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Abstract. Satellite time series availability for the Arctic
Ocean and adjacent land areas allows cross-comparisons for
cryosphere vs. vegetation parameters. Previous studies fo-
cused on correlation analyses between vegetation indices
(time-integrated normalized difference vegetation index (TI-
NDVI) and maximum normalized difference vegetation in-
dex (MaxNDVI)) of tundra regions and sea ice extent for se-
lected months. We have refined these analyses through the
consideration of distinct sea ice basins and all months and
through an extension to south of the treeline, and we have
included cryosphere essential climate variables such as snow
water equivalent (SWE; March as proxy for annual maxi-
mum) and mean annual ground temperature (MAGT) in per-
mafrost areas. The focus was on 2000–2019, reflecting data
availability. As a first step, we derived trends. Changes across
all the different parameters could be specifically determined
for eastern Siberia. Then, time series were de-trended and
correlations determined. Linkages between sea ice area (SIA)
and normalized difference vegetation index (NDVI) across
tundra regions were confirmed, where lower sea ice extent
coincides with higher NDVI. The regional extension beyond
the treeline revealed linkages for northern European Russia
and partially over northern Scandinavia. Differences com-
pared to previous studies ending in 2008 were found for the
Kara Sea region and adjacent land area, indicating recent
changes. In the case of MAGT, high significant correlations
were found for more distant sea ice basins than for the NDVI

derivatives, indicating influences of large-scale atmospheric
circulation patterns. Negative and positive significant corre-
lations were found for March SWE depending on the SIA
month and region. Also, months other than September (sea
ice extent minimum) were found to have high correlations
vs. land-based variables, with distinct differences across sea
ice basins. The fraction of data points with significant corre-
lations north of 60° N was higher for SWE and MAGT than
for the NDVI derivatives. Fractions for SWE were higher
for Eurasia than northern America. Autumn (incl. October
and November) and mid-winter (incl. February, March) were
most relevant for both investigated cryosphere-related pa-
rameters, MAGT and SWE. Although similar patterns could
be found for TI-NDVI and MaxNDVI, a higher proportion
of significant correlations was observed for TI-NDVI. The
datasets provide a baseline for future studies on common
drivers of essential climate parameters and causative effects
across the Arctic.

1 Introduction

Climate change across the Arctic specifically affects the
cryosphere, including sea ice, ice caps and glaciers, snow,
and permafrost (IPCC, 2019). Feedback mechanisms and as-
sociated tipping systems of the global climate have been
identified (Lenton et al., 2008; Armstrong McKay et al.,
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2022), and the potential of remote sensing for their moni-
toring has been discussed (Lenton et al., 2024). Recent sea
ice extent and ice sheet mass balance decline can be well
observed through the use of satellites (Spreen et al., 2008;
Druckenmiller et al., 2021). Permafrost monitoring from
space is limited but can be achieved through the use of land
surface temperature (LST) in permafrost models (Wester-
mann et al., 2017). Similarities in trends and variations have
so far been identified between permafrost and ice sheets (Sas-
gen et al., 2024) and between permafrost and sea ice extent
(Bartsch et al., 2023b, 2024). Sea ice variations have also
been linked to vegetation patterns across the Arctic (e.g.,
Bhatt et al., 2010; Buchwal et al., 2020). Variations in the
cryosphere and biosphere on land are crucial for terrestrial
ecosystems, including biodiversity (e.g., Rixen et al., 2022).

Spatially and temporally consistent information going
back in time is needed in order to reliably identify trends and
patterns. Satellite records are limited to the last 40–50 years.
Many records are much shorter, starting around 2000 or later.
Data gaps and variable sampling intervals are additional chal-
lenges. Many Arctic climate change studies therefore rely on
the use of reanalyzed data (e.g., Rantanen et al., 2022; Park
et al., 2013). Trends and linkages in related parameters ob-
servable from satellites have nevertheless been studied but
are usually described for single parameters/pairs or restricted
to the current tundra extent and with varying analysis peri-
ods. Valuable information for understanding climate change
patterns across the Arctic could be derived from satellite data
despite its shortcomings, but capabilities have not been fully
exploited to date.

1.1 Trends based on satellite records

Trend analyses for the terrestrial Arctic based on multiple
satellite-derived parameters have so far been described by
Comiso and Hall (2014) and AMAP (2017) (Table A1).
Comiso and Hall (2014) focused on cryosphere-related pa-
rameters and applied a consistent time frame for the compar-
ison. Vegetation parameters were not included in this case.
AMAP (2017) was based on a literature review, and time
frames therefore varied from parameter to parameter. The
only common parameter discussed in the two studies was
snow extent (Table A1). An update of trends was published
by AMAP (2021), also considering sea ice extent but chang-
ing to a fusion of different sources in the case of snow param-
eters (modeling and satellite). Both studies included records
starting in the early 1980s but extended to different years be-
tween 2010 and 2015. The southern limit of the analysis var-
ied by up to 4° latitude.

A range of studies focused on Arctic trend analyses of sin-
gle parameters (Tables 1 and 2). Records from the Advanced
Very High Resolution Radiometer (AVHRR; shortwave and
thermal infrared) and Scanning Multichannel Microwave Ra-
diometer/Special Sensor Microwave Imager (SSMR/SSMI;
passive microwave) are crucial for analyses of changes back

into the 1980s. Such comparably long records provide in-
formation related to the cryosphere (snow, albedo, sea ice,
land surface temperature, freeze/thaw state) and vegetation
(through the normalized difference vegetation index – NDVI)
records. Capabilities improved from 1999 onward, starting
with the Moderate Resolution Imaging Spectroradiometer
(MODIS; shortwave and thermal infrared). Land surface
temperature (LST) from MODIS was used, for example, for
permafrost modeling (CryoGRID; Westermann et al., 2017;
Obu et al., 2019). Permafrost ground temperature estimated
using various satellite records is available through the Euro-
pean Space Agency (ESA) Climate Change Initiative (CCI)
covering the years 1997 to 2021. Specifically, mean annual
ground temperature at 2 m depth (MAGT−2 m) can be used
as a proxy for permafrost conditions, e.g., for the retrieval of
permafrost extent (Obu et al., 2021a). Trends at 2 m depth in-
dicate that permafrost in Arctic coastal regions, specifically
Siberia, is warming faster than in other regions (Miner et al.,
2022) (Table 1). Seasonal thaw depth (active layer thick-
ness) is a further indicator for permafrost change. Western
Siberia has been identified as a hotspot of change, with in-
creases in both growing season length (Smith et al., 2004)
and thaw depth (Brouillette, 2021). A statistically signifi-
cant trend in increasing snow water equivalent (SWE) has
also been reported over this region (Pulliainen et al., 2020),
in contrast to decreasing trends over many other Eurasian
regions and North America. SWE has also increased over
northern Fennoscandia according to both satellite and in situ
records (Bjerke et al., 2025). The surface temperature in-
crease from 1981–2012 was higher over the ocean than over
land (Comiso and Hall, 2014). Different patterns over land
can be observed between winter and summer over the last
40 years (Dupuis et al., 2024). Warming can be observed,
for example, over mainland North America in winter and
over the Taymyr region (northern Eurasia) in summer. Both
areas also show strong increases in the maximum normal-
ized difference vegetation index (MaxNDVI) as derived from
AVHRR (Frost et al., 2025).

Vegetation indices indicate changes across the entire Arc-
tic tundra (Bhatt et al., 2017), with more pronounced patterns
after 2000. Vegetation analyses rely specifically on NDVI re-
trievals from the Global Inventory Modeling and Mapping
Studies (GIMMS) record, which is based on AVHRR (dif-
ferent versions, 8× 8 km) (Pinzon and Tucker, 2014) (Ta-
ble 2). NDVI-related trend analyses across the Arctic usu-
ally target the identification of greening or browning as a
result of climate change (Bhatt et al., 2017; Frost et al.,
2025). Greening is usually interpreted as increasing vege-
tation height, biomass, cover, and abundance (Myers-Smith
et al., 2020). Most studies therefore focused on specific
NDVI statistics rather than phenology. The main target pa-
rameters are MaxNDVI and the time-integrated normalized
difference vegetation index (TI-NDVI). MaxNDVI is the
maximum annual NDVI, and TI-NDVI is the sum of sum-
mer bi-weekly NDVI. MaxNDVI represents the annual max-
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Table 1. Past studies on Arctic trends with focus on observables from satellite data (excluding ice sheets) – part I.

Parameter Source Time period Trend observation

Permafrost mean annual
ground temperature
(CryoGRID using MODIS
LST and reanalyses)

Miner et al.
(2022)

1997–2018 Ground temperatures at 2 m depth have been
increasing, especially in coastal regions. The most
affected regions are northern Yakutia and the northern
part of the Yamal Peninsula, with an increase of more
than 1 °C per decade.

Active layer thickness
(CryoGRID using MODIS
LST and reanalyses)

Brouillette
(2021)

2007–2016
average vs.
1997–2006

ALT deepened on average by 2.5 cm across the
Northern Hemisphere. Some of the highest rates across
the Arctic can be observed for western Siberia.

Freeze/thaw (SSMR and
SSMI)

Smith et al.
(2004)

1988–2001 Earlier thaw in Eurasia, later freeze in North America.
Increasing growing season length over western
Siberia/Yamal.

Snow water equivalent (SSMR
and SSMI)

Pulliainen et al.
(2020)

1980–2018 Notable variability in trends across the Arctic.
Increasing SWE over western Siberia, the Russian Far
East, and northern Scandinavia. Visible trends of
decreasing SWE for North America and southern
Fennoscandia.

Snow cover extent (incl.
AVHRR)

Comiso and
Hall (2014),
AMAP (2017)

1967–2012 Spring: 2.7 % reduction per decade for the entire
Northern Hemisphere. This value is similar for Eurasia
but less (1.27 %) in the case of North America.

Snow melt-off (SSMR and
SSMI)

Pulliainen et al.
(2020), Takala
et al. (2009)

1979–2014 Earlier spring snow melt-off (day of snow clearance in
the boreal forest zone of the Northern Hemisphere
(−3.04 d per decade in Eurasia, −1.27 d per decade in
North America)

Spring snowmelt and albedo
(AVHRR)

Anttila et al.
(2018)

1982–2015 Albedo decrease before snowmelt mostly in
Fennoscandia, earlier start of snowmelt in central
Siberia (north; partially earlier end of melt), melt
season duration decreased slightly for the Alaska North
Slope.

Sea ice extent (SSMR and
SSMI)

Comiso and
Hall (2014)

1979–2012 Decline of sea ice extent (−3.8 % per decade) and
concentration across the Arctic, with the highest
magnitude to the north of Franz Josef Land.

Sea ice extent (SSMR and
SSMI)

Stroeve and
Notz (2018)

1979–2018 On average −2.6 % and −11.3 % per decade in March
and September, respectively.

Albedo (AVHRR) Comiso and
Hall (2014)

1982–2012 Reduction over land by 0.5 % per decade in April and
0.17 % for May but increasing albedo for western
Siberia and partially the Kola Peninsula.

Land and sea surface
temperature (AVHRR)

Comiso and
Hall (2014)

1981–2012 Increasing surface temperatures across the Arctic
(> 64°, 0.69 °C per decade). Higher increase over the
Arctic Ocean and Greenland than over land.

Land surface temperature
(AVHRR)

Dupuis et al.
(2024)

1981–2020 Increasing surface temperatures in the proximity of the
Taymyr Peninsula and Canadian High Arctic,
decreasing close to parts of the Beaufort Sea in
summer. Increase over North America and Scandinavia
in winter.

Cloud cover fraction (AVHRR) Comiso and
Hall (2014)

1981–2012 Decrease by 2 % per decade for the entire Arctic.
Higher values over Greenland, less over other land
areas, 1.22 % decrease over Eurasia.
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Table 2. Past studies on trends with focus on observables from satellite data – part II: Arctic tundra MaxNDVI and TI-NDVI.

Sensor MaxNDVI TI-NDVI Source Time period Trend observation

AVHRR
(GIMMS)

X X Bhatt et al.
(2017),
AMAP (2017)

1982–2015 Greening Alaska North Slope and eastern Taymyr;
browning western Siberia, northern Yamal to western
Taymyr, SW Alaska, and Canadian High Arctic;
TI-NDVI declining trends since 2000 together with
summer warmth index. In general, trends for the whole
time period come from changes after 2000. Linkages
with sea ice weekly mean.

X Liu et al.
(2024)

2000–2015 MaxNDVI increase on parts of the Alaska North Slope
and western Taymyr.

X X Frost et al.
(2025)

1982–2023 MaxNDVI increase across mainland North America
and eastern Taymyr. Decline across the European
Russian Arctic. Similar patterns for TI-NDVI.

MODIS X Liu et al.
(2024)

2000–2015 MaxNDVI increase on parts of the Alaska North Slope
and western Taymyr similar to AVHRR.

X X Frost et al.
(2025)

2000–2023 MaxNDVI increase on parts of the Alaska North Slope
and western Taymyr. Different patterns for TI-NDVI.

Landsat X Berner et al.
(2020)

1985–2016
2000–2016

Tundra greenness increased (greening) at ∼ 37.3 % of
sampling sites and decreased (browning) at ∼ 4.7 % of
sampling sites. Differences between 2000–2016 and
full-period analyses.

X Frost et al.
(2025)

1984–2023
2000–2023

MaxNDVI increase on parts of the Alaska North Slope,
western Taymyr, and eastern Canada. Pronounced
decline for eastern Taymyr and northern Yakutia.

X Liu et al.
(2024)

2000–2020 Increase specifically across Canada

imum NDVI value observed during the period of peak phy-
tomass during the growing season, typically in late July and
early August for the Arctic (Frost et al., 2025) and some-
what earlier for the Boreal region below 60° N. TI-NDVI in-
cludes phenological variations throughout the growing sea-
son; therefore, it represents gross primary production bet-
ter than MaxNDVI (Tucker and Sellers, 1986). NDVImax
and TI-NDVI may exhibit different correlations with cli-
matic parameters such as temperature (Yan et al., 2022). Spa-
tial patterns between MaxNDVI and TI-NDVI trends differ
across the Arctic (Frost et al., 2025). MaxNDVI trend pat-
terns captured by MODIS (500 m) are more pronounced than
the higher-spatial-resolution observations based on Landsat
(30 m; Frost et al., 2025). An alternative to TI-NDVI is the
growing season summed NDVI (GSSNDVI). It is based on
daily NDVI values, so it is of limited applicability due to fre-
quent cloud cover, but it is a good proxy for gross primary
production across the Arctic (Park et al., 2016). Phenology
indicators based on AVHRR NDVI indicate an increasing
length in growing season in many parts of the Arctic (Park
et al., 2016).

1.2 Linkages with sea ice variations

1.2.1 Vegetation

Previous regional NDVI studies indicated the importance of
sea ice in basin-specific analyses (e.g., Bhatt et al., 2010;
Macias-Fauria et al., 2012, 2017; Table 3). Sea ice basin-
specific TI-NDVI (AVHRR) trend relationship analyses cov-
ering the entire Arctic were initially carried out for a 50–
100 km buffer (for land area north of the tree line, as defined
through the Circumpolar Arctic Vegetation Map – CAVM;
Walker et al., 2002, Raynolds et al., 2019) covering the years
1982 to 2008 (Bhatt et al., 2010) (Table 3). The timing of
the 50 % mean sea ice concentration in spring was used for
these analyses. Significant correlations were found for east-
ern Siberia (Bering, Chukchi, Laptev, eastern Kara seas) and
the Canadian Archipelago. Further analyses were made for
de-trended MaxNDVI (Bhatt et al., 2013) and for a longer
time period (to 2019; Bhatt et al., 2021) separating Eurasia
and northern America. Initially, a 100 km ocean zone with a
focus on open-water data was compared to tundra over adja-
cent land area by sea ice basin including data until 2008 (20
basins; Bhatt et al., 2013). This was extended to 2019, also
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including the summer average open-water extent but with
separation between North America and Eurasia only (within
the tundra CAVM boundary; Bhatt et al., 2021). Statistically
significant correlations were only found for North America,
compared to TI-NDVI, which was relevant for both regions.
This applied to the time period 1982–2019 and to the orig-
inal 1982–2008 records. Li et al. (2023) demonstrate issues
with orbital drift in GIMMS/AVHRR records. Trends derived
from GIMMS were also shown to differ from MODIS (Frost
et al., 2025).

Dutrieux et al. (2012) focused on central and eastern
Siberia using MODIS data for the first time (2000–2011).
Correlations of TI-NDVI with sea ice cover decline with dis-
tance from the coast. Highest correlations were found for
mid-June sea ice concentrations. Yu et al. (2021) investi-
gated monthly sea ice data and identified a link between the
NDVI of summer months with summer sea ice extent with-
out time lag for central to eastern Siberia and Alaska (within
the CAVM extent). Late-spring (May–early June) sea ice was
also compared to NDVI for western Siberia in Macias-Fauria
et al. (2012). Comparably high correlations were found for
the European part for May.

Kerby and Post (2013) focused on Kangerlussuaq (western
Greenland) and the relationship of sea ice (January to May)
with the summer warmth index, which was linked in previous
studies to NDVI in other regions (Bhatt et al., 2021). The
highest correlation was found for the Davis Strait/Baffin Bay
regional sea ice extent in June. An influence of adjacent sea
ice variations on NDVI was also found for northernmost and
eastern Svalbard (Macias-Fauria et al., 2017; Karlsen et al.,
2024).

1.2.2 Permafrost

The lower the Northern Hemisphere (NH) minimum sea ice
extent, the higher the NH mean annual ground temperature
in permafrost soils (Bartsch et al., 2023b). The relationship
of permafrost (MAGT at 2 m depth) and NH sea ice trends
was initially investigated for September conditions (min-
imum extent; meereisportal.de; Spreen et al., 2008; grant
no. REKLIM-2013-04). The overall trend for the North-
ern Hemisphere MAGT at 2 m depth (referring to the area
of permafrost extent maximum within the observation pe-
riod, 1997–2019) follows sea ice decline for September (R2=
0.75). A change of on average 1 °C at 2 m depth coincides
with a September sea ice decline of about 2.5 million km2.
This analysis was extended to cover all months, and de-
trending was applied (Bartsch et al., 2024). The correlation
of MAGT−2 m with monthly NH sea ice extent was shown to
be comparably high from August to October (R2 > 0.8) in all
cases, but regional differences (on land) have been identified
across the Arctic. The correlation was highest for northern
central Siberia. This differs from areas with highest trends
for ground temperature, as shown in Miner et al. (2022). The

latter are located more eastwards. Basin-specific analyses of
sea ice have not been reported to date.

1.2.3 Snow

The impact of sea ice conditions on snow parameters has
been investigated on the basis of modeling, specifically for
SWE. The sea ice records used usually represented Septem-
ber as the month of minimum extent, and analyses considered
averages for the entire Arctic (Park et al., 2013). Low sea
ice cover was found to be linked to anomalously high snow
depth (as determined by the land surface model CHANGE)
in northeastern Siberia for 1979 to 2006 due to increase in
precipitation (Park et al., 2013). In contrast, a decline in
snow depth was found for North America. A similar pattern
was found through satellite observations by Pulliainen et al.
(2020) for this region.

Gastineau et al. (2023) found declining trends in snow
mass across eight different models for 1979–2014, with high
deviations in absolute values among the models. The sea
ice correlation analyses were thus limited to the parameter
snow extent. The focus was on the months from November
to March for both snow extent and sea ice. No robust influ-
ence of sea ice concentration variability on snow cover extent
was found, which was attributed to the lack of ocean–sea ice
coupling in the models (Gastineau et al., 2023).

A linkage between lake ice growth across Alaska and
September sea ice concentration in the adjacent ocean (Beau-
fort and Chukchi seas) was found for records from 1991–
2008 (Alexeev et al., 2016). It was suggested that sea ice
conditions impact snowfall on land based on an investigation
of SWE obtained from regional climate model simulations
driven by reanalysis data. Low sea ice cover was found to
lead to higher precipitation/SWE and thinner lake ice due to
the insulation effect of snow. On a pan-Arctic scale, neither
a splitting into basins nor the consideration of other months
than September sea ice extent has been analyzed so far based
on satellite-derived snow records.

1.3 Objectives

Linkages of observables across the North Pole have recently
been documented for selected cryosphere parameters only. In
this study, we present a pan-Arctic analysis and discussion of
similarities between sea ice variation and observed terrestrial
biosphere and cryosphere parameters. This is needed to ad-
vance our understanding of processes conditioning climate
change impacts across the Arctic but is lacking to date. Pre-
vious circumpolar analyses of NDVI focused on sea ice com-
parisons within the adjacent basins only. Also, analyses were
confined to tundra regions. They were defined through the
boundaries of the CAVM, which excludes, among other re-
gions, northern Scandinavia and northwestern Russia. While
there are limitations for records based on satellite data, spa-
tially and temporally consistent observations are available for
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the cryosphere and for vegetation parameters from 2000 on-
ward, due to the availability of MODIS and denser coverage
by Landsat (see, e.g., Tables 2 and 3). In order to address
these gaps, we analyzed time series of both TI-NDVI and
MaxNDVI, permafrost mean annual ground temperature, and
snow water equivalent, considering multiple sea basins for
the identification of potential regional linkages (confined to
the area north of 60° N). The results of the statistical analy-
ses were combined into an open-access dataset of Arctic Sea
Ice and Land Parameter Correlations (ASILaC) to facilitate
further analyses.

2 Data and methods

2.1 Dataset and analysis extent

Sea ice area (SIA) records were obtained from the EUMET-
SAT Ocean and Sea Ice Satellite Application Facility (OSI
SAF) sea ice index (version 2.1 (2020), OSI-420, 25 km; OSI
SAF and EUMETSAT SAF On Ocean And Sea Ice, 2020).
SIA represents the sum of the total cover area of a given
pixel multiplied by the ice concentration in that pixel. The
extents of the sea ice basins were used as defined through
the data provider (OSI SAF). This includes eight basins cov-
ering most of the Arctic except the Canadian Archipelago
(retrieval impeded due to limited extent of water surface be-
tween islands) (Fig. 1).

Vegetation, permafrost, and snow records were considered
for the sea ice correlation analyses (Table 4). The analy-
sis period is harmonized across the available datasets. The
overlap period is defined as 2000–2018/2019, which allows
the usage of MODIS for both vegetation records and per-
mafrost time series. The analyses of vegetation parameters
included MaxNDVI and TI-NDVI, following previous stud-
ies (Tables 1 and 2). MODIS NDVI data were extracted
from Tømmervik (2025). The NDVI records are available
at 250 m nominal resolution. The following datasets were
processed: Moderate Resolution Imaging Spectroradiometer
(MODIS), 2000–2019, using the 16 d NDVI product from the
Terra (MOD13A1, v. 6.1) with a spatial resolution of 500 m.
Pixels with a summary quality assurance value ≥3 (indicat-
ing cloudy and compromised observations) were removed.
Time-integrated NDVI (TI-NDVI) is the sum of maximum
NDVI values within set compositing periods during May–
September. It has been calculated for datasets with daily tem-
poral resolution. We followed the procedure of Frost et al.
(2025). No filtering processes or other amendments have
been applied to the datasets.

Ground temperature is available from the ESA CCI Per-
mafrost project (v2; Obu et al., 2021b). It is derived from
a thermal model driven and constrained by satellite data
(MODIS LST). The transient modeling approach allows the
quantification of temperature change over time at certain
depths. Average annual ground temperatures are provided for

specific depths (surface and 1, 2, 5, 10 m) and at 1 km grid-
ding. This dataset covers the Northern Hemisphere (north of
30°) for the period 2003–2021 based on MODIS land sur-
face temperature merged with downscaled ERA5 reanalysis
near-surface air temperature data in the case of cloud cover.
Although active layer thickness is also available, this vari-
able was not considered, since uncertainties are higher than
for ground temperature (Heim et al., 2021). Records repre-
senting 2 m depth have been used, as it is also recommended
that they be used for permafrost extent estimation (Obu et al.,
2021a), and initial tests have shown variation from year to
year despite attenuation (Bartsch et al., 2023b).

SWE is available from the ESA GlobSnow v3.0 climate
data record (Takala et al., 2009; Luojus et al., 2021; Pulli-
ainen et al., 2020). The data are provided in a fixed equal-area
grid (EASE grid) of 625 km2, nominally at 25 km by 25 km
spatial resolution. Islands and areas with notable topography,
such as mountain ranges, were masked, along with the com-
parably ice-free but narrow margin of Greenland. The dataset
is derived from passive microwave observations (SSMI). For
consistency with the annual representations of vegetation and
permafrost, the average SWE in March was selected for this
study and interpreted to represent maximum SWE conditions
following Pulliainen et al. (2020).

To facilitate the discussion, datasets for the number of
frozen days (obtained from the MEAsUREs dataset and
based on passive microwave; Kim et al., 2017, 2021), ag-
gregated Landsat MaxNDVI trends (Mekonnen et al., 2021),
and MaxNDVI available from the GIMMS/AVHRR dataset
(Pinzon and Tucker, 2014; Vermote and NOAA CDR Pro-
gram, 2019) were investigated. The general analysis extent
for the land parameters was set to be north of 60° N. Sub-
sets for tundra only, based on the CAVM, were created for
comparability with previous studies (see Table 3). The east-
ern and western boundaries of these subsets are extensions of
the eight sea ice basins towards the south.

2.2 Trend and correlation analyses

The main workflow comprised trend retrieval, de-trending,
correlation analyses, and post-processing for the creation of
the dataset of Arctic Sea Ice and Land Parameter Correla-
tions (ASILaC) (Fig. 2).

Dedicated pre-processing was only required for the extrac-
tion of frozen days, which served as an auxiliary dataset. We
used data from the MEAsUREs dataset, which includes both
AM and PM orbits. A pixel was considered frozen only if
retrievals from both overpasses (AM and PM) estimated a
frozen state. Trend analysis was applied to the cumulative
number of frozen days from 1 March to 31 July. This period
characterizes spring thaw in the Northern Hemisphere (e.g.,
Mortin et al., 2012). A change in the number of frozen days
in this period represents a change in spring timing.

Firstly, trends were derived for all land parameters as
listed in Table 4 and for > 60° N. Consistent masking
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Figure 1. Ocean basins considered for sea ice area correlation analyses as defined by the OSI SAF Sea Ice Index v2.1 (OSI SAF and
EUMETSAT SAF On Ocean And Sea Ice, 2020), adjacent land area confined by the southern Circumpolar Arctic Vegetation Map (CAVM;
Walker et al., 2002) boundary (treeline), and full analysis extent north of 60° N.

Table 4. Datasets considered for correlation analyses covering the entire Arctic.

Parameter Unit Spatial
detail

Temporal detail Source Reference Time period used

MaxNDVI TI-NDVI – 250 m Annually MODIS Tømmervik (2025) 2000–2019

Mean annual ground
temperature at 2 m

°C 1 km Annually MODIS
LST/Reanaly-
ses (ESA
CCI+
Permafrost v2)

Obu et al. (2021b) 2000–2019

Snow water equivalent mm 25 km Monthly SSMI (ESA
GlobSnow v3)

Pulliainen et al.
(2020), Luojus
et al. (2021)

2000–2018

Sea ice area km2 Basin scale
(25 km)

Monthly OSI SAF OSI SAF 2020 2000–2019

(land/sea, lakes, glaciers) was applied to all datasets. Trends
were derived using Theil–Sen analyses. In the case of
MaxNDVI, trends were also determined based on records
from AVHRR/GIMMS.

In a second step, de-trending was applied. The Pearson
correlations of sea ice area with the land parameters were
determined for the entire NH area north of 60° N and sub-
basins. Monthly SIA was compared to mean annual ground
temperature (MAGT−2 m), TI-NDVI, MaxNDVI, and SWE
(March, representing annual maximum). In the case of SWE,

January–March SIA represents the same year, and April–
December SIA represents the previous year. In all other
cases, January to December of the same year was used. For
all further analyses, only significant correlations were con-
sidered (p < 0.05).

Results of the correlation analysis include gridded datasets
of pixel-wise correlations with each sea ice basin area. Mask-
ing was applied with respect to significant correlation on a
per-pixel basis. The pixel-specific minimum and maximum
correlation values, including the corresponding month and
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Figure 2. Workflow overview. Figure examples represent TI-NDVI. Trends and regional statistics are presented in Results. Maps of all data
are included in the dataset of Arctic Sea Ice and Land Parameter Correlations (ASILaC; Bartsch et al. (2025c)) and in the Appendix.

sea ice basin, were determined and included into ASILaC.
Results were summarized for the CAVM sub-regions, North
America, and northern Eurasia. This included average corre-
lations and the proportion of pixels with significant correla-
tions for each region.

3 Results

3.1 Trends

SWE both increased and decreased across the Arctic dur-
ing the analysis period, 2000–2019 (Fig. 3). On average,
it did, however, increase north of 60° N (Table A2). Per-
mafrost ground temperature and NDVI indices also mostly
increased. Large changes were observed for NE Siberia
across these parameters, except TI-NDVI. Parts of west-
ern Siberia and northeastern Siberia that experienced in-
creasing snow amount also showed higher positive trends of
MaxNDVI. Smaller patches of both decreasing and increas-
ing NDVI-based variables were found south of the treeline,
likely reflecting vegetation response to fires, for example.

3.2 Correlations

The proportion of area with significant correlation ranged
from zero to 95 % (Figs. 4, 5, 6, 7). Values were higher for
SWE and MAGT than for vegetation parameters and lowest
for MaxNDVI. This applied to the tundra (CAVM) regions
and to larger-area analyses (Fig. 8). While, in most cases,
values were below 10 % within the CAVM regions, in some
cases, much larger values were obtained. The Svalbard non-

glaciated area reached proportions of more than 90 % sig-
nificant correlations in the case of MAGT for January SIA
conditions in the Svalbard sea and for January and February
SIA conditions in the Barents Sea. A total of 64 % was ob-
tained for March SWE in the case of the Beaufort Sea region
linked to Fram Strait SIA in October. Considering the full
Northern Hemisphere SIA, February was most important for
SWE in the Laptev Sea coastal region (61 %). Proportions for
TI-NDVI exceeded 50 % for the linkage of the Barents Sea
and Laptev Sea with their adjacent area in August. The low-
est values were observed for MaxNDVI, with a maximum of
30 % in the case of the Barents CAVM area and January SIA
in the Kara Sea.

North of 60° N, proportions were higher for northern
America than for Eurasia in the case of TI-NDVI, MaxNDVI,
and MAGT. This pattern is reversed for SWE. This largely
also applied when confining the analyses to tundra regions,
except for MAGT. The significant fractions were compara-
bly low for the region adjacent to the Beaufort Sea ice basin
(which includes the Alaska North Slope).

Proportions for MAGT were the highest among the inves-
tigated parameters, exceeding 90 % for Svalbard (for the sea
ice area of the Svalbard Sea in January and for the sea ice
area of the Barents Sea in January and February) and 80 %
for the Laptev Sea coastal region when considering the entire
NH sea ice record (August). Results for the Fram Strait and
Svalbard adjacent land areas were unavailable for SWE due
to the masking of ice sheets and coarse spatial resolution for
the records used.
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Figure 3. Trends for snow water equivalent (SWE), mean annual ground temperature, MaxNDVI, and TI-NDVI (2000–2018; for data
sources, see Table 4). Black outlines represent CAVM extent (source: Walker et al., 2002).

3.2.1 Sea ice and permafrost

The relationship between sea ice extent and MAGT dif-
fered among the investigated regions, months, and Arctic
Ocean basins. In general, the correlations were negative; that
is, as sea ice area declines, ground temperatures increase
(Figs. 4, A3). Northern central Siberia (Yamal Peninsula to
Lena Delta and Kara Sea to Laptev Sea) and the Canadian
Archipelago had the strongest relationship with sea ice in
July to October. Not only for summer but also for most cold-
season months, SIA was relevant for eastern Siberia (October
to May, except December), specifically for Svalbard and NE
Greenland (December to May).

The fractions of land areas with significant correlations
were in many cases lowest for December and highest for May
to October. MAGT variations for most of western Siberia
and northwestern Russia were linked to sea ice patterns of
the relatively close Fram Strait in August to September and
sea ice patterns of the Kara Sea in October and November
(Fig. A4). Average correlations for tundra were around −0.5
(Fig. 4). The Chukchi Sea ice showed strong statistical links
to changes in adjacent land areas and eastern Siberia in sev-
eral months, specifically in transition periods. Negative cor-
relations occur in early winter, with > 50 % of pixels having
significant values. The Chukchi Sea CAVM region MAGT is
relatively highly negatively correlated with cold-season SIA
of the Chukchi Sea in addition to the eastern Siberian SIA in
autumn.

Significant correlations with more distant basins were
found in many cases. Chukchi Sea and Beaufort Sea ice vari-
ations were inversely correlated MAGT (<−0.5 on aver-
age, 63 % significant) in parts of western Siberia (Kara) for
October. Central Siberian MAGT correlated with the East
Siberian Sea (ESS) ice in August to October and with the
Beaufort SIA for January to June (Fig. A4). Variations were
also similar for the Canadian Archipelago MAGT and the
Kara SIA from March to June in addition to the Beaufort SIA
in September and October. Northern Fennoscandia showed
partial similarities with Barents and Kara SIA from January
to September. The western parts partially correlated with
East Siberian Sea, Chukchi Sea, and Beaufort Sea ice vari-
ations in October to December. The MAGT of the Laptev
Sea tundra regions co-varies with sea ice along its coast
from May to October. In addition, summer–autumn SIA of
the Beaufort Sea is significantly negatively correlated across
the Laptev Sea tundra. The entire Northern Hemisphere SIA
from spring to autumn most negatively correlated with the
Laptev Sea CAVM region, with up to 80 % significant pixels,
which is the highest value of all analyzed parameters. Higher
values are only reached in the case of the linkage between
the Svalbard and Barents SIA with the Svalbard unglaciated
area.

Regionally, positive correlations were also observed. The
Chukchi Sea January and February sea ice area was, for ex-
ample, positively correlated with MAGT along the Kara Sea
tundra region (0.53 to 0.69; 26 %–53 % proportion of signif-
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Figure 4. Significant correlations (95 %) and proportion of significant pixels for sea ice (by basin for specific month: {basin name}-{month})
versus mean annual ground temperature within CAVM regions (see Fig. 1 for abbreviations and Table 4 for data sources).
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icant values). Positive correlations were also found regard-
ing the August and September Fram Strait sea ice extent.
August to October SIA for the Beaufort Sea to Laptev Sea
regions were negatively correlated with MAGT of the Kara
Sea region. Positive significant correlations can be found for
summer–autumn SIA conditions in the Fram Strait across all
CAVM regions except the East Siberian Sea.

3.2.2 Sea ice versus MaxNDVI and TI-NDVI

Both negative and positive correlations between MaxNDVI
and SIA were found (Figs. 5,A5). However, the highest sig-
nificant fractions are negative, with more greening in cases
of low sea ice extent. The same applies to TI-NDVI (Figs. 6,
A7, A8). Distinct high positive correlations were found for
the Chukchi Sea ice area across several regions (Figs. A9,
A10). The results of the two indices show partially similar
spatial patterns. Significant trends can be observed for far
eastern Siberia in both cases. In April to May, central to east-
ern Siberian values increased, specifically related to sea ice
variations in the Chukchi region for MaxNDVI and related to
Beaufort SIA for TI-NDVI. This region has also been iden-
tified as relevant for TI-NDVI across the adjacent land area
by Bhatt et al. (2010). July–December SIA variations in the
Beaufort, Chukchi, and East Siberian seas showed similari-
ties with both MaxNDVI and TI-NDVI across the European
Russian Arctic and western Siberia. The highest proportion
of significant pixels and the strongest negative correlations
with TI-NDVI were obtained for the summer sea ice area
of the Laptev and East Siberian seas and the adjacent land
area (57 % and 47 % respectively). The Chukchi Sea tundra
area TI-NDVI variations coincided with lower sea ice extent
in the Chukchi Sea region. Higher proportions of significant
pixels (14 %–18 %) and low average correlation values for
MaxNDVI also occurred for the summer Laptev Sea ice area
and adjacent land area. The highest proportions were, how-
ever, found for the Barents land area and Chukchi SIA.

Positive correlations (high/low sea ice area–high/low TI-
NDVI) were found for eastern Taymyr for November to Jan-
uary (Fig. A7; sea ice in the East Siberian Sea to Beaufort Sea
regions; January preceding the TI-NDVI value and Novem-
ber and December after).

The importance of sea ice regions for vegetation can
switch from basin to basin throughout the year. For example,
the Kara Sea tundra region MaxNDVI correlated with ESS
SIA in summer and with Barents and Svalbard SIA in April.
The strong sea ice link of eastern to far eastern Siberia was
also reflected in TI-NDVI correlation values (< −0.5). In the
case of these highest values, the Beaufort SIA was relevant
from January to June. This pattern switched to the Chukchi
Sea and to East Siberian Sea from July to November.

Linkages for TI-NDVI could be also identified south of the
CAVM boundary, specifically over Russia and Scandinavia
(Figs. A8, A10). The June Fram Strait SIA correlated along

the Norwegian coast. The Laptev Sea ice extent in July and
August was linked to TI-NDVI in central Siberia.

3.2.3 Sea ice and SWE

March SWE and SIA correlations were partially negative
and partially positive (Figs. 7, A11, A13, A12, A14). Nev-
ertheless, minimum and maximum values derived from sam-
ples of the same pairing (land sub-region and sea ice basin)
had mostly the same direction. Exceptions were SW Alaska
for July (preceding year; lowest value for the Beaufort Sea
and highest for Fram Strait Sea), Yamal for April (preced-
ing year; lowest for ESS and highest for Kara Sea), and SE
Taymyr for February (lowest for Fram Strait and highest for
ESS).

Lower-than-average sea ice conditions in February linked
to higher SWE in March across many parts of Siberia and
SW Alaska (Fig. A11). Negative correlation values are found
for Chukchi Sea and Fram Strait SIA conditions across most
CAVM regions. For March, Fram Strait linkages were most
dominant (Fig. A12). Parts of Alaska exhibited a signifi-
cant negative correlation with October and November Fram
Strait SIA and a positive correlation for December to Febru-
ary Beaufort SIA. December–March SIA in the Chukchi Sea
correlated negatively with SWE in eastern Siberia. Beaufort
and Chukchi SIA correlated negatively with parts of central
Siberia for almost all months, except March. Positive cor-
relations for parts of western to central Siberia were found
for the Kara SIA for October, November, and January. Thus,
over this region, larger sea ice extent in autumn linked to
higher SWE in March.

SIA in the Chukchi, East Siberian, and Kara seas and in
the Fram Strait, along with the NH average SIA, showed the
highest proportions of significant correlations with SWE in
tundra areas (Fig. 7). The NH average SIA across the cold
season correlated significantly with SWE specifically in East
Siberian Sea, Laptev coast, and Kara Sea regions (Figs. A12
and A14). Barents and Svalbard SIA had comparably fewer
significant correlations with March SWE (Fig. 7). The land
area adjacent to the Chukchi Sea had high SWE when SIA in
the Chukchi and Beaufort Sea was low in the previous sum-
mer/autumn. The Kara Sea tundra regions had higher March
SWE when the NH and Fram Strait average SIA was low in
January/February and when the Fram Strait SIA was low in
autumn (but also high SWE with high SIA in the Kara Sea
and Beaufort Sea region and with high NH average SIA in
early winter).

4 Discussion

4.1 Trends

Li et al. (2023) demonstrated issues with orbital drift in
AVHRR/GIMMS. Our results and those of Frost et al. (2025)
confirm differences in the MaxNDVI trend results compared
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Figure 5. Significant correlations (95 %) and proportion of significant pixels for sea ice area (by basin for specific month: {basin name}-
{month}) versus MaxNDVI within CAVM regions (see Fig. 1 for abbreviations and Table 4 for data sources).
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Figure 6. Significant correlations (95 %) and proportion of significant pixels for sea ice area (by basin for specific month: {basin name}-
{month}) versus TI-NDVI within CAVM regions (see Fig. 1 for abbreviations and Table 4 for data sources).
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Figure 7. Significant correlations (95 %) and proportion of significant pixels for sea ice area (by basin for specific month: {basin name}-
{month}) versus snow water equivalent within CAVM regions (see Fig. 1 for abbreviations and Table 4 for data sources). Months 4–12
represent the preceding year.
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Figure 8. Significant correlations (95 %) and proportion of significant pixels for sea ice area (by basin; see Fig. 1 for abbreviations) versus
mean annual ground temperature, MaxNDVI, TI-NDVI, and snow water equivalent within North America (NA) and Eurasia (EA) north of
60° N. In the case of SWE, months 4–12 represent the preceding year. See Table 4 for data sources.
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to MODIS and Landsat. Trend patterns of MODIS and Land-
sat do, however, largely agree (Fig. A1), confirming the util-
ity of the MODIS dataset chosen for our study.

Bhatt et al. (2017) reported a declining trend in TI-NDVI
and browning for Yamal based on AHVRR/GIMMS. This
is also reported for western Siberia, including parts of Ya-
mal, for 1982–2019 by Druckenmiller et al. (2021). MODIS-
and Landsat-based trend analyses starting in 2000, how-
ever, show increasing values (Fig. A1). The regions with the
strongest positive TI-NDVI trends for 2000–2019 (Fig. 3)
were the Taymir Peninsula and parts of northern mainland
Canada. These regions coincide with areas of increased so-
lar absorption trends (1998–2015; potentially due to ear-
lier snowmelt timing), as identified previously with reanal-
ysis data (Letterly et al., 2018), and with regions that have
decreasing trends in frozen days during springtime (2000–
2019, Fig. A1).

The SWE trend investigation by Pulliainen et al. (2020)
focused on March for 1980–2018. The study also found sta-
tistically significant trends in increasing snow water equiva-
lent (SWE) over regions in both western Siberia and the Rus-
sian Far East. In contrast, Pulliainen et al. (2020) reported
decreasing trends in SWE over North America, notably over
regions surrounding Hudson Bay and areas adjacent to the
Beaufort Sea. The latter also agrees with our results based on
the years 2000–2018.

4.2 Correlations

4.2.1 Vegetation parameters

Both spring and summer sea ice extent were found to play
a role for NDVI derivatives but with differing spatial pat-
terns. While summer sea ice conditions showed low negative
correlations specifically with tundra regions across all Arctic
coasts, this was less pronounced for winter sea ice.

The regions identified as areas with strong positive trends
in TI-NDVI (Fig. 3) show distinct sea ice correlation patterns
compared to other areas. Correlations are positive for several
months in autumn and early winter, meaning that higher sea
ice extents coincide with higher TI-NDVI in the preceding
summer. In northern Canada, the highest correlations were
found vs. the Kara Sea ice extent, and, in Taymyr, these were
found for the Chukchi Sea (Figs. A9 and A10). Comparably
high positive TI-NDVI correlations (with 15 %–21 % signif-
icant values) also occurred for November and December for
the Laptev SIA and the Chukchi Sea tundra region. So far,
only preceding and temporally coincident sea ice conditions
with the vegetation growing season have been discussed in
the literature. Our results indicate that patterns which drive
processes reflected in NDVI may regionally relate to colder-
than-average conditions towards autumn, leading to earlier
sea ice formation. Further analysis is needed for clarification.

The use of predefined sea ice basin extents in our study re-
sulted in broader investigated areas than in Bhatt et al. (2013)

and also in the exclusion of some regions. The latter specifi-
cally applies to the Canadian Arctic Archipelago, Baffin Bay,
and the Davis Strait, for which Bhatt et al. (2013) found com-
parably high correlations of open-water extent with TI-NDVI
on adjacent land area. The boundaries of the other sea ice
basins, however, mostly agree with those used by Bhatt et al.
(2013), but sub-basins for the Barents, Kara, and Chukchi
seas were merged in our analysis. The significant correlations
for the East Siberian Sea and Chukchi Sea identified in Bhatt
et al. (2013) agree with results from our study. Similar cor-
relations were found in our study for the Laptev Sea summer
months and adjacent land area (appr. 0.3 R2; 0.31 in Bhatt
et al., 2013). Different results were obtained for the Kara
Sea. R2 values higher than 0.3 were identified for MODIS-
derived TI-NDVI (2000–2019) compared to 0.06/0.07 based
on the AVHRR TI-NDVI (1982–2008) reported in Bhatt et al.
(2013). This might be due to the different observation period,
indicating recent changes in this region, or to issues with the
AVHRR dataset (Li et al., 2023).

In our study, MaxNDVI more strongly reflects sea ice
changes than previously reported (Bhatt et al., 2021). Bhatt
et al. (2021) obtained −0.07 and −0.33 for the CAVM zones
of northern Eurasia and North America. Negative correla-
tions were stronger (mostly <−0.4) in our results, which
are based on MODIS instead of AVHRR/GIMMS. Our anal-
ysis cannot confirm the stronger negative correlations for
MaxNDVI over North America as compared to Siberia iden-
tified in Bhatt et al. (2021), as Bhatt et al. (2021) used 50 %
sea ice concentration timing (which can represent differing
months), and this study compiled correlations for specific
months.

TI-NDVI correlations for May and June sea ice extent
across northwestern Russia were more negative than for
MaxNDVI, with the strongest link being with the adjacent
Kara Sea. This early-summer pattern agrees with monthly
NDVI regional analyses for this region in Macias-Fauria
et al. (2012), who identified May as a month of importance
for the period 1992–2005. In our results, April appears more
relevant for the more recent analysis period (2000–2019).
This might relate to continuous decline in sea ice extent
across all months. However, the proportion of significant cor-
relations was only 18 % (Fig. 5). The partial linkage of NDVI
on Svalbard with the surrounding SIA found by Macias-
Fauria et al. (2017) and Karlsen et al. (2024) was confirmed
in our analysis. The months selected by Karlsen et al. (2024)
for sea ice area averaging (May to September) showed the
highest proportion of significant values (up to 25 %) in the
case of Svalbard SIA, but our results show that more distant
basins also have significant correlations with Svalbard NDVI
(Fig. 6). These include the neighboring Fram Strait (nega-
tive correlation, up to 48 % significant) and the Beaufort Sea
area (positive correlation, up to 36 % significant) in the case
of TI-NDVI. The negative correlations of Svalbard NDVI-
based variables with the Fram Strait sea ice extent also agree
with Macias-Fauria et al. (2012), who attributed them to the
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dynamics of the North Atlantic Oscillation driving warm air
advection and sea ice decline in the wider region.

Bhatt et al. (2013, 2021) suggested that the linkage be-
tween sea ice and NDVI indices becomes weaker with the
advancement of sea ice decline. The patterns identified with
data covering 2000–2019 are, however, similar to results
for a longer period based on AVHRR. Similarly, Karlsen
et al. (2024) reported a recent rapid increase in Svalbard tun-
dra productivity, evidenced as the integrated MODIS-NDVI
from the phenologically based onset (O) to the peak (P) of the
growing season (OP NDVI). This trend was strongly related
to the recent increase in growing season temperature and in
agreement with the last decade’s transition from perennial
sea ice to absent sea ice around the eastern part of the Sval-
bard archipelago. Further on, rapid expansion of tundra on
Svalbard linked to sea ice decline was noted by Ingrosso et al.
(2025). Significant negative correlations were also found in
our study for Svalbard (Figs. 5 and 6).

The specific TI-NDVI correlation spatial patterns iden-
tified by Dutrieux et al. (2012) for the Taymyr to eastern
Siberian regions (decline in correlations with distance to
coast, up to 300 km, in June) can be partially confirmed.
However, this pattern cannot be observed for other months,
specifically for the following ones (after June), which show
higher correlations with sea ice area in this region (Fig. 6).

The selected vegetation parameters have been investigated
without attribution to certain land cover types. Parmentier
et al. (2015) found a negative correlation of sea ice (within
2000 km distance) with modeled methane emissions from
wetlands across the Arctic specifically for September and
October. A combination of the correlation analyses with land
cover may thus provide additional insights. Furthermore,
common satellite-derived vegetation parameters, such as leaf
area index (LAI) or phenology indicators (e.g., Park et al.,
2016), may also provide additional insight into regional pat-
terns. However, MaxLAI index trends show similar patterns
to MaxNDVI trends, exemplifying the general linkage of
LAI with NDVI (Figs. 3 and A1), and were thus not con-
sidered in the present study. An alternative parameter avail-
able from passive microwave satellite records is vegetation
optical depth (VOD). Observed patterns have been shown to
be relevant for recent changes in parts of the Canadian Arc-
tic and northeastern Siberia (Watts et al., 2025). Phenology
may also be represented through proxies such as snow extent
or freeze–thaw datasets. The representation of the transition
periods in satellite-derived freeze–thaw records is, however,
challenging (Bartsch et al., 2025b).

4.2.2 Cryosphere parameters

Sea ice key regions were identified for March SWE (Fig. 9).
Specifically, the Fram Strait and Chukchi Sea variations
are reflected in SWE across the Arctic, including western
Siberia.

The importance of sea ice for northern Eurasian snow con-
ditions reported by Park et al. (2013) based on modeled snow
depth for 1979–2006 can be confirmed for our analysis pe-
riod 2000–2019. However, de-trending leads to insignificant
results for eastern Siberia. The importance of the Chukchi
Sea ice conditions for SWE across Alaska reported by Alex-
eev et al. (2016) for 1991–2008 were also confirmed by our
results. Significant correlations were found for the Chukchi,
East Siberian, and Laptev seas, which supports the link be-
tween Chukchi Sea ice and SWE variations in the Siberian
Far East suggested by Pulliainen et al. (2020). Pulliainen
et al. (2020) noted drastic snowfall events as a result of loss
of sea ice in the adjoining Chukchi Sea during the last 2 years
of the study period.

High negative correlations of March SWE with SIA in
regions such as northern Fennoscandia and Svalbard may
have implications for wildlife and reindeer herding (Bokhorst
et al., 2009; Vikhamar-Schuler et al., 2016). The increasing
fragmentation of reindeer habitat in Svalbard (and possibly
other areas around the circumpolar area), due to loss of sea
ice (SIA) as dispersal corridors (Peeters et al., 2020), will
likely reduce the overall “effective” area of suitable habitats
(Pedersen et al., 2023). However, increased greening might
compensate for this (Karlsen et al., 2024). SWE phenology
and structure changes may also potentially affect wildlife
(Bartsch et al., 2023a). The analyses of additional months
and further related observables might therefore be of added
value. Forbes et al. (2016) suggested a linkage of sea ice con-
ditions with rain-on-snow events for the land area adjacent to
the Kara Sea, which impact wildlife, vegetation, and ground
temperatures. So far, reliable rain-on-snow detection based
on satellite data has been limited to mid-winter, and the num-
ber of documented large-scale events is rather low (Bartsch
et al., 2023a). Linkages could thus not yet been proven based
on satellite records.

Significant negative correlations with comparably distant
sea ice basins, in addition to adjacent ones, were found for
MAGT (Fig. 9). Such long-distance linkages across the Arc-
tic were also found for ice sheets and permafrost (active
layer thickness; Sasgen et al., 2024). A high similarity with
Arctic impact indices (from reanalysis data) was found for
central Siberian active layer thickness and for the mass bal-
ance of the northern part of the Greenland ice sheet. Cen-
tral Siberia MAGT also showed significant negative corre-
lations with the Fram Strait SIA from January to March in
our study (Fig. A4). However, for permafrost, the Beaufort
and East Siberian seas appear to be the key regions. Sea
ice in these basins showed significant correlations with land
area, specifically in autumn (Fig. 9). This included regions in
Siberia. In the case of the Beaufort SIA, results also indicate
a strong linkage with MAGT across the Canadian High Arc-
tic for autumn. This could not be found for winter conditions
(e.g., March; Fig. 9). Correlations for MAGT were stronger
than for vegetation parameters and had the highest signifi-
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Figure 9. Areas with significant correlations for selected months and annotations (arrows) highlighting linkages. Permafrost: mean annual
ground temperature at 2 m depth; Vegetation top: MaxNDVI (maximum normalized difference vegetation index); Vegetation bottom: TI-
NDVI (time-integrated normalized difference vegetation index); Snow: March SWE (snow water equivalent).

cant fraction among all parameters despite the chosen depth
of 2 m.

4.2.3 Similarities and causalities

Significant month-specific correlations with de-trended SIA
time series were found across the year for all investigated
land parameters. For both TI-NDVI and MaxNDVI, signifi-
cant correlations were also observed outside of the CAVM
region, across the taiga biome, both in Eurasia (including
Scandinavian mountain ranges) and northern America. Par-
mentier et al. (2015) showed that linkages might exist even
further south than for the extent of this study and also for SIA
across Hudson Bay and the Canadian Archipelago. These sea
ice basins are not included in the OSI SAF records used but
would be needed for more in-depth analyses of this region.
While mostly negative correlations (low SIA – increased
greenness, more snowfall, etc.) are discussed in the litera-
ture, positive correlations were also found for MAGT and
vegetation indices for some summer months, specifically for
the Fram Strait sea ice basin. This region is an area of sea
ice export (Spreen et al., 2020; Anonymous, 2025) where in-

creases have been documented for spring and summer during
recent decades (Smedsrud et al., 2017).

Regions with significant correlations with sea ice are to
some extent similar for ground temperature and NDVI (e.g.,
Figs. A3 and A5). Specifically, results for eastern Siberia
show significant correlations for these parameters but differ-
ences in related sea ice basins. In the case of ground temper-
atures, we identified linkages with more distant basins than
compared to NDVI, where the adjacent basins show the high-
est correlations across the Arctic (Fig. 9). The latter applies
specifically to the summer months July and August. In gen-
eral, the timing of significant correlation and related sea ice
basins varied strongly across regions and parameters, indi-
cating a range of potential causal linkages. This agrees with
previous studies on selected regions and/or other parameters
that have identified specific, differing relevant time periods
and suggested potential causal linkages. This included early-
summer SIA and vegetation (e.g., Macias-Fauria et al., 2012,
as well as Macias-Fauria et al., 2017) and sea ice and sim-
ulated autumn methane emissions from wetland areas (Par-
mentier et al., 2015), both with negative correlations. In the
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case of the Laptev Sea region, correlations of vegetation and
temperature parameters with adjacent sea ice basin condi-
tions might be linked through atmospheric large-scale circu-
lation during springtime and land–sea–air transport in sum-
mer (Rehder et al., 2020). For the second case, causality
was found for increases in temperature and moisture over
land (which accompany low SIA) in both directions (Re-
hder et al., 2020). Vegetation-change-driven sea ice decline
(albedo change caused surface heating imbalances, leading
to sea level pressure anomalies) has also been suggested
based on Earth system modeling (Zhang et al., 2020). Syn-
chronous variations in different observables over larger dis-
tances, across the Arctic Ocean, have previously been iden-
tified and suggested to relate to atmospheric circulation pat-
terns (for glacier mass balance in northern Greenland and
permafrost active layer thickness in central Siberia; Sasgen
et al., 2024), specifically features of the North Atlantic Os-
cillation and the Greenland Blocking Index.

The ASILaC dataset provides information on both previ-
ously regionally documented and additional potential link-
ages, close and distant, and thus a baseline for future studies
on common drivers of essential climate variables and depen-
dencies across the Arctic. The consideration of Arctic change
indices as applied by Sasgen et al. (2024) for glacier mass
balance and permafrost active layer thickness may support
such analyses.

5 Conclusions

Significant correlations of sea ice with satellite-based terres-
trial variables across the Arctic are reported in this study.
The importance of certain sea ice basins and timing dif-
fered between permafrost ground temperature, vegetation in-
dices, and snow water equivalent. Autumn (incl. October
and November) and mid-winter (incl. February, March) were
most relevant for both investigated cryosphere-related pa-
rameters of permafrost temperature and March snow water
equivalent (used here as a proxy for maximum).

NDVI analyses confirm previous studies for the CAVM/-
tundra zone. However, added value is provided through the
inclusion of areas outside the tundra region. Areas with
significant correlations extend into the boreal forest biome
specifically across Siberia. A further aspect was added
through consideration of succeeding SIA conditions. For ex-
ample, summers with high MaxNDVI along the Laptev Sea
are followed by high sea ice concentration in the Chukchi
Sea.

SWE analyses confirm previous modeling results.
Chukchi Sea ice affects March SWE in adjacent land areas.
The Fram Strait SIA also has specific regional linkages (ad-
jacent tundra region of the Kara Sea). Previous studies were,
however, confined to September sea ice extent. Our results
show that cold-season SIA is of relevance across several

areas. March SWE correlates highest with January–March
SIA.

Sea ice and MAGT have so far only been investigated for
the entire Northern Hemisphere. The MAGT variation analy-
ses for separate regions revealed differences. For the CAVM
zone, significant correlations are reported for the Kara and
Laptev seas, with respect to sea ice basins located eastwards
and across the Arctic Ocean. Strongest linkages between sea
ice and MAGT were found for Svalbard and the Laptev Sea
regions but with distinct timing. Winter SIA in the proxim-
ity correlated strongly with the Svalbard unglaciated areas,
whereas summer SIA correlated with the Laptev Sea coast.

In the case of ground temperatures, high significant corre-
lations against SIA were found for more distant basins than
for NDVI, where the adjacent sea ice basins are more rel-
evant. March SWE for both distant and adjacent land area
showed significant results. The linkages of the cryosphere
parameters with comparably distant sea ice basins indi-
cate an influence of larger atmospheric circulation patterns
throughout the year. This differs for vegetation parameters
which are rather influenced by land–sea–air transport in
summer, potentially both ways. Although similarities were
found between TI-NDVI and MaxNDVI, more significant
correlations were observed for TI-NDVI. Both TI-NDVI and
MaxNDVI are integrative parameters over the growing sea-
son. The inclusion of phenology-related indicators could pro-
vide additional information on vegetation-related aspects.
Potential linkages might be missed due to the lack of repre-
sentation of the Hudson Bay and Canadian Archipelago SIA.
The current dataset nevertheless provides a baseline for ex-
tended analyses of drivers and dependencies, also including
reanalysis data.
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Appendix A

A1 Trends

Table A1. Satellite records used in selected published trend discussions for the Arctic.

Comiso and Hall (2014), > 64° N AMAP (2017), > 60° N

Parameter Time period Parameter Time period

Snow cover extent 1981–2012 Snow cover extent 1981–2010
Surface temperature land and sea 1981–2012 Snow water equivalent 1981–2014
Sea ice extent 1979-2012 MaxNDVI 1982–2015
Greenland mass balance 2000-2012 TI-NDVI 1982–2015
Albedo 1981–2012
Cloud cover fraction 1981–2012

Figure A1. MaxNDVI trends for selected datasets: AVHRR (GIMMS)-, Landsat (Mekonnen et al., 2021)-, and MODIS-derived MaxNDVI
trends for 2000–2019/2020.
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Figure A2. Trends in thawing period length derived from MEAsUREs (Kim et al., 2021) and maximum leaf area index based on MODIS
(Tømmervik, 2025), 2000–2019.

Table A2. Averaged trends for north of 60° N for all analysis records. For specifications, see Table 4.

Dataset Unit Period Trend (per year)

GlobSnow SWE March mm 2000–2018 0.014
Permafrost_cci MAGT (−2 m) °C 2000–2018 0.065
MODIS MaxNDVI unitless 2000–2018 0.0015
Landsat MaxNDVI (Arctic ecounits) unitless 2000–2020 0.00071
MODIS TI-NDVI unitless 2000–2018 0.012
MODIS MaxLAI m2 m−2 2000–2019 0.031
MEAsUREs frozen days, spring period days 2000–2019 −0.18
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A2 Correlations

Figure A3. Minimum correlation of mean annual ground temperature at 2 m depth (Obu et al., 2021b) and monthly basin-specific sea ice
area (OSI SAF and EUMETSAT SAF On Ocean And Sea Ice, 2020), 2000–2019.
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Figure A4. Area with significant minimum correlation of mean annual ground temperature at 2 m depth (Obu et al., 2021b) with sea ice area
and associated basin (OSI SAF and EUMETSAT SAF On Ocean And Sea Ice, 2020), 2000–2019. For actual basin extent and legend, see
Fig. 1.
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Figure A5. Minimum correlation of maximum NDVI (MODIS) and monthly basin-specific sea ice area (OSI SAF and EUMETSAT SAF
On Ocean And Sea Ice, 2020), 2000–2019.
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Figure A6. Area with significant minimum correlation of maximum NDVI (MODIS) with sea ice area and associated basin (OSI SAF and
EUMETSAT SAF On Ocean And Sea Ice, 2020), 2000–2019. For actual basin extent and legend, see Fig. 1.
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Figure A7. Minimum correlation of TI-NDVI (MODIS) and monthly basin-specific sea ice area (OSI SAF and EUMETSAT SAF On Ocean
And Sea Ice, 2020), 2000–2019.
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Figure A8. Area with significant minimum correlation of TI-NDVI (MODIS) with sea ice area and associated basin (source: ESA CCI sea
ice), 2000–2019. For actual basin extent and legend, see Fig. 1.
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Figure A9. Maximum correlation of TI-NDVI (MODIS) and monthly basin-specific sea ice area (OSI SAF and EUMETSAT SAF On Ocean
And Sea Ice, 2020), 2000–2019.
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Figure A10. Area with significant maximum correlation of TI-NDVI (MODIS) with sea ice area and associated basin (OSI SAF and EU-
METSAT SAF On Ocean And Sea Ice, 2020), 2000–2019. For actual basin extent and legend, see Fig. 1.
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Figure A11. Minimum correlation of SWE (March) and monthly basin-specific sea ice area (OSI SAF and EUMETSAT SAF On Ocean And
Sea Ice, 2020), 2000–2019.
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Figure A12. Area with significant minimum correlation of SWE (March) with sea ice area and associated basin (source: ESA CCI sea ice),
2000–2019. For actual basin extent and legend, see Fig. 1.
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Figure A13. Maximum correlation of SWE (March) and monthly basin-specific sea ice area (OSI SAF and EUMETSAT SAF On Ocean
And Sea Ice, 2020), 2000–2019.
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Figure A14. Area with significant maximum correlation of SWE (March) with sea ice area and associated basin (OSI SAF and EUMETSAT
SAF On Ocean And Sea Ice, 2020), 2000–2019. For actual basin extent and legend, see Fig. 1.
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