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Abstract
Arctic sea-ice cover has declined drastically in recent decades, notably in the Barents-Kara Seas
(BKS). Previous research has linked low autumn BKS-ice cover to subsequent cold Eurasian
winters. This lagged relationship was observed in 2020/2021. Using a causal network framework
grounded in known physical mechanisms, we assess how strongly one factor directly influences
another (i.e. the causal relationship) and apply this analysis to the anomalies from 2020/2021. We
show that although year-to-year BKS-ice variations have only a minor impact on Central Asia
temperatures, that causal effect becomes important for attribution and prediction when we
consider the large long-term trend in BKS-ice cover. In particular, we find that Central Asia’s 2021
negative winter surface air temperature anomaly (relative to 1980–2020) can be fully explained by
the BKS-ice anomaly. We further estimate that BKS-ice loss has more than halved the winter
warming over Central Asia over the past 40 years. Hence rather than debating a cooling trend in
Central Asia during winter, we propose shifting the focus to the influence of Arctic Amplification
on anticipated warming trends. This study illustrates the efficacy of causal network analysis, which
has implications for seasonal prediction and attribution of midlatitude winter anomalies.

1. Introduction

Previous studies have identified a potential relation-
ship between anomalously low autumn sea-ice extent
in the Barents and Kara Seas (BKS), and extremely
cold surface (2m) air temperature (SAT) anomalies
across Eurasia during the following winter. The pro-
posed lagged relationship is thought to occur by
both a tropospheric and a stratospheric pathway
(Kretschmer et al 2016, 2018, Outten et al 2023).
Although the exact mechanisms and effect strengths
are still debated, it is assumed that warming of
the Arctic lower troposphere due to low BKS sea-
ice extent forces a stationary Rossby wave (Honda
et al 2009, Kim et al 2014) which strengthens the
Siberian High and intensifies Ural blocking (UB)
(Honda et al 2009, Gong and Luo 2017, Mori
et al 2019, Peings 2019, Tyrlis et al 2019, Ghosh

et al 2024, Kaufman et al 2024), and encourages
a negative phase of the Arctic Oscillation (AO)
and North Atlantic Oscillation (NAO) (Deser et al
2004, Jeong and Ho 2005, Nakamura et al 2016a,
2016b, Siew et al 2020), all of which favours cold
Eurasian SATs. The stratospheric pathway, in con-
trast, refers to weakening of the stratospheric polar
vortex (SPV) in response to BKS sea-ice loss and
the associated intensified UB, which interferes con-
structively with the climatological waves, thereby
promoting enhanced upward-propagating planetary
waves (Kim et al 2014, Kretschmer et al 2018).
The stratospheric anomalies then propagate down-
wards into the troposphere (Baldwin and Dunkerton
2001) and affect winter tropospheric circulation, for
example by inducing a negative AO phase (Kim et al
2014, Nakamura et al 2015, King et al 2016, Zhang
et al 2018).

© 2025 The Author(s). Published by IOP Publishing Ltd
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Figure 1. (a) JFM average 2021 2m temperature anomalies (shading) with average 500 hPa geopotential height (Z500) anomaly
contours (20 m interval), plotted over the Northern Hemisphere (20◦N-90◦N). (b), (c), (d) As in (a), but for January 2021,
February 2021 and March 2021 respectively. All figures are produced using ERA5 reanalysis data (Hersbach et al 2020). The
climatological reference period is 1979/1980–2019/2020. In panel (a) only, hatching shows values at least one standard deviation
below the mean. The red box shows the region over which the CAT index is computed.

However, it can be difficult to isolate these spe-
cific pathways and determine which has principal
influence. This has led to widely varying results
across observational and modelling studies regard-
ing the winter mid-latitude circulation and temper-
ature response to Arctic sea-ice decline (McCusker
et al 2016, Blackport et al 2019, Blackport and Screen
2020, 2021, Peings et al 2021, Zappa et al 2021,
Komatsu et al 2022, Sun et al 2022, Wang and Chen
2022, Outten et al 2023). As a result, the Arctic-
midlatitude relationship is still under debate, and in
particular, it remains unclear whether this relation-
ship is strong enough to be useful in seasonal predic-
tion and attribution (Barnes and Screen 2015).

Winter 2020/2021 provides an example of
this hypothesised lagged relationship between low
BKS and cold Eurasian SAT. Monthly near-surface

temperature anomalies were as much as 10 ◦C
below the reference climate period (winter 1979/1980
through winter 2019/2020, referred to subsequently
as the 1980–2020 period) across Eurasia (figure 1).
This followed an autumn in which there was anom-
alously low sea-ice extent and anomalously high SAT
observed in the BKS. Other important atmospheric
features include a sudden stratospheric warming
(SSW) that occurred in January 2021, that is, a rapid
weakening of the SPV, followed by a negative phase
of the AO. Thus, this winter presents what would
appear to be a textbook example of the hypothesised
BKS midlatitude SAT relationship, and has already
been the subject of research. For example, Nishii
et al (2022) argued using ensemble experiments of
an atmospheric general circulation model that Arctic
sea-ice decline contributed to Eurasian cooling in
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December 2020, but that neither sea-ice decline nor
sea surface temperature anomalies can explain the
negative Eurasian SATs or the negative AO observed
in January 2021.

Although model experiments can establish caus-
ality, model biases preclude applying the inferences
directly to the real climate system. AMIP-type experi-
ments, for example, are limited in their ability to cre-
ate a realistic simulation of atmosphere–ocean-sea-
ice coupled interactions, creating an over-simplistic
and potentiallymisleading understanding of the com-
plex and dynamic response of the atmosphere to
sea-ice loss (Deser et al 2015, 2016, Graff et al
2019, Blackport and Screen 2021, Liang et al 2021).
Instead, we follow a complementary approach using
causal networks and observational data. The rationale
behind such an approach is not to prove the caus-
ality of the relationships—for that, we rely on pre-
vious literature—but, rather, to quantify the hypo-
thesised causal relationships in the presence of con-
founding factors and estimate their contribution to
the 2020/2021 winter anomalies. We first use obser-
vational data to compare the meteorological condi-
tions during the autumn andwinter of 2020/2021.We
then use causal network analysis on a seasonal times-
cale as outlined by Kretschmer et al (2021) (hereafter
referred to as K21), and discussed further below, to
quantify the average causal effect of BKS on Eurasian
SATs via the stratospheric and tropospheric path-
ways using data from the 1980–2020 reference period.
Based on this analysis, we quantify the contribution
of BKS to the cold Eurasian winter in 2020/2021,
and discuss different ways how this can be inter-
preted, which might partly explain the competing
claims from different researchers concerning Arctic-
midlatitude connections.

2. Data andmethods

We utilised ERA5 reanalysis data in the exten-
ded winter (October to March) from 1979/1980–
2020/2021 (Hersbach et al 2020), here referred to
as observations. To attribute and predict temperat-
ures in Central Asia using BKS ice loss, we apply
a causal network approach as explained in detail in
K21. Causal networks are used to represent hypo-
thesised physical relationships in the climate system,
which facilitates their statistical analysis. In particu-
lar, it allows for better understanding of how causal
information flows and easier identification of con-
founding variables. We adapt K21’s example 4 to
explore the linear relationship between autumn BKS
and Eurasian winter SATs and create multiple linear
regression equations that reflect the specific telecon-
nections involved in the occurrence of cold Eurasian
temperatures. Our aim in MLR analysis is to quantify
the lagged causal relationship between autumn 2020
(OND) BKS and winter 2021 (JFM) Central Asia

2metre temperature (CAT) (keeping the seasons con-
sistent with Kretschmer et al 2020) via both the stra-
tospheric and tropospheric pathways. We choose not
to investigate the lagged relationship between indi-
vidual months due to the large amount of noise in
the system, and the expected non-stationarity of the
causal relationship within the season. Given the small
sample size of the observational recordwe also choose
not to investigate potential nonlinearities in the causal
relationship, or the role of sea-ice changes in other
regions of the Arctic. Any such influences will appear
in our residuals as unexplained variance. Importantly,
the analysis framework does not address the cause of
the BKS anomaly, thus does not differentiate between
internal variability and forced effects. It merely quan-
tifies the effect of that anomaly (however it is caused)
on the SPV and on CAT. The logic behind the analysis
is discussed further below.

For this causal network-guided MLR analysis, we
create time-series indices of the involved processes by
area-averaging over different regions and variables.
Indices includeUB (sea level pressure over 40◦E–85◦E
and 45◦N–70◦N), North Pacific blocking (NP; sea
level pressure over 35◦N–65◦N and 160◦E–140◦W),
the SPV (10 hPa zonal mean zonal wind over 55◦N–
65◦N), BKS ice (sea ice fraction over 65◦N–85◦N and
20◦E–90◦E) and CAT (2 m temperature over 45◦N–
65◦N and 70◦E–100◦E). The geographic areas for
each index follow K21.

The anomalies of these timeseries are created by
subtracting the mean value over the 41 year refer-
ence period (without winter 2020/2021). Before the
indices were used to train the MLRmodels, they were
linearly detrended and then standardised. The result-
ing MLR coefficients are then used to predict the rel-
evant indices for winter 2020/2021.

3. Results

The autumn/winter of 2020/2021 was character-
ised by low sea ice and high SAT. October dis-
played the most extreme sea-ice fraction (SIF) anom-
alies, reaching as low as −90%, followed by neg-
ative anomalies in November and December, albeit
less severe (figure 2). Z500 anomalies showed a
distinct wave-like pattern in January and February
(figures 1(b) and (c)), with strong negative anom-
alies over western Europe, northeast Asia, and the
North Pacific, alongside strong positive anomalies
over the BKS, Greenland, and northeast Canada.
The pattern mirrored that observed in Kim et al
(2014), suggesting a recurring climatic pattern. A
notable event occurred on 5 January 2021 with the
occurrence of an SSW (L’heureux 2021), leading to
a rapid weakening of the SPV. Anomalously high
geopotential heights appeared in the upper strato-
sphere at the start of January, propagating down-
ward through the stratosphere over the course of

3
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Figure 2. Arctic sea-ice fraction anomalies (%) from their respective long-term means (1980–2020) observed across the northern
polar circle (60◦N–90◦N) in (a) OND 2020 (seasonal average), (b) October 2020, (c) November 2020 and (d) December 2020.
The climatological reference period is 1979/1980–2019/2020. Hatching shows values at least one standard deviation below the
mean. The red box shows the region over which the BKS index is computed.

the month and eventually reaching the troposphere
by late January/early February (figure 3). Conversely,
anomalously low geopotential heights were observed
in the upper stratosphere in mid-February, gradu-
ally propagating downward through the stratosphere
and reaching the troposphere by the end of March,
though decreasing in strength at the longer lead
times. These observations support the hypothesised
dynamic coupling between the stratosphere and tro-
posphere, as suggested by numerous previous studies
(e.g. Baldwin and Dunkerton 2001, Kim et al 2014,
Baldwin et al 2020, Vargin et al 2022).

Following the January SSW event, a strong neg-
ative AO and NAO persisted for the remainder of
the month. This atmospheric pattern was associated
with a persistent trough, bringing colder than aver-
age temperatures over Europe and northern Asia.
In January, temperatures were approximately 2 ◦C
colder than average over northern Asia (NOAA
2021a) (as seen in figure 1(b)), while in February,
the strong negative AO persisted, resulting in temper-
atures at least 3 ◦C below the 20th-century baseline
(NOAA 2021b) (as seen in figure 1(c)). These tem-
perature anomalies underscore the significant impact

of atmospheric circulation patterns on regional cli-
mate conditions, highlighting the interconnected-
ness of atmospheric dynamics and surface climate
variability.

Before quantifying the contributions of BKS for
winter 2020/2021, we examine the time series of
the relevant indices (figure 4). Both the original
trended time series (solid) and detrended time series
(dashed) are presented. A clear long-term decline
is apparent in the BKS index, while the trends in
the other indices are small compared to the variab-
ility. While the BKS anomaly in autumn 2020 (cor-
responding to winter 2021 in figure 4(a)) is one of
the very lowest in the post-1980 record, the corres-
ponding detrended anomaly value is not. The 2021
winter SPV anomaly is negative but not particularly
extreme (figure 4(d)), but the UB anomaly is excep-
tionally positive (figure 4(b)). As for CAT, the 2021
winter anomaly is negative both for the trended and
detrended data (figure 4(e)).

We now demonstrate, using winter 2020/2021 as
a case study, how causal network analysis may be
used for seasonal prediction of Eurasian winter tem-
peratures. We further attempt to assign a percentage
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Figure 3. Area-averaged Arctic (60–90◦N) 2020/2021 daily geopotential height anomaly (in standardised units), relative to the
climatological reference period of 1979/1980–2019/2020. The dashed grey line represents the approximate location of the
tropopause.

influence that BKS in autumn 2020 has on CAT in
winter 2021, via both the stratospheric and tropo-
spheric pathways, hence perform an attribution of the
event. Finally, we place this winter in the context of
the longer-term trend.

Based on previous literature in the field of
Arctic mid-latitude connections, figure 5 displays the
assumed causal pathways by which autumn BKS is
understood to causally influence wintertime Eurasian
temperatures. The figure includes both the repor-
ted stratospheric pathway (via the SPV, blue arrows)
and the direct tropospheric pathway (red arrow).
Moreover, it highlights the complex influence of
autumn UB, which acts as a confounder as it influ-
ences autumn BKS as well as the winter SPV and
winter CAT (Kretschmer et al 2016, 2020, Luo et al
2016a, 2016b, Tyrlis et al 2019). Note that a mediat-
ing role of winter UB from BKS to CAT is considered
but assumed to only be relevant after the autumn
months (OND), and therefore not explicitly shown
in the network. Thus, importantly, we explicitly allow
for the possibility that autumn UB may be a driver
of BKS. We further include the confounder autumn
NP, potentially influencing both autumn BKS as well
as winter SPV. By controlling for the influence of
autumn UB and NP, we can isolate the causal effect
of BKS on CAT, irrespective of the cause of BKS (see
details below). Note that more remote influences on
BKS, such as ENSO or autumn snow cover, are cap-
tured by this network since they are understood to be
mediated by either autumn UB or autumn NP (see
also K21).

To quantify the effect of BKS on CAT via the tro-
pospheric pathway (red arrow in figure 5), we refer
to example 3 outlined by K21. In this ‘direct’ tropo-
spheric pathway, BKS affects CAT, for example via
enhanced UB in winter. To isolate this pathway in
the data, it is necessary to regress out the effect of
the stratospheric pathway, which involves the con-
temporaneous effect of the SPV on CAT, as well as
the confounding tropospheric effect of autumn UB.
We therefore condition on SPV during JFM and UB
inONDand the appropriateMLR equation becomes:

CATJFM = α1BKSOND +β1SPVJFM + γ1UBOND + ε.
(1)

The results of this causal pathway are displayed
in table 1. The α1 coefficient is 0.23 ± 0.16, mean-
ing that a 1 standard-deviation detrended anomaly
in BKS leads to a 0.23 standard-deviation detrended
anomaly in CAT through the tropospheric pathway.
In other words, the year-to-year variability in BKS
explains less than 10% of the variance (0.23)2 = 0.05
in the year-to-year CAT variability through the tropo-
spheric pathway. Estimated this way, its contribution
in 2020/2021 would be small since the detrended BKS
anomaly was not particularly large (−1.07). However,
multiplying α1 by the autumn 2020 BKS trended
anomaly (−3.07), a value of−0.70± 0.49 is obtained.
This exceeds the winter 2021 CAT trended anomaly
(−0.64), relative to the 1980–2020 reference period
(figure 6). Before reflecting on this perhaps surpris-
ing result, we complete the MLR analysis.

5
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Figure 4. The trended (solid) and detrended (dashed) time series for (a) BKS index (OND), (b) UB index (OND), (c) NP index
(OND), (d) SPV index (JFM) and (e) CAT index (JFM), for the period 1980–2021, presented in standardised units of one
standard deviation of the detrended time series (excluding autumn/winter 2020/21). The values in 2020/21 are provided in the
inset. Although the BKS, UB and NP indices are created using data from OND 1979–2020, for simplicity the x axis on each plot
refers to the winter years, i.e. 1980–2021.

The stratospheric pathway (blue arrows in
figure 5) can be split into two parts. The first part
is the teleconnection from BKS to SPV, which is pro-
posed to be mediated via winter UB (Kim et al 2014,
Kretschmer et al 2016). However, UB also influences
BKS (Tyrlis et al 2019), hence acts as a common driver
of SPV and BKS (grey arrows in figure 5), making it
necessary to regress out its influence. Additionally,NP

can also influence both BKS and SPV (grey arrows in
figure 5), and therefore needs to be regressed out.
We follow the methodology in K21 and condition
on UB and NP in the same months as BKS (OND),
assuming that the mediating role of UB involves a
time-lag and is therefore not regressed out this way.
The MLR equation to express the effect of BKS on
SPV is therefore (K21):
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Figure 5. The hypothesised causal pathways between autumn (OND) Barents-Kara sea-ice fraction (BKS) and winter (JFM)
Central Asia 2 metre temperature (CAT). The tropospheric pathway is shown in red and the stratospheric pathway via the winter
stratospheric polar vortex (SPV) in blue. Ural blocking (UB) and North Pacific blocking (NP) in autumn are also included due to
their confounding effects on BKS, SPV and CAT.

SPVJFM = α2BKSOND +β2NPOND + γ2UBOND + ε
(2)

where the regression coefficient α2 (0.22 ± 0.15)
is the effect from BKS to SPV we aim to isol-
ate (table 1). The values of the regression coef-
ficients from K21 are provided for comparison,
and are found to be entirely consistent with our
values.

These coefficients are however for the year-to-
year variability as reflected in the detrended timeser-
ies. If we consider the actual (trended) values, then
as with the tropospheric pathway, a different pic-
ture emerges. Multiplying the regression coefficient
α2 from equation (2) (0.22 ± 0.15) by the autumn
2020 BKS standardised trended value (−3.07), a
value of −0.68 ± 0.46 is obtained. This can fully
account for the trended value of the winter 2021
SPV anomaly (−0.69). Thus, although the year-to-
year variability of BKS explains only a small amount
of the year-to-year SPV variability, the long-term
decline in BKS can be a very significant causal
factor for SPV anomalies relative to a historical
baseline.

The second part of the stratospheric pathway is
the influence of SPV on CAT. To isolate this effect, we
take the regression coefficient β1 from equation (1)
(0.15 ± 0.16), which represents the effect from SPV
on CAT after controlling for the common drivers
BKS and UB. By multiplying together both com-
ponents of the stratospheric pathway, that is, the
causal effect of BKS on SPV (0.22 ± 0.15) and of
SPV on CAT (0.15 ± 0.16), we get the total effect
of BKS on CAT via the stratospheric pathway as
0.033 ± 0.042. This is much smaller than the value
of 0.23 ± 0.16 found for the tropospheric pathway.

Note that this stratospheric-pathway effect is, like
the tropospheric-pathway effect, already predictable
from autumn conditions. If the winter SPV value is
already known, then its causal effect on winter CAT
(0.15 ± 0.16) is more comparable to that of BKS
(0.23 ± 0.16), however that is of no use for seasonal
prediction since that effect is synchronous.

The total effect of autumn BKS on winter CAT
can finally be quantified by calculating the sum of the
effects each of these pathways has on CAT, i.e.:

Total (α3) = Tropospheric+ Stratospheric

= α1 +(α2 ×β1) (3)

which adds up to (0.23 ± 0.16) + (0.033 ± 0.042)
= 0.26 ± 0.17 and represents the total standardised
effect of BKS on CAT via both pathways (table 1).

Note that the sum of the tropospheric and strato-
spheric pathways (described above) is equivalent to
the estimate of the total contribution from BKS to
CAT using MLR based on figure 5

CATJFM = α4BKSOND +β4NPOND + γ4UBOND + ε.
(4)

The α4 coefficient from this equation is equal to
0.25± 0.16, which is similar (within uncertainties) to
the estimate of 0.26± 0.17 from summing the tropo-
spheric and stratospheric pathways (table 1).

We now discuss the overall attribution results as
represented in figure 6. Multiplying the 2021 BKS
detrended anomaly (−1.07) by the total effect of
both the tropospheric and stratospheric pathways
(0.26 ± 0.17) gives a value of −0.28, which only rep-
resents 29% of the 2021 CAT detrended anomaly of
−0.98. Thus, the influence of BKS on CAT appears

7
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Table 1. Results of the regression coefficients from equations (1)–(4) and associated standard errors. Calculations of the influence of
BKS on winter CAT (α1 in equation (1)), BKS on the winter SPV (α2 in equation (2)), and SPV on CAT (β1 in equation (1)) are also
provided.

Coefficient Standard error K21

Equation (1)

α1 0.23 0.16 —
β1 0.15 0.16 —
γ1 −0.14 0.16

Influence of BKS on CAT via the tropospheric pathway
Detrended: (0.23± 0.16)× (−1.07) =−0.25± 0.17(25± 17%)
Trended: (0.23± 0.16)× (−3.07) =−0.70± 0.49(109± 77%)

Equation (2)

α2 0.22 0.15 0.21
β2 0.24 0.15 0.27
γ2 −0.16 0.16 0.00

Influence of BKS on SPV
Detrended: (0.22± 0.15)× (−1.07) =−0.24± 0.16(41± 27%)
Trended: (0.22 ± 0.15)× (−3.07) = −0.68 ± 0.46(99± 67%)

Influence of BKS on CAT via the stratospheric pathway
Detrended: (0.22± 0.15)× (0.15± 0.16)× (−1.07) =−0.035± 0.045(4± 5%)
Trended: (0.22± 0.15)× (0.15± 0.16)× (−3.07) =−0.10± 0.13(16± 20%)

Equation (3)

α3 0.26 0.17 —

Total effect of BKS on CAT via both pathways
Detrended: (0.26± 0.17)× (−1.07) =−0.28± 0.18(29± 18%)
Trended: (0.26± 0.17)× (−3.07) =−0.80± 0.52(125± 81%)

Equation (4)

α4 0.25 0.16 —
β4 −0.13 0.15 —
γ4 −0.20 0.16 —

Figure 6. Observed and estimated Central Asia temperature (CAT) anomaly in winter 2020/21 for (a) the detrended data and (b)
the trended data. Shown are the observed values (blue bars) in that winter, and the prediction based on the total effect of BKS and
on the separate estimates of the tropospheric and stratospheric pathways. The red bars show the difference between the observed
and predicted values. All values are shown in units of standard deviations of the detrended timeseries over the reference period
(see methods). The whiskers in the middle bars indicate the standard errors.
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to be modest in terms of explaining the year-to-year
variability.

However, the influence of BKS on yearly anom-
alies relative to a long reference period over which
BKS has substantially declined is considerably lar-
ger. Indeed, the total causal effect of the 2021 BKS
trended anomaly is more than sufficient (125± 81%)
to explain the 2021 CAT trended anomaly. What that
means is that in a counterfactual world without BKS
decline, we could have expected the 2021 CAT anom-
aly, relative to 1980–2020, to have been positive rather
than negative. That is not a particularly radical pro-
position, given that we are living in a warming world.

We can also calculate the contribution of the BKS
decline to theCAT trend.Multiplying the total decline
in the BKS index over the reference period (−4.00
in standardised units) by the effect of both path-
ways (0.26 ± 0.17) gives the total effect of the BKS
trend on the CAT trend over 42 years. This value is
−1.04 ± 0.68, which equates to −2.11 ± 1.38 ◦C in
physical units, given that the standard deviation of
the detrended CAT timeseries is 2.03 ◦C. Since the
observed warming of CAT over 42 years was 1.36 ◦C,
we thus infer that without the BKS decline the warm-
ing over the same period would have been 3.47 ◦C.
In other words, the warming trend in winter CAT
between 1979 and 2021 has been more than halved
by BKS reduction. Of course, there are large uncer-
tainties on these numbers.

From figure 4(d) we saw that there is essentially
no long-term trend in winter SPV. Yet, based on our
estimates, the long-term BKS decline can be expec-
ted to have induced a long-term decline in SPV of
−4.00 × (0.22 ± 0.15) = −0.88 ± 0.60 in stand-
ardised units, which equates to −7.2 ± −4.9 m s−1

in physical units. Such a decline would be difficult
to detect statistically, but suggests that without BKS
decline the SPV would have strengthened rather than
exhibiting basically no trend. This is consistent with
climate models showing a strengthening of the SPV
under climate change after the sea ice-induced weak-
ening is removed (Kretschmer et al 2020). Thus,
our results are consistent with the hypothesis that
the expected strengthening of the SPV under climate
change has been approximately offset over the years
by BKS decline.

We finally comment on the role of UB trends in
our analysis, since they have been a topic of some
discussion (e.g. Kaufman et al 2024). Over the ref-
erence period analysed here, the OND UB index has
increased by 0.5 in standardised units. The correla-
tion between detrended OND UB and BKS is −0.26.
Assuming this represents a direct causal link from
OND UB to BKS, this implies that the long-term
trend in OND UB has provided −0.13 of the long-
term BKS decline of −4.00 over this period, which is
negligible. Yet the extreme high OND UB in 2020/21
of 2.30 contributed −0.64 to the low BKS that year,

so was not a negligible factor in that particular year.
Further, the causal effect from OND UB to CAT of
−0.14 from equation (1) suggests that the trend inUB
has contributed−0.07 towards the long-term trend in
CAT, which is negligible compared to the estimated
BKS contribution of−1.04.

4. Discussion and conclusions

We investigated the role of BKS-ice decline in the
extreme CATs observed in 2020/2021 winter, using
ERA5 reanalysis data to construct atmospheric tele-
connection indices that are hypothesised to act as
common or mediating drivers in the relationship. To
do this, we applied MLR analysis to quantify the rel-
ative contributions from the tropospheric and strato-
spheric pathways based on a causal network approach
(figure 5). It appears that the effect of BKS on CAT
is strongly dominated by the tropospheric pathway.
This is an important source for seasonal predictab-
ility, because its effect can be computed already in
autumn, and does not rely too much on stratospheric
variability. Seasonal predictionmodels should be fur-
ther evaluated to understand biases in capturing these
linkages.

The large standard errors related to the regres-
sion coefficients suggest a high degree of uncer-
tainty when attempting to quantify the effect of
BKS on CAT. Thus, this approach should not be
considered as a replacement to predictions by sea-
sonal forecast models, or model-based attribution,
but instead showcases an alternative approach which
may be used to complement other analyses. In partic-
ular, causal networks serve as a means to develop
quantitative hypotheses and plausible storylines.
As emphasised in K21, they facilitate straightfor-
ward statistical analysis of data and offer a frame-
work for articulating and quantifying both dir-
ect and indirect teleconnection pathways (Outten
et al 2023).

With these caveats in mind, our results suggest
that in terms of the year-to-year variability, BKS has
a minimal effect on CAT, and this was also the case in
2020/2021. This is consistent with Nishii et al (2022)
(section 1), who also find a limited relationship with
January temperatures in particular, when using cli-
mate model experiments. However, when we con-
sider the long-term decline in BKS, we get an entirely
different picture (figure 6). In particular, our ana-
lysis implies that without the long-term BKS decline,
the CAT anomaly (relative to 1980–2020) would have
been positive rather than negative. Overall, the res-
ults highlight the importance of BKS as a source, and
causal networks as a statistical framework for seasonal
predictability and attribution, when the historical ref-
erence period includes a strong trend in one of the
explanatory variables. That trend is already loading
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the dice, and needs to be reflected in the attribution
statements.

Additionally, when analysing the long-term trend
in the CAT time series, our results suggest that BKS
decline has roughly halved the expected warming
from greenhouse gas increases. Given that there is
evidently a tug-of-war between a BKS-induced win-
tertime cooling trend in Central Asia and an over-
all global warming trend from climate change in the
absence of BKS changes, a focus on the sign of the net
temperature trend is not the most physically inform-
ative approach. Indeed, this may be one of the reas-
ons for the apparently contradictory findings repor-
ted in the literature. For example, if the observed CAT
anomaly in 2021 was only slightly warmer, then it
could have been positive rather than negative, and
it would not have made sense to have described the
BKS-induced CAT cooling as a percentage of the
observed anomaly. This shows the limitations of frac-
tional attribution statements when different causal
factors are operating in opposite directions, and the
importance of bringing physical reasoning into the
statistical analysis (Shepherd 2021). Instead of debat-
ing awintertime cooling trend inCentral Asia (see e.g.
Blackport et al 2024), we suggest that focus should
shift to how Arctic Amplification impacts expected
warming trends.
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