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Extraordinary 2021 snowstorm in Spain
reveals critical threshold response to
anthropogenic climate change
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Attribution of extreme weather events to anthropogenic climate change (ACC) has become an
increasingly important line of research in recent years. However, the potential influence of ACC on
heavy snowstorms remains largely unexplored. Here we focus on studying the exceptional January
2021 snowfall event in Spain, known as Filomena. First, using observational data and flow analogs, we
show that the characteristic synoptic pattern leading to the episode has not significantly changed in
frequency over the past decades. Based on this, we assume a fixed dynamical pattern and focus on
studying the influence of ACC on the thermodynamics of the event using an atmospheric model and a
storyline attribution approach. Our simulations indicate that in northern highlands, ACC intensified
snowfall by up to +40% compared with pre-industrial conditions, while in nearby southern lowlands
ACC weakened snowfall by up to -80%. This characteristic shift from weakening to intensification is
well defined by a critical threshold in temperature. Furthermore, we show that if Filomena were to occur
at the end of the 21 century, this contrasting response to ACC would be enhanced. Altogether, our
findings highlight the large but uneven impact of global warming on extreme snowstorm events.

Between January 6 and 10, 2021, a low-pressure system named Filomena by
the Spanish National Meteorological Service (AEMET) hit Spain, causing an
extraordinary snowfall episode. In the capital, Madrid, as well as in other
regions of central and eastern Iberia, the snow depth exceeded 50 cm, making
it one of the worst snowstorms in recent times'. Such snow accumulations
caused widespread chaos, especially in the central part of the country,
including the closure of airports and roads. Five people died and damages
amounted to €1.8 billion (2021 USD2.2 billion)>. In addition, the snowfall
severely affected tree cover in the epicenter of the event’.

In the days and weeks following the event, many Spanish media outlets
hypothesized a possible link between the Filomena snowstorm and global
warming. In fact, some sectors of society adopted this hypothesis as true,
interpreting the event as a sign of the dramatic impact of climate change in
Spain. This is clearly palpable in the internet appearance of the term
“Filomena” accompanied by “climate change”, which skyrocketed in the
immediate aftermath of the event, and continued ever since (Supplementary
Fig. 1). However, did anthropogenic climate forcing really promote or
intensify the snowfall episode? In the past, several authors have tried to

answer this same question for extreme rainfall events*” using different

climate change attribution techniques. However, attribution studies are
much less numerous for extreme snowfall episodes”, and even more so in
Spain, where the attribution of extremes to anthropogenic climate change
(ACC) is still underexplored.

The hypothesis that the snowstorm was to some extent linked to ACC
is generally based on two main arguments. The first relates to atmospheric
dynamics: according to some previous studies, the enhanced warming of the
Arctic relative to lower latitudes, the so-called Arctic amplification, could
lead to a wavier Northern Hemisphere jet stream'’, which in turn would
affect mid-latitude weather making cold air outbreaks or Filomena-like
events more likely'' ™. The second argument is more related to atmospheric
thermodynamics than dynamics: a warmer atmosphere can hold more
moisture, ~7% more per degree according to the Clausius-Clapeyron
relation, which could intensify snowfall if the temperature remained low
enough so that precipitation did not change phase'*"". However, other
authors suggest that there is no significant impact of ACC on the jet
stream'”"® and that temperature increases have only reduced snow'’,

"Hydro-Climate Extremes Lab, Ghent University, Ghent, Belgium. 2°CRETUS, Non-Linear Physics Group, Universidade de Santiago de Compostela, Santiago de
Compostela, Spain. *Andorra Research -+ Innovation, Andorra la Vella, Andorra. *Agencia Estatal de Meteorologia (AEMET), Madrid, Spain. “GAMA, Department of

Applied Physics, Universitat de Barcelona, Barcelona, Spain.

e-mail: damian.insuacosta@ugent.be

Communications Earth & Environment| (2024)5:339


http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01503-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01503-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01503-7&domain=pdf
http://orcid.org/0000-0001-9699-2806
http://orcid.org/0000-0001-9699-2806
http://orcid.org/0000-0001-9699-2806
http://orcid.org/0000-0001-9699-2806
http://orcid.org/0000-0001-9699-2806
http://orcid.org/0000-0002-0925-3827
http://orcid.org/0000-0002-0925-3827
http://orcid.org/0000-0002-0925-3827
http://orcid.org/0000-0002-0925-3827
http://orcid.org/0000-0002-0925-3827
http://orcid.org/0000-0002-2675-3196
http://orcid.org/0000-0002-2675-3196
http://orcid.org/0000-0002-2675-3196
http://orcid.org/0000-0002-2675-3196
http://orcid.org/0000-0002-2675-3196
http://orcid.org/0000-0001-8720-4193
http://orcid.org/0000-0001-8720-4193
http://orcid.org/0000-0001-8720-4193
http://orcid.org/0000-0001-8720-4193
http://orcid.org/0000-0001-8720-4193
http://orcid.org/0000-0002-4259-7883
http://orcid.org/0000-0002-4259-7883
http://orcid.org/0000-0002-4259-7883
http://orcid.org/0000-0002-4259-7883
http://orcid.org/0000-0002-4259-7883
http://orcid.org/0000-0001-6186-5751
http://orcid.org/0000-0001-6186-5751
http://orcid.org/0000-0001-6186-5751
http://orcid.org/0000-0001-6186-5751
http://orcid.org/0000-0001-6186-5751
mailto:damian.insuacosta@ugent.be

https://doi.org/10.1038/s43247-024-01503-7

Article

including extreme snowfall’”". In other words, although the hypothesis of
an ACC influence on the Filomena snowstorm is well-founded, it is far from
proven. Therefore, our main goal is to unravel the link between global
warming and this extreme event, considering both dynamic and thermo-
dynamic drivers.

When attributing extremes to ACC, probabilistic or risk-based attri-
bution methodologies have been among the most widely used*” and, gen-
erally speaking, they consist in analyzing the change in the probability of
occurrence of a particular event between different climate model scenarios.
However, the ability of such models to simulate snow—especially extremes—
is low and the partitioning of hydrometeors is very uneven among them®,
making them unsuitable for our case. For this reason, here we use a novel
approach, based on the combination of the circulation analogs technique®*
and a storyline attribution tool” in a common framework”. The analogs are
used to analyze whether the large-scale atmospheric pattern that led to the
snowfall event has become significantly more or less frequent with warming.
Faranda et al”® recently analyzed the Filomena case using this same tech-
nique; however, they did not focus on dynamics, i.e., on investigating whe-
ther the probability of such atmospheric pattern has changed. Finally, we
used Pseudo Global Warming (PGW) simulations”, a type of storyline
attribution approach, to analyze whether global warming increased,
decreased, or had no effect at all on snowfall amounts (i.e., the intensity of
the event). The PGW approach focuses on the thermodynamics of the event
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Fig. 1 | Synoptic situation and model performance. a Geopotential height at

500 hPa (shades in dam) and sea level pressure (white contours in hPa) simulated by
the WRF model at 00UTC on January 9, 2021. The letters L (blue) and H (red)
indicate the central position of the low- and high-pressure systems at that instant,
respectively. b Total precipitable water (shades in mm) and isotherms of 0 °C and
-5°C at 850 hPa (dashed dark blue and purple contours, respectively) for the same

and has been widely used for ACC attribution of hurricanes™*, and recently

also for heat waves, droughts, or extreme convective events™ . However, to
the best of our knowledge, only a couple of studies have applied this tech-
nique to extreme snowfall events®. While the region of study in those
investigations was different from ours, their findings could be informative for
cases like Filomena, if it was not for their contradictory results regarding the
weakening or intensification of extreme snowfall following ACC. This
underscores the need to continue exploring the relationship between global
warming and extreme snowfall.

Results

Brief description of the event

Storm Filomena formed in the eastern U.S. as an extratropical cyclone
between January Ist and 2nd (2021), and by January 3rd, it entered the
Atlantic via Nova Scotia. On January 5th, it was positioned near the Azores.
The storm intensified upon reaching warmer waters, causing heavy rains and
winds in the Canary Islands from January 6th to 7th. Meanwhile, the Iberian
Peninsula had been experiencing extreme cold since Christmas 2020. When
Filomena arrived there on January 8-9th, associated with a mid-latitude
trough (Fig. 1a), the combination of the warm and moist air mass transported
by the storm with the pre-existing cold conditions (Fig. 1b) led to widespread
snowfall, especially in the center and east of Spain (Fig. 1¢, d). In addition to
the snow, extreme rainfall affected southern areas of the country, such as
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model and instant as (a). ¢ Snow water equivalent simulated by WREF for the 3 main
days of the event (from 00UTC January 7 to 00UTC January 10). d Same as (c) but for
observed snow from AEMET weather stations. The gray boxes in (a, b) indicate the
region selected to show the snowfall fields in (¢, d), roughly corresponding with the
Iberian Peninsula domain. The simulated fields in (a, b, ¢) correspond to the average
of all WRF ensemble members.
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Fig. 2 | Filomena-like storms. The 30 closest flow analogs to Filomena since 1836 in
terms of geopotential height at 500 hPa (dashed white contours in dam) and sea level
pressure (black contours in hPa). Analogs are ordered according to the cumulative
normalized RMSD for both variables (shown to the left of the date above the figures),
so that analog 1 (top left) would be the closest to Filomena. The temperature at

850 hPa (shades in °C) is also plotted, even though it was not used in the search for
analogs. Note that the reference pattern, i.e., the mean fields for the main day of the
event, 9 January 2021, is shown at the top (left), together with the averaged fields for
the 30 analogs shown (right).

Malaga in Andalusia, with more than 250 mm accumulated between 7 and 11
January in some places'. Finally, the aftermath of Filomena led to a
remarkable cold wave from 11 to 17 January, setting new temperature records
with lows reaching —26.5 °C in some areas'. For a better understanding of the
time evolution of the conditions leading to the event, see Supplementary
Fig. 2, which shows the same fields in Fig. 1a, b for different days of the event.

Figure 1c, d show the snowfall (in terms of snow water equivalent, not
snow depth) simulated by the Weather Research and Forecasting (WRF)
model with which the PGW simulations were carried out (see Methods
section), and that observed at different weather stations of the AEMET

network, respectively. The WRF simulations (Fig. 1¢) are able to capture the
strong snowfall event and its geographical distribution. Despite differences
in specific locations, the model simulates well the observed snowfall pattern
(Fig. 1d), with maximum values over the centre of the Iberian Peninsula
extending eastwards. Most importantly, in places where the snowfall was
most severe, the model predicted values of ~30-50 mm in agreement with
the in situ observations. Furthermore, it is important to note that snow water
equivalent observations are far from perfect; thus differences between
simulation and observations in some areas do not necessarily indicate model
errors. In Supplementary Fig. 3 we show an additional validation of the
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model results, comparing the simulated synoptic situation (Fig. 1a) and the
simulated snowfall (Fig. 1¢) against reanalysis data, which further supports
the accuracy of the model results.

Filomena-like storms and their long-term frequency trend

As stated in the Introduction, a possible connection between ACC and the
Filomena snowstorm could arise from a change in atmospheric dynamics
eventually increasing the frequency of this type of event. To test this
hypothesis, we detected all historical circulation analogs (from 1836 to 2015)
considering the geopotential height at 500 hPa and sea level pressure (see
Methods for details). In Fig. 2 we show the 30 closest analogs to Filomena
(i.e., those minimizing the cumulative normalized RMSD of both variables).
The similarity between the analogs and the case study is evident when they,
or their average (top right in Fig. 2), are compared to the actual atmospheric
pattern leading up to the event, i.e, the ERA5 reference fields used for the
analogs experiment (top left in Fig. 2). In fact, some of the analogs coincide
with historical snowfall events in the central part of the Iberian Peninsula,
such as that in February 1984 (position 2) or that in November 1904
(position 24). This shows that the atmospheric configuration of Filomena
entails a high risk of severe snowfall in the area and that the method used to
detect analogous events is effective.

In Fig. 3 we represent the time series of all analog days per year, ranging
from 0 to 6 days, with point maxima of 9 days. The slope of the linear
regression of the analog frequency (red line in Fig. 3) reveals that there is no
significant long-term trend (p > 0.05). In this figure, we also show the fre-
quency per decade (upper right corner) which clearly evidences that there is
no clear trend. Therefore, we discard the hypothesis that ACC has increased
the frequency of this type of synoptic configuration in any significant way. In
other words, based on these results, if ACC had affected the snowfall event it
would have been through changes in atmospheric thermodynamics and not
dynamics.

ACC influence on Filomena snowfall intensity

To assess the influence of ACC on the huge snowfall amounts recorded, we
compared the simulated snowfall for the Filomena event in the counter-
factual simulations (Supplementary Fig. 4) with the factual simulations
(Fig. 1c). As better explained in the Methods section, both counterfactual
simulations for the past (pre-industrial era) and for the future (2070-2100)
are based on WRF perturbed with the anthropogenic climate signal
extracted from different CMIP6 models. Figure 4a shows the mean differ-
ence in snow water equivalent between the present and the pre-industrial
past. In addition, in Fig. 4b we show the simulated snow water equivalent
values for three specific cities: Soria, Madrid, and Ciudad Real, indicated
witha 1,2, and 3 in Fig. 4a, respectively. These box-plots show the values for
both the past (purple) and present (blue) counterfactual simulations and
allow us to appreciate the dispersion between the different members of the
ensemble described in Methods. Finally, Fig. 4c shows the relative difference

in snow between present and past for these three cities. Therefore, positive
values in both Fig. 4a (in green and blue colors) and 4c indicate more snow in
the present than in the past. Analogously, Fig. 4d, e, f analyze the differences
in snow water equivalent between simulations for the future (red in Fig. 4e)
and those for the present (blue in Fig. 4e). In this case, the positive values in
Fig. 4d, f indicate more snow in the future scenario than in the present
climate, i.e., in reality.

Given that in both present versus past and future versus present
simulations there is a generalized increase in temperature, higher for the
future (see Supplementary Fig. 5a, b), the first thing standing out is that
warming has an uneven effect on recorded snowfall amounts. In the north-
northwestern areas, warming tends to intensify snowfall, with increases of
up to +7 mm in the present versus the past (Fig. 4a) and exceeding +15 mm
in some areas for the future versus the present (Fig. 4d). However, in the
south and southeast, warming tends to weaken the snowfall, with decreases
in excess of -30 mm, more widespread in the future versus the present
(Fig. 4d) than in the present versus the past (Fig. 4a). Absolute differences in
snowfall between the present climate and the pre-industrial past yield
weakening and intensification values of up to —80% and +40% when
analyzed in relative terms, respectively (Supplementary Fig. 6). For the
differences between the future scenario and the present climate, these
relative differences intensify, with large areas where snowfall disappears
(—100%) and others where it intensifies by more than +60%. Despite this
uneven pattern, weakening prevails over intensification, which means that
both the area affected by snowfall and the total snow amount decrease with
warming when analyzing the region as a whole (see Supplementary Table 1).

When we focus on the 3 cities mentioned above, this differing pattern is
clearly reflected; in fact, the selection of these three cities and not others was
intended to show precisely this pattern. In Soria, the northernmost city, the
amount of snowfall goes from 12 mm in the pre-industrial past to 14 mm in
the present climate (Fig. 4b) and about 19 mm in the future (Fig. 4e), which
is equivalent to relative increases of about +15% (Fig. 4c) and +35%
(Fig. 4f). Conversely, in Ciudad Real, the southernmost city, snowfall goes
from almost 35 mm in the pre-industrial past to just over 15mm in the
present (—50%) and 0 mm in the future (—100%). For both cities, although
the different ensemble members show an important dispersion, the signs of
the relative change (positive in Soria and negative in Ciudad Real) are highly
significant (p < 0.001). Madrid, however, is located in the center of the
Iberian Peninsula and is therefore around the limit between the zone of
snowfall intensification in the north and the zone of weakening in the south.
On average, the simulations show that the snowfall was slightly more intense
in the present than it would have been in the pre-industrial past, increasing
from 46 to 48 mm (4-5%), but the statistical significance of this change is
lower (0.01 < p < 0.05). For the future, there is a higher degree of certainty
(p<0.001) that Madrid would move into the weakening zone, so that
snowfall amounts would be reduced by more than —10% (from 48 to
42 mm). Note that a more detailed analysis of the uncertainty can be found

Fig. 3 | Historical evolution of the frequency of 124 F-0045 p=04 y=—134+00022 x T
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Fig. 4 | Changes in Filomena’s intensity. a Difference in accumulated snow water
equivalent for the main days of the event (from 00UTC January 7 to 00UTC January
10) between the mean of all factual simulations and the pre-industrial counterfactual
ones. b Snow water equivalent for three Spanish cities (Soria, Madrid, and Ciudad
Real) indicated with a number in (a) (1, 2, and 3, respectively). Snowfall amount is
shown for both past (purple) and present (blue) climates. The box-plots show the

dispersion between the different simulations performed, with the orange dot
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highlighting the ensemble mean. ¢ Relative difference in snow water equivalent
between past and present climate for the three cities. Asterisks show the level of
statistical significance (one asterisk p < 0.05, 2 asterisks p < 0.01 and three asterisks
P <0.001). This is calculated using a t-test, with the null hypothesis being that the
relative change in snow is zero. d, e, f Same as (a, b, ¢) but for the mean difference
between snow water equivalent in the future counterfactual simulations (SSP5-8.5
scenario) and the factual ones.

in Supplementary Fig. 7, where the relative changes in snowfall in these three
cities are shown for all members of our ensemble.

To better understand the spatial pattern of change in snowfall with
warming depicted in Fig. 4, in Fig. 5 we show the relative differences in terms
of snow water equivalent, both for present versus past (Fig. 5a), and future
versus present (Fig. 5b), as a function of latitude (Y-axis) and altitude (X-
axis). We also show these relative variations for total precipitation and not
just snowfall (Fig. 5¢, d). From Fig. 5a, b, we can robustly conclude that
snowfall tends to intensify in high-elevation and high-latitude areas while
decreasing in low-elevation and low-latitude regions. In fact, that the dif-
ference in snowfall between counterfactual and factual scenarios depends on
elevation is already evident when comparing these fields (Fig. 4a, d) with the
topography of the region (Supplementary Fig. 8). Total precipitation,
however, intensifies almost everywhere due to the generalized increase in
total precipitable water expected from the Clausius—Clapeyron relation (see
Supplementary Fig. 5¢, d), although there still remains a small dependence
on latitude. In view of these figures, the reason behind the pattern of var-
iation in snowfall is evident; in those places where, despite the warming, the
temperature is still low enough for precipitation to remain in snow form
(such as in northern and/or highland areas) snowfall intensifies because of
the increase in atmospheric moisture. However, in lower elevations and
especially in the south, warming is sufficient to bring the temperature above
the freezing point for part or all of the event’s duration, so that despite the
increase in total precipitation, the snowfall diminishes as a result of the phase
change to liquid.

Discussion

Our findings show a complex response of the Filomena snowstorm to ACC.
Although the frequency of the synoptic configuration that triggered the
event did not increase with warming, it did significantly affect the snowfall

intensity and spatial distribution through thermodynamic influences. The
spatially heterogeneous response of the event to ACC is clearly reflected in
the fact that for some places the temperature increases since pre-industrial
times was sufficient to reduce snowfall amounts by up to —80%, while in
others (in the order of 100 km apart), even in a future scenario of extreme
warming, snowfall would intensify by more than +60%.

The contrasting pattern of ACC influence is a consequence of the
combined effect of both an increase in air temperature and humidity on
snowfall, something that has already been proposed by other authors in the
past. For example, it is known that climate models simulate an increase in
snowfall in polar latitudes, where the mean temperature is below a critical
threshold according to previous studies'“'*”'. Climate models also simulate
this same effect of intensified snowfall in high mountain areas*””. However,
in warmer areas, and especially in those with an average temperature close to
the melting point, snowfall is expected to be drastically reduced®. Our
analysis based on recent snow reanalysis data confirms this response of
snowfall to warming. Specifically, using ERA5 data from 1941 to 2022, we
calculate that, considering the period from October to March, the critical
threshold marking the separation between increase and decrease of snowfall
in the Northern Hemisphere corresponds approximately to the —5°C
isotherms (Fig. 6 right). Therefore, this threshold effect, which had already
been demonstrated at the climatological scale (decades), also applies at the
local or event scale (a few days). In other words, just as at the climatic scale
there is a limit marked by a given isotherm, usually close to polar areas or
very high mountain systems, beyond which the annual snowfall goes from
decreasing to intensifying, at the event scale there is also a very clear
boundary beyond which the same effect occurs (Fig. 6 left). In the case of
Filomena this critical threshold of approximately —1 °C was located at an
altitude close to that of Madrid (~657 m.a.s.l.). Although the threshold was
somewhat variable with latitude, it shows that at the event scale, the
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between -9.5 and 3.5° longitude (roughly matching the Iberian Peninsula) clustered
by altitude and latitude. b Same as (a) but for the mean difference between future
counterfactual simulations (SSP5-8.5 scenario) and factual ones. ¢, d Same as (a, b)
but for total precipitation, not just snow.

boundary between weakening and intensification of snowfall may not
be located particularly far north or at particularly high elevations, as is the
case for the climatic scale. The position of this boundary also depends on the
nature of the event; if the Filomena cyclone had advected colder air from
the northern regions, it would have been lower, both in altitude and latitude.
The integration of different snow events over time (schematized with the
overlapping panels on the left in Fig. 6) ultimately determines the critical
threshold at a climatic scale (Fig. 6 right).

Our analysis focuses on a single case, but the results obtained can be
extrapolated to other extreme snowfall events, since the conclusions reached
are based on basic thermodynamical principles. This allows us to propose a
general rule about the effect of ACC (from the thermodynamic point of
view) on a given snowfall event, based on four possible scenarios: (1) if the
current (factual) temperature is clearly above the freezing point, there is no
change because, even if it was colder in pre-industrial times, the temperature
would still not be low enough for snowfall to occur (neither snow in the past
nor in the present). (2) If the temperature is close to but above freezing, it is
very likely that ACC has greatly diminished snowfall, or made it disappear
altogether, since the temperature increase since pre-industrial times has
been sufficient to change the precipitation phase to liquid. (3) However, if
the temperature is close to but below the freezing point, it is likely that ACC
has had little effect or even reduced snowfall. This is because although the
average temperature is negative, being close to the freezing point, it is to be
expected that during part of the episode the temperature will be positive and
the precipitation will be in liquid form. In this case the intensity of the snow
would increase but the duration would decrease compared to the pre-
industrial era, compensating each other. For the Filomena event, this would
be the case for areas with mean temperatures between 0 and —1 °C (the
critical threshold). (4) Finally, if the current temperature is well below
freezing, we can conclude that the ACC is having the opposite, snowfall

enhancing effect, because in this case the temperature is still low enough for
snow occurrence and the increase in atmospheric moisture induced by
warming intensifies precipitation. This four-case rule is visually interpreted
in Supplementary Fig. 9.

To conclude, based on our results and given the very high media and
social interest generated by this case (Supplementary Fig. 1), when faced
with a Filomena-like episode, we ask that hypotheses or even statements
linking it with ACC be cautious and consider the particularities of this type
of extreme weather events.

Methods

Filomena flow analogs

We employed the flow analog technique, commonly used in ACC attri-
bution studies™***, to find similar dynamic configurations to the one that
led to Filomena. Analogous days were selected in a restricted domain
spanning coordinates from 20°W to 8°E in longitude, and from 29.5°N to
55°N in latitude, which allowed capturing the main circulation features
associated with the event. In the experiment, we jointly used the daily mean
sea level pressure (MSLP) and geopotential height at 500 hPa (Z500), both
previously normalized, from the 20th Century Reanalysis” (20th-CR.V3) at
1° spatial resolution from November to March and for the period from 1836
to 2015. In addition, we used the 5th generation of the European Centre for
Medium Range Weather Forecasts (ECMWF) global reanalysis (ERA5") to
define the Z500 and MSLP fields of the reference atmospheric pattern—
normalized using 20th-CR.V3 as the base time series—i.e., that of the
average of the main day of the event (January 9, 2021). To select the analog
days, we employed root mean square differences (RMSD) to calculate the
distances between our predictand (Filomena reference atmospheric pattern)
and the potential analogs between 1836 and 2015 from the 20th-CR.V3.
Specifically, we consider the cumulative RMSD of both normalized variables
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Fig. 6 | Snowstorms response to global warming. Atalocal or event scale, our study
shows that snow events respond to temperature increase similarly to how snow does
at a climate scale. On the left, we show the difference in snowfall for the Filomena
event between WRF simulations for the present and for the past (same as Fig. 4a). On
the right we show the difference between snowfall in the period 1982-2022 and

1941-1981 based on ERAS5 reanalysis data. For the event scale (left), intensification
and strong intensification mean increases in snowfall above 1 mm and 5 mm for the
main days of the event (from 00UTC January 7 to 00UTC January 10), respectively.

Snowfall intensifies

Snowfall intensifies
strongly

Weakening and strong weakening mean the opposite. For the climate scale (right)
these values correspond to + mm/year and +20 mm/year. The dashed red lines
show the critical thresholds that separate the zones of intensification and weakening
of snowfall. In the case of Filomena it is defined using the mean temperature on the
main days of the event (calculated from WREF factual simulations) and corresponds
to the —1 °C isotherm. For the climatic scale, it is defined using the October-March
average temperature from ERA5 in the period from 1941 to 2022 and is esti-
mated as —5 °C.

(Z500 and MSLP). The closest 1% of the 27,218 candidate days in the 20th-
CR.V3 were retained as the final analogs, resulting in a set of 272 flow
analogs for the Filomena event in the 180-year period. With the finally
selected analogs, we computed the top-30 ranking of historical synoptic
composites closest to the Filomena case (those minimizing the cumulative
RMSD of Z500 and MSLP)—see Fig. 2. In addition, we computed annual
counts of analogs between 1836 and 2015, as well as time series, aggregated
over 30-year-long periods (Fig. 3). Finally, we estimated the long-term trend
of the annual analog time series using linear regression, and used the p value
of a t-test to evaluate the statistical significance of this trend (Fig. 3).

Filomena storylines

We simulated the event in the current climate (hereafter, factual simula-
tion), as well as in pre-industrial and future climates (hereafter counter-
factual past and future simulations, respectively), using the WRF regional
atmospheric model v4.2.2*'. For the counterfactual simulations, we perturb
both initial and boundary conditions of the model, from ERA5", following
the PGW approach”. This means that the perturbation is intended to
account for the ACC forcing on the thermodynamical variables associated
with the event. Specifically, we perturb only purely thermodynamic vari-
ables, including 2 m temperature and dewpoint temperature, skin tem-
perature, sea surface temperature, air temperature and specific humidity at
all vertical levels of the atmospheric column. Greenhouse gases, including
CO,, CH,, and N, O were also perturbed in the counterfactual simulations to
match pre-industrial” and expected future® concentrations of these gases
(see Supplementary Table 2). Mathematically:

Xe :Xf +Xu (1)

Where y. stands for the counterfactual initial and boundary conditions in
one of the perturbed variables, y, would be the factual variable and y,, the

anthropogenic forcing calculated as:

past _ ,,CMIP6 __, CMIP6

a XpiC Xhist (2)

Juture __ , CMIP6 __ , CMIP6
Xa = Xssp Xhist

Where x?*' and y/“" are past and future ACC forcings on a variable of
interest, respectively, y $¥F¢ is the 500-year mean of this variable in the pre-
industrial control (piC) simulation of a CMIP6* climate model, y 5P is the
mean of the variable in the historical (hist) simulations and y&A7° is the
mean for a specific shared socioeconomic pathway (SSP) future scenario. In
our case, we use a high emission scenario (SSP5-8.5) to assess the future
maximum potential changes in the snowstorm. It should be noted that
since yMP6 is in principal intended to account for the current climate, and
the event occurred in 2021, we had to concatenate it with the CMIP6 climate
model simulation for an intermediate pathway (2006-2014 from the
historical experiment and 2014-2036 from the SSP2-4.5 scenario) in order
to obtain a climate mean centered on 2021. For the future (y$4/F°) we
considered the 31-year period from 2070 to 2100. To calculate these climate
change forcings, we used the daily interpolated monthly data from the
CMIP6 models, so that we were able to perturb each day of the event with its
corresponding anthropogenic forcing for that day. This means that since the
Filomena case occurred in the first half of January, the perturbations
correspond to the weighted average of December and January, with the
latter having more weight. The anthropogenic signals were computed
separately for five different CMIP6 models (CESM2-WACCM, EC-Earth3,
MPI-ESM1-2-HR, MRI-ESM2-0 and NorESM2-MM). These models were
selected because they are the ones that can separately provide all the
variables to be perturbed in the PGW simulations, which were introduced
above, and for all the climate scenarios considered. Other models can also

provide them but at lower resolution (>100 km) so we discarded them.
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Moreover, between the five of them they cover a wide range of possible
climate sensitivities (see Supplementary Table 1), which makes them
particularly suitable for assessing the uncertainty of our results.

The WREF simulations were performed at a resolution of 9km in a
domain roughly centered in Spain and covering much of the North Atlantic
and Europe (see Fig. 1a, b). Since we started the simulations several days
before the event (starting at 00UTC on January 4), we used a spectral
nudging technique® to prevent the large-scale dynamics from drifting away
from those in the ERA5 reanalysis. Finally, we tested 8 different physical
configurations of the model (see Supplementary Table 3). Considering that
we also used five different CMIP6 models, this means that we built an
ensemble of 40 simulations for both past and future climate (i.e., 8 physical
configurations x 5 CMIP6 model perturbations), which allows us to esti-
mate the uncertainty of the results. The simulations in the present climate
are obviously not affected by the perturbations of the climate models, so they
only form an ensemble of 8 members, each corresponding to a different
physical configuration. Thus, in Fig. la—c, what is shown are the average
fields of these 8 simulations.

Data availability

All datasets used in this study are publicly available. The ERA5 reanalysis
data are available at https://cds.climate.copernicus.eu/#!/search?text=ERA5.
The 20th-CR.V3 reanalysis data are available at https://psl.noaa.gov/data/
gridded/data.20thC_ReanV3.html. The simulation outputs of CMIP6
models (CESM2-WACCM, EC-Earth3, MPI-ESM1-2-HR, MRI-ESM2-0
and NorESM2-MM) are available at https://esgf-data.dkrz.de/search/
cmip6-dkrz/.

Code availability

The WREF v4.2.2 model is available at https://github.com/wrf-model/ WRF/
releases. The flow analogs technique code is available on request
from M.L.C.
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