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synchronize pan-Arctic glacier melt and

permafrost thaw
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Ingo Sasgen ® '?
Julia Boike ® "® & Guido Grosse ®"*°

, Grit Steinhoefel’, Caroline Kasprzyk'#, Heidrun Matthes ® °, Sebastian Westermann®,

The Arctic is changing rapidly due to the amplification of global temperature trends, causing profound
impacts on the ice sheet in Greenland, glaciers, frozen ground, ecosystems, and societies. Here, we
focus on impacts that atmospheric circulation causes in addition to the climate warming trends. We
combine time series of glacier mass balance from temporal satellite gravimetry measurements
(GRACE/GRACE-FO; 2002-2023), active layer thickness in permafrost areas from ESA’s Climate
Change Initiative remote sensing and modelling product (2003-2019), and field measurements of the
Circumpolar Active Layer Monitoring Network (2002-2023). Despite regional and system-related
complexities, we identify robust covariations between these observations, which vary asynchronously
between neighbouring regions and synchronously in regions antipodal to the North Pole. We reveal a
close connection with dominant modes of atmosphere circulation, controlling about 75% of the
common pan-Arctic impact variability (2002-2022), also affecting the Greenland Ice Sheet. We
emphasize that itis necessary to consider such atmospheric driving patterns when projecting impacts,
particularly caused by extremes, in an increasingly warmer Arctic.

The Arctic is experiencing profound transitions due to climate change'.
From 1979 to 2021, summer temperatures in the Arctic were rising twice as
fast as the global average, with annual mean temperatures increasing close to
four times faster” due to Arctic amplification’”. This warming leads to
various environmental changes®® such as glacier mass loss’, permafrost
warming, thaw and degradation'’"?, reduced snow cover extent'’ and
decreasing summer sea ice extent'. For individual years, impacts are often
modified by the superposition of these long-term regional warming trends
with synoptic atmosphere conditions’.

The consequences of these transitions extend globally, and include sea-
level rise from the Arctic glacier systems'® and the Greenland Ice Sheet',
modification of teleconnections through reduced snow cover and sea ice
extent'’, and carbon and methane release from permafrost regions'®, with
impacts on ecosystems and societies'. Even if temperatures stabilize, glacier

mass loss is projected to persist for decades to centuries'’, together with a
continued warming and thawing of thick permafrost (tens to hundreds of
meters)™’. To date, the positive feedback of global warming with the release
of greenhouse gases due to permafrost thaw and associated degradation of
organic matter remains poorly represented in climate models, making
projections even more uncertain*"*.

Since the late 1990s™, glaciers in the Arctic have continuously been
losing mass with Alaska, Arctic Canada, Svalbard, and the Russian Arctic
together contributing each year about 0.39 +0.05 mm (mass change of
—140.4 + 18.0 Gt) to sea level rise between 2003-2016". Increasing Arctic
temperatures have enhanced the summer melt production of glaciers,
outweighing any regional counterbalance by snow accumulation®.

Furthermore, increasing temperatures strongly promote degradation

of permafrost. Permafrost is defined as ground that remains at or below 0 °C
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for at least two consecutive years™’. In the Arctic, the continuous permafrost
zone (> 90% of the land surface is underlain by permafrost) is estimated to
cover 41% of the land-based regions north of 60°N*’, and experienced mean
annual ground temperature increase of 0.39 + 0.15 °C between 2007 and
2016". Despite some regional differences, an overall warming trend has
been observed since the mid-1980s with record highs in permafrost tem-
perature at the majority of the observation sites in 2019'>"*. The uppermost
soil layer above the permafrost that thaws and refreezes seasonally is called
the active layer. As a result of increasing ground temperatures and an
increase in the active layer thickness, permafrost is retreating laterally and
vertically in many regions” . Annual mean frozen volume in permafrost
areas are projected to decrease by 10-40% per °C warming of global mean
surface-air temperature for the uppermost two meters™.

Atmospheric circulation patterns that enhance the transport of heat to
the Arctic have become more frequent since 2000°"”, enabling regional
record values of glacier mass loss and permafrost temperatures'****. Even
though understanding the impacts of dynamic changes in atmospheric
circulation is crucial, it poses a significant challenge to disentangle natural
variability from that caused by anthropogenic climate change™”. This
complexity is particularly evident when examining trends in the frequency
of Greenland blocking conditions, reflected by the Greenland Blocking
Index (GBI)*, which surpass the predictions made by hindcast simulations
of the Climate Model Intercomparison Project (CMIP6)”".

Here, we advance with understanding the impacts of atmosphere
variability on glacier and permafrost systems in the Arctic using satellite,
remote sensing, modelling and in situ data (Fig. 1). We focus on terrestrial
systems (glaciers and permafrost) with their high sensitivity to summer
atmosphere conditions and subsume their covariations in an index
reflecting pan-Arctic variability. Observations connected to ocean pro-
cesses, like minimum summer sea ice extent or sea surface temperature, are
not included, because of their indirect and more complex relation to sum-
mer atmosphere conditions™. The data set we use consists of a diverse set of
observations, namely, glacier mass change from the Gravity Recovery and
Climate Experiment (GRACE) and its follow-on GRACE-FO (2002-2023)
satellite gravimetry missions, as well as active layer thickness from the
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European Space Agency (ESA) Climate Change Initiative (CCI) Permafrost
product (2003-2019) based on satellite remote sensing and modelling, and
the Circumpolar Active Layer Monitoring Network (CALM) in situ field
observation network (2002-2023), available since the 1990s”. Using rea-
nalysis data, we resolve the main modes of atmosphere circulation over the
Arctic, and demonstrate their relevance for driving pan-Arctic impacts.

Results

Trends in glacier mass and active layer thickness

First, we present temporal change in glacier mass and active layer thickness
across the Arctic, and estimate related linear trends (Fig. 2). We utilized data
from the GRACE/GRACE-FO missions, which employ an intra-satellite
link to detect subtle variations in Earth’s gravity field caused by mass
redistributions at spatial scales of 300 km with an accuracy of 2 cm water
equivalent™'. Our analysis of the GRACE/GRACE-FO data revealed
ongoing mass loss in all Arctic glacier systems between 2002 and 2023,
aligning with rising Arctic temperatures.

Integrated over each glacier region (Fig. la), the largest rate of mass
change observed by GRACE/GRACE-FO (Fig. 2a-h) originated from the
Gulf of Alaska (ALGO), amounting to —46.5+134 Gt yr' (% 20), fol-
lowed by Northern Arctic Canada (CANN) with —29.9 +5.6 Gt yr*
(Fig. 2¢), and Svalbard (SVAL) with —14.8+1.3 Gt yr ' (Fig. 2¢). We
observed less negative, yet statistically significant, rates of mass change in the
range of —9to —2 Gtyr ' for the islands in the Russian Arctic (FJRO, NOZE
and SEZE, Fig. 2f-h). For the rate of specific mass change - the rate of mass
change divided by the glacier area'**’, expressed in terms of equivalent water
height change, the largest value is observed for ALGO (—0.66 +0.19 m yr ")
and SVAL (—0.43 £0.04 m yr ). The remaining glacier systems also show
significant trends between —0.38 and —0.16 m yr " with an uncertainty of
typically + 0.05 m yr . Exceptions are ALNO with —0.25 + 0.90 m yr ' and
CANS with —0.28 +0.27 myr ' (no significance), where uncertainties in
the trends are caused by the comparably large spread of glacial-isostatic
adjustment corrections of the GRACE/GRACE-FO data (Methods).

Our estimates of changes in active layer thickness are based on two data
sources; field measurements at stations within the CALM network

Permafrost fraction (%)

i~~~ JSector boundaries

Fig. 1| Glacier and permafrost regions in the Arctic. a Glacier systems in the Arctic
with mass balance estimates from GRACE/GRACE-FO (blue); Gulf of Alaska
(ALGO), Alaska North Slope Borough (ALNO), Arctic Canada North (CANN;
>74°N), Arctic Canada South (CANS < 74°N), Franz Josef Land (FRJO), Novaya
Zemlya (NOZE), Severnaya Zemlya (SEZE) and Svalbard (SVAL). b Permafrost
fraction, as well as locations of active layer thickness estimates at selected CALM sites

(yellow circles), and within the regions of New Siberian Islands (SIBI) and Lena,
Central Siberia (LENA) based on CCI data (green). Dashed lines indicate the
longitudes delineating the sectorial averages of the CCI data north of 60°N; Alaska
(PALA; S1), Northern Canada (PCAN; S2), Svalbard (PSVAL; S3a), the European
Russian Arctic (PRAR; S3b) and Western and Central Siberia (PEVE; S4).
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Fig. 2 | Time series of changes in glacier mass and a
active layer thickness. a—h Monthly mass change of

the Arctic glacier systems from GRACE/GRACE- 10
FO satellite gravimetry data for the time period

2002-2023 (blue), annual change of the mean active 0
layer thickness from CCI permafrost data

(2003-2019) for the region PEVE (green) (i) and at -10
CALM station Samoylov (SAMO) for 2002-2023

(yellow) (j) as departure from the long-term mean. c

CANNC d CANS®

Uncertainties are shown as two standard deviations
(£ 20; shading). The respective rates of glacier mass 5
change (Gt yr ") and rates of active layer thickness
change (cm yr™") for each region are indicated along
with + 20 uncertainties in panels a-j. Changes are
shown with respect to the 2003-2019 mean.
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(2002-2023)*>* derived from the end-of-season thaw depth or temperature
measurements in boreholes, and regional and sectorial averages based on
ESA’s CCI permafrost data set for 2003-2019, which combines modelling
with satellite remote sensing data™* (Methods). Regional changes in active
layer thickness based on CALM network data were also presented in ref. 20
and are regularly assessed in the State of Climate reports'.

For all permafrost regions shown in Fig. 1b, average increases in active
layer thickness are in the range of 0.4 to 1.4 cm yr " based on the CCI data.
For example, the PEVE sector of Siberia, Russia (Fig. 1) exhibited a sig-
nificant long-term trend in active layer thickness increase of
1.3+0.5cmyr ' (2003-2019) (Fig. 2j), resulting in an increase of 20 cm
between 2003 and 2019. Similarly, yet a weaker trend of 0.4 + 0.1 cm yr '
(2003-2019) is measured at the CALM field station Samoylov (SAMO),
located within the Lena Delta, Siberia, Russia™** (Fig. 2i), PEVE sector in
Fig. 1. Station SAMO is selected here as an example for a station with a time
series that is consistent with the CCI data at interannual time scales (Sup-
plementary Fig. 1). But many in situ measurements show varying trends in
active layer thickness depending on the local geomorphology, microclimate
and environmental conditions, which are not captured by the CCI data'"*".

Covariation of glacier and permafrost systems between regions
In the following, we focus on interannual (detrended) annual changes of
glacier mass and active layer thickness (Methods). Correlation between

GRACE/GRACE-FO mass changes of each glacier system and the active
layer thickness from the CCI data reveal strikingly similar patterns at
interannual time scales (Fig. 3). Interestingly, active layer thickness and
glacier mass change do not only covary in proximity, but typically also show
correlation patterns antipodal with respect to the North Pole. For example,
annual glacier mass balances in Northern Arctic Canada (CANN) show
negative correlation with the changes in active layer thickness across the
Arctic, in central Siberia (Fig. 3c). This means that for example cold con-
ditions contributing to a higher glacier mass balance (weaker mass loss) in
CANN are associated with a lower active layer thickness (shallower thaw
depth) in central Siberia, and vice versa. Remarkably, glaciers in the North
Atlantic and European Russian Arctic (SVAL, FRJO, NOZE) exhibit cor-
relation of opposite sign with the active layer thickness in Northern Arctic
Canada and central Siberia (Fig. 3e-g), suggesting a common, yet regionally
distinct driver of impacts across most of the Arctic.

To systematically uncover the covariations between systems and
regions in the Arctic, we conduct a factor analysis, which is a statistical
method to estimate how closely observations are related to (load onto) a
common temporal behaviour (factor) (Methods). We use time series of
standardized anomalies of GRACE/GRACE-FO annual mass balances of
eight glacier regions, as well as seven CCI estimates of active layer thickness
changes; two averages for the New Siberian Islands (SIBI) and the Lena River
Delta, Siberia (LENA), as well as five sectorial averages (PALA, PCAN,
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Fig. 3 | Correlation of glacier mass balance and active layer thickness in Artic
permafrost regions. Correlation (lag zero) of the annual glacier mass balances from
GRACE/GRACE-FO satellite gravimetry data with the mean active layer thickness
from CCI permafrost data for the 2003-2019. Following our definition of the
anomalies, glacier mass balance and active layer thickness in proximity are expected

0.8

0.6

o
Correlation

to be anti-correlated meaning that glacier mass gain correspond to low active layer
thickness. The mean geographical coordinate of the glacier system is shown as circle
for, a ALNO, b ALGO, ¢ CANN, d CANS, e SVAL, f FRJO, g NOZE and h, SEZE.
Areas of significance (p-value < 0.05), accounting for autocorrelation in both the
GRACE/GRACE-FO and CCI data, are indicated by yellow dotted contours.
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Fig. 4 | Factor analysis of changes in glacier mass and active layer thickness.
Shown are factor loadings for the ensemble member with the maximum total factor
loading. Superscripts indicate the data type associated with each location, namely
glacier (G), CCI permafrost (P) - regional or sectorial averages, and CALM station
permafrost data (C), their associated sector is indicated on the right axis (S1, S2, S3a/
b, and S4). The first factor carries the largest load and is selected for further
investigation.

PSVAL, PRAR and PEVE) (Fig. 1 and Supplementary Fig. 2). The sectors
broadly reflect the areas of covariation shown in Fig. 3. To expand the data
sets, we include 13 field measurements of the active layer thickness from the
long-term permafrost monitoring network CALM"***", Criteria to select
these 13 sites among 185 available measurements north of 60°N are that they
provide nearly continuous time series for 2003-2019 (one missing year
allows), are not co-located with highly correlated time series, and show
significant correlation in terms of interannual variations with CCI data
(Methods and Supplementary Fig. 1). Our methodology builds upon that of
Overland et al. ** in which factor analysis was applied to a diverse set of
Arctic climate variables that included long-term trends; here we focus
entirely on interannual changes.

In an ensemble approach (N=140000), we randomly selected ten
observations from the pool of 28 standardized time series, while ensuring
that each ensemble member contained at least one location from each of the
five sectors shown in Fig. 1 to guarantee pan-Arctic sampling (Method). We
find that the factor analysis indicates the highest sum of significant factor

loadings (closest relation) for the set of four glacier mass balances CANN,
SVAL, FRJO, and NOZE, as well as the active layer thickness for the regional
and sectorial averages LENA and PEVE, respectively, and the field mea-
surement SAMO (Fig. 4). Negative factor loadings were carried by obser-
vations from sectors S2 (Northern Canada) and S4 (Western and Central
Siberia), while positive factor loadings originated from sectors S3a (North
Atlantic) and S3b (European Russian Arctic). We highlight that factor
loadings of opposite sign reflect asynchronous temporal behaviour.
Therefore, the factor analysis confirms the large-scale division of the cor-
relation patterns shown in Fig. 3. Most of the time, observations from the
Alaska and Bering Strait area (sector S1) load onto Factor 2 indicating a
temporal behaviour distinct from that reflected by Factor 1.

Temporal signature of the glacier and permafrost impacts

Next, we derived two types of indices, called the Arctic Impact Indices, to
capture the pan-Arctic covariations (Fig. 5). The first index, Allng, is based
on the factor analysis itself. It represents the ensemble mean of the Factor 1
time series of 98 ensemble members selected based on their significance
(Methods). This index requires continuous data and therefore covers only
the time period 2003-2019, limited by the availability of continuous CCI
data of active layer thickness.

The second index, Allng, is based on the time series for each location
directly. The locations are chosen due to their dominantly high and sig-
nificant loadings in the factor analysis, regardless of the ensemble compo-
sition. The index AIIng was then derived as double-standardized differences
of the covarying blocks (positive or negative) of observations. This index
does not require continuous input data, which allowed us to extend the time
series to the full length of GRACE/GRACE-FO annual mass balances
(2002-2022). For both types of indices, we estimated the mean and standard
deviation of the ensemble, to assess their sensitivity to the selected input
data. For Allng, we additionally propagated uncertainties in the input data
sets to the index and added them to the ensemble spread (Methods).

Both, AIln; and Allng, exhibited very similar variations over time
(Fig. 5a), with marked positive values in 2004, 2013, and 2017, and pro-
nounced negative values in 2008, 2011, and 2012. In addition, indices based
on the ensemble maximum and the ensemble mean showed only minor
differences (Fig. 5a). Note that we define the indices such that positive values
correspond to positive anomalies in glacier mass balance (less mass loss) in
Northern Arctic Canada (CANN) and reduced active layer thickness
(shallower thaw depth) in covarying central parts of Siberia (LENA).

Seven observations stood out as contributing most to the indices
(Fig. 5b); glacier mass changes of FRJO, NOZE, and SVAL (positive) and
CANN (negative), as well as active layer thickness of the regional average
LENA, the sectorial average PEVE, and this in situ measurement SAMO (all
negative). Of the 13 field measurements at the CALM stations available in
the pool of observations, only Samoylov (SAMO) consistently carried a
significant factor load. The glacier mass balance at CANS and active layer
thickness at SIBI sometimes contributed significantly to the indices,
depending on overall ensemble composition (Fig. 5b). If the ensemble
contained an observation from the European Russian Arctic (S3b) or the
North Atlantic (S2) they were likely contributed to the indices (90% and 77%
of the time, respectively). Observations from Northern Canada (S2) con-
tributed 49% of the time, while data drawn from the sector including Alaska
(S1) never carried significant loads (Fig. 5¢).

Pan-Arctic impacts from atmospheric drivers

Next, we investigated the atmospheric drivers of glacier mass balance and
active layer thickness anomalies, as reflected by the indices. Specifically, we
focused on the summer months (June, July and August or JJA), which
dominantly control glacier mass balance through summer meltwater
runoff ¥ and the annual maximum active layer thickness™ typically taken at
the end of August and mostly well into September”' as a result of integrated
summer temperatures. It should be noted that the connection between
summer air temperature and active layer thickness is less pronounced where
there is a thick buffer layer (for example, an organic layer) or high ground ice
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Fig. 5 | Time series and location composition of Arctic Impact Indices. a Time
series of the Arctic Impact Indices based on the ensemble mean and maximum of the
factor loadings for 2003-2019, Allny, as well as based on the differences of obser-
vations with significant loading for 2002-2022, Allng. Uncertainties are shown for
the mean Allng as one standard deviation (+10; dark grey) and two standard

deviations (+20; light grey). b Overall, random occurrence of each of the 28
observations in all ensemble members exceeding the significance threshold (grey)
and additionally carrying a significant positive (red) and negative (blue) load, as well
as their observation type (top). ¢ Sector attribution of all locations (grey) and those
with significant positive (red) and negative (blue) loadings as shown in b.

content™. To this end, we analysed two key atmospheric variables indicative

oflarge-scale summer circulation patterns based on monthly re-analysis data
of National Center for Environmental Prediction (NCEP)/National Center
for Atmospheric Research (NCAR)™: the geopotential height of the 500 hPa
pressure surface (z500) and the air temperature at the 700 hPa level (t700).

The correlations of 500 hPa geopotential height (z500) and 700 hPa
temperature (t700) with the Arctic Impact Indices AIlng (2003-2019) and
Allng (2002-2022) are shown in Fig. 6. Regardless of index type, 2500
consistently exhibited patterns of positive correlation over central North
America, the European Russian Arctic, Western and Central Siberia, with
negative correlation over Greenland stretching over the North Pole towards
Eastern Siberia. Negative correlations imply that a positive index value,
representing less mass loss in CANN and shallower active layer thickness in
SAMO, as in 2004, corresponds to negative geopotential height anomalies,
favouring cold conditions in these regions. The correlations of the indices
with t700 reveals a strong regional control of the impacts by air temperature
variations (Fig. 6). Both atmospheric variables displayed bimodal correla-
tion patterns with the indices that extended across the Arctic, remarkably
independent of the underlying time periods 2002-2022 (Fig. 6a, c) and
2003-2019 (Fig. 6b, d).

Relation to summer atmosphere variability in the Arctic

Next, we freely decompose atmosphere variability in the Arctic to investi-
gate the connection to the impacts reflected by the indices. We find the main
modes contained in the time series of atmospheric fields of 2500 for time

periods 2002-2022 (Allng) and 2003-2019 (Allng), respectively, using
Empirical Orthogonal Functions (EOFs) (Methods). By regressing the
indices onto the independently determined EOFs principal components
(PCs), we identify the modes most relevant for inducing the estimated
covariation among the Arctic impacts (Fig. 7).

Both indices exhibited a high correlation (r =~ 0.6; p<0.01) with the
dominant mode of atmosphere variability reflected by PC1/EOF1, which
accounts for 28% of the total variability in z500. Figure 7c, d show that the PC1/
EOF1 pattern is characterized by opposing pressure changes over the Arctic
Ocean and more southern latitudes, extending southward over Greenland to
around 50°N. The pattern encompasses regions of the North Atlantic Oscil-
lation (NAO) (Iceland and Western Europe), as well as of the larger Greenland
area used to define the GBI - two indices known to anti-correlate. This
suggests that EOF1/PC1 reflects a superposition of NAO- and GBI-related
circulation patterns, which is further supported by a significant corelation with
NAO (r = 0.8) and anti-correlation with the GBI (r = —0.8) (Fig. 7a, b).

However, we identified a second EOF mode correlating significantly
(p<0.03) with both Arctic indices (Fig. 7e, ), but not with the NAO and GBL
The spatial pattern of this mode is more complex than that of EOFI; it is
characterized by four regions of strong variability for AIIng, up to at most six
for Allny. This pattern explains approximately 8-9% of the total variability
in z500. Together, these two EOF modes account for 36-37% of the
variability in the atmosphere, but they specifically explained 74% and 83%
common variability Arctic impacts subsumed in Allng and Allng,
respectively (Fig. 7a, b).
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Fig. 6 | Correlation of Arctic Impact Indices with atmospheric variables. Cor-

relation (lag zero) of the detrended summer (JJA) mean of the 500 hPa geopotential
height with a, AIlng for the time period 2002-2022, and b, AIInj for the time period
2003-2019. Areas of significance (p-value < 0.05), accounting for autocorrelation in

2500, Alln,

0.6

Correlation

both the atmosphere data and indices, are indicated by yellow dotted contours. c,
d are analogue to a, b, but show correlations of the indices with detrended summer
mean of the temperature at the 700 hPa geopotential height.

Discussion

We have focused on the direct (lag zero) impact of summer atmospheric
circulation patterns on glacier mass balance and active layer thickness.
Several preconditioning factors are known to affect the summer response of
the glacier’> and permafrost systems™; for example, early snowmelt pro-
motes glacier melting, or a thick snow cover in autumn hinders deep
freezing early in winter, affecting the active layer thickness in summer™.
Winter warming events have gained relevance in the pre-conditioning the
shallow ground thermal regime’”’. However, for the time period
2002-2022, despite such complexities, we find significant temporal corre-
lations of changes in glacier mass in Northern Canada, the North Atlantic
and European Russian Arctic and active layer thickness in central parts of
Siberia, synchronous between regions antipodal to the North Pole, and
asynchronous for neighboring regions (Fig. 8).

For the time period 2003-2019, shared variations reflected in AlIln;
explain the variance of interannual annual mass changes of four Arctic glaciers
systems by more than 46% (CANN, FRJO, NOZE and SVAL), as well as with
active layer thickness changes by more than 81% for the Lena Delta (LENA)
(Fig. 8). In 26% of the area of Western and Central Siberia (PEVE) the index
significantly reduces the variance. Furthermore, the indices represented more
than 51% of the variance in the field measurements of active layer thickness at

Samoylov station (SAMO). For Northern Canada, significant correlation of
the index and active layer thickness is observed for 10% of the sectorial area,
mainly covering the northeastern Canadian Arctic Archipelago (Fig. 8). Lower
correlation values, however, below the significance level, were obtained for
CANS (49%; explained variance 24%). Also, Severnaya Zemlya (SEZE) fell
below the significance level, likely due to a weak signal difficult to resolve in the
presence of noise in GRACE/GRACE-FO data. The regions of Alaska (ALGO
and ALNO) do not significantly covary with the indices, pointing to an
additional influence of other atmospheric circulation patterns, related, for
example, to the Pacific Decadal Oscillation, El Nifio Southern Oscillation, or
atmospheric blocking over Alaska™, known to also influence northwestern
Canada™.

We find that interannual variability of mass changes of northern
Greenland, which are not contributing to the indices, correlate strongly with
CANN, enabling a representation by the index by over 50% (explained
variance) for the drainage basins north of about 72°N (2003-2019) (Fig. 8).
Southwestern Greenland shows similar values of correlation with the index
as the proximal CANS (about 50%), also synchronous with northern
Greenland, but without statistical significance. The reason for the covaria-
tion is that atmospheric blocking, linked to the GBI (part of EOF1 mode),
has been responsible for recent extreme surface melt by the delivery of heat
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Fig. 7 | Arctic Impact Indices and primary components of atmospheric varia-
bility. Regression of a AIlng (2002-2022) and b AIlng (2003-2019) (both black) onto
the leading principal components (green: all; red: significant) of the detrended
summer mean 500 hPa geopotential height, as well as onto the summer GBI and
NOA (blue). Values in brackets refer to the percentage variance explained by the
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respective EOF mode. ¢, e show the spatial patterns corresponding to the principal
components that are significantly correlated with AlIng (2002-2022), d, f are the
same as ¢, e but for Allng (2003-2019). The spatial patterns are scaled by the
regression factor of the respective principal component. The explained variance is
noted in brackets.

and moisture particularly to western Greenland”. Therefore, similar
atmospheric conditions drive the impacts in the wider Arctic, including
parts of Greenland, which is the dominant source of ice-mass change in the
Arctic and holds a high potential for long-term future sea-level rise®.

We emphasize the limitation of our approach posed by isolating,
per design, large-scale covariations between regions and systems. Local
variations in glacier mass or active layer thickness, which do not synchronize
with the larger regional patterns are filtered out in the factor analysis
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Fig. 8 | Correlation of Arctic Impact Indices with observations of changes in
glacier mass and active layer thickness. Correlation (lag zero) of Allng with the
active layer thickness from CCI (spatial pattern) and selected CALM sites (circles), as
well as mass changes of the glaciers systems (triangles) and within drainage basins of

o
Correlation

O Active layer thickness, CALM
O Greenland Ice Sheet mass balance

the Greenland Ice Sheet (squares) for the time period 2003-2019. Significance (p-
value < 0.05), accounting for autocorrelation in the observations and index, are
indicated as yellow contours for the CCI data and yellow framed symbols for the
other data.

and remain a residual signal of the time series. In turn this means that
our indices based on the covariations are of limited use when representing
the temporal variations at specific locations, as indicated by rather weak
correlations with in situ measurements (Fig. 8). Even though we consider
the pan-Arctic atmospheric conditions related the covariations a back-
ground signal at these local sites, we emphasize that understanding and
interpreting the local measurements requires a regional focus in terms of the
atmospheric forcing, while considering site-specific factors.

For the year 2012, our indices reflect particularly warm summer
conditions for eastern parts of Northern Arctic Canada and Western
Greenland (sector S2), coinciding with extreme temperatures for at least
three consecutive days during summer in the longitude range 0°W to
90°W™ (Fig. 5a). Likewise, a summer heat wave occurred in 2013 within 0°E
to 90°E™ of longitude consistent with more mass loss in Svalbard and
increased active layer thickness in European Russian Arctic (sector 3b), as
captured by our indices. However, at Samoylov station a record active layer
thickness was measured in 2010, not reflected in our indices. Also, the
Siberian heat wave in 2020 is not represented in our index based on summer
means (JJA), as it already ended mid-of-June®. This mismatch exemplifies
the limitation of our indices to represent impact signatures at specific
locations, as they are constructed to isolate shared covariations between
larger regions.

We have shown for the time period 2002-2022 that the atmospheric
variations driving covarying impacts contain combined features NAO and
GBI patterns (Figs. 6 and 7c, d), which have been shown to significantly anti-
correlate and substantially control melt conditions in Greenland’®.

However, our study identified another relevant atmospheric circulation
pattern of higher atmospheric wave number affecting the recovered cov-
ariation among Arctic systems apart from Alaska (Fig. 7e, f). This pattern is
not connected to the NAO and GBI, nor the Pacific Decadal Oscillation, and
reflects only 9% of atmosphere variability. But it is almost equally important
as EOF1/PCl1 in representing the covariations enhancing the sectorial
patterns of opposite behavior. Particularly, the impacts in the year 2004 are
poorly represented by the EOF1/PC1 (NAO and GBI) alone (Fig. 7a, b) and
require this second mode (Fig. 7¢, d).

Our analysis is limited to years after 2002 by the availability of satellite
data and therefore reveals characteristics of the past two decades only.
Previous studies have indicated that Arctic summer circulation patterns
similar to our EOF1/PCl are prevalent after 2000, particularly after 2007,
with positive and high values of the GBI'***. Arctic amplification and
feedbacks related to shifts in circulation patterns remain a matter of
debate™”, as some studies suggest the role of sea ice loss* and spring snow
cover® in enhancement of the GBI-related conditions. In-line with blocking
patterns related to EOF1 is a slower eastward propagation of atmospheric
patterns with higher wave numbers”, possibly similar to the EOF of sec-
ondary importance. Reconstructing glacier mass and active layer thickness
changes using modelling approaches enabling longer time series may help to
infer multi-decadal shifts in circulation patterns.

Our analysis has shown that different time series based on satellite
gravimetry, remote sensing/modelling and selected in situ observations of
active layer thickness record covarying impacts across the Arctic caused by
the same large-scale atmospheric driving patterns (Fig. 8). Such synoptic
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forcing are important to enable regional records in meltwater runoff* and
permafrost thaw depth, or related environmental hazards like heat waves™*
and forest fires™”, but need to be understood together with long-term
warming trends and system- and site specific pre-conditioning factors and
local weather conditions. Therefore, climate models have to capture the
dynamic changes together with thermodynamic and system-specific feed-
backs to project the impact of future of glacier and permafrost systems in an
increasing warmer Arctic.

Methods

Glacier mass balances from GRACE/GRACE-FO gravity fields
We derived annual mass balances from GRACE/GRACE-FO data for the
following eight Arctic glacier systems: Alaska Gulf of Alaska (ALGO),
Alaska North Slope Borough (ALNO), Arctic Canada North (CANN;
>74°N), Arctic Canada South (CANS < 74°N), Franz Josef Land (FRJO),
Novaya Zemlya (NOZE), Severnaya Zemlya (SEZE) and Svalbard (SVAL)
(Fig. 1). The definition of the glacier systems follows Wouters et al. '*, and is
based on the Randolph Glacier Inventory Version 6.0*’. We utilized GRACE
and GRACE-FO data from 222 mean monthly gravity field solutions
spanning from April 2002 until June 2023, with a data gap of eleven months
between June 2017 (last GRACE solution) and June 2018 (first GRACE-FO
solution). We used release six (RL06) Level 2 gravity field solutions provided
by the Science Data Systems Centres (SDS), including the Center for Space
Research at the University of Texas (CSR; RL6.2), Jet Propulsion Laboratory
(JPL; RL6.1), and GFZ German Research Centre for Geosciences (GFZ;
RL6.1). We followed the method originally proposed by in ref. 70 and
adapted in ref. 49 to combine these solutions for coefficients up to degree
and order 60, reducing noise and outlier effects.

Following the recommendation of the SDS centers, we inserted degree-
1 coefficients not provided by GRACE/GRACE-FO with estimates of "'
available as GRACE Technical Note 1372, and replaced the uncertain C,g, as
well as Cs coefficients starting August 2016, in the GRACE/GRACE-FO by
satellite-laser ranging estimates provided in GRACE Technical Note 14”7,
respectively.

To correct for glacial isostatic adjustment (GIA) linear trends in the
gravity field, we applied the ICE6G Model ™. We subtracted the linear trend
resulting from hydrological variations, as well as GIA related to changes
since the Little Ice Age, based on the average of the two models presented in
ref. 15. However, we did not consider any non-linear effects of both cor-
rections. Uncertainties in the GIA corrections are taken from'* and added to
the propagated uncertainties of the GRACE/GRACE-FO linear trends. Note
that GIA is considered to occur at constant rates and is therefore removed by
subsequent detrending of the data in further analysis.

Signal leakage out of the domain of interest caused by the limited
spectrum of GRACE/GRACE-FO coefficients (here, up to degree and order
60) is mitigated by the use of adjusted forward models, for which signals are
extrapolated up to degree and order 256. Noise leakage into the domain of
interest is small for glacier systems surrounded by ocean, as gravity signals
from proximal ocean mass variability are removed by the SDS centres
during production of GRACE/GRACE-FO Level-2 data. In addition, a
geographical mask including all RGI6.0 regions was applied to the GRACE/
GRACE-FO data in spectral domain™ to reduce leakage of mass signals
from non-glaciated areas.

We estimated changes in ice mass using GRACE/GRACE-FO gravity
field observations at time ¢;. We employed a forward-modelling based
inversion approach in the spatial domain, as detailed described in ref. 49, which
is an adaptation of the approach previously applied to Greenland” and
Antarctica’™. We derived annual mass balances by fitting a piecewise linear
regression model with annual segments, each of which starting 1 January of
each year to the monthly GRACE/GRACE-FO time series. After that, we
detrended the annual mass balances and annual active layer thickness with a
first-order polynomial fit (order n = 1) to isolate interannual mass variations.
Finally, to facilitate direct comparisons of measurements across regions and
observation types, we standardized the detrended time series by scaling it to
have a mean of zero and a standard deviation of one.

Itis important to note that the annual balances for 2002 are based on only
seven observations, those for 2017 and 2018 only on five monthly gravity
solutions, increasing the uncertainty of the annual balances for these years by a
factor of 1.4. As the factor analysis relies on continuous (yearly) data, we accept
this shortcoming instead of mitigating it by estimation of bi-annual averages as
in ref. 60. We then removed the mean and linear trend of the annual balances
for 2002-2022 to determine the interannual balance variations. This step was
taken to eliminate any possible long-term changes of the annual mass balances
associated with an acceleration or deceleration of mass change.

To quantify uncertainties, we propagated the monthly data uncertainty
to the annual balances. Furthermore, we compared our annual mass balance
estimates for the period of 2003-2019 with time series derived by ref. 15
using a different gravimetric inversion approach (update to November 2019
by the authors; 179 monthly solutions). The uncertainties (10) for the
annual mass balance anomalies consist of propagated uncertainties of the
GRACE/GRACE-FO solutions and the inversion method differences, and
are + 41 Gtyr ' (ALGO), + 10 Gtyr ' (ALNO), + 11 Gt yr ' (CANN), +
12 Gt yr ' (CANS), + 7 Gt yr ' (FRJO), + 8 Gt yr ' (NOZE), + 7 Gt yr '
(SEZE) and + 8 Gt yr ' (SVAL).

Active layer thickness

CALM in situ measurements. We estimated the active layer thickness
using in-situ measurements provided by the CALM network". Estab-
lished in 1991, CALM consists of more than 200 measurement sites in 15
countries measuring active layer thickness”* https://www2.gwu.edu/
~calm/. The active layer thickness is derived from the end-of-season thaw
depth obtained using mechanical probing, thaw tubes, or thermistors
placed in the ground or boreholes to log depth-dependent temperature
profiles***. Recent regional results of trends from CALM in situ obser-
vations in the Arctic are summarized elsewhere'".

The CALM dataset includes annual end-of-season thaw depth for
1990-2023, although there are sometimes temporal data gaps (https://
www2.gwu.edu/~calm/). For our analysis, we limit our focus to stations
located north of latitude 60°N to specifically examine changes of the active
layer thickness in Arctic permafrost.

We expand the CALM network dataset by incorporating data from
the Bayelva station near Ny-Alesund, Svalbard, which provides long-term
measurements of multiple climate and subsurface parameters from a
long term permafrost observatory, located on West Spitsbergen”’. For our
analysis, we use thermistor measurements of soil/permafrost temperature
at depths up to 1.3 m for the time period 1998-2017 (Level 2 data available
at  https://doi.org/10.1594/PANGAEA.948951). As the thermistors
record maximum temperatures above zero for all depths down to 1.3 m
since 2004, we cannot infer the active layer thickness. Instead, as proxy,
we determine the changes in the zero crossing of the depth-temperature
profile obtained from the thermistor measurements at a fixed point in time -
here, the midpoint of July of each year for the site of Bayelva. We omitted the
year 2014, for which we could not infer a zero crossing of the depth-
temperature profile as all thermistors showed below zero temperatures in
mid-of-July.

The CALM data set includes active layer thickness estimates from the
long-term observational site Samoylov, located in the Lena River Delta of
northern Siberia (72.37°N, 126.48°E). The research site is situated in a region
with cold and arid tundra climate conditions, providing a wide range of
meteorological, surface and sub-surface parameters. The active layer
thickness is measured by mechanical probing, usually between June and July
and the end of August since the year 2002". Similar to other CALM sites,
probing in summer does not necessarily capture the maximum thaw depth.

CClI remote sensing and modelling data. We utilize active layer pro-
duct of the CCI_Permafrost project of ESA to obtain estimates of regional
and sectorial averages of the active layer thickness in the Arctic for the
period 2003-2019 (https://climate.esa.int/en/projects/permafrost/). This
project provides information on permafrost ground temperature, active
layer depth, and permafrost extent globally, by combining estimates of
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land surface temperature data from NASA satellites Terra and Aqua, re-
analysis data on snow water equivalent, and landcover/vegetation types.
The CryoGrid CCI thermal model, which integrates these data sources,
was used to estimate the thermal regime of the ground****"'. The resulting
data product, Permafrost_CCI version 3, provides active layer thickness
and permafrost extent fractions at a spatial resolution of 1 km™. To focus
on regional variability, we reduced the spatial resolution to 10 km using
nearest neighbour interpolation.

Selecting CALM locations. We selected a subset of the 266 field mea-
surements (CALM network and Bayelva station) that offer the best nearly
continuous representation of regional Arctic permafrost change. Firstly,
we only considered stations located north of 60°N, resulting in 185
records, among which 120 represent continuous permafrost (in our
study, however, all permafrost types allowed). For 185 CALM stations
north of 60°N interannual variations range between several centimetres
to decimetres (10-49 cm for 10-90% percentile)**.

Next, we selected only nearly continuous time series for the years
2003-2017 by filtering out records with more than one missing annual value
(57 records remaining) and removed one record from the Abisko area,
Northern Sweden (56 records remaining).

Finally, we observed that four co-located sites at Mt. Rodinka, Russia
(R18, R18a, R30A, and R30B) exhibited high correlation with each other
(r>0.9), and to avoid an oversampling bias, we selected a single 10 m grid
measurement represented by station code R18a, which offers the most up-to-
date measurements, resulting in a final selection of 53 in situ records of
permafrost change.

Next, we evaluated the CALM records in terms of their representa-
tiveness for regional changes (Supplementary Fig. 1). This step was neces-
sary as CALM in situ time series may be dominated by site-specific, local
variability, as well as measurement noise and artefacts. Omission of these
data possibly neglects information on permafrost change and related pro-
cess, but at the same time ensures that the variability is not dominated by
local impacts. We therefore end up limiting our analysis to 15 records that
show significant correlation with the nearest grid point of the CCI remote
sensing product, accounting for auto-correlation by reducing the number of
degrees of freedom when determining the critical threshold for significance,
following the approach of . As the CALM time series are discontinuous, we
adopted the auto-correlation determined for the continuous Perma-
frost_CCI data at the specific CALM sites.

To address double sampling owing to using different techniques at co-
located sites, we applied hierarchical clustering based on geographical dis-
tance, grouping all sites within a range of 1000 m and calculating the
unweighted averages of their anomalies as a representation of the cluster.
We also inserted Permafrost_CCI data for nine of 13 selected CALM time
series to obtain continuous records for 2003-2019.

Finally, for some stations, different measurements techniques were
used at nearby locations. At the 13 selected sites, the most commonly
used measurement technique was mechanical probing (U1 & U2, U8, U16,
R51, R17, R18A, R21, and U19) and thaw tubes (C5A and C7A).
Although C18 does have thaw tubes the value reported is based on
mechanical probing on a grid. On site U22, borehole temperatures were
used to infer active layer thickness. Eleven of the 13 sites were located on
continuous permafrost, and two on discontinuous permafrost. To estimate
uncertainties, we calculated the standard deviation of the difference between
the CALM and CCI data at the selected sites. We assumed that these
deviations are equally caused by noise in the CALM and CCI data, and
therefore equally attribute uncertainties to both time series of annual active
layer thickness anomalies. For the CCI regional and sectorial averages, we
adopted the median uncertainty attributed to the CCI data at the CALM
locations. Comparisons of absolute values of active layer thickness of the
selected CALM and CCI Permafrost data sets has been part of the EO4PAC
project™.

The 13 CALM sites selected are: AVBA, Barrow, Alaska North Slope
(71.34°N, —156.59°E), Site code: U1 & U2 (averaged); FRAN, Franklin Bluff,

Alaska North Slope (69.7°N, —148.72°E), Site code: U8; FISH, Fish Creek,
Alaska North Slope (70.36°N, —152.05°E), Site code: U22; OLDM, Old
Man, Alaska Interior (66.48°N, —150.62°E), Site code: U16; PEAR, Pearl
Creek, Alaska Interior (64.94°N, —147.82°E), Site code: U19; LOUS, Lousy
Point (Thaw tube), North Canada (69.25°N, —134.29°E), Site code: C5A;
REIN, Reindeer Depot (Thaw tube), North Canada (68.72°N, —134.15°E),
Site code: C7A; TANQ), Tanquary Fiord, Ellesmere Island, North Canada
(81.41°N, —76.71°E), Site code: C18; SAMO, Samoylov, Central Siberia
(72.37°N, 126.48°E), Site code: R51; AKHM, Akhmelo channel, Kolyma,
North East Siberia (68.85°N, 161°E), Site code: R17; MTRO, Mt. Rodinka,
Kolyma (10 m grid), North East Siberia (68.77°N, 161.5°E), Site code: R18A;
LAKE, Lake Akhmelo, Kolyma, North East Siberia (68.86°N, 161.03°E), Site
code: R21; AVZA, Zackenberg, Greenland (74.49°N, —20.56°E), Site codes:
Gl & G2 (averaged). This information is also tabulated in the
Supplementary Table.

Atmosphere re-analyses and indices

In this study, we utilized atmospheric re-analysis data provided by the
NCEP*. The NCEP data consists of monthly means of geopotential height
at 500 hPa (z500) and air temperature at geopotential height 700 hPa (t700),
with a spatial resolution of 2.5° x 2.5°, covering the time period from 1979 to
present (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html).

Factor analysis
We applied factor analysis*** to identify shared variation in the time series
of glacier mass balance and permafrost active layer thickness. The goal of
factor analysis is to elucidate covariant relationships among observed
variables with a few underlying unobserved factors (typically one to three).
Highly correlated variables are grouped together so that their correlation
with other groups is minimized. These groups are known as factors and
reflect the correlation structure®.

To describe the relationship between factors and variables, we
followed* and expressed it as

x=p+Af +e

where each element of x is a vector of observations, u is the mean of each of
these vectors, f is the common factor vector and A is the factor loading
matrix that connects the factors with certain weights to the observables. The
variable e is the independent or specific factor vector, sometimes called error
vector, as it is unique for every variable and cannot be explained by the
common factors™. The factor loading matrix A describes the strength of the
relationship between variables and factors®. The variance explained by the
common factors is called communality and is represented by the square of
the factor loadings. The variance that is not explained by the common
factors is the specific or unique variance®.

Arctic Impact Index

We conducted a factor analysis to identify the primary mode of covariation
between Arctic glacier mass balance and permafrost changes. Our analysis
focused on the years 2003-2019, which allowed for maximum overlap
between GRACE/GRACE-FO and CCI data. However, based on the results
of the factor analysis, we extended the generation of the Arctic Impact Index
to 2002-2022, including only GRACE/GRACE-FO and CALM data for
2002, 2020-2022. As we only had 17 annual balances for each location, we
limited the factor analysis to ten locations at a time and two common factors.
To ensure that all locations were considered, we randomized the selection
process and repeated the factor analysis for an ensemble of more than
135,884 members, with the condition that at least one observation was
located in each of the five sectors shown in Fig. 1.

The ensemble members were constrained using post-analysis criteria
modified from™: i) a threshold of >0.3 has to be exceeded for overall con-
sideration of the factor loading of an observation | A|; ii) factor loading | A| >
0.6 is considered significant, and, iii) if loading of factor 1 is significant | A| >
0.6, loading of factor 2 has to be below <0.3 in order to consider the
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observation. In total, we selected 98 members showing at least three sig-
nificant positive and three significant negative factor loadings on the first
factor. Additionally, we included an ensemble member dominated by
GRACE/GRACE-FO observations (eight glacier systems), supplemented by
permafrost change in central parts of Siberia (PEVE) and the Lena delta
(LENA), even if the factor loadings did not fulfil the criteria above.

After constraining the ensemble, we pursued two methods to
compute the Arctic Impact Index. The first approach uses the scores of
the first factor obtained directly from the factor analyses, and we applied
standardization, AIlng(t;) = f,(t;)/std(f,). Alternatively, we selected
regions with significant loading factors to enter the computation of
the Arctic Impact Index according to Z(t;) = Zi\;ltxnzn(ti), where
a=—1,if A;,<0 and a = +1, if A;,>0, and z(t;) are standardized
anomalies of the time series of each observation. The time variation of the
index was obtained with double standardization Allng(t;) = Z(t,)/std(Z).
The time series-based index enabled us to extend the time period to
2002--2022, despite gaps and periods of solely GRACE/GRACE-FO and
CALM observations.

We calculated the means and standard deviations of the 98 ensemble
members for Alln (t;) and Allng(t;). To reflect uncertainties of the input
data in the index Allng(t;), we propagated the uncertainty associated with
the time series entering each member to the index and added this to the
ensemble standard deviation.

Correlation of atmospheric variables and Arctic Impact Index
We evaluated the relationship between the summer (JJA) mean of the
atmospheric variables z500 and t700 (Fig. 4) with both the Arctic Impact
Indices, the AIln, (2003-2019) and Allng (2002-2022), using the Pearson
correlation coefficient of lag zero. To assess the statistical significance of the
correlation, we applied a critical value of 5% (p-value < 0.05) using surrogate
time series based on phase scrambling® to account for autocorrelation in the
time series of the indices and the atmosphere variable at each grid point.

Empirical orthogonal functions analysis
To isolate the variability of large-scale atmospheric circulation patterns in
the set of atmospheric variables, we employed Empirical Orthogonal
Functions (EOFs)”’. The atmospheric fields were weighted spatially using
1/ cos(9), which varies depending on latitude, 9. We calculated the EOFs
using the Climate Data Toolbox for Matlab®®.

Data availability

The CALM data can be accessed at https://www2.gwu.edu/~calm/data/
north.htm. Time series of soil temperature measurements at Bayelva,
Svalbard, are available at https://doi.org/10.1594/PANGAEA.9489517. For
Samoylov station, Siberia, actively layer thickness, as well as multiple climate
and subsurface parameters can be downloaded at https://doi.org/10.1594/
PANGAEA.947032". The ESA Climate Change Initiative Permafrost data
and relevant documentation are available from https://climate.esa.int/en/
projects/permafrost/data/ and https://climate.esa.int/de/projekte/
permafrost/key-documents/, respectively”. GRACE/GRACE-FO gravity
fields (Level 2 data) and supporting documentation can be freely accessed
from the websites of the Science Data Systems Centres, available at http://
podaac.jpl.nasa.gov and http://isdc.gfz-potsdam.de, respectively. The North
Atlantic Oscillation (NAO) Index can be downloaded from https://www.
ncei.noaa.gov/access/monitoring/nao/. The Greenland Blocking Index
(GBI) is available from https://psl.noaa.gov/gcos_wgsp/Timeseries/Data/
gbi.mon.data. NCEP Reanalysis data are available from the following source:
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html (NCEP/DOE
Reanalysis II). Source data for the reproduction of Figs. 1 through 8 are
available for download”.

Code availability

Spherical harmonic functions were managed using the software package
developed by Frederik J. Simons, which is available at http://geoweb.
princeton.edu/people/simons/software.html (last accessed on 5 June 2024).

Empirical Orthogonal Functions (EOFs) were calculated using the Climate
Data Toolbox for MATLAB®. Factor analysis, along with other statistical
analyses and visualization of the results, were conducted using MATLAB
(version R2022b, MathWorks Inc., Natick, MA, USA).
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