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Abstract. Sea-effect snowfall forms frequently over the Baltic Sea in northern Europe. In its bordering countries, large
snow accumulations and poor visibility associated with these, often intense, convective snowbands have had considerable
impacts on society. This study presents, for the first time, the occurrence of snowband days over the full Baltic Sea area
on climatological time scales. The climatology is investigated using a 21-year long simulation made with the HARMONIE-
Climate convection-permitting regional climate model applied at 3 km resolution. Snowband days are identified using a set
of previously established criteria describing environmental conditions favorable for sea-effect snowfall, combined with an
additional threshold on snowfall flux. Snowband days occur most frequently (up to a few days per year in a 3 km x 3 km

area) over specific regions of the Baltic Sea: near the eastern coast of Sweden, over the Gulf of Finland and the Northern Baltic
Proper. Over the majority of the northern Baltic Sea, snowbands occur typically between November—February. Winds with an
easterly component at the 900-hPa level favour the occurrence of snowbands along the eastern coast of Sweden and southern
coast of Finland, whereas few cases in those regions occur with westerly winds. In addition, snowband days occur over the
southern Baltic Sea, where the formation of snowbands is favoured by low-level winds having a northerly component and typ-
ically between December—March. This study supperts-operational-forecasting-of snewbands-events-provides useful context for
operational forecasters and forms the basis for future research on how the occurrence of these events may change in a changing

climate.

1 Introduction

Sea-effect snowfall (also commonly referred to as lake-effect snowfall) is convective precipitation that ean-foerm-overrelatively

warm-and-forms over ice-free water surfaces (e.g. takes-and-seas)-when-the airmass-above-is-cold-enough—Sea-effeetsnowfa

snowfall-Fig—)—seas and lakes) during the cold season. Under suitable wind conditions, the systems may drift from the sea to
land;~where-snowbands-. Intense sea-effect snowfall can cause significant seecietal-and-econonic-impacts-along-the-coastline;

are-arSraptonsS-au O POOT-ViSiD y—atc SS—SHOW-©O oaas—damage

to coastal infrastructure, with localized impacts such as structural damage from snow loading and reduced visibility leading to
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traffic disruptions. They may also result in more widespread consequences if critical infrastructure, such as the energy sector
e.g., nuclear power plants that are located at the coast), is affected.

BFCand(dr-8Nevember20H6-at+8-UTE- The development of sea-effect snowfall systems is a complex process that is affected
by the distribution of sea-ice, the temperature and wind distribution of the overlying airmass and the shape and size of the water
basin. In order for sea-effect snowfall to form, the sea must be ice-free and there should be a large atmospheric lapse rate, i.e.

decrease in temperature with height between the sea surface and the overlying airmass (Niziol, 1987). This situation typicall

occurs when a cold airmass moves over relatively warm sea, allowing for the destabilization of the air by strong surface fluxes
of heat and moisture and the subsequent formation of convective updrafts. A generally applied rule of thumb is that the air
temperature at 850 hPa-level should be at least 13 °C colder than the sea surface temperature (roughly equivalent to the dry.
adiabatic lapse rate) for sea-effect snowfall to develop (Markowski and Richardson, 2010; Holroyd, 1971). The development of
updrafts may still be inhibited by the presence of inversion layers, or, further enhanced by mesoscale processes such as coastal
convergence (Andersson and Nilsson, 1990) and orographic lifting (Solantie and Pirinen, 2006). Other factors contributing to
the destabilization of air include the presence of moderate or strong low-level winds (increases surface fluxes) and a long

fetch of air over the sea (more time for destabilization by surface fluxes). Over land, the convective updrafts typically quickl

diminish due to the absence of the forcing surface fluxes, and therefore the resulting snowfall is usually limited to areas located
within a few tens of kilometers inland from the coastline.

Sea-effect snowfall systems can take many shapes and sizes depending on the prevailing wind distribution, the shape of the
sea and the orientation of the wind with respect to the coastline. The most intense systems typically manifest as long (up to a
few hundred kilometers) and narrow (a few to tens of kilometers wide) snowbands, with cloud tops reaching approximately
3 km (Markowski and Richardson, 2010; Niziol et al., 1995). These types of snowbands typically form when the fetch is long.
and aligned with the low-level wind direction, and the wind shear, i.e. the change in wind speed and direction with height,
is small. Preferably, the directional shear should not be larger than around 30 degrees (Niziol, 1987; Niziol et al., 1995); in
situations with stronger shear the systems usually take a more disorganized form or dissipate altogether (Niziol et al., 1995)
: As long as the large-scale atmospheric conditions and associated surface fluxes remain favorable (including an ice-free

sea-surface), sea-effect snowfall may persist for several hours, occasionally up to several days, resulting in prolonged snowfall

and potentially large snowfall amounts in coastal regions (e.g. Olsson et al., 2023, hereafter referred to as OLS2023).

Lake-effect snowfall is notorious especially in the Great Lakes region in North America (see e.g., Hjelmfelt and Braham,

1983), where it has been studied extensively. Considerable snowfall amounts caused by the sea-effect have been documented
in the Baltic Sea region (Rutgersson et al., 2022), such as in Finland (Olsson et al., 2017, 2018; Juga, 2010; Juga et al.,
2014; Niemeld, 2012; Mazon et al., 2015, and Olsson et al. --2020, 2022from-hereon-hereafter referred to as OLS2020and
OLES2022), Sweden Jewerreketal;2017from-hereonreferred-to-as JEW2017)-(Jeworrek et al., 2017, hereafter referred to
as JEW2017) and Poland (Bednorz et al., 2022). For example, in Finland, the current record for the highest measured daily
snow depth increase (73 cm) was associated with a localized snowband making landfall over western Finland in January 2016

(Olsson et al., 2017). In eastern Sweden, multiple consecutive snowbands brought 130 cm of snowfall within a few days around
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the town of Givle in December 1998, causing large societal impacts and economical losses (JEW2017, Westerblom, 2024).
Furthermore, Japan is one of the snowiest regions globally due to frequent sea-effect snowfall (Steenburgh and Nakai, 2020).
Sea-effect or lake-effect snowfall has also been observed, for example, along the Black Sea region in Turkey (Baltaci et al.,

2021), the Caspian Sea (Ghafarian et al., 2018) and occasionally near the coast of the United Kingdom (Norris et al., 2013).

Existing Identifying the long-term statisties-on-climatology of sea-effect snowfall in the Baltic Sea region is challenging due
to the lack of continuous observational datasets with long temporal coverage (e.g. radar or satellite data). Furthermore, due to
the small spatial and temporal scale of the systems, the resulting snowfall over land is often very localized and may thus be
missed by weather observation stations near the coast. Consequently, existing climatologies for regions in the Baltic Sea area
have primarily been based on indirect methods, or in other words, by finding the environments favourable for the occurrence
of sea-effect snowfall from gridded climate model and reanalysis datasets JEW2017, OLS2020, OLS2023). Accordingly, a

snowband day has been defined as a day with environmental conditions favouring sea-effect snowfall.

The existing long-term climatologies of sea-effect snowbands in the Baltic Sea area have been limited to specific regions
and typically constrained to prevailing wind directions that bring snowfall to the adjacent land (JEW2017, Bednorz et al. 2022
. OLS2023). In Finland, ©E52022-OLS2023 used ERAS5 reanalysis data (Hersbach et al., 2020) and snow depth observations
to show that the whole Finnish coastline has experienced an annual average of 16 intense snowband days between 1973-2020,
with most cases having occurred in November—-December. Based on 11 years of data from a regional climate model, JEW2017
showed that over the eastern coast of Sweden, favorable conditions for snowbands with northerly to easterly winds occur
on approximately 4 to 7 days per year. In the study of JEW2017, the highest mean precipitation amounts during conditions
favourable for sea-effect snowbands occur along the Swedish coastline of the Bothnian Bay, Bothnian Sea, and the western
Gotland Basin, over Gotland, as well as over northern Poland (see regions in Fig. 22)-Bednorzet-al(2022)laterconfirmed;
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The-previously-made-studies-onsnowband-Previous studies on snowband statistics in Finland and Sweden are based on
datasets created using weather and climate models having a relatively—coarseresolutions—which-need-a—parameterization
scheme-to-represent-the-underlying-conveetiveprocessesspatial resolution much larger than individual convective updrafts.
Recently, a 21-year climate simulation applied with 3 km horizontal grid spacing s-explieitly-resolving-deep-econveetions-has
been generated for the Nordic region with the HARMONIE-Climate (HCLIM) regional climate model (Lind et al., 2020).
HCLIM uses non-hydrostatic dynamics and treats convective updrafts occurring on the grid scale or coarser explicitly, while
using a parameterization scheme for sub-grid (shallow) conyection. Such ”convection-permitting” climate models with fine

resolutions have been shown to lead to significant improvements in the representation of sub-daily convective precipitation
(Lucas-Picher et al., 2021; Lind et al., 2020; Médus et al., 2022). Comparison to a wide range of observational datasets has
shown that the convection-permitting HCLIM model, with reanalysis data as boundary conditions, simulates summertime daily

precipitation distributions over Fennoscandia well and provides considerable added value to the statistics, amplitude and tim-

ing of hourly-scale extreme precipitation over Fennoscandia (Médus et al., 2022). The-same-can—generally-be-expeeted-for
eonvective precipitation-during Even though wintertime convection is typically less intense and shallower than in the summer,
a convection-permitting climate model with high spatial resolution and non-hydrostatic dynamics is expected to provide added
value for the simulation of the spatio-temporal evolution, structure, organization and intensity of convective precipitation

systems also in the cold season compared to coarser models.
In this study, we utilise-utilize the convection-permitting HCLIM simulation, forced by ERA-Interim reanalysis data (Dee

etal., 2011), to investigate the climatology of snowband days in the Baltic Sea area in 1998-2018. The goal is two-fold. First, we
examine whether HCLIM can realistically simulate snowbands. To address this, we perform a qualitative comparison with the

snowband day climatology that was defined by ©E52622-OLS2023 using ERAS and snow depth observations and, in addition,
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examine the performance of HCLIM for a set of events from the recent past. Then, we apply the kilometer-scale HCLIM
dataset across the entire Baltic Sea region to identify the general long-term spatial and temporal distribution of snowband days

time, to develop a 21-year climatology of sea-effect snowfall environments across the full Baltic Sea area.

This study is organized as follows. The HCLIM dataset and methodology used to detect snowbands is deseeibigehin
Sect. 2. Section 3 rst presents results from the comparative analysis with a previously de ned climatology (Sect. 3.1) and case
studies of past snowband events over the Baltic Sea (Sectfe@i@)ecby-. Thisis followed by ananalysis of the long-term
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are discussed iBeetionSect. 4 and concluding remarks providedsieetienSect.5.

2 Data and methods
2.1 HARMONIE-Climate (HCLIM) simulation

The HCLIM regional climate model is being developed and maintained in a consortium consisting of members from several
national meteorological institutes in Europe (Lindstedt et al., 2015; ekt al., 2020) and is the climate version of the
HIRLAM-ALADIN Research on Mesoscale Operational NWP in Euromed (HARMONIE) system (Bengtsson et al., 2017).
Here, we use a pre-existing 21-year km-scale simulation made with HCLIM cycle 38 over Fennoscandia for the time period
of 1998-2014TheHARMON imatecommunity,2025)Fhesimulationwas1998-2018, carried out as part of the Nordic

Convection Permitting Climate Projections (NorCP) project @&ndescribed in detail and evaluated in Lind et al. (2020);
Olsson et al. (2021); Médus et al. (2022).

The HCLIM convection-permitting simulation has been performed in a double nested approach; in the rst step the global
ERA-Interim reanalysis was downscaled using the HCLIM-ALADIN con guration at 12 km spatial resolution over a domain
covering a large part of Europe and the eastern North Atlantic. The HCLIM-AROME con guration was then run with 3 km
spatial resolution over an area covering Fennoscandia. The lateral boundary conditions from the HCLIM-ALADIN simulation
were updated every 3 hours. Both HCLIM model versions used 65 vertical levels and the SURFEX jsairfaeeterization

dn_conjunctionwith thelateralboundaryconditiong(hereat 6-hourlyintervals)in orderto capturetheir

factorsfor the
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The detection method applies, at every 3 km 3 km grid box and 3-hourly timestep of HCLIM output data, a set of criteria

for snowfall intensity and environmental conditions known to be favourable for the occurrence of sea-effect snowbands. If all
ef-thecriteria are ful lled, that grid box and time step is counted as sea-effect snowfall. Days when all the criteria are ful lled

at at least one 3-hourly timestep (either in a grid box or within a subregion, see Sect. 3) are marked as snowband days. In orde
to accommodate the two-fold goal of this study, and to distinguish between intense snowbands and a wider range of sea-effec
environments, we use three sets of criteria. The criteria are summarized in Table 1 and described in more detail below.

First, we use a similar set of criteria @-5202201.S2023to conduct a comparative analysis between HCLIM and the pre-

coastline into subregions depending on the orientation of the coast (N, NW, W, SW, S, and FI, see subregiorg1. fing.
each grid box at every time step, criteria for sea-surface temperature, low-level temperature difference, directional wind shear,

near-surface wind speed, boundary layer height, low-level wind direction and daily snowfall were cheskddvelwind

directionalshearis often associatedvith intenseconvectivesnowbandsBoundarylayer heightis requiredto be greatert

han

snowfall (calculated from the 3-hour time period after the other criteria are ful lled) and omit the criterion for 900 hPa-level
wind direction. This ensures that the snow falls roughly at the same time as the environmental conditions are favourable
for the occurrence of snowbands, increasing the likelihood that the detected cases are indeed sea-effect snowfall and no

nen-convectivdarge-scalestratiform snowfall occurring earlier or later on the same day. By excluding the requirement for



Table 1. The criteria for meteorological parameters included in the sea-effect snowfall detection method. N@Eeetl@tsze;ﬁ

(seeSeemﬁg.ect. 2.2). Snowfall is given in liquid water equivalent.

Snowband criteria o> Re ned Loose criteria

on et al. (2023) snowband criteria

Study area Finland Baltic Sea Baltic Sea
Snowfall > 1.5 mm day* >05mm@3h)!  >05mm(3h)?
Sea-surface >0°C >0°C >0°C
temperature

Difference between >13°C >13°C >13°C
850-hPa and

sea-surface

temperature

Difference in wind <60 °, note tha® <60° -

direction between the  QOlsson et al. (2023)

950-hPa and 700-hPa used the 975-hPa level

levels instead of the 950-hPa

level
Near-surface wind >7ms? >7ms? -
speed
Boundary layer height > 1000 m >1000 m -
900-hPa level wind Towards the Finnish - -
direction coastline in ve

subregions (90-255° in
S, 135-285° in SW,
200-330° in W,
270-360° in NW,
180-270°in N, see
subregions in Fig??1.)

low-level wind direction, the study area can be expanded to the whole BalticESeathoughthere-ned-eriteria-do-net;
205 byde#au%ﬂes&%ﬁheease&&eeﬁmm#m&d%eeﬂmqﬁheHereaﬁerwe referto this setof criteriaas’the re ned snowband
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De ning an appropriate threshold for snowfall amount to capture intense snowbands is dif cult and the number of cases can
be expected to be sensitive to the threshold. We select the threshold of 0.5 mi (8hliquid water equivalent) and conduct

a sensitivity test to the threshold (see Sect. 3.3). This threshold is between the medialt gret@tile of 3-hourly snowfall
calculated from snowy timesteps (de ned as time steps with snowfall amount over 0.01 mh]{?vbi)en all the other re ned

criteria except for the snowfall criterion are ful lled (Fig:?Al). The median98"percentile)of 3-hourly snowfall during
timesteps with environmental conditions favourable for snowbands is generally between 0.03-0.12 H‘lrﬁ:@mghe gs‘h

whereas other solid precipitation types such as graupel are not included in the analysis.

Lastly, the above mentioned criteria adopted from previous studies have been designed to detect banded sea-effect snowfa

range of sea-effect snowfall environments and to test the sensitivity to the number of criteria used to detect the cases, we alsc
include a brief analysis with a looser set of criteria. The loose criteria consider only the most important forcing mechanisms,
namely, thepesitivesea-surface temperatured°C and the large temperature gradient between the surface and the overlying
airmass which together drive the occurrence of strong surface uxes of heat and moisture to the atmosphere. In addition to
the sea-surface temperature and vertical temperature difference criteria, the 3-hourly snowfall rate is also included in the loose

criteria analysis.

3 Results

3.1 Comparative analysis of snowband day climatologies
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Figure 2. Monthly mean number of snowband days in Finland (FI, see subregion i##Rigin HCLIM in 1998-2018 (blue) and that es-

ssmwband days are most frequently detected in W (Table 2).
A closer inspectiorinte-of the spatial distribution of snowband days (F&3) de ned using the criteria 0BLS2022

0OLS2023shows that, in HCLIM, snowband days occur most frequently with easterly to southwesterly winds close to the

southern coastline of Finland in S (with an annual average of one-to-two snowband days per 3 km 3 km area). In that

10
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Table 2. The average, minimum and maximum annual number of snowband days in Finland. The rst column shows the subregions (see
Fig. ??1). The second, fourth and sixth column show the number of snowband days detected in HCLIM for the period 1998-2018 using

de ned here as days when all the criteria for snowbands are ful lled in at least one grid box at least once per day somewhere in the subregion.
Snowband days that were detected in multiple subregions were included only once in FI.

Annual average Annual minimum Annual maximum
HCLIM  Olsson et HCLIM Olsson et HCLIM Olsson et
al. al. al.
(2622023) (2622023) (2622023)
Fl 18 16 7 6 42 40
N 1 0 0 8 6
NwW 5 0 0 11 16
w 7 0 1 8 18
SwW 5 1 0 12 14
S 10 5 0 0 24 12

3.2 Performance of HCLIM in case studies of past snowband events

One observed snowband event impacting Sweden and three from Finland were selected for a closer look to explore how well
HCLIM, together with two sets of snowband criteria (the re ned and the loose criteria, see criteria in Table 1), perform in

265 3.2.0.

270

3.2.1 13 November 2007

The Swedish case occurred on 13 November 2007, when a long and narrow band of intense snowfall extended from the

and slippery roads in regions south of Stockholm. In HCLBvi 13 November 2007, a snowband extended all the way from

11



Figure 3. Annual mean number of snowband days in 1998-2018 in HCLIM detected by thengriteriaclose-to-theseuseeby

275

througheutthe dayandthe4a),andthe sameholdstrue alsofor the synopticenvironmen{(Jungefeldt, 2020)The majority of

the system was detected by both the re ned and loose criteriagFigeic—d).
3.2.2 1-4 February 2012

280 On 1-4 February 2012, multiple snowbands formed over the Gulf of Finland (shown at 23 UTC on 2 February 2012 in Fig.

12
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studiesNotethatfor aj—(e)-certaincasestudy,thetime anddatein the rst. columnmay differ from thatof the othercolumns Namely,data

is.shownon 13 November 2007 at 15 UTdn (éa)-€d), on 2 February 2012 &3 UTC.in (e) andat 15 UTCs-in (gf)—(h),.on.8 January

2016at11UTCIin (i) andon 9 January8i6at 0 UTCanein (j)—(I), andon 8 November 2016 dt8 UTC (m).and15 UTC-in. (n)—(p)

13
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around1Q cm but severalhundrediraf ¢_accidentsand multiple ir

impacting the southern coast of Finland but the resulting snowfall was so weak that only a few grid points ful Il the re ned
snowband criteria (not shown). This is partly due to the relatively high threshold for 3-hourly snowfall amount (see Sect. 2.2).

3.2.3 8January 2016

little damagéshownat tHUTCin-Fig—??¢;Olssen-etal2014-0LS2026)., HCLIM simulates a narrow snowband travelling
northeasterly across the Bothnian Sea towards the Finnish coastline on 8 January 2016 (not shown), as was the case in th

3.2.4 2-9 November 2016

On 2-9 November 2016, multiple intense snowbands formed over the Gulf of Finland, with a pronounced snowband drifting
over the southern coast of Finland at the end of the episode (shown at 18 UTC on 8 Novembef#e#ig). In HCLIM,
multiple consecutive banded snow systems formed over the Gulf of Finland in the beginning of November 2016. On 8 Novem-
ber 2016, HCLIM shows a snowband closely resembling that from the radar image (shown at 15 UTCA#j4ig. The

2016 (shown on 8 November in Fig2k—40—p).
3.2.5 Summary

Comparison of weather radar imadés—2?)and snowfall simulated by HCLIM shows that the four cases are well represented
by HCLIM (Fig. 2?4). While HCLIM captures the general characteristiral synoptic environmentof the observed sea-

effect systems well, differences with respect to the radar images do occur in their exact location, timing, spatial extent and
morphology. This is expected, as climate model simulations, even though using reanalysis data for lateral boundary conditions,
are not designed to reproduce accurately the exact timing and location of observed events (Olsson et al., 2021). Instead

14
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they are intended to represent long-term statistical patterns with reasonable accuracy. The re ned criteria are able to capture
snowband days in the correct general impact areas on 13 November 2007, 1-4 February 2012, 8-9 January 2016 and 2—
and 5-9 November 2016. The re ned criteria do not always capture the entire areal extent or the duration of the individual
snowbands. This is expected and partly due to the relatively high threshold for 3-hourly snowfall amount. Even though using a
high threshold may lead to weaker convective systems being missed altogether, it is needed to detect the snowbands embedde

within weaker, large-scale snowfall (see e.g. Figd—eand - Thesystemgletectedy theloosercriteriacloselyresemble

3.3 Frequency of sea-effect snowfall over the Baltic Sea

Figure?25 shows the annual mean number of snowband days in each grid box over the Baltic Sea area, detected from HCLIM

data with the re ned snowband criteria (see Table 1). According to HCLIM, snowband days over the Baltic Sea area occur most

Gulf of Finland (Fig.??5; for the locations, see Fig21). Fewer but still considerable numbers of snowband days are detected

also over the southern Baltic Sea close to the northern coast of Poland.

0—186°particularly nearthe easterncoastof Swedenand southerncoastof Finland (Fig. ??a)-Nertherly-te-seutheasterly

annual number of snowband days detected in seven subregions of the Baltic Sea (see subregictizm) Figl 998—2018 is
collected into Table 3. Note that in Table 3, the size of each subregion varies and therefore the numbers between regions are
not directly comparable.

Snowband days over the Baltic Sea area occur mainly between October-MarchAfigg), however, the seasonal cycle
varies between different regions. Over the northernmost Baltic Sea, snowband days occur primarily between October-Decembe

(Fig. ??7b—d). Southward, over the Bothnian Sea, Gulf of Finland and Northern Baltic Proper, the average season is between

15
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Figure 5. Annual mean number of snowband days in 1998-2018 in HCLIM detected by using the re ned snowband criteria (see criteria in

Table 1). Snowband day in each grid box is de ned here as a day during which all the criteria were ful lled at least once.

November-February (Fig2?7c—f). The southern parts of the Baltic Sea typically experience snowband days slightly later,

16
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Figure 6. As inFigure?2Fig. 5, but with an additional criterion for the 900 hPa-level wind direction between (a) 0-90°, (b) 90-180°, (c)
180-270° and (d) 270-360°. The subregions presented in Tablef3gue??Fig. 8 are marked in (a).

is higher (Fig:??A3) compared to the re ned criteria (Fig5), however, the spatial distribution in both cases is similar. This
con rms that the general distribution of snowband days is primarily determined by the distribution of sea-surface temperature

17
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and the vertical temperature difference between the sea-surface and the lower troposphere. Lastly, the snowfall threshold use
in this study was set to be quite high. When the 3-hourly snowfall threshold in the re ned snowband criteria is lower (higher),
the number of detected cases is higher (lower), but the spatial distribution is generally similaff4y.

3.4 Snowfall on snowband days

The most impactful snowbands are those that move over land. In order to estimate the snowfall distribution associated with
snowband days over land and to identify the areas that receive most snowfall, we divide the Baltic Sea area into seven subregion:
and study the mean daily snowfall calculated from snowband days occurring in each regié¥@righe snowband days are
divided into four wind sectors as #gure??Fig. 6 since the prevailing wind direction determines the movement direction of
snowbands and the potential impact region over the coastline. Figt8eshows that the mean daily snowfall on snowband
days is generally higher over land than over the sea. In downwind facing coastlines over land, snowfall is generally most intense
near the coastline. The highest mean amounts (up to 2.7 mrh diayiquid water equivalent) occur over the eastern coast of
Sweden with winds from 90-180° (Fig=8b).

Note that not all snowbands in Fig?8 drift over land and that some of the detected days likely include also non-convective
snowfall occurring on snowband days. In Fif8, attention should be focused mainly on the coastlines that are downwind of

the prevailing wind direction. Considerable snow amounts are seen for example over the eastern coast of Sweden over lanc

that generally do not favor snowbands in those regions ¢, Table 3). The snowfall may have been sampled due to an
approaching low-level system with large-scale snowfall occurring before or after a snowband was detected in the subregion.
On the other hand, convective snowbands may also be embedded within low-pressure related large-scale snowfall (see e.c
Saarikivi, 1989). Thus, the daily total snow amount on snowband days can often be a combination of both localized intense
convective snowfall and weaker large-scale snowfall.

Table 3. The average, and minimum and maximum (in brackets), annual number of snowband days in HCLIM in 1998-2018 in the subregions
shown inFigure??Fig. 6. The snowband days are detected using the re ned snowband criteria but with an additional criterion for the 900
hPa-level wind direction between 0-90°, 90-180°, 180-270° or 270-360°. Snowband day is de ned here as a day during which all the criteria
are ful lled in at least one grid box at least once per day somewhere in the subregion.

| [ Il v v Vi Vil

0-90° 7(0,13) 13(0,27) 17(2,33) 8(0,23) 14(1,34) 9(0,19) 14(1,32)
90-180° 4(0,11) 6(0,20) 8(0,23) 7(1,22) 4(0,17) 5(0,20)  5(0, 20)
180-270° 3(0,10) 4(0,12) 4(0,11) 5(1,11) 2(0,11) 6(0,16)  7(1,23)
270-360° 2(0,5) 4(0,13) 10(1,25) 5(1,12) 8(2,18) 10(0,24) 13(1,25)

18
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daily snowfall exceeding 5 mmday on snowband days over northeastern coast of Sweden{Figiida-b), southern
coast of Finland (Fig2?b;2+0¢~d) and northern coast of Poland (Fife;+1ede—f). Note that in Fig2?-119, low-level

19
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Figure 8. Mean daily snowfall on snowband days in seven subregions of the Baltic Sea area. The snowband days are detected using the
re ned snowband criteria but with an additional criterion for the 900 hPa-level wind direction between (a) 0-90°, (b) 90-180°, (c) 180-270°
or (d) 270-360°. Snowband day in each subregion is de ned here as a day during which all the criteria were ful lled in at least one grid box

at least once per day somewhere in the subregion.

water equivalent) snowfall than Sweden (over 8 mm day The same holds true also for the number of days with snowfall
exceeding 5 mmday , namely, some regions in the Swedish coastline experience up to 25 days whereas Finland and Poland
experience only up to ten during the 21-year long time period.

20
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12 UTC) for_snowbanddaysin the threeregionsof Fig. 9. We note that as compositesdo_not capturethe full variability

easterncoastof

are associatedith somewhatigher meansea-levelpressurea low-pressureareaover easternBaltic_countriesand mean

4 Discussion

In this study, snowband days over the Baltic Sea area occur most frequently near the east coast of Sweden, over the Gulf of
Finland and Northern Baltic Proper (Fig?5). Snowband days are most prevalent when the low-level winds have an easterly
component (i.e. 900 hPa-level wind direction is between 0-180°Pita—b, Table 3). The HCLIM-based snowband clima-
tology resembles the 11-year climatology of snowbands for Sweden, being simulated with another, coarser-resolution, regional
climate model by JEW2017. They showed that when the low-level wind was &&@0-90°, hotspots for precipitation on

days with favourable conditions for convective snowbands typically occurred over land in the Swedish coast of the Bothnian
Sea and Western Gotland Basin, as well as in Gotland (se€¥gin JEW2017). Irthe majority of those regions, mean daily
snowfall was betweefi-1-2mmday® (JEW2017). Local maxima in mean daily snowfall on snowband days (mean daily

(F|g6aand ...............

ings of Bednorz et al. (2022), who documented typical conditions linked to 25 extreme snowfall events occurring over northern
PolandFheTheirextreme cases (that led to observed snow depth increase of at least 20 cm within two days) occurred between

between 4-5 mmday in liquid water equivalent) on snowband days with winds towards the Polish coastline was found near
the northern coast of Poland (Figf9).
The snowband day climatology near the Finnish coastline also shares several similarities with the previously de ned clima-

21



435

which all the re ned snowband criteria (see Table 1) were ful lled, and the 900 hPa-level wind direction wés) @§0-360° or 0-140°,
(Bc)-(d) 90-255° andeg)(f) 280-360° or 0-80°, in at least one grid box at least once somewhere in the subregion.

(Table 2, Fig:??2). Snowband days in HCLIM occurred most frequently along the southern coast of Finland in S, consistent
with the main hotspots reported @L-S2022-

favourable region for snowband occurrence was near the western coast of Finland (region W) during southerly-to-westerly
winds, this maximum in occurrence frequency is absent in HCLIM (F3, Fig.??6). In fact, westerly winds were found to

be the least favourable for snowband occurrence across the northern Baltic Sea in HCLIRGEied).
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9. Snowbandiay in. eachsubregioris de ned hereasa day duringwhich all there ned snowbancriteria (seeTable 1) wereful lled, and

the 900hPa-levelind directionwas(a).350-360%r 0--140° (b).90-255%and(c) 280-360%0r.0-80°,in.atleastonegrid box at|eastonce

thoughthe resolvedconvectionand high resolutionlikely _bring more addedvalue for summerthan for winter convection,

exceeds the size of the smallest sea-effect snowfall systems. This leads to uncertainty in the representativeness of snowbands
those datasets. For example, over the Great Lakes area, Notaro et al. (2015); Lucas-Picher et al. (2017) have shown that climat
models with grid spacings larger than 10 km were not able to accurately represent all lake-effect snowfall events. On the other

Four case studies from the northern Baltic Sea revealed that HCLIM was able to simulate past high-impact snowbands well
and the sea-effect snowfall detection method captured the events. The case studies and comparison to the previous climatolog
by ©OLS2022supperttheuseQL.S2023supportthe utility of HCLIM and the re ned snowband criteria to identify the general
occurrence distribution of snowband days and areas most at risk from convective snowfall over the Baltic Sea area. However,
it should be kept in mind that the detection method does not explicitly nd convective precipitation and, instead, is based on

nding days with considerable snowfall and environmental conditions that favor the occurrence of snowbands. It is therefore
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possible that some of the detected snowband days that form the snowband day climatology did not actually involve convective
precipitation forced by the sea-effect. On the other hand, some cases may be undetected if the criteria used by the detectiol

method are too strict.

5 Conclusions

In this study, we use the convection-permitting HCLIM climate model data at 3 km horizontal and 3-hour temporal resolution

we utilize a re ned sea-effect snowfall detection method that nds the grid boxes and time steps with considerable snowfall
(3-hourly snowfall over 0.5 mm) and environmental conditions known to be favourable for the occurrence of snowbands (see
criteria in Table 1).

According to HCLIM, snowband days (i.e. days when all the re ned snowband criteria are ful lled at least once) are most
frequent near the east coast of Sweden, southern coast of Finland and between Sweden and Estonia (up to a few snowband da
per year in a 3 km 3 km area) and when the low-level wind has an easterly component. Over the northern Baltic Sea, the
snowband season typically begins in October and ends in February. Over the southern Baltic Sea, snowband days are favoure
by low-level winds having a northerly component and occur typically between December—March. A more detailed summary
of the key ndings for different regions of the Baltic Sea is as follows:

— Gulf of Bothnia between Sweden and Finland: Snowband days typically occur in October—January over the Bothnian
Bay in the north and in November—February over the Bothnian Sea in the south, most frequently near the eastern coast
of Sweden, and with low-level winds from 0-180°. On snowband days, mean daily snowfall is highest near the Swedish
coastline. Daily snowfall over 8 mmday (98" percentile, liquid water equivalent) is seen near Sweden over the

Bothnian Sea when low-level winds are towards the coastline.

— Gulf of Finland between Finland and Estonia: Most snowband days occur between November—February and with low-
level winds from 0—180°. Considerably fewer snowband days are seen with westerly winds. On snowband days with low-
level winds towards the Finnish coastline, daily snowfall is over 6 mmdag@8" percentile, liquid water equivalent)
near the coastline.

— Northern Baltic Proper between Sweden, Finland and Estonia: Snowband days are detected mainly between November-
March, peaking between December—January and occur mainly with low-level winds from 0-180° and 270-360°.

— Southern Baltic Sea: Snowband days are most common near the east coast of Sweden and near the coast of Polan
and Lithuania. The average season spans December—March. Low-level winds from 0-90° favor snowband days near
Sweden. Over the southernmost Baltic Sea near the Bay of Gdansk, snowband days occur mostly with winds from 0-90°
and 270-360°.
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Four case studies of veri ed past sea-effect snowfall systems in the Baltic Sea area show that HCLIM, with reanalysis
data used for lateral boundary conditions, is able to simulate the location and morphology of the snowbands surprisingly
well. The detection method, with the re ned snowband criteria, was able to capture snowband days in the correct general
impact areas. Furthermore, the Iong—term occurrence distribution presented in this study in generally in line with past regional

that has previously been shown to lead to considerable added value in the representation of summertime extreme precrpitation
also in studies of past and future distributions of convective snowfall in northern Europe.

We note that the methodology used to construct the snowband day cIimatoIogy has some limitations. The detection method

de ned in previous studles of sea—effect snowfall for the snow system to be included in the snowband day climatology. The
criteria consist of quantitative thresholds for different meteorological parameters, which the number of detected days is sensitive
to. Therefore, the method might miss some snowbands if the criteria are too strict, or capture non-convective snowfall if the
criteria are too loose. Furthermore, although HCLIM represents previously de ned snowband climatologies well, the model
may contain uncertainties and biases that affect the long-term statistics. The 21- year perlod of mvestlgatlon is rather short for
i If a

The number of detected snowband days was shown to be sensitive to the number of criteria, however, the general charac
teristics of the occurrence distribution remained largely unchanged. This suggests that the spatial distribution of snowband
days is primarily determined by the distribution of sea-surface temperature and the vertical temperature difference between the
sea-surface and the lower troposphere. Understanding how climate change affects the extent and annual cycle of sea ice—«¢
well as the co-occurrence of ice-free sea and cold lower-tropospheric air masses—can thus provide valuable insights into how
the general characteristics and spatial distribution of sea-effect snowfall may change in the future.

This study presents for the rst time, the cIimatoIogy of snowbands environments over the full Baltic Sea region. Such a

damental basis for studyrng |mpacts of future climate change on the occurrence, frequency and intensity of sea-effect snowfall
in northern Europe.
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Figure Al. (a) Median and (b) 98 percentile of 3-hourly snowfall in 1998—2018 in HCLIM. The median and tH& g8rcentile of snowfall
is calculated from time steps when all the re ned criteria shown in Table 1 (except the criterion for 3-hourly snowfall exceeding 0.5 mm) are

ful lled and at least some snowfall occurs (i.e. 3-hourly snowfall rate exceeds 0.01 mnt (3h)
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Figure A3. Annual mean number of snowband days in 1998—-2018 in HCLIM detected by using the loose criteria (see criteria in Table 1).
Snowband day in each grid box is de ned here as a day during which all the criteria were ful lled at least once.
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