., 2018). The permafrost
depth nearby the site, at the foot of the Zeppelinfjellet, is around 130-140 m (Orvin, 1944). Detailed descriptions
of the site including climatology and active layer properties are provided in Boike et al. (2008, 2018), and
Westermann et al. (2009).
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Figure 1. Location of the Bayelva permafrost and climate observatory on Svalbard (a) and in the Bayelva river basin near Ny-
Alesund (b) and pictures of the site in summer 2023 (c) and in winter 2021 (d); basemap source: Esri Satellite (Esri,
DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User
Community).

2.2. Data Sources

The Bayelva permafrost and climate observatory features a unique 25 years data series (13 September 1998 to 2
January 2024) of the main meteorological variables including soil temperature and moisture in different depths
representing the complete active layer. The data set used in our study is merged from two soil profiles in the same
fenced measurement area with the first profile operating 1998-2009 and the second 2009—today. The measurement
depths of 3, 10,22, 38, 58,73, 94, and 135 cm were chosen to represent all major soil horizons and had to be adjusted
to avoid the frequent rocks within the soil. While the soil sensors cannot be exchanged, the climate sensors were
regularly exchanged and calibrated. The soil and climate measurement setup, choice of sensors and calibration
routines are described in detail in Boike et al. (2018). The climate data includes air temperature measured with PT-
100 and Vaisala HMP4S5 (since 2009), snow depth measured with Campbell Scientific SR50 ultrasound sensors and
a Jenoptik SHM30 laser distance sensor (since 2013), rainfall measured with a Young 52203 unheated tipping
bucket rain gauge, and radiation components measured with Campbell Scientific Q7, Kipp & Zonen NR Lite, Skye
Pyranometer SP1110, and Hukseflux NRO1 (since 2009). The soil moisture profile down to 1 m depth is measured
with Time Domain Reflectometry probes (TDR Tektronix 1502B with TDR triple-wire 0.24 m long probes until
2009 and TDR100 with 0.3 m long triple-wire Campbell Scientific CS605 probes since 2009). The soil temperature
profile down to 1.4 m is instrumented with Campbell Scientific 107 thermistors.

Additionally, permafrost temperatures at up to 9 m depth are measured since 18 August 2009 (Geoprecision
temperature chains with 10 sensors: M-Log 2009-2023 and TNode HD since 2021). Detailed descriptions of the
laboratory and field calibrations, instrumentation, data preprocessing, and flagging routines are provided in Boike
etal. (2018). For validation and intercomparison, we used data from The Norwegian Meteorological Institute (MET
Norway) (2024) (https://seklima.met.no/observations) collected in Ny-Alesund, roughly 2 km to the north-east, at
the shore of Kongsfjorden. The Ny-Alesund data includes mean daily values of air temperature, precipitation, snow
depth, and spatial snow cover fraction. The latter is estimated by an observer in a radius of 1 km around the station.

2.3. Data Quality Control and Preprocessing

The quality control routine of the Bayelva meteorological data is described in detail by Boike et al. (2018). For
soil temperature and soil moisture, we used the level 2 data set which is combined from two different soil profiles
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for the periods 1998-2009 and 2009—today (Boike et al., 2018). We did not modify the hourly data in any way
(e.g., no interpolation or regression). However, we replaced all flagged data points with NaN. We used air
temperature at 1 m height to gapfill the 2 m air temperature. Both sensors measured simultaneously and reliably
except for the period 3 September 2008 to 22 October 2008 when the data at 2 m height was missing. Given the
lack of tall vegetation, the difference between the two heights is marginal (R = 0.9963, regression
slope = 1.0176). Snow depth is a combination of four sensors which are described in Boike et al. (2018). All data
was processed in UTC (e.g., for daily averages). We published the quality-controlled dataset in Griinberg et al.
(2024a).

The analysis of the climatology and the trends required data aggregation to daily, monthly, seasonal, and annual
values. The recent climate data has half-hourly resolution. We resampled this data to hourly data by taking the
mean of the two values. In case one was missing, we used the remaining value as hourly measurement. During the
resampling of hourly data to longer periods, we applied linear interpolation of short gaps and thresholds of how
many persisting gaps were allowed for a mean value to be computed. We interpolated gaps of up to 6 hr linearly in
the hourly time series before aggregating it to a daily series. Days containing longer gaps or less than 12 hourly
data points were treated as missing data. Gaps up to 3 days were interpolated linearly in the daily time series
before aggregating it to a monthly series. Months containing longer gaps were treated as data gaps. Gaps up to
1 month were interpolated linearly in the monthly time series before aggregating it to an annual series. Years
containing longer gaps were treated as missing data. For seasonal trends, we used the months January to March as
winter. While this may be inconsistent with the standard definition (December—February), it is a more suitable
definition for Arctic regions where March is often the coldest month of the year. March is also the month with
least liquid precipitation. Due to the cold March air temperature, the insulating effects of snow, an important
winter feature, are most critical. We defined summer in accordance with the general definition as June to August,
which are also the months with highest average air temperature.

To summarize the climatology at the Bayelva permafrost and climate observatory, we resampled the half-hourly
and hourly data to daily data. We used the daily sum for rainfall and the mean for all other variables. We computed
the median, 5th and 95th percentile of all daily values within calendar weeks. For example, we used all mean daily
air temperature values of days of the year 1-7 of all years for the median of week 1. In the case of rainfall, we
additionally computed the mean because the median is zero for most weeks of the year.

2.4. New Data Sets of Spatial Snow Cover and Soil Freeze/Thaw State

We estimated the spatial cover fraction of snow at daily resolution at Bayelva using webcam images (2007-2023).
For earlier years and gapfilling, we established a relationship between this reference snow cover and the snow
depth measured at a single location in Bayelva. The complete routine is described in Appendix A.

We derived the freeze/thaw state of the active layer based on the soil temperature at approx. 3, 10, 22, 38, 58,
73, 94, and 135 cm depth. We divided the data at each depth based on its temperature into three categories: (a)
warm (7 > 0.2°C), (b) zero curtain (—0.5°C < T < 0.2°C), and (c) cold (T < —0.5°C) (Figure 2). The thresholds
of —0.5 and 0.2°C were set pragmatically rather than based on physical properties of freezing, as water under
standard conditions freezes at 0°C. These thresholds account for the measurement uncertainty noted in sensor
data, which generally tend to underestimate temperatures. We derived these values from analyzing the zero
curtain periods and the temperature distributions of each sensor. Based on the time series of temperature
conditions (Figure 3a), we estimated the start of thawing in spring and the start of freezing in autumn (see
Appendix B for details).

2.5. Trend Analysis

Our trend analysis of all variables was based on monthly and annual mean (sum for rainfall) values. For monthly
values, we created 12 time series of each variable containing all years of one specific month (e.g., January). We
analyzed long-term trends for the time-averaged variables Y; sampled at times ¢ = 0, 1, ..., n years since the
beginning of the study period using a Bayesian generalized linear model (GLM):
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Soil temperature (°C)

Figure 2. Median of all annual freeze curves at each soil depth calculated
from data of each freezing/thawing season (1998-2023) separately; annual
freeze curves were derived from median soil moisture values within 0.1°C
soil temperature bins; solid lines: thawing, dashed lines: freezing; the gray
shaded area is the temperature range defined as zero curtain.

radiation), we chose the Student-t distribution as the GLM likelihood with
f(y) =y due to the relatively small number of observations (fewer than 25 years
for all variables) and the possibility of non-normal interannual variation. The
Student-t likelihood is generally considered to provide more conservative
estimates of effect sizes that are less sensitive to outliers and heteroscedasticity
which are common in small data sets (Gelman et al., 2013; Lange et al., 1989).
For variables with a semipositive domain [0, o) (e.g., rainfall and snow depth),
we selected the Gamma distribution as the likelihood with f;(y) = log(y) to

model all nonzero observations. Finally, for variables with double bounded domains in the unit interval [0, 1] (e.g.,
soil moisture) we chose the Beta distribution as the likelihood with f;(y) = logit(y). We used the python packages
bambi (BAyesian Model Building Interface) (Capretto et al., 2022) and pymc (Wiecki et al., 2023) to construct
and fit all of the trend models. The hyperparameters for the priors of §; and y; were determined automatically from
the data Y; by the bambi software using the methodology described in Capretto et al. (2022). We simulated a total
of 14,000 samples from four parallel Markov Chains using the No-U-Turn sampling method of Hoffman and
Gelman (2014) with the first 2,500 samples from each chain discarded as warm-up.

2.6. Reporting of Trend Estimates

Boxplots present the interquartile range of the posterior trend estimates within the box, the median as the middle line,

and the 5th and 95th percentiles as whiskers. In some figures, the uncertainty is given as a shaded area representing
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Figure 3. Time series of daily active layer temperature (a) and moisture (b) at 94 cm depth. The colors indicate the
temperature state of the soil with warm (7> 0.2°C), zero curtain (—0.5°C < T < 0.2°C), and cold (T < —0.5°C) conditions.
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the 5th to 95th percentiles of the estimations. Numbers of estimated trends represent the median value plus/minus
the uncertainty range representing the mean of the difference of 5th and 95th percentile to the median estimate. The
percentage of posterior trend estimates smaller/greater than zero (depending on the sign of the median) is provided
in brackets. For example, a trend of 0.091 + 0.049°C/year (100%) means that the estimated trend is 0.091°C/year.
This is the median of all samples. The symmetrized 90% confidence interval covers 0.049°C/year in each direction.
In this particular example, the fifth percentile of possible trends given the data is 0.044°C/year and the 95th
percentile 0.143°C/year. The posterior probability that the trend shows an increase is 100%. Variables with least
90% positive trend estimates are described as “increasing”, with no more than 10% positive trends as “decreasing”.
Other trends are described as more uncertain. To provide a visual impression of the confidence, the values presented
in result tables are colored. Trends with at least 90% of the trend estimates pointing in the same direction as the
median are presented in black, 80%—-90% in dark gray, and less than 80% in light gray. These light gray values should
not be over-interpreted. In the results and discussion sections, all trends are providedinmeasurement unit per
year. For consistency, we also converted the trends which were reported per decade in literature to per year.

3. Results
3.1. Air Temperature, Rainfall, and Snow

We analyzed the climatology and trends for air temperature, rainfall, and snow depth and coverage because these
are the major drivers of changes in the soil thermal regime. In the period 1998-2023, the average air temperature
varied between —15°C (February/March) and 7°C (July) with much larger variability in winter as compared to
summer (Figure 4a). The coldest month of the record was December 2003 with —19.8°C and the warmest month
was July 2020 with 9.2°C on average. We observed rapid air temperature warming at Bayelva. Between 1999 and
2023, mean annual air temperature increased by 0.091 + 0.049°C/year (100%) (Figure 4b and Table 1). The
strong warming trend was observed in each month of the year with the strongest warming in September and
October (Figure 4c and Table 1). Due to the high interannual variability, winter trends showed a higher uncer-
tainty. Between 1999 and 2023, net radiation increased by 0.26 + 0.26 W/m?*/year (94%) while incoming
shortwave radiation increased by 0.29 + 0.21 W/mz/year (99%) (Table 1).

We observed high interannual variability in winter snow depth with the onset of melt falling between beginning of
June and the first week of July (Figure 4d). Mean monthly snow depth decreased in the autumn and winter months
with the strongest decrease of almost 1 cm/year in October (Figure 4f and Table 1). On the other hand, April and
May snow depth remained approximately stable and the maximum annual snow depth did not change over time
(Table C1). However, the observed snow depth trends had a high uncertainty due to the interannual variability.
Trends in timing of the snow cover build-up and melt as well as the duration of a spatially closed snow cover were
much stronger and had a higher confidence (Figure 4e and Table C1). While the spatially closed snow cover
duration decreased by —1.4 + 0.8 days/year (100%), the number of completely snow-free days increased by
0.9 £ 0.5 days/year (100%). The difference between the two values was caused by an increase of partially snow-
covered conditions. Furthermore, we observed a tendency toward an earlier onset of the melting period as defined
by the first snow-free patches at Bayelva by —0.43 + 0.61 days/year (88%).

At Bayelva, rainfall occurred throughout the year (Figure 4g). While the median daily rainfall was O mm in most
weeks of the year, the highest values were reached in late August and September. Total annual rainfall showed a
rising trend of 4.90 + 7.38 mm/year/year (87%). However, the interannual variability of annual rainfall was large,
which led to a considerable uncertainty of the trend estimate (Figure 4h). This interannual variability also affected
the trends of total monthly rainfall. The winter period of December to beginning of April rarely had rainfall events,
but we observed single strong rainstorms. These rain-on-snow events were too rare to be analyzed statistically for a
period of 25 years, at least on a monthly basis (missing data in Figure 4i). We observed the strongest trends of
increasing rainfall in May, June, and November and somewhat less certain increases in April and September
(Table 1). The total winter (January—March) rainfall trends were highly uncertain but pointed toward an increase.
On the other hand, rainfall trends in July and October tended to be negative between 1998 and 2023 (Figure 41).

3.2. Active Layer Temperature and Moisture

As expected, intraannual variability of active layer temperature decreased with depth (Figure 5a). Lower depths
showed a delayed response to climate forcing and generally less interannual variability. The upper part of the
active layer warmed more slowly than air temperature (0.06 + 0.07°C/year [91%]), while lower depths (at 94 and
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(a)—(c) air temperature, (d)—(f) snow depth and duration of a spatially continuous snow cover, (g)—(i) rainfall (the mean is
included as dotted line).
135 cm) warmed with a similar rate as air temperature (Figure 5b and Table C2). We observed clear evidence of
warming across all depths and months except during freeze curtain conditions from October to December
(Figure 5c). The sensors at most depths showed the strongest warming in April and August. Winter trends showed
the largest uncertainties at all depths.
Soil moisture within the active layer experienced a strong increase in June or beginning of July, corresponding to
snow melting and soil thawing (Figure 5d). Different soil depths showed different summer soil moisture levels
depending on their porosity and saturation conditions. While soil moisture of the top layer decreased between
1999 and 2023, all other depths revealed an increase in moisture (Figure Se and Table C3). The smallest increase
was observed at 38 cm depth, in a layer of carbon rich soil due to the naturally occurring coal (Table F1 in Boike
et al. (2018)). This layer has a different texture than the surrounding soil (Boike et al., 2018). Unlike for soil
temperature, the soil moisture trends revealed clear differences between the seasons. At 3 cm, the soil moisture
decreased in all months with a particularly strong decrease in July and August (Figure 5f). This summer decrease
could also be observed at 10 cm depth, whereas soil moisture increased in the other months at this depth
(Table C3). At all lower depths, soil moisture increased all year around. While the soil moisture increase was
small during frozen conditions, summer and autumn showed the strongest wetting trends.
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Table 1

Trend Estimates for Main Climate Variables Between October 1998 and December 2023 (Top) and Between January 2010 and December 2023 (Bottom); Winter Is
Defined as January—March Representing the Three Coldest Months, Summer Is June—August

Air temperature Rain Snow depth Net radiation Shortwave incoming
°Clyear mm/interval/year cm/year W/m?/year W/m?/year
October 1998 to December 2023

Annual 0.091 + 0.049 (99.9%) 4.9 + 7.4 (87.0%) —0.35 £ 0.67 (82.9%) 0.26 + 0.26 (94.0%) 0.29 + 0.21 (98.6%)
Summer 0.097 % 0.033 (100.0%) 1.12 = 0.59 (99.8%) 0.74 = 0.79 (93.7%)
Winter 0.100 + 0.110 (93.6%) —0.36 £+ 0.22 (99.8%)
January 0.122 + 0.195 (85.6%) —0.57 = 0.31 (99.8%)
February 0.097 + 0.166 (83.4%)
March —0.48 + 0.33 (98.8%) 0.12 + 0.12 (94.9%)
April 0.132 + 0.151 (92.5%) 0.3 £0.7 (84.5%) 0.24 £ 041 (83.2%) 0.64 + 0.68 (93.7%)
May 0.046 £ 0.077 (84.5%) 1.2 + 1.0 (99.5%) 0.72 + 0.47 (99.2%) 0.53 + 0.94 (82.4%)
June 0.092 + 0.042 (99.9%) 0.5+ 0.7 (91.3%) 2.13 = 1.21 (99.7%)
July 0.115 % 0.044 (100.0%) 0.80 + 0.77 (94.9%) 1.22 + 0.95 (98.0%)
August 0.082 % 0.041 (99.9%) 0.54 + 0.42 (97.9%) 0.96 + 0.52 (99.8%)
September 0.134 + 0.087 (99.2%) 1.1 +2.2 (81.6%) —0.30 = 0.43 (97.9%) 0.45 + 0.43 (95.7%)
October 0.139 + 0.107 (98.2%) —1.2 + 2.7 (84.2%) —0.92 + 0.89 (98.7%) —0.25 + 0.26 (94.2%)
November 1.82.7 (93.0%) —0.57 £+ 1.09 (83.0%) —0.41 £+ 0.32 (98.2%)
December 0.091 %+ 0.107 (92.7%) —0.63 + 1.19 (82.2%) —0.43 + 0.36 (97.7%)

January 2010 to December 2023
0.080 £ 0.114 (88.1%)
0.122 + 0.093 (98.0%)

Annual
Summer
Winter
January
February
March
April
May
June
July 0.182 + 0.123 (98.9%)
August 0.115 + 0.112 (95.2%)
September
October
November 0.306 + 0.382 (91.1%)

December 0.167 + 0.186 (93.0%)

—6.53 £+ 18.31 (86.5%)

0.95 + 2.71 (84.2%)
1.94 + 2.27 (96.4%)

1.59 + 3.60 (81.4%)

—571 + 7.72 (97.7%)

—0.68 £ 1.44 (80.6%)

—1.80 £ 3.21 (85.6%)
—2.14 + 2.98 (90.6%)

—1.02 + 1.63 (91.5%)
—1.05 £+ 2.20 (82.1%)
—1.63 £+ 2.53 (88.3%)

—0.47 % 0.50 (94.5%)
—0.79 + 1.11 (87.6%)

—0.96 £ 0.55 (99.7%)

0.76 = 0.81 (93.7%)
—0.37 £ 0.73 (80.6%)
—1.21 = 0.84 (98.2%)
—1.33 + 0.75 (99.7%)

—0.77 £+ 0.55 (98.4%)
—1.12 + 0.80 (98.5%)

—0.30 £ 0.50 (84.9%)
—0.97 £ 1.59 (84.7%)

—1.00 = 1.75 (83.2%)

—3.10 £+ 2.83 (96.1%)

—0.84 + 1.25 (87.1%)

Note. Trend estimates provided as median of all samples + symmetrized 90% confidence interval (posterior probability that the trend direction is the same as the
direction of the median); trend estimates with high confidence are shown in black, medium confidence in dark gray, and low confidence in light gray.

3.3. Freeze/Thaw State

As indicated by active layer temperature and moisture trends, the freeze/thaw timing of the active layer changed
between 1998 and 2023. The sensor at 94 cm depth was at the lower boundary of the active layer in 1998
(Figure 3a), while the sensor at 135 cm depth remained permanently frozen until August 2004. The observed
changes in the freeze/thaw state were most pronounced at these depths (Figure 6). At 73 cm and above, the
number of warm and thawed days increased by 1.0 to 1.5 days/year (Figure 6a and Table C4). This agrees with the
trend estimates of the lengthening of the snow-free period (Table C1). The shift toward later freezing in autumn
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Figure 5. (a, d) Median and variability (5th to 95th percentile) calculated from all daily data for every 7 days of the period
1998-2023 for active layer conditions; (b, e) trends of mean annual values in air and 8 (7) depths for active layer temperature
(moisture); (c, f) trends of mean monthly values for (a)—(c) active layer temperature at different depths, see x-axis of panel (b/
e) as legend, (d)—(f) soil moisture in the active layer at different depths, see x-axis of panel (e) as legend.
was slightly more pronounced than earlier thawing in spring, except for the surface at 10 cm and above
(Figures 6b and 6c).
3.4. Permafrost Temperature and Trends Since 2010
Permafrost at the Bayelva permafrost and climate observatory warmed by 0.014 + 0.013°C/year (95%) at 9 m
depth (2010-2023, Figure 7a and Table C5). As compared to air and active layer warming between 1999 and 2023
(Figure 5b), this warming rate was relatively low. A closer look at permafrost temperatures revealed considerable
interannual variation. Rising permafrost temperatures between 2011 and 2017 were followed by slightly lower
temperatures in 2018 and 2019 and a strong drop in 2020 (Figure 7a). The cool permafrost temperatures in 2011 as
compared to 2010 were likely a delayed response to the very cold active layer temperatures in January—March
2010 (Figure 3a). A possible reason was the heavy rain-on-snow event 15-25 January 2010 which may have
destroyed the snow structure and made the snow cover more thermally conductive. In that winter, soil temperature
followed the cold air temperature much more closely than in other winters (Figure 3a). The sharp drop in
permafrost temperatures in 2020 coincides with a combination of very cold winter air temperature and low snow
depth in early 2020 (Figure 8). While the warmest two winters were associated with warming permafrost (blue
circles in Figure 8), the two winters with the thinnest snow cover (less than 40 cm) were associated with cooling
permafrost (red circles in Figure 8). Summer air temperature, on the other hand, may have been an influential
factor in the years 2022 and 2023 (Figure 8d). As summer is in the middle of the year, the impact of summer air
temperatures on permafrost temperatures may also be delayed until the following year.
Our data series for permafrost temperature started in summer 2009. We therefore repeated the trend analysis of all
climate and active layer variables for this period. We found that the annual air temperature trend was a bit lower
for 2010-2023 as compared to 1999-2023 (Table 1). As expected for the shorter period, the uncertainty was much
higher than for the longer period. The continued warming of the annual mean air temperature was caused by
strong warming in summer (June—August), November, and December (2010-2023, Table 1). July, August,
November, and December were also the only months which had stronger trends for 2010-2023 than 1998-2023
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Day Of Year (DOY) when 0°C is reached, and (c) shift in the onset of autumn freezing which is the last day when the
temperature is above 0°C before the soil is frozen for at least 10 consecutive days.

(Figure 7c). Trends for January to May were very uncertain and air temperature cooling was possible, in particular
in May (Figure 7c and Table 1). The strong autumn warming described above for 1998-2023 was restricted to
November while air temperature of September and October did not rise anymore between 2010 and 2023. The
lack of a winter warming trend co-occurred with a strong decrease of winter snow depth by —1.6 to —2.1 cm/year
in the months December, January, and February since 2010 (Figure 7d and Table 1). In these early winter months,
the decreasing trend strongly intensified as compared to the complete period 1999-2023. However, given the
short period and the high inter-annual variability all estimated snow depth trends were more uncertain than for the
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Figure 7. Trend estimate for the shorter period of 2010-2023; (a) Mean annual permafrost temperature at 9 m and the
respective trend; (b) trends of mean annual values in air temperature, active layer temperature at 8 depths, and permafrost
temperature at 9 m depth; (c) monthly air temperature trends (orange: 2010-2023, gray: 1998-2023) and (d) monthly snow
depth trends (purple: 2010-2023, gray: 1998-2023).
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effect of thin snow and warm winters on permafrost temperature is highlighted with arrows.

complete period. Annual average snow depth showed an uncertain but likely decreasing trend (Figure D1).
Furthermore, the period 2010-2023 was characterized by a decrease of annual average net radiation and, less
certain, incoming shortwave radiation (Table 1).

Soil temperature trends within the shorter period were more uncertain than in the longer period. Furthermore, they
showed no trend within the active layer and only a small positive trend of 0.014 + 0.013°C/year (95%) in the
permafrost at 9 m depth (Figure 7b). Related to the stop of an active layer warming trend (Table C2), we observed
a trend toward drying of the active layer at 73 cm and above for 2010-2023 (Table C3).

4. Discussion
4.1. Air Temperature, Rain, and Snow
4.1.1. Air Temperature

We observed remarkable changes in all climatic variables between 1998 and 2023. Air temperature warming has
been observed at many Arctic sites, with Svalbard showing generally higher rates than the Arctic average (Isaksen
et al., 2022b). However, other sites in the High Arctic showed similar rates, such as Station Nord in Greenland
with 0.08°C/year, 1990-2020 (Strand et al., 2022). For Svalbard specifically, Isaksen et al. (2022b) found that
with 0.11°C/year Ny—/f\lesund (2 km from Bayelva) had the weakest warming rate in two periods, 1991-2020 and
2001-2020, while eastern Svalbard in particular was warming more rapidly at more than 0.2°C/year. Using the
same period and method, we found that air temperature trends at Ny-Alesund and Bayelva agreed well for 1999—
2023 (0.09 + 0.05°C/year [100%]), although in absolute terms, Bayelva was about 1°C colder (brief results and
Figure D1a in the Appendix). The lower trend in our data as compared to literature was due to the specific periods
chosen. At the Bayelva permafrost and climate observatory, the last 4 years (2019—-2023) were colder than 2015,
2016, and 2018. Furthermore, our data set started after the years 1993-1998, which were fairly cold in Ny-
Alesund (The Norwegian Meteorological Institute (MET Norway), 2024). Warming accelerated since the 1990s,
as the air temperature trend 1950-2021 near N y-l&lesund was lower with 0.06°C/year (Aga et al. (2023), based on
downscaled ERA-5 reanalysis data).

We observed the strongest air temperature warming in autumn (Figure 4c). This agrees well with circum-Arctic
patterns of the Arctic amplification (Rantanen et al., 2022). It is also in line with observations by Isaksen
et al. (2022b) for western Svalbard, and Ny-Alesund in particular, during the period 2001-2020. However, if the
1980s or 1990s are included, winter warming is even more pronounced than autumn warming (Gjelten
et al., 2016; Isaksen et al., 2022b). This may be due to the massive change in sea-ice cover during that period
(Isaksen et al., 2016). For the most recent period (2010-2023), we observed a lack of warming in some autumn
and winter months (September, October, January) combined with amplified warming in July, August, and
November (Figure 7c). To our knowledge, this recent shift toward summer driven warming has not yet been
described in literature.

4.1.2. Rainfall

Trends in rainfall and snowfall have received much less attention than air temperature warming. Several studies
report increasing precipitation in the Arctic (McCrystall et al., 2021; Vihma et al., 2016). In general, rainfall is
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expected to increase more strongly than total precipitation because of an increase in the rain/snow ratio (Bintanja
& Andry, 2017; Hanssen-Bauer et al., 2019). We observed a rainfall increase of 4.9 + 7.4 mm/year (87%) in
2000-2023.

We measured a mean total rainfall (2000-2023) of 84 mm for the summer season, June—July—August. Despite the
high interannual variability (24 mm in 2010 to 234 mm in 2013), the mean summer value matches the mean value
of 84 mm measured in Ny—Alesund in the years 1979-2018 by Fgrland et al. (2020). They report an uncorrected
total annual precipitation of 447 mm for the same site and period. While total precipitation increased by 13%/
decade, the solid fraction of precipitation decreased from an average of 0.57 to 0.35 (1979-2018, Ny-Alesund,
Fgrland et al., 2020). As we did not have data in the reference period of their study, our results can only be
compared to rates of increase rather than percentages. The percentage of increase in Fgrland et al. (2020)
translates to an increase of 5.3 mm/year (uncorrected) and 5.6 mm/year (corrected for undercatch) total pre-
cipitation during 1979-2018. Our results for only (uncorrected) rainfall 2000-2023 was in the same range. Our
results suggest amplifying rainfall trends in the last decades as Aga et al. (2023) found an increase of only 1.3 mm/
year for the longer period of 1950-2021 based on downscaled ERA-5 reanalysis data.

Increasing air temperature in the snow season leads to more frequent rain-on-snow events in the Arctic (Groisman
et al., 2016) and Svalbard in particular (Peeters et al., 2019; Rinke et al., 2017; Sobota et al., 2020). These events
are rare and our statistical approach is not suited for estimating trends of mean monthly rainfall for months which
have zero or close to zero rainfall in most years (December—March). However, our analysis indicated that the
cumulative sum of rainfall in the months December—March increased between 2000 and 2023.

4.1.3. Snow Cover

A widespread reduction of the snow cover has been observed in the Arctic. In particular, the snow-covered season
is shortening by 0.2-0.4 days/year (AMAP, 2017). The changes in the High Arctic are even more pronounced
with 0.4-1 days/year (Mohammadzadeh Khani et al., 2022). For Svalbard specifically, Hanssen-Bauer
et al. (2019) reported a spatial average shortening of 0.33 days/year for 1958-2017. Locally, shortenings of
0.46 and 1.0 days/year have been observed for 1984-2015 in Barentsburg and Hornsund (both on Svalbard),
respectively (Osuch & Wawrzyniak, 2017). van Pelt et al. (2016) estimated a lengthening of the snow-free season
in Svalbard by 0.12 days/year. In our study, we found much stronger trends, with a shortening of the spatially
closed snow cover of —1.41 + 0.78 days/year (100%) (Figure 4e) and a lengthening of the completely snow-free
period by 0.94 + 0.46 days/year (100%). To the best of our knowledge, such strong trends have not yet been
reported in other studies. One possible explanation may be the specific period studied. Our results were obtained
for the years 1999-2023. The extreme changes which we observed in this period cannot be captured when longer
periods are considered (such as 1957-2018 in van Pelt et al. (2019)). Furthermore, our site Bayelva is only 1.3 km
from the coast and coastal regions tend to show stronger trends (AMAP, 2017).

In most Arctic areas, this shortening of the snow-covered season is mostly happening in spring rather than in
autumn (AMAP, 2017). This is in contrast to observations from Canada (Brown et al., 2021) and Svalbard. On
Svalbard, melt timing is stable or slightly earlier in most regions, while the delay of the start of snow accumulation
is more pronounced with 0.14 + 0.09 days/year for whole Svalbard 1957-2018 (van Pelt et al., 2019). Even
though the average trend in spring melt timing is negligible, van Pelt et al. (2019) observed up to 0.4 days/year
shifts toward earlier melt locally. This matches well with observations from Hornsund (0.4 days/year), while the
snow in Barentsburg only melted 0.15 days/year earlier between 1984 and 2015 (Osuch & Wawrzyniak, 2017).
Similar rates have been reported from Ny—Alesund with earlier snowmelt by 0.48 + 0.83 days/year (1993-2013)
and 0.4 days/year (1993-2017) (Maturilli et al., 2015, 2019). This agrees very well with our study, as the first
snow-free patches appeared —0.43 =+ 0.61 days/year (88%) earlier (1999-2023). However, the snow in the village
of Ny-Alesund melts about 2 weeks earlier than at Bayelva (The Norwegian Meteorological Institute (MET
Norway), 2024).

Fewer studies focus on snow depth as compared to snow cover duration or snow water equivalent. In particular,
recent large scale studies concentrate on snow water equivalent rather than snow depth (Bormann et al., 2018;
Hanssen-Bauer et al., 2019; Mudryk et al., 2018; van Pelt et al., 2016). While older studies still show an increase
in snowfall and snow depth in northern Eurasia combined with a decrease in the American Arctic (1936-2004)
(Callaghan et al., 2011; Mohammadzadeh Khani et al., 2022), the pattern since the 1980s is a general decline of
snow depth by 0.002 to 0.04 cm/year (AMAP, 2017). A study on four high Arctic stations in Canada reports
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decreasing snow depth at Eureka, Resolute, and Hall Beach in each season of up to 0.28 cm/year while snow
depth at Cambridge Bay increased by 0.11 cm/year in winter and 0.19 cm/year in spring (1960-2019, Lam
et al., 2023). For Svalbard, changes in maximum annual snow depth have been reported. Maximum annual snow
depth decreased by 0.25 and 0.57 cm/year between 1984 and 2016 in Barentsburg and Hornsund, respectively
(Osuch & Wawrzyniak, 2017). In their study, the strongest decrease of snow depth has been observed in May and
June. The mean monthly snow depth trends at Bayelva ranged from no change in May to a strong decrease of
—0.92 £ 0.89 cm/year (99%) in October (1999-2023, Figure 4f). Therefore, we could not confirm decreasing
snow depth in May at Bayelva. This is also related to the lacking trend of annual maximum snow depth, which is
different to what Osuch and Wawrzyniak (2017) observed. However, for the winter months, our study showed
much stronger trends than other studies. Snow cover effects are very local and the data of Ny-/oklesund suggest no
change in annual average snow depth since 2010 (Figure D1c).

Despite the large uncertainty, our most recent data of 2010-2023 indicate an accelerated reduction of snow depth
for December, January, and February (1.6-2.1 cm/year, Figure 7d and Table 1). The strong changes in these
months in recent years likely contributed to the recent stop of active layer warming.

4.2. Active Layer Temperature and Moisture
4.2.1. Active Layer Temperature

Active layer temperature and moisture monitoring is not widespread and, in comparison to climate or permafrost,
data are scarce and often short term or unpublished. Literature is mostly limited to changes in active layer
thickness or permafrost temperatures (e.g., Smith et al., 2022). Nevertheless, widespread warming of the active
layer has been observed in multiple Arctic regions such as Alaska (Wang et al., 2018), the Canadian High Arctic
(Farquharson et al., 2019), the western Russian Arctic (Vasiliev et al., 2020) and all of Russia (L. Chen
et al., 2021; Streletskiy et al., 2015). The observed rates of temperature change varied widely between cooling of
singles sites up to —0.15°C/year and warming of up to 0.3°C/year (ground temperature at 1 m depth at 31 sites in
Alaska with at least 5 years of data, Wang et al. (2018)). In the continuous permafrost zone in Russia, the average
warming at 0.8 m depth 1975-2016 was 0.033°C/year with a maximum of 0.11 + 0.02°C/year (L. Chen
et al., 2021).

For Svalbard specifically, active layer warming of 0.17 and 0.26°C/year have been observed at UNISCALM in
Adventdalen 2000-2014 at 110 and 20 cm depth, respectively (Schuh et al., 2017). We measured warming rates of
0.055 £+ 0.067°Cl/year (91%) near the surface and 0.084 + 0.048°C/year (99%) at the bottom of the active layer
between 1999 and 2023 (Figure 5b). The lower warming rate in our study is likely due to the different observation
period. The soil temperature series of Schuh et al. (2017) did not cover the relatively warm year of 1999 nor the
recent colder period starting in 2017. We observed stronger warming at the bottom of the active layer (at 94 and
135 cm) as compared to the upper depths. This may have been caused by permafrost degradation at these depths,
as they were previously permafrost and are now part of the active layer. To a lesser extent, stronger warming
lower down has also been observed for the summer temperature trend at Kaffigyra Plain (north-western Svalbard)
1975-2014 (Arazny et al., 2016). In Adventdalen, on the other hand, lower depths warmed more slowly than
shallow depths (Schuh et al., 2017).

For the most recent period 2010-2023, our results even indicated stable active layer temperatures (Figure 7b). To
our knowledge, this recent halting of active layer warming has not yet been reported in the literature. The reduced
trend at the lower depths may have been caused by the permafrost table being further away from the measurement
depths now. We attribute the change at the soil surface to the very strong reduction in snow depth of October—
February in recent years (Figure 7d). At the same time, air temperature of the months January to May showed
smaller trends than for 1999-2023. The air temperature trends for 2010-2023 were very uncertain, but showed
possible cooling for January and May. While the permafrost at 9 m depth was warming in the recent period, we
observed a low warming rate. Single years with little winter snow and low winter temperatures led to decreased
temperatures down to the permafrost.

4.2.2. Active Layer Moisture

So far, it is not clear whether Arctic landscapes are wetting or drying as, depending on the topography and
permafrost degradation stage, both effects occur (Walvoord & Kurylyk, 2016). While wetting and drying patterns
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have been described at the landscape scale (see review by Walvoord and Kurylyk (2016)) and theoretically based
on modeling (e.g., Lilhare et al., 2022), we are not aware of recent studies on Arctic soil moisture trends based on
subsurface in situ time series. For 1999-2023, we observed a general increase of soil moisture corresponding to
warmer temperatures, longer thawed periods, and more annual rainfall (Figure 5e). The effect of active layer
temperature on soil moisture is supported by our more recent trend analysis for the period of 2010-2023. The
recent stop of active layer warming led to active layer drying at 73 cm depth and above. We observed surface
drying in the whole time series, in particular during summer. In addition to possibly reduced rainfall in July,
decreased summer soil moisture can be caused by increased evapotranspiration under warmer conditions.

4.3. Freeze/Thaw State

Given recent warming trends in air temperature, changes in the freeze/thaw timing can be expected in Arctic
regions. At a large scale, radar remote sensing provides estimates of the frozen or thawed state of the land surface.
In their circum-Arctic study based on coarse scale microwave satellite data, X. Chen et al. (2022) estimated a
lengthening of the thawed period by 0.25 days/year for the continuous permafrost zone. The thawing started
—0.25 days/year earlier while the start of freezing did not show a trend in continuous permafrost (X. Chen
et al., 2022). This is in contrast to the study by Li et al. (2023), who found delayed start of freezing in the last
40 years for high-latitude permafrost regions. Both studies used the same data set and identified some Arctic
regions which even show earlier freeze-back timing. However, those remote sensing results are hard to compare
to ground data because of multiple factors. First, one grid cell contains about 630 km?. In most Arctic landscapes,
this area includes a large portion of water bodies and possibly the sea shore or ice sheets and large spatial het-
erogeneity. This may be one reason why the agreement of the final data product is less than 70% with ground data
at many Arctic sites (Kim et al., 2017). Second, the depth of the freeze-thaw observation is unknown as it depends
on the soil moisture. It is rather shallow and can thus only be compared to the highest sensor in our soil profile.

At Bayelva, we found much stronger trends for the lengthening of the thawed period as well as for the earlier start
of thawing and, in particular, also for the delayed start of freezing (Figure 6). At the surface, we observed a
lengthening of the thawed period of 1.05 + 0.62 days/year (100%). We observed earlier start of thawing
(—1.25 £ 0.61 days/year [100%]) and later start of freezing (0.79 £ 0.73 days/year [96%]). Lower depths showed
an even stronger trend toward later freeze-back at Bayelva (Figure 6¢). These values are comparable to the timing
of freeze-back of the entire active layer. While our numbers are much higher than the estimates based on mi-
crowave remote sensing, similar changes have been observed locally. In northern Alaska, the freeze-back date
was delayed by almost 2 months in 30 years (1986-2013) (AMAP, 2017), which is within the range of our
estimates.

4.4. Permafrost Temperature

Permafrost warming has been observed at many Arctic locations (AMAP, 2017). The average warming rate in the
continuous permafrost zone was 0.039 + 0.015°C/year (2007-2016) at the depth of zero annual amplitude (ZAA)
(Biskaborn et al., 2019). For Svalbard specifically, a warming trend of 0.09°C/year has been measured at
Janssonhaugen (10 m depth, 1998-2023) (Isaksen et al., 2022a). At Bayelva, we found a warming rate of only
0.014 £ 0.013°C/year (95%) at 9 m depth (20102023, Figure 7a).

The lower warming rate in our study may be due to three main reasons: First, the permafrost is relatively warm at
about —2.6°C. Warmer permafrost typically warms at lower rates than cold permafrost (AMAP, 2017) due to
smaller thermal gradients and latent heat effects. For soils with high silt or clay content, such as those found at
Bayelva, latent heat effects remain significant at temperatures well below 0°C which may mask the warming
signal even in deeper permafrost layers (Nicolsky & Romanovsky, 2018; Riseborough, 1990). Simulations from
Groenke et al. (2023) have indicated that latent heat likely plays a dominant role in the thermal dynamics of the
soil at Bayelva.

Second, trends in permafrost temperature depend on the measurement depth (AMAP, 2017). Most trend studies
use the ZAA (Biskaborn et al., 2019). Our deepest sensor is at 9 m while the ZAA is expected to be around 20 m
(Isaksen et al., 2007, 2022a). Permafrost warming at shallow depth such as 10 m is not linear and extreme
conditions show strong effects with a delay of some months. We observed strong permafrost cooling in 2020 and
warming in 2016 (Figure 7a). Both events have also been observed on Janssonhaugen at 10 m depth (Isaksen
et al., 2022a). The general temperature decrease between 2017 and 2019 at our site has been observed in multiple
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boreholes around Svalbard (Christiansen et al., 2020b). This cooling and the cooling of 2020 contributed to the
generally small warming trend.

Third, any trend observation strongly depends on the period of study. For example, the study by Groenke
et al. (2023) found a warming of 0.02°C/year based on the same data of the Bayelva station but for the period
1999-2020. We suspect that the smaller permafrost temperature trend observed in our study period may be due to
the cool temperatures in 2021 and the average temperatures in 2022 in our data set. The upper part of the active
layer revealed stable annual temperatures since 2010 (Figure 7b). Given the high interannual variability within the
active layer, trends could not be stated with confidence for the 14 year period considered. However, the previously
observed warming may have slowed or stopped since 2010. Our analysis suggests that air temperature warming
still dominates in most months. However, recent trends for September, October, January, and May air temperature
were very uncertain and cooling was possible, in particular in May. We suspect that the strong decrease in early
winter snow cover and the reduced winter warming since 2010 are major reasons for the small trend of permafrost
temperatures. Such recent developments may not be represented in other studies yet, because so far few studies
include the period 2014-2023. On the other hand, this effect may also be site specific. A study of cold permafrost
near Station Nord, Greenland, revealed permafrost warming rates of 0.07 and 0.05°C/year in two boreholes at
20 m depth for the recent period of 20142021 (Strand et al., 2022). Similarly, a study from the western Russian
Arctic found increased permafrost warming in recent years (Vasiliev et al., 2020). Between 2010 and 2020, stable
or increasing rates of permafrost warming have been observed at multiple sites of cold (<—2°C) permafrost sites
(Smith et al., 2022).

5. Conclusion

In summary, our study site in western Svalbard is undergoing significant changes in temperature, rainfall, snow
cover, and permafrost conditions. Recent observations suggest a potential slowdown in permafrost warming,
highlighting the complex interplay of various climatic factors. September and October stand out with the most
substantial air temperature rise since 1999, while recent years exhibit strongest warming in July, August, and
November combined with a lack of warming in September, October, January, and May, a deviation not widely
reported. Svalbard experiences increased rainfall and exceptionally strong snow cover reduction, marked by both
shortened spatially closed cover and lengthened snow-free periods, along with a reduced winter snow thickness.
Permafrost warming at the Bayelva permafrost and climate observatory occurs at a slower rate than in other Arctic
regions, with recent years even suggesting a potential slowdown, likely influenced by recent winter air cooling
periods and reduction of winter snow depth. Active layer warming is evident since 1999, but mostly because of
the cold period 1999-2004, while recent years indicate no temperature trend. Overall, soil moisture increases,
except at the soil surface, which gets drier in particular in summer. The active layer thawed period exhibits
stronger trends in later freeze and earlier thaw timing compared to larger-scale Arctic estimates. Our findings
underscore the importance of region-specific analysis in understanding the complex dynamics of Arctic
permafrost and climate changes and emphasize the need for continued monitoring and research to assess ongoing
trends and their implications.

Appendix A: Spatial Snow Cover Derivation
We estimated the spatial cover fraction of snow at daily resolution within the fenced measurement area based on

¢ Bayelva snow depth observations (only data source 1998-2007, for comparison processed during the whole
period)

« Bayelva noon webcam images manually evaluated (major data source 2007-2023)

o Ny-/oklesund air temperature (used in the gapfilling routine 1998-2023, The Norwegian Meteorological
Institute (MET Norway) (2024), https://seklima.met.no/observations)

We used the visually estimated snow cover from webcam images whenever those were available within the period
2007-2023. However, we had some major data gaps and in some years no light source during polar night.

The estimation of spatial snow cover from snow depth was based on the relationship between spatial cover and
snow depth in the common period 2007-2023. We applied the following steps:

1. Snow depth data was gapfilled linearly for:
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e Gaps up to 3 days length

¢ Gaps less than 30 days long and snow depth difference before and after less than 2.5 cm

e Maximum of mean daily air temperature <0°C and snow depth before the gap above 2.5 cm

e Maximum hourly air temperature <5°C and snow depth before and after above 20 cm

2. Long gaps with more than 20 cm snow at start are forward-filled with the last measured value until the first
hourly air temperature above 5°C

3. The summer (no-snow) value of snow depth sometimes includes vegetation. It was adjusted to zero using the
following steps for each year:

¢ Compute the average apparent summer snow depth from depth measurements between the latest possible
melt end (Day Of Year [DOY] 206) and the following 10 days for each summer individually

e Set all values to zero which are below (apparent snow depth + 5 cm) for each summer individually

4. Spatial snow cover fraction was estimated linearly from snow depth with separate thresholds for autumn as
compared to winter/spring because the spatial snow cover is more homogeneous in autumn:

e Spring/winter (DOY 1-206): cover = 0 below 2.5 cm and cover = 1 above 20 cm

¢ Autumn (DOY 206-365): cover = 0 below 2.5 cm and cover = 1 above 10 cm

5. As the thresholds are not exact, the following corrections were applied:

¢ For apparent snowfalls with less than 10 cm of measured additional snow and mean daily air temperature
>0°C snow cover is set to the value of the previous day

¢ For apparent snowmelt with maximum hourly air temperature <0°C snow cover is set to the value of the
previous day

e During a snowmelt phase, cover = 0 is not reached until the snow depth stops decreasing; all snow cover
values between 2.5 cm and the last day of decreasing depth are set to cover = 0.1

6. Calculate annual statistics from the final series for years with sufficient observations:

o Start of the melting period: day after the last fully snow-covered day of the winter (if <10 missing daily
values in spring)

o End of the melting period: first day of no snow (if <10 missing daily values in spring)

o Number of snow free days (if <10 missing daily values between spring and autumn)

o Number of days with full snow cover in space (if <20 missing daily values in whole year)

Appendix B: Derivation of Freeze/Thaw Conditions

Freezing and thawing characteristics at the Bayelva site for each year were estimated based on soil temperature

(Ts, °C) at 8 different depths (3, 10, 22, 38, 58, 73, 94, and 135 cm). Each time series contains three ordered levels:

(a) warm (T > 0.2°C), (b) zero curtain (—0.5°C < T < 0.2°C, phase change), and (c) cold (' < —0.5°C). The

following procedure was implemented:

1. Fill short gaps (<6 hr) in the Bayelva Ts series with linear interpolation

2. Classify time series of temperature condition based on the two thresholds —0.5 and 0.2°C; the thresholds to
classify the zero curtain are not exactly 0°C to account for measurement uncertainty.

3. Fill gaps in the temperature condition; this was mostly relevant in winters before 2012 which sometimes had
larger gaps:

o fill short breaks (<10 days) if condition before == condition after

o fill medium breaks (<20 days) if condition before == condition after AND winter (December-June)

« fill winter breaks starting with cold conditions if Ny-Alesund mean air temperature (24 hr) < —1.2°C (The
Norwegian Meteorological Institute (MET Norway) (2024), https://seklima.met.no/observations); Ny-
Alesund air temperature was used as Bayelva air temperature usually had gaps at the same time as soil
temperature in early years.

o fill gaps <24 hr with simple forward fill

4. Smooth the temperature condition to remove periods shorter than 6 hr; these periods are filled with a simple
forward fill.

5. Calculate annual statistics from the final series for years with sufficient observations (start/end of thawing/
freezing was only calculated if the respective dates were not just after/before a data gap):

e Number of days with temperatures in the warm, zero curtain, and cold range (calculated from number of
hours divided by 24; only calculated for years when the dates of start/end of thawing/freezing could be
estimated and when the respective season had no gap of more than 7 days)
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¢ DOY when thawing started in spring (begin of zero curtain conditions)

¢ DOY when thawing was completed in spring (begin of warm conditions)

e DOY when final freezing started resulting in at least 10 days consecutively cold conditions (last drop to
zero curtain conditions)

e DOY when final freezing ended resulting in at least 10 days consecutively cold conditions (last drop to cold
conditions); at lower depths, the freezing continues into the new year. In this case the DOY in the new year
was added to 365.

Appendix C: Trend Estimates for All Variables

The tables in this section summarize all trend estimates stated in the results and discussed in relation to literature
findings. For each trend estimate, we provide the median of all samples. The uncertainty is stated as symmetrized
90% confidence interval and the posterior probability that the trend direction is the same as the direction of the
median is given in brackets. Numbers above 90% indicate high confidence in the trend estimate (black in the
tables), between 80% and 90%, we interpret the results as indication of a certain trend direction (dark gray), below
80%, the uncertainty is high and the values should not be over-interpreted (light gray).

’71"‘?::1]; l(ijsltimates for Snow Characteristics Between October 1998 and December 2023; DOY: Day Of Year

DOY start melting, first snow-free patch days/year —0.43 £ 0.61 (87.8%)
DOY end melting, all snow gone days/year —0.39 £ 0.64 (84.7%)
Nr days with 100% spatial snow cover days/year —1.41 £ 0.78 (99.9%)
Nr days with 0% spatial snow cover days/year 0.94 + 0.46 (100.0%)
Nr days with more than 50% spatial snow cover days/year —0.60 £ 0.80 (89.7%)
Nr days with more than 90% spatial snow cover days/year —0.72 + 0.78 (94.1%)
Annual maximum snow depth cm/year

DOY of maximum snow depth days/year 0.35 = 0.45 (91.0%)

Note. Trend estimates provided as median of all samples + symmetrized 90% confidence interval (posterior probability that
the trend direction is the same as the direction of the median); trend estimates with high confidence are shown in black,
medium confidence in dark gray, and low confidence in light gray.
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Table C2

Trend Estimates for Active Layer Temperature Between October 1998 and December 2023 (Top) and Between January 2010 and December 2023 (Bottom); Winter Is
Defined as January—March Representing the Three Coldest Months, Summer as June—August

3cm 10 cm 22 cm 38 cm 58 cm 73 cm 94 cm 135 cm
°Clyear °Clyear °Clyear °Clyear °Clyear °Clyear °Clyear °Clyear
October 1998 to December 2023
Annual 0.054 = 0.063 0.055 £ 0.067 0.052 £ 0.066 0.056 + 0.065 0.064 £ 0.065 0.060 = 0.064 0.084 + 0.063 0.084 = 0.048
(92.7%) 91.1%) (89.8%) (92.6%) (94.3%) (93.3%) (98.3%) (99.5%)
Summer 0.076 = 0.053 0.079 £ 0.053 0.063 = 0.048 0.067 £+ 0.051 0.074 £ 0.044 0.082 = 0.044 0.111 £+ 0.036 0.082 = 0.026
(98.5%) (99.1%) (98.0%) (97.9%) (99.8%) (99.9%) (100.0%) (100.0%)
Winter 0.080 £ 0.147 0.072 £ 0.134 0.090 £ 0.125 0.105 = 0.101
(83.2%) (82.5%) (88.4%) (95.6%)
January 0.076 £ 0.132 0.076 £ 0.126 0.090 + 0.114 0.103 £ 0.086
(82.9%) (84.5%) (90.6%) (97.3%)
February 0.078 £+ 0.137 0.099 £+ 0.113
(83.0%) (92.8%)
March 0.088 £+ 0.173 0.085 £ 0.168 0.092 + 0.164 0.092 £ 0.157 0.079 + 0.148 0.102 £+ 0.140 0.108 £ 0.117
(80.2%) (80.4%) (82.4%) (83.8%) (81.3%) (89.0%) (93.8%)
April 0.121 = 0.129 0.113 £ 0.130 0.111 = 0.130 0.112 £+ 0.131 0.114 £+ 0.131 0.097 = 0.128 0.120 £+ 0.123 0.116 £+ 0.109
(93.6%) (92.4%) (92.2%) 91.7%) 92.2%) (89.4%) (94.4%) (96.0%)
May 0.095 = 0.082 0.091 £ 0.083 0.093 = 0.084 0.095 £ 0.081 0.101 £ 0.082 0.085 = 0.080 0.118 = 0.078 0.111 = 0.076
(97.1%) (96.2%) (96.5%) (97.1%) (97.6%) (95.7%) (99.1%) (99.0%)
June 0.113 = 0.082 0.086 + 0.060 0.065 = 0.048 0.051 = 0.036 0.051 £ 0.033 0.038 = 0.032 0.076 £ 0.037 0.066 = 0.041
(98.7%) (98.7%) (98.5%) (98.9%) (99.5%) (97.2%) (100.0%) (99.6%)
July 0.088 = 0.064 0.094 £ 0.067 0.086 = 0.068 0.077 = 0.073 0.097 £ 0.070 0.092 = 0.063 0.112 £ 0.047 0.071 = 0.026
(98.6%) (98.9%) (97.9%) (95.9%) (98.6%) (99.0%) (100.0%) (100.0%)
August 0.072 = 0.038 0.083 £ 0.039 0.081 = 0.037 0.090 + 0.036 0.107 £+ 0.038 0.118 =+ 0.041 0.158 £ 0.040 0.125 + 0.029
(99.8%) (100.0%) (100.0%) (100.0%) (100.0%) (100.0%) (100.0%) (100.0%)
September  0.070 + 0.045 0.052 £ 0.036 0.058 = 0.032 0.048 + 0.029 0.069 £ 0.024 0.065 =+ 0.023 0.089 £ 0.018 0.081 £ 0.014
(99.3%) (98.8%) (99.7%) (99.5%) (100.0%) (100.0%) (100.0%) (100.0%)
October 0.029 + 0.034 0.027 + 0.024 0.023 £ 0.014 0.013 + 0.010 0.028 + 0.009 0.036 £ 0.009
(92.8%) (97.0%) (99.8%) (99.0%) (100.0%) (100.0%)
November 0.024 £ 0.036 0.014 £+ 0.012 0.036 + 0.018
(87.2%) (99.6%) (100.0%)
December 0.046 + 0.087 0.045 = 0.077 0.060 =+ 0.064 0.068 = 0.043
(81.2%) (83.8%) (94.0%) (99.3%)
January 2010 to December 2023
Annual
Summer 0.104 = 0.130 0.111 £ 0.121 0.096 = 0.117 0.084 + 0.106 0.083 £ 0.097 0.078 = 0.086 0.070 £ 0.070 0.061 £ 0.044
(90.5%) (93.6%) 92.1%) (90.8%) (91.8%) (93.2%) (95.2%) (98.5%)
Winter
January
February
March —0.252 £ 0.400
(86.0%)
April 0.201 £ 0.360
(82.4%)
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Continued
3 cm 10 cm 22 cm 38 cm 58 cm 73 cm 94 cm 135 cm
°Clyear °Clyear °Clyear °Clyear °Clyear °Clyear °Clyear °Clyear
May
June
July 0.143 + 0.186 0.140 £ 0.186 0.109 £ 0.194 0.080 =+ 0.162 0.059 £ 0.115 0.044 = 0.053
(90.3%) (90.0%) (83.4%) (80.8%) (81.3%) 91.5%)
August 0.139 + 0.108 0.149 £ 0.105 0.143 = 0.103 0.145 £+ 0.100 0.141 £ 0.095 0.140 = 0.090 0.132 + 0.086 0.120 + 0.063
(97.9%) (98.4%) (98.3%) (98.7%) (98.9%) (99.0%) (99.1%) (99.8%)
September 0.039 £+ 0.074 0.044 £ 0.069 0.046 £ 0.066 0.049 + 0.061 0.053 £ 0.056 0.055 = 0.041
(81.5%) (85.7%) (87.8%) (91.0%) (93.8%) (98.5%)
October 0.010 = 0.020
(81.3%)
November
December

Note. Trend estimates provided as median of all samples + symmetrized 90% confidence interval (posterior probability that the trend direction is the same as the
direction of the median); trend estimates with high confidence are shown in black, medium confidence in dark gray, and low confidence in light gray.
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Table C3

Trend Estimates for Active Layer Soil Moisture Between October 1998 and December 2023 (Top) and Between January 2010 and December 2023 (Bottom); Winter Is
Defined as January—March Representing the Three Coldest Months, Summer as June—August

3cm 10 cm 22 cm 38 cm 58 cm 73 cm 94 cm
vol %/year vol %/year vol %/year vol %l/year vol %/year vol %/year vol %/year
October 1998 to December 2023
Annual —0.27 £ 0.08 0.18 £0.09 (99.8%) 0.13 +0.09 (98.6%) 0.12£0.12 (95.4%) 0.15£0.14 (95.6%) 0.18 £+ 0.08
(100.0%) (99.9%)
Summer —0.36 £ 0.12 0.07 £0.14 (81.8%) 0.10 +£0.11 (91.0%) 0.12£0.13 (94.2%) 0.16 £0.18 (93.5%) 0.25 £ 0.10
(100.0%) (100.0%)
Winter —0.21 £ 0.12 0.17 £0.08 (99.9%) 0.11 £0.10 (96.6%) 0.18 £0.21 (92.6%) 0.06 £ 0.10
(99.5%) (84.0%)
January —0.25 £ 0.14 0.17 £0.09 (99.8%) 0.10 +0.10 (94.6%) 0.22 +£0.27 (91.2%)
(99.8%)
February —021 +0.14  0.17 £0.09 (99.8%) 0.10+0.11 (93.8%) 0.14 £ 0.20 (88.2%)
(99.4%)
March —0.18 £ 0.12 0.17 £ 0.07 0.11 £0.07 (99.2%) 0.08 £0.12 (86.5%) 0.17 £0.14 (97.6%) 0.06 £+ 0.07
(99.5%) (100.0%) (90.7%)
April —0.17 £ 0.11 0.18 £ 0.06 0.12 £ 0.06 (99.8%) 0.09 £0.10 (93.6%) 0.18 £0.10 (99.8%) 0.07 £ 0.06
(99.4%) (100.0%) (97.1%)
May —0.14 £ 0.10 0.19 £ 0.07 0.13 £ 0.06 0.10 £0.08 (97.5%) 0.18 £0.08 (99.9%) 0.07 £ 0.05
(98.9%) (100.0%) (100.0%) (98.3%)
June 0.50 £0.29 (99.6%) 0.43 £0.26 (99.6%) 0.15+0.21 (88.6%) 0.20 +0.14 (98.9%) 0.20 £0.11 (99.6%) 0.07 £ 0.05
(98.0%)
July —0.50 £ 0.16 —0.12 £ 0.10 0.24 £0.16 (99.2%) 0.33 £0.23 (99.0%) 0.35 £ 0.14
(100.0%) (97.9%) (100.0%)
August —0.44 £ 0.15 —0.10 £ 0.12 0.07 £ 0.10 (89.3%) 0.35 £ 0.13
(100.0%) (92.8%) (100.0%)
September —0.11 £ 0.18 0.46 +£0.26 (99.7%) 0.29 +£0.17 (99.7%) 0.27 +0.13 (99.9%) 0.21 £0.11 (99.8%) 0.31 £0.11
(84.7%) (100.0%)
October —0.35 £ 0.17 0.31 £0.25 (97.9%) 0.31 £0.31 (95.0%) 0.37 £0.31 (97.3%) 0.38 £0.23 (99.6%) 0.19 +£0.17 (97.0%) 0.39 + 0.08
(99.9%) (100.0%)
November —-0.36 +£ 0.12 0.18 £0.10 (99.6%) 0.12 +£0.16 (88.4%) 0.28 £0.29 (94.4%) 0.44 +0.36 (97.4%) 0.36 +£ 0.13
(100.0%) (100.0%)
December —0.29 £ 0.12 0.18 £ 0.07 0.10 £0.10 (93.9%) 0.17 £0.26 (86.5%) 0.40 £ 0.40 (94.8%) 0.17 £ 0.16
(100.0%) (100.0%) (96.0%)
January 2010 to December 2023
Annual —0.479 + 0.284 —0.128 + 0.247 —0.137 £ 0.205 —0.184 + 0.261 —0.227 + 0.256
(99.4%) (81.5%) (87.8%) (88.9%) (93.6%)
Summer —0.204 + 0.323 0.137 £ 0.258 0.187 £ 0.317
(87.1%) (82.1%) (84.6%)
Winter —0.768 + 0.624 —0.230 = 0.430 —0.394 + 0.606
(99.3%) (83.5%) (87.8%)
January —0.456 + 0.334 —0.091 £ 0.169 0.173 £ 0.246
(98.9%) (82.3%) (88.2%)
February —0.865 + 0.668 —0.179 £ 0.302 —0.171 £ 0.341 —0.258 = 0.466 —0.361 = 0.559 0.096 = 0.150
(99.3%) (85.8%) (82.1%) (83.9%) (87.5%) (86.3%)
March —0.396 + 0.393 —0.210 = 0.331 0.135 £ 0.104
(96.7%) (86.3%) (97.8%)
April —0.634 £ 0.595 0.159 + 0.091
(97.9%) (99.4%)
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Continued
3cm 10 cm 22 cm 38 cm 58 cm 73 cm 94 cm
vol %/year vol %/year vol %/year vol %/year vol %/year vol %/year vol %/year
May —0.341 £+ 0.345 0.170 + 0.093
(95.7%) (99.4%)
June 0.413 + 0.827 0.342 + 0.684 0.221 + 0.370 0.189 + 0.096
(80.2%) (80.7%) (85.2%) (99.5%)
July —0.421 + 0.423 —0.186 + 0.335 0.280 =+ 0.445
(95.1%) (83.7%) (86.3%)
August 0.165 + 0.327 0.372 + 0.328 0.111 = 0.212 0.156 + 0.240
(80.5%) (96.8%) (81.8%) (86.6%)
September 0.205 + 0.279 0.331 £ 0.193 0.132 + 0.108 0.166 + 0.207 0.261 + 0.181
(89.3%) (99.4%) 97.2%) (91.0%) (98.8%)
October —0.561 + 0.533 —0.478 £ 0.733
(96.3%) (86.8%)
November —0.374 £ 0.304 0.232 + 0.448
(98.1%) (81.9%)
December  —0.394 + 0.371
97.2%)

Note. Trend estimates provided as median of all samples + symmetrized 90% confidence interval (posterior probability that the trend direction is the same as the
direction of the median); trend estimates with high confidence are shown in black, medium confidence in dark gray, and low confidence in light gray.

Table C4

Trend Estimates for Freeze/Thaw Timing at Different Depths Between October 1998 and December 2023; DOY: Day Of Year

days at 0°C
days/year

Nr days frozen
days/year

DOY start thawing
days/year

DOY start freezing
days/year

Nr days thawed Nr
days/year
3cm 1.05 + 0.62 (99.7%) 0.50
10 cm 1.22 + 0.66 (99.7%)
22 cm 1.31 + 0.63 (99.8%)
38 cm 1.23 + 0.66 (99.8%) —1.20
58 cm 1.47 + 0.59 (100.0%)
73 cm 1.31 = 0.66 (100.0%)
94 cm 2.45 + 0.89 (100.0%)
135 cm 3.85 + 0.92 (100.0%) 0.82

+ 0.94 (81.7%)

+ 1.91 (85.2%)

+ 1.40 (83.5%)

—1.37 + 1.07 (98.5%)

—1.29 + 1.86 (86.3%)
—3.58 + 1.87 (99.9%)

—1.25 + 0.61 (100.0%)
—0.61 + 0.59 (95.7%)
—0.55 + 0.60 (93.4%)
—0.41 = 0.68 (85.2%)
—0.47 = 0.63 (88.2%)
—0.36 £+ 0.65 (82.0%)
—0.96 + 0.69 (98.8%)
—1.24 + 0.73 (99.8%)

0.79 + 0.73 (96.2%)
0.53 + 0.74 (88.1%)
0.82 + 0.76 (96.2%)
0.86 = 0.83 (95.8%)
1.01 = 0.81 (97.9%)
0.94 + 0.86 (96.3%)
1.40 = 0.83 (99.7%)
1.64 £+ 1.11 (99.0%)

Note. Trend estimates provided as median of all samples + symmetrized 90% confidence interval (posterior probability that the trend direction is the same as the
direction of the median); trend estimates with high confidence are shown in black, medium confidence in dark gray, and low confidence in light gray.
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Table C5

Trend Estimates for Permafrost Temperature at Different Depths Between January 2010 and December 2023; Winter Is Defined as January—March Representing the

Three Coldest Months, Summer Is June—August

250 cm 350 cm 550 cm 750 cm 900 cm

°Clyear °Clyear °Clyear °Clyear °Clyear
Annual 0.014 £ 0.019 (87.9%) 0.016 + 0.018 (92.6%) 0.014 + 0.013 (95.0%)
Summer 0.017 £ 0.023 (89.4%) 0.013 + 0.016 (91.7%)
Winter 0.009 £ 0.017 (83.3%) 0.009 £ 0.013 (87.0%)
January 0.035 % 0.068 (80.1%) 0.023 + 0.022 (95.6%) 0.012 + 0.016 (89.9%) 0.013 £ 0.018 (88.4%) 0.012 + 0.014 (92.1%)
February 0.008 + 0.015 (82.2%) 0.009 £ 0.016 (81.6%) 0.009 + 0.013 (87.9%)
March 0.011 + 0.016 (88.2%) 0.010 £ 0.013 (89.8%)
April 0.011 + 0.019 (84.3%) 0.015 + 0.016 (94.1%) 0.014 + 0.012 (96.2%)
May 0.015 + 0.018 (91.9%) 0.013 + 0.013 (94.7%)
June 0.016 %+ 0.021 (90.8%) 0.013 = 0.015 (93.1%)
July 0.017 £ 0.025 (87.5%) 0.013 £ 0.017 (89.7%)
August 0.028 + 0.026 (96.0%) 0.014 £ 0.027 (81.0%) 0.018 £ 0.025 (87.6%) 0.014 + 0.018 (90.1%)
September 0.032 + 0.018 (99.6%) 0.019 + 0.021 (93.3%) 0.015 £ 0.024 (85.2%) 0.018 £ 0.024 (88.9%) 0.014 + 0.018 (90.5%)
October 0.035 =+ 0.018 (99.8%) 0.023 + 0.018 (97.9%) 0.017 %+ 0.022 (90.5%) 0.019 + 0.022 91.7%) 0.015 + 0.017 (92.5%)
November 0.031 + 0.017 (99.7%) 0.027 + 0.017 (99.3%) 0.018 %+ 0.019 (93.6%) 0.019 + 0.020 (93.1%) 0.017 + 0.017 (94.9%)
December 0.021 £ 0.037 (83.2%) 0.026 + 0.016 (99.2%) 0.018 + 0.017 (95.5%) 0.019 + 0.018 (95.5%) 0.017 + 0.015 (96.4%)

Note. Trend estimates provided as median of all samples + symmetrized 90% confidence interval (posterior probability that the trend direction is the same as the
direction of the median); trend estimates with high confidence are shown in black, medium confidence in dark gray, and low confidence in light gray.

Appendix D: Results of Bayelva in Comparison to Ny-Alesund

As the Ny-Alesund meteorological station data is freely available at The Norwegian Meteorological Institute
(MET Norway) (2024), we analyzed this data with the same method as our Bayelva data. The village Ny—/oklesund
is about 2 km from Bayelva at the coast. Air temperature trends can be validly compared over the entire period
from 1999 to 2023 (Figure D1a). However, due to the lack of snow depth data at Ny-z&lesund from 1979 to 2009,
we cannot compare this variable for our main study period of 1998-2023. Therefore, Figure D1c only includes
data from 2010 to 2023. For precipitation, the comparison is more complex as we only observe rainfall and not
total precipitation like in Ny—Alesund (Figure D1b).

As shown in Figure D1a, the air temperature trends agree well for Bayelva and Ny-l&lesund. However, the ab-
solute temperatures differ with Bayelva being roughly 1°C colder. The weather stations at Ny-/oklesund and
Bayelva, although geographically proximate, exhibit distinctly different climatic and environmental character-
istics. For example, Ny—Alesund experiences substantial human influence from the village, while Bayelva is
influenced by natural factors such as proximity to the Brgggerbreen glacier, leading to cold air events. Rainfall
and total precipitation trends cannot be compared directly (Figure D1b). However, our analysis suggests that total
precipitation shows a slightly stronger increase than rainfall. However, the rain to snow ratio likely differs be-
tween the two stations. This is indicated by the substantial differences in snow cover. At Bayelva, the snow cover
is considerably thicker and persists longer into the season, affecting both albedo and local radiation balance
differently compared to Ny—;\lesund. Snow depth at Bayelva shows a decreasing trend since 2010 (in particular in
early winter), while the generally much thinner cover at Ny-Alesund seems to be stable (Figure Dlc).
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Figure D1. Trends in annual values at Ny—;\lesund (black) compared to Bayelva (colored) for 1999-2023 (air temperature
(a) and precipitation (b)) and 2010-2023 (snow depth (c)) calculated with the same method aggregated from daily data from
The Norwegian Meteorological Institute (MET Norway) (2024). Please note that at Bayelva only liquid precipitation (rain) is
measured while the Ny-Alesund data contains total precipitation.

Data Availability Statement

All data used in the presented analysis is published as a supplement to this article on Pangaea (Griinberg et al.,
2024a). Data of future years will be included within the collection (Griinberg et al., 2024b).
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