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Abstract. The goal of this work is to investigate and explain
recent changes in total and maximum yearly snowfall from
daily data in light of current global warming or the inter-
decadal variability of atmospheric circulation. We focus on
the period 1979–2018 and compare two different datasets:
the ERA5 reanalysis data and the E-OBSv20.0 data, where
snowfall is identified from rainfall by applying a threshold to
temperature. We compute changes as differences from quan-
tities computed for the periods 1999–2018 and 1979–1998.
On the one hand, we show that the decline in average snow-
fall observed in almost all European regions is coherent with
previous findings and can be linked to global warming. On
the other hand, we observe contrasting changes in maxima
and sometimes disagreement in the sign of changes in the
two datasets. Coherent positive trends are found for a few
countries in the Balkans. These have been investigated in de-
tails by looking at modifications in the atmospheric weather
patterns as well as local thermodynamic factors concurring to
large snowfall events. We link these changes to the stronger
prevalence of Atlantic Ridge or blocking patterns associated
with deeper cyclonic structures over the Adriatic and Tyrrhe-
nian seas. These cyclones find warmer surfaces and large
availability of humidity and convective available potential
energy (CAPE), thus producing large snowfall amounts, en-
hanced by the Stau effect on the Balkan topography.

1 Introduction

Heavy snowfalls can have a great impact on economy and
society. In January 2017, a cold spell affected most of east-
ern and central Europe and part of southern Europe, causing

the death of at least 60 people. The combination of snowfalls
with a series of earthquakes in central Italy caused a disas-
trous avalanche that hit the town of Rigopiano in Abruzzo,
where a landslide swept and destroyed a hotel, causing sev-
eral casualties (Frigo et al., 2018). On 8 January, accumu-
lations of 22–23 cm have been measured at some points on
the beach of Porto Cesareo, in Apulia. Inland, snow reached
and exceeded 2 m in height in the Apennines. Two further
recent examples of snowfalls affecting large populated areas
are the February–March 2012 snowstorm in northern Italy,
with up to 50 cm of snowfall measured in Bologna (Bisci
et al., 2012), and the winter 2018 snowstorm Emma, which
affected the UK with up to 40 cm of snowfall in Wales and
the disruption of air and rail transportation in the London,
Manchester and Liverpool areas (Tonks, 2018).

Besides their cost in terms of societal and economical
impacts, these extreme events are often invoked by climate
change denial groups to mystify the public opinion (Revkin,
2008), and it is therefore important to understand why, in
an undeniable context of climate change, we do not observe
a sharp decrease in their frequency and intensity. Indeed,
although global temperature rise has driven an overall de-
crease in average snowfall in past decades (Déry and Brown,
2007), and this decreasing trend is expected to continue in fu-
ture “business-as-usual” emission scenarios (Brutel-Vuilmet
et al., 2013), it is not clear whether the same conclusions hold
for extreme snowfall events. Atmospheric extreme weather
events do not always have a trivial relation with average
global warming (Murray and Ebi, 2012). The goal of this
paper is to shed light on recent changes in the dynamics of
extreme snowfalls by projecting the recent changes in fre-
quency and intensity of extreme snowfalls on the large-scale
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(synoptic) dynamical drivers and identifying possible small-
scale convective thermodynamic feedback.

The focus of this study is to understand changes in daily
heavy snowfalls at the scale of European regions and coun-
tries. Daily extreme snowfalls result from the interplay of
both dynamical and thermodynamic factors acting at dif-
ferent spatial scales and timescales: at local (few kilome-
ters, few hours) scales, geographical features and convection
may enhance snowfall precipitation. Persistence of convec-
tive snowfalls for several hours in the same region can pro-
vide large snowfall amounts detectable at daily timescales.
At synoptic scales, snowfalls are driven by extratropical cy-
clones ( ∼ 1000 km, 2–6 d) traveling southwards in jet stream
meanders formed by the disruption of the normal westerly
flow (Tibaldi and Buzzi, 1983; Barnes et al., 2014; Lehmann
and Coumou, 2015). Oscillations of the jet stream are associ-
ated with low-frequency variability of weather patterns that
can modulate daily synoptic fields and snowfall events (Wal-
lace and Hobbs, 2006). These conditions create a dipole
consisting of high-pressure structures over some regions
and low-pressure systems (extratropical cyclones) traveling
southward in other regions. The most common way to link
low-frequency variability to weather phenomena is the com-
putation of daily weather regimes (Vautard, 1990; Michelan-
geli et al., 1995). In Yiou and Nogaj (2004), first connec-
tions between extreme weather events and weather regimes
have been established. Madonna et al. (2017) found a clear
link between eddy-driven jet variability and weather regimes
in the North Atlantic European sector. In winter, if block-
ing high pressure becomes established close to Greenland,
cold air from polar latitudes can be advected towards western
Europe (North Atlantic Oscillation negative phase; Cattiaux
et al., 2010). When this weather pattern is associated with
extratropical cyclones traveling southward from northern lat-
itudes, extreme snowfalls over the UK, France, Benelux and
the Iberian Peninsula are expected. If a high-pressure ridge
(Atlantic Ridge) extends from the Azores islands towards the
Icelandic region or the British isles, cold air coming from
Russia or Scandinavia flows to the Mediterranean Sea. This
can cause cyclogenesis in the Tyrrhenian (Genoa lows) and
Adriatic seas, triggering extreme snowfalls over Italy, the
Balkans, Greece and Turkey (Buehler et al., 2011).

When looking at long-term decadal trends in snowfalls, the
analysis of weather patterns can provide important informa-
tion to assess whether the changes in frequency and intensity
are due to long-term variability of atmospheric circulation or
induced by anthropogenic forcing (Strong et al., 2009; Over-
land and Wang, 2010; Woollings et al., 2010; Wu and Zhang,
2010; Deser et al., 2017). So far, it has been very difficult to
prove any significant shift in the dynamical patterns observed
at midlatitudes (Shepherd, 2014). On one side, Cohen et al.
(2014) and Kim et al. (2014) showed that the recent increase
in temperatures in the Arctic is associated with an amplifica-
tion of planetary waves, affecting storm tracks and leading to
enhanced winter conditions. On the other hand, several au-

thors found a zonalization of the midlatitude flow (Lorenz
and DeWeaver, 2007; Chen et al., 2016; Screen et al., 2014;
Faranda et al., 2019) and a minimal or even undetectable ef-
fect of the Arctic sea ice on the meandering of the jet at mid-
latitudes (Blackport et al., 2019; Screen, 2017; Screen et al.,
2018).

Although heavy snowfalls are driven by large-scale at-
mospheric circulation, their effects can be greatly enhanced
by local geographic constraints and thermodynamic feed-
backs (Lüthi et al., 2019; Bartolini, 2019). Local features
like the Alps in Europe, the Great Lakes in the USA or the
topography of Japanese islands may increase precipitation
and provide relevant feedback to extreme snowfalls (Niziol
et al., 1995). For Japan, Kawase et al. (2016) have shown
that thermodynamic feedbacks from anthropogenic forcing
may enhance extreme snowfalls in future climates via the in-
teraction of the Japan Sea polar air mass convergence zone
with the topography. Similar mechanisms also exist for the
Mediterranean Sea, as recently detailed in D’Errico et al.
(2020). The midtropospheric cold winter air advection as-
sociated with the synoptic patterns flows over the relatively
warmer waters of the Mediterranean Sea and picks up wa-
ter vapor from the water surface. This warmer and wetter air
rises and cools as it moves away from the sea towards land
areas, forming convective clouds that transform moisture into
snow. In the mountainous topography of the European conti-
nent, this phenomenon can be extremely powerful in trigger-
ing heavy snowfalls (Beniston et al., 2018; Bartolini, 2019),
even in future climate-warming scenarios (D’Errico et al.,
2020). We also consider this effect in driving convection via
the analysis of convective available potential energy (CAPE)
patterns during extreme events.

The paper is organized as follows. In Sect. 2, we describe
the datasets used in this study and the difficulties arising in
assessing the quality of snow data. In Sect. 3 we compute the
changes in snowfall extremes and discuss their consistency
among the datasets. In Sect. 4 we focus on those countries
showing an increase in maximum snowfall and explain these
changes in light of the thermodynamics and the dynamics of
the atmosphere at daily scales. Conclusions and limitations
of this study are presented in Sect. 5.

2 Data and methods

Good-quality snow data at synoptic or regional scales are dif-
ficult to obtain (Rasmussen et al., 2012). From an observa-
tional point of view, quality observational datasets exist only
at high mountain sites and in regions where snowfalls are re-
current phenomena. Excellent snow datasets exist for Scan-
dinavian countries as well as for the Alpine regions (Auer
et al., 2005; Scherrer and Appenzeller, 2006; Isotta et al.,
2014). Our goal, however, is to study changes in snowfall at
a European level, not limiting our analysis to mountain ar-
eas but also including those regions where these phenomena
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are rare. We therefore have to rely on reanalyses as well as
on gridded observational data. In this study we analyze the
period 1979–2018 and use a reanalysis product (European
Centre for Medium-Range Weather Forecasts, ECMWF) 5th
generation reanalysis product (ERA5) as well as a gridded-
observation dataset (European Climate Assessment & Data
E-OBSv20.0e). The reference dataset is ERA5 Hersbach et
al. (2020), a very recent product by the ECMWF with high
resolution (0.25◦ horizontal resolution) and accurate physical
parametrizations. For the observations, we use E-OBSv20.0e
(0.25◦ horizontal resolution), which contains gridded tem-
perature and precipitation observations (Cornes et al., 2018).

Another problem in comparing snow data issued from dif-
ferent sources is the choice of the variable associated with
precipitating snow (Nitu and Wong, 2010). Snow precipita-
tion can be measured both as snowfall (SF) and from snow
depth on the ground. Both the measurements have pros and
cons. Snowfall is obtained by melting snow falling inside a
heated rain gauge, and it is expressed in kilograms per square
meter or centimeter. An advantage of using this variable is
the accuracy of the measurement. For obvious reasons, SF
is mostly used by hydrologists as it has a direct connection
with runoff and river discharge. Since the snow is imme-
diately transformed into water, SF does not distinguish be-
tween snowfalls which produce accumulations on the ground
or not. Snow depth is a measure of the snow height on the
ground, and it can be affected by several problems due to
gravitational settling, wind packing, melting and recrystal-
lization. In this paper we therefore use daily SF and express
it in centimeters. We now explain how to get this quantity
from the different datasets considered in this study.

– For ERA5, we use the accumulated total snowfall that
has fallen to the Earth’s surface. This quantity con-
sists of snow due to both the large-scale atmospheric
flow and convective precipitation. It measures the to-
tal amount of water accumulated from the beginning of
the forecast time to the end of the forecast step. The
units given measure the depth the water would have if
the snow were melted and spread evenly over the grid
box. We get the snowfall from hourly data and construct
the daily SF by summing up the snowfall in intervals of
24 h. We chose the ERA5 dataset as the preferential one
for our study because of its physical consistency and the
use of advanced assimilation techniques for its compi-
lation.

– For E-OBSv20.0e (25.375–75.375◦ N, 40.375◦ W–
50◦ E) we use only land points; we do not dispose di-
rectly of snowfall data. We have to infer them from daily
total precipitation and daily mean temperature data. We
apply a simple algorithm which entails considering as
SF all precipitation that occurred on days where the av-
erage temperature was below 2 ◦C. Of course with this
method we can have false positive as well as false nega-
tive events, but we have verified (not shown) that results

do not depend qualitatively on the threshold, provided
that it is chosen between 0 and 2.5 ◦C. Since we use
a threshold of 2 ◦C, some snowfall events occurring at
higher temperatures will be discarded.

We now present the climatology for the two datasets used
in this study and focus on two quantities: yearly total SF (av-
erage 1979–2018) in Fig. 1 and the maximum yearly SF from
daily data (average 1979–2018) in Fig. 2. We show results at
two different levels, taken from the 2016 nomenclature of
territorial units for statistics (NUTS) of the European union
at regional (NUTS-2) and national (NUTS-0) levels (Euro-
pean Commission, 2016). These subdivisions are commonly
used by stakeholders to assess impacts of climate variables
on economy and society and are the reference adopted by
several climate services such as Copernicus for its products
(see e.g., Brandmueller et al., 2017). Averaging from the grid
cell size to regional or national scales gives us the possibil-
ity of exploring the robustness of our study to coarse-grain,
and it also allows us to remove part of the variability en-
countered for precipitation data at grid-level scales caused
by model or data issues (Li et al., 2011; Tabari et al., 2016;
Herold et al., 2017). In Figs. 1–2, NUTS-2 results are repre-
sented in panels a and c) and NUTS-0 results in panels b and
d). The agreement between the ERA5 and the E-OBSv20.0e
dataset largely depends on the regions considered. Overall,
the climatologies of snowfall provided by the two datasets
have similar ranges, although ERA5 tends to overestimate
E-OBSv20.0e. This confirms that converting precipitation to
snowfall using a temperature threshold of 2 ◦C is a good op-
tion to retrieve snowfall data from E-OBSv20.0e. By ana-
lyzing the climatology, we remark that, at southern latitudes
and on the plains, mean and max statistics tend to coincide
because the number of snow days per year is limited, i.e., all
snowfall is concentrated in one or few events. We can also
observe from Fig. 2 that coarse-graining from NUTS-2 to
the NUTS-0 level heavily reduces the magnitude of yearly
maximum SF.

3 Changes in snowfall

We now identify changes in snowfall as differences between
average values of both yearly total SF and the maximum
yearly SF for two different periods: 1979–1998 and 1999–
2018. We subtract the first period from the second, so that
positive changes correspond to an increase in snowfall and
negative values to a decrease. To check the statistical sig-
nificance of changes, we perform a two-sided T test with a
confidence level of 0.05 (Rushton, 1952). For the yearly to-
tal SF of ERA5 (Fig. 3a, b), changes are negative for most
of northern, central and eastern Europe, whereas near-zero
changes are observed in western Europe. The largest nega-
tive changes are found to correspond with mountain ranges
such as the Alps, the Balkans and the Scandinavian Moun-
tains. This decrease in snowfall is significant (green shad-
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Figure 1. Yearly total snowfall (SF; average 1979–2018) for the
ERA5 (a, b) and the E-OBSv20.0e (c, d) datasets. (a, c) NUTS-0
level, (b, d) NUTS-2 level.

Figure 2. Maximum yearly snowfall (SF; average 1979–2018) for
the ERA5 (a, b) and the E-OBSv20.0e (c, d) datasets. (a,c) NUTS-0
level, (b, d) NUTS-2 level.

ing) over most of the northern countries and the British Isles.
When coarse-graining from NUTS-2 to the NUTS-0 level is
applied, we can observe that positive changes tend to be av-
eraged out, and significance of negative changes extends to

Figure 3. Differences in yearly total snowfall (SF) for two periods
(average 1979–1998 subtracted from average 1999–2018) for the
ERA5 (a, b) and E-OBSv20.0e (c, d) datasets. (a, c) NUTS-0 level,
(b, d) NUTS-2 level. Significant differences are shown in shaded
green (two-sided T test, 5 % confidence level).

almost all of northern Europe. The picture is similar for the
E-OBSv20.0e dataset (Fig. 3c, d), with mountain regions and
northern countries showing a large decrease in yearly total
SF. Positive changes are found in the Balkans at the NUTS-
2 scale, but they are partially averaged out when coarse-
graining data to the NUTS-0 level (panel d). As for ERA5,
negative trends are significant for Iceland, the United King-
dom, Finland, Latvia, Denmark, Italy, France and Turkey.

For the maximum yearly SF, differences observed are
generally milder. Positive and negative changes are spa-
tially scattered at the NUTS-2 level (Fig. 4a, c) for both
of the datasets. There is however a certain agreement in
maximum snowfall increase over eastern Europe and de-
crease over western Europe (excluding Spain) among the
two datasets. The NUTS-0 level (Fig. 4b, d) provides a
more coherent picture with western Europe, characterized
by a decrease in maximum snowfall, and eastern Europe,
where some countries show increasing maximum SF. The
significance of changes is low and scattered spatially with-
out a clear geographical coherence. Large differences be-
tween the two datasets are found for Switzerland, Greece
and Turkey. In ERA5, trends are positive in Switzerland and
Turkey (negative for Greece) and yield the opposite sign
in the E-OBSv20.0e dataset. We can justify this difference
for Greece and Switzerland using the data at the NUTS-2
level (Fig. 4a, c) as they show for regions within those two
countries positive and negative differences. At the NUTS-
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Figure 4. Differences in maximum yearly snowfall (SF) for two
periods (average 1979–1998 subtracted from average 1999–2018)
for the ERA5 (a, b), E-OBSv20.0e (c, d) datasets. (a, c) NUTS-
0 level, (b, d) NUTS-2 level. Significant differences are shown in
shaded green (two-sided T test, 5 % confidence level).

0 level (Fig. 4b, d), the averaging procedure can therefore
provide trends of different signs in E-OBSv20.0e and ERA5
datasets depending on the magnitude of local SF maxima.
The positive trend in ERA5 for Switzerland is in contra-
diction with several other studies based on snow stations
(see e.g., Scherrer et al., 2013; Marty and Blanchet, 2012).
For Turkey, the differences between datasets are evident al-
ready at the NUTS-2 level and cannot be explained with
the spatial averaging. A possible justification comes from
the low coherence of the two datasets. This can be checked
by computing two metrics (i) the symmetric percentage er-
ror ς = (xERA5 −xE−OBS)/(xERA5 +xE−OBS), where x is the
total average snowfall for each region, and ς ∈ [−1,+1]

(Fig. 5a, b), and (ii) the correlation coefficient R2 between
the daily time series of accumulated snowfall of the two
datasets (Fig. 5c, d). ς shows that ERA5 tends to overesti-
mate snowfall with respect to E-OBS over southern Europe
and underestimate over central Europe and the UK. Entire
regions of Turkey, Portugal and southern Italy show a weak
correlation R2 ∼ 0.3 between the two datasets, pointing to
some problems in the data assimilation possibly due to scarce
availability of good-quality meteorological data over those
regions. Indeed the correlation coefficient is larger for north-
ern European countries that dispose of high spatiotemporal
data cover. The error ς decreases, and the correlation coeffi-
cient R2 increases when considering the NUTS-0 level since
local differences are averaged out.

Figure 5. (a, b) Symmetric percentage error ς on average snow-
fall (c, d) Correlation coefficient R2 for the SF daily snowfall
time series for ERA5 and E-OBSv20.0e. (a, c) NUTS-2 level, (b,

d) NUTS-0 level

The ensemble of these analyses suggests that whereas
larger confidence can be attributed to a decrease in yearly
snowfall over northern Europe, changes are more uncertain
for maximum snowfall. For the maxima, some coherence ap-
pears at the country scale: negative changes over western
Europe and positive ones in eastern Europe, specifically for
some countries in the Balkans. The difference in the changes
for the average and maxima suggests a nontrivial relation be-
tween the occurrence of extreme snowfalls and global mean
warming. In order to explain such changes, we investigate
the role of atmospheric circulation for the countries in the
Balkans showing large positive maximum SF changes and
with coherent trends between the two datasets considered.

4 Thermodynamic and dynamical analysis for

countries with increasing maximum snowfall

The analysis of Figs. 2–3 suggests that changes for max-
imum snowfall are very scattered, and even adjacent re-
gions can show changes of different signs. This makes the
single-region analysis of trends almost meaningless as ro-
bust links between SF and large-scale fields are likely to
be very weak. We therefore focus on the NUTS-0 positive
trends of ERA5. We decided to use ERA5 because snow-
falls are produced by the model underlying the reanalysis
and naturally associated with coherent circulation patterns.
We discard the E-OBSv20.0e dataset as it does not contain
other atmospheric variables that could help in tracking the
atmospheric thermodynamics or the large-scale atmospheric
circulation. We identify the three countries showing coher-
ent positive changes for both datasets, namely Albania (AL),
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Figure 6. (a) Box plots of the maxima yearly SF for two periods: 1979–1998 (red) and 1999–2018 (blue). (b) Seasonal analysis for maximum
yearly SF. The polar plots show average maxima yearly snowfall for the two periods (different colors). Each symbol corresponds to a different
country. The angle corresponds to a date of the year in a counterclockwise sense. Box plot of 2 m temperatures (t2m) (c) and CAPE (d)

observed during extreme snowfall events. For box plots, on each box, the central mark indicates the median, and the bottom and top edges of
the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points, and the outliers are plotted
individually using the “+” symbol. Albania (AL), Montenegro (ME), Bosnia (BA).

Montenegro (ME) and Bosnia (BA). The countries selected
in the Balkans are interesting because they also show posi-
tive or zero trends for total yearly SF in the ERA5 dataset.
In this section we focus on the intensity of positive changes
regardless of their significance. As pointed out by Altman
and Krzywinski (2017), statistical testing based on p values
presents several limitations and can produce misleading re-
sults even in designed experiments. Here, we privilege the
physical complexity of the phenomenon as information about
pure statistical significance has already been discussed in the
previous section. In Fig. 6a we show the box plots of the
yearly snowfall maxima organized in the two different peri-
ods (1979–1998 and 1999–2018) for the three regions iden-
tified. Box plots provide more detailed information on the
nature of changes: whereas for Bosnia and Montenegro the
bulk of the distribution shifts towards larger values in the sec-
ond period, for Albania the increase in maximum snowfall is
mostly due to two outliers, which occur at the end of the sec-
ond period. For Albania and Montenegro the variability also
increased in 1999–2018, while it is stationary for Bosnia.

The analysis presented in Fig. 6b aims to identify possible
seasonal variations in extreme snowfalls. In the polar plot,
the radius corresponds to the average magnitude and the an-
gle to the date of the year of SF maxima. For the countries

considered, there is a tendency to observe heavy snowfall
later in the winter season, although the shift is rather mod-
est.

To understand the nature of the changes, we analyze the
synoptic environment associated with snowfall events from
both a thermodynamic and dynamical point of view, analyz-
ing indicators of stability of the atmosphere as well as circu-
lation patterns (weather regimes) during the events.

4.1 Thermodynamic changes

The first hypothesis to explain the occurrence of increasing
heavy snowfalls despite the current global warming trends
is that starker sea surface–troposphere temperature contrasts
might enhance moisture uptake in combination with reduced
stability that triggers ascending motions and local conver-
gence during snowfall events. This possibility has been ex-
plored in other studies by looking at atmospheric stability
and air–sea interaction during cold-air outbreaks, albeit for
different regions (Papritz and Spengler, 2015, 2017; Czaja
et al., 2019). Furthermore, in an event-based study of cold
and snowy spells over Italy, D’Errico et al. (2020) link the re-
cent enhancement in snowfalls in the Adriatic regions to the
increase in convective precipitation from the Mediterranean
Sea, which is warming faster than the oceans at the same lat-
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Figure 7. Average of convective available potential energy (CAPE) fields (J kg−1) during days of yearly maximum snowfall for the periods
1979–1998 (a, d, g) and 1999–2018 (b, e, h). Panels (c), (f) and (i) show the differences between the second and the first periods (1CAPE).
(a, b, c) Albania (AL), (d, e, f) Montenegro (ME), (g, h, i) Bosnia (BA). Green circles show the location of the northwesternmost point of
each country. Shaded areas represent grid points where at least two-thirds of the anomalies have the same sign.

itudes because of its closed geometry (Gualdi et al., 2013).
To explore this possibility, we look at changes in the stabil-
ity of the flow during the maximum snowfalls using the 2 m
temperatures (t2m; box plot in Fig. 6c) and the convective
available potential energy (CAPE; box plot in Fig. 6d). The
choice of CAPE as an indicator of stability during snowfall
is motivated by previous works (e.g., Schultz, 1999; Ols-
son et al., 2017) where snowfall extremes were coassociated
with the occurrence of high CAPE values. The box plots in
Fig. 6c, d show the spatial regional average of t2m and CAPE
during the days of the maximum snowfalls. The analysis for
temperature (Fig. 6c) suggests that maximum snowfalls tend
to be associated with temperatures above the freezing point
in the recent period and a reduced variability with respect
to the first period. It is not unusual to observe snowfall with
ambient temperatures up to 6 ◦C (see e.g., Steinacker, 1983),
and more recent studies show that snow and rain can coexist
even up to 13.3 ◦C (Wen et al., 2013). The analysis for the lo-
cal CAPE (Fig. 6d) is not very informative for two reasons:
(i) the distribution is highly non-Gaussian; it includes zeros
and presents several outliers; (ii) convective precipitation can
originate in nearby regions and be transported.

In order to explore this possibility, from box plots in Fig. 6
we move to the field analysis in Fig. 7 for CAPE and Fig. 8
for t2m. From Fig. 7 we remark that heavy snowfalls for the

three countries under examination are generally associated
with large values of CAPE in the Adriatic Sea. For both peri-
ods, the absolute values of CAPE reached during these events
(Fig. 7a, b, d, e, g, h) are consistent with the range found
by Olsson et al. (2017) for the enhancement of snowfall by
sea–air interactions. When looking at differences (1CAPE)
between the warmer (1999–2018) and colder (1979–1998)
period (Fig. 7c, f, i), we remark that there is an increase
in CAPE (shaded regions indicate that at least two-thirds of
the anomalies yield the same sign), suggesting that convec-
tive instability can be an important factor in Adriatic regions
to trigger heavy precipitation in the Balkans. Furthermore,
snowfall extremes tend to occur at or near the freezing point
in both colder and warmer climates (O’Gorman, 2014). Fig-
ure 8 indicates that this is the case for both the periods con-
sidered and that the local temperature difference (1t2m) be-
tween the 1979–1998 and 1999–2018 periods is small (see
also box plots in Fig. 6c). The local temperature is important
as it determines the maximum atmospheric moisture con-
tent and thus the thermodynamic component of the snowfall
amount. While the warming of the Mediterranean Sea dur-
ing these events (Fig. 8c, f, i) favors evaporation, part of the
excess moisture precipitates out during the transport to this
location, possibly reducing the thermodynamic enhancement
of the snowfall.
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Figure 8. Average of 2 m temperature fields (◦C) during days of yearly maximum snowfall for the periods 1979–1998 (a, d, g) and 1999–
2018 (b, e, h). Panels (c), (f) and (i) show the differences between the second and the first periods (1t2m). (a, b, c) Albania (AL), (d, e,

f) Montenegro (ME), (g, h, i) Bosnia (BA). Green circles show the location of the northwesternmost point of each country. Shaded areas
represent grid points where at least two-thirds of the anomalies have the same sign.

Figure 9. Average of sea-level pressure (m.s.l.) fields (hPa) during days of yearly maximum snowfall for the periods 1979–1998 (a, d, g) and
1999–2018 (b, e, h). Panels (c), (f) and (i) show the differences between the second and the first periods 1m.s.l.. (a, b, c) Albania (AL), (d,

e, f) Montenegro (ME), (g, h, i) Bosnia (BA). Green circles show the location of the northwesternmost point of each country. Shaded areas
represent grid points where at least two-thirds of the anomalies have the same sign.
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4.2 Dynamical analysis

Since thermodynamic effects alone cannot explain the pos-
itive changes in maximum snowfall, we also investigate the
role of atmospheric circulation as a driver of those changes.
For other regions of the world, this kind of analysis has
provided evidence of a prominent role of atmospheric cir-
culation in the variability of extreme snowfall events (see
e.g., Kawase et al., 2016, for Japan; Lute et al., 2015, for
Andorra; and Guan et al., 2010, for the USA). For the coun-
tries examined in the present study, the motivation for such
analysis comes from the evidence that recent decades show
a reduction in the abundance of zonal patterns (Guan et al.,
2010).

We first present the sea-level pressure (m.s.l.) fields av-
eraged during maxima of snowfall for both the periods in
Fig. 9a, b, d, e, g, h and their differences 1m.s.l. in Fig. 9c,
f, i. For the three countries considered, cyclonic patterns
over the Tyrrhenian and the Adriatic seas can be identified
for both the periods considered. Following pressure isobars,
the flow is advected from sea to land. In 1999–2018, cy-
clonic conditions further strengthened in the Balkans with
negative 1m.s.l. anomalies over eastern Europe, suggest-
ing that, in the recent period, moisture advection from the
Mediterranean Sea to the Balkans has favored snow accu-
mulations in the countries examined. These cyclonic patterns
can originate from two different conditions: local cyclogen-
esis in the Adriatic Sea driven by cold-air intrusions from
Siberia (Bisci et al., 2012) or cyclogenesis in the Tyrrhe-
nian Sea (Genoa lows) driven by polar air flowing through
the Rhone Valley (Spreitzhofer, 2000). The 1m.s.l. analysis
(Fig. 9c, f, i) shows the reinforcement of an eastern Mediter-
ranean cyclonic pattern in the second period. The isobars
point to southerly winds which favor uptake moisture from
the Mediterranean Sea. Thus, the increase in CAPE over the
Adriatic shown in Fig. 7c, f, i, together with the reinforce-
ment of the pressure lows over Italy, could determine the in-
crease in extreme snowfalls in these countries.

Following the approaches of Vautard (1990) and
Michelangeli et al. (1995), we now analyze the shifts in daily
weather regimes associated with extreme snowfalls. Weather
regime search is performed by using the dynamical system
indicators introduced in Faranda et al. (2017) and using the
sea-level pressure fields for the same domain specified in that
study, namely latitudes 22.5–70◦ N and longitudes 80◦ W–
50◦ E. The technique presented in Faranda et al. (2017) al-
lows us to determine five possible regimes: North Atlantic
Oscillation positive (NAO+) and negative (NAO−) phases,
blocking (BLO), Atlantic Ridge (AR), and nonattributable
patterns (N/A). These patterns have been previously iden-
tified in many studies over this domain (see e.g., Vautard,
1990). The patterns obtained for ERA5 do not differ signif-
icantly from those shown in Fig. 2 in Faranda et al. (2017).
Results are shown in Fig. 10 for the countries examined and
show a prevalence of BLO and AR patterns during extreme

Figure 10. Histograms of weather regimes during the days of
maximum snowfalls. N/A: nonattributable; NAO+: North Atlantic
Oscillation positive phase; BLO: blocking; AR: Atlantic Ridge;
NAO−: North Atlantic Oscillation negative phase. (a) Albania
(AL), (b) Montenegro (ME), (c) Bosnia (BA). Red bars correspond
to 1979–1998 and blue ones to 1999–2018.

snowfall events. These patterns (see e.g., D’Errico et al.,
2020 and references therein) favor meridional movements of
air masses and therefore the intrusion of polar air to Mediter-
ranean latitudes. It is remarkable that, for all the three coun-
tries considered, the second period is characterized by an in-
crease in Atlantic Ridge and blocking patterns. These pat-
terns consist of high pressure over western or northern Eu-
rope, favoring dry conditions over western Mediterranean ar-
eas and low pressure over eastern Europe, triggering cyclo-
genesis in the Mediterranean and favoring the intrusion of
cold air from Siberia (Raymond et al., 2018).

The previous analysis shows that the weather regime shift
is an important factor in determining changes in extreme
snowfall. However, the statistics presented in Fig. 10 are
limited by data availability. We therefore extend this anal-
ysis by performing an analog search for the closest 5 % sea-
level pressure fields (according to the Euclidean distance) to
those presented in Fig. 9a, b, d, e, g, h (Yiou et al., 2013).
Note that the results do not depend on the threshold used for
the selection of analogs in the range of 0.25 % to 5 %. For
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Figure 11. Number of analogs per year of the average sea-level pressure fields during days of yearly maximum snowfall for the periods
1979–1998 and 1999–2018. (a) Albania (AL), (b) Montenegro (ME), (c) Bosnia (BA). Red corresponds to 1979–1998 and blue to 1999–
2018.

each of those fields, the analog search is performed in all the
datasets (1979–2018). We then plot in Fig. 11 the number
of analogs per year. A linear fit is applied to data. Besides
Bosnia (Fig. 11c), for which the increasing trend in the num-
ber of analogs is significant (5 % level), for the other coun-
tries considered, trends are not significant. Furthermore, no
clear differences appear when searching analogs for 1979–
1998 or 1999–2018 fields associated with extreme snowfalls.
This means that the changes in circulation patterns associ-
ated with extremes are specific to those events and seem to
not follow some general trends of atmospheric circulation,
thus suggesting a competition between thermodynamic and
dynamical factors in their occurrence. The rationale for ex-
plaining the changes is the following: AR and BLO patterns
occur with the same frequency in winter, but they are asso-
ciated with deeper cyclogenesis in the Adriatic and Tyrrhe-
nian seas in the recent period. These cyclones find warmer
surfaces and large availability of humidity and CAPE, thus
producing large snowfall amounts, enhanced by the Stau ef-
fect on the Balkan topography. This mechanism is similar to
the one described for Japan in Kawase et al. (2016) and for
Italy in D’Errico et al. (2020).

5 Conclusions

We have analyzed recent changes in yearly total and maxi-
mum snowfall from ERA5 reanalysis and the E-OBSv20.0e
datasets. We have identified a robust signal in the general de-
crease in the yearly total snowfall, in particular for northern

and western Europe. For snowfall maxima, changes are more
contrasted: negative changes persist over western Europe, but
in the proximity of the Mediterranean Sea, we have identified
a certain number of countries showing positive changes. We
have focused our efforts on understanding the positive trends
for maximum snowfalls in some countries of the Balkans
which showed consistent positive trends for both the datasets
considered. The thermodynamic analysis of atmospheric sta-
bility and 2 m temperatures suggests that during recent heavy
snowfall events, the instability increases, and convection is
favored, an effect that could be linked to climate change (Ye
et al., 1998). This can however be contrasted by the fact that
excess moisture could precipitate out during the transport to
the snowfall location due to temperatures close to freezing
points. The thermodynamic analysis was completed by an
analysis of the atmospheric circulation patterns associated
with extreme snowfall over these countries. Results show
an enhancement of local cyclonic patterns and a tendency
to observe Atlantic Ridge patterns associated with extreme
snowfalls in recent times. Even though this could suggest
a relation between our findings and the arctic amplification
caused by climate change (Vavrus et al., 2017), we stress that
the length of the datasets used is too short to attribute these
changes to climate change and that they could be produced
by the interdecadal variability of the atmospheric circulation.
Furthermore, the analog analysis carried out in Sect. 4 did not
show any particular trends in analogs for any of the coun-
tries considered but Bosnia. Recent studies on whether these
patterns are due to low-frequency variability of the Atlantic
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circulation or to climate change are debated (see e.g., the dis-
cussion in Screen, 2017).

To summarize our findings, there is an interplay of cir-
culation and thermodynamic factors to explain the observed
trends in maximum snowfalls in the Balkans: the analysis
of CAPE shows that large values of this quantity are associ-
ated with heavy snowfalls in the selected countries. CAPE
values of 70 J kg−1 are enough to trigger convection dur-
ing winter time and enhance snowfall precipitation (Olsson
et al., 2017). Furthermore, for all countries analyzed, the iso-
bars associated with the cyclonic conditions embedded in
Atlantic Ridge patterns indicate winds blowing from sea to
land, thus favoring the advection of moisture and the forma-
tion of convective precipitation. In addition, the three coun-
tries analyzed are characterized by mountain ranges that, in
the presence of sea-to-land flow associated with extratrop-
ical cyclones, favor the Stau effect on precipitation (Bica
et al., 2007). Both thermodynamic and dynamic effects seem
therefore to contribute to observed trends, although it is diffi-
cult to understand which factor prevails. Only the thermody-
namic components of increasing instability can be linked to
climate change (Ye et al., 1998). Although winter total pre-
cipitation in future climate scenarios is expected to increase
over Europe (Santos et al., 2016), global and regional warm-
ing is projected to reduce average and extreme snowfall pre-
cipitation at least in central and western Europe (de Vries
et al., 2014). In the same study, de Vries et al. (2014) find
that positive trends in snowfalls could still be observed for
high mountain areas (Alps and Scandinavia) in warmer cli-
mates. This seems coherent with the results found for Japan
by Kawase et al. (2016) and in the present study for the
Balkans.

This study comes with some caveats. First of all, the
changes (especially those in the maxima) depend on the
dataset chosen. Here we have focused on consistent trends
between E-OBSv20.0e and ERA5 and then used ERA5
for the analyses because of the consistent representation of
snowfalls with atmospheric circulation. The lack of longer
and highly resolved datasets for snowfall is a strong limita-
tion, and it adds up to the intrinsic difficulty of simulating
snowfalls due to their highly nonlinear behavior and the fact
that they involve phase transitions. In addition, we have not
considered the effects on the trends of lower-frequency vari-
ability mechanisms. There are subseasonal to seasonal condi-
tions that can trigger snowy waves over Europe by modifying
winter atmospheric circulation patterns: the role of strato-
spheric warming as well as the magnitude of snow cover
in Siberia and in the Arctic region could be taken into ac-
count in future research on this topic, e.g., by following the
approaches of Handorf et al. (2015, 2017) and Mori et al.
(2019). At smaller scales, where convection is important, fur-
ther studies could be based on searching the origin, trans-
port pathways and thermodynamic evolution of air masses
involved in heavy snowfall episodes via novel methodolo-
gies based on tracking trajectories of air masses such as those

introduced in Papritz and Spengler (2017) and by using
convection-permitting models to study sea–air–snow inter-
actions (Bartolini, 2019).

Data availability. ERA-5 data used in this study can be down-
loaded from the CDS Copernicus webpage at https://cds.climate.
copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels
(Copernicus, 2020a). E-OBS20.0e data used in this study can be
downloaded at https://surfobs.climate.copernicus.eu/dataaccess/
access_eobs.php#datafiles (Copernicus, 2020b).
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