
Adv. Sci. Res., 17, 87–104, 2020
https://doi.org/10.5194/asr-17-87-2020
© Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.

19th
E

M
S

A
nnualM

eeting:E
uropean

C
onference

forA
pplied

M
eteorology

and
C

lim
atology

2019

Statistics of sea-effect snowfall along the Finnish
coastline based on regional climate model data

Taru Olsson1, Anna Luomaranta1, Kirsti Jylhä1, Julia Jeworrek2, Tuuli Perttula1, Christian Dieterich3,
Lichuan Wu4, Anna Rutgersson4,5, and Antti Mäkelä1

1Finnish Meteorological Institute, PL 503, 00101 Helsinki, Finland
2Department of Earth, Ocean and Atmospheric Sciences, University of British Columbia, Vancouver, Canada

3Swedish Meteorological and Hydrological Institute, Norrköping, Sweden
4Department of Earth Sciences, Uppsala University, Uppsala, Sweden

5Centre of Natural Hazards and Disaster Science (CNDS), Uppsala University, Uppsala, Sweden

Correspondence: Taru Olsson (taru.olsson@fmi.fi)

Received: 21 January 2020 – Revised: 29 April 2020 – Accepted: 25 May 2020 – Published: 18 June 2020

Abstract. The formation of convective sea-effect snowfall (i.e., snow bands) is triggered by cold air outbreaks
over a relatively warm and open sea. Snow bands can produce intense snowfall which can last for several days
over the sea and potentially move towards the coast depending on wind direction. We defined the meteorological
conditions which statistically favor the formation of snow bands over the north-eastern Baltic Sea of the Finnish
coastline and investigated the spatio-temporal characteristics of these snow bands. A set of criteria, which have
been previously shown to be able to detect the days favoring sea-effect snowfall for Swedish coastal area, were
refined for Finland based on four case study simulations, utilizing a convection-permitting numerical weather
prediction (NWP) model (HARMONIE-AROME). The main modification of the detection criteria concerned
the threshold for 10 m wind speed: the generally assumed threshold value of 10 m s−1 was decreased to 7 m s−1.
The refined criteria were then applied to regional climate model (RCA4) data, for an 11-year time period (2000–
2010). When only considering cases in Finland with onshore wind direction, we found on average 3 d yr−1 with
favorable conditions for coastal sea-effect snowfall. The heaviest convective snowfall events were detected most
frequently over the southern coastline. Statistics of the favorable days indicated that the lower 10 m wind speed
threshold improved the representation of the frequency of snow bands. For most of the favorable snow band
days, the location and order of magnitude of precipitation were closely captured, when compared to gridded
observational data for land areas and weather radar reflectivity images. Lightning were observed during one
third of the favorable days over the Baltic Sea area.

1 Introduction

During the cold season, vigorous boundary layer convection
can develop when cold continental air masses are advected
over an open and relatively warm body of water, like the
Great Lakes of North America (e.g., Hjelmfelt and Braham,
1983), the English Channel and the Irish Sea (e.g., Norris
et al., 2012), the Japan Sea (e.g., Ohtake et al., 2009) and
the Baltic Sea in northern Europe (Savijärvi, 2012; Mazon
et al., 2015; Jeworrek et al., 2017; Olsson et al., 2018). In-
tense snowfall may occur when significant amounts of heat

and moisture fluxes from the water destabilize the overlying
air. Sea-effect snowfall events may last for several days over
the sea, with the potential accumulation of heavy snowfall
at the coastline if an onshore wind direction persists. The
consequences of such snowfall events may cause tree and
roof damage, power cuts, massive damage to the traffic sec-
tor (Groenemeijer et al., 2015, 2016) and problems for snow
removal logistics (Keskinen, 2012). If intense snowfall oc-
curs in highly populated areas with large traffic volumes the
decreased visibility and reduced road surface friction can im-
pede traffic and result in motor vehicle accidents (Juga et al.,
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2012, 2014). Such extreme weather conditions must also be
taken into account in precaution planning for shore-located
nuclear power plants (e.g., Jylhä et al., 2018).

This paper focuses on sea-effect snowfall over the Finnish
sea and coastal areas, located in the north-eastern region
of the Baltic Sea in northern Europe. In this region snow
bands are typically long (70–200 km), narrow (20–50 km)
and seldom move far inland. The population density in Fin-
land is relatively low, with the exception of the Helsinki
metropolitan area and a few other densely populated urban
areas. Given these circumstances it may be of greater im-
portance where the snow band event occurs along the coast-
line, than simply the amount of snowfall generated. For in-
stance, in two cases that strongly affected the Helsinki region
(17 March 2005 related to an approaching warm front, see
Juga et al., 2012; and 3 February 2012 when multiple per-
pendicular snow bands affected about 100 km of the Finnish
coastline, see Fig. 1b, Juga et al., 2014; Niemelä, 2012; Ma-
zon et al., 2015), the maximum accumulated snow depths
measured only 5 and 10 cm. In both instances, the rapidly
worsening conditions resulted in several hundred motor ve-
hicle accidents and dozens of injured persons. In contrast,
a record-breaking snow band hit the coast perpendicularly at
Merikarvia, a small municipality on the western coast of Fin-
land (Fig. 1c, Olsson et al., 2017). In this instance it snowed
73 cm in less than 24 h on 8 January 2016, clearly exceeding
the previous national record of 50 cm d−1 which occurred in
Rauma on 21 November 1971. No damage was reported to
emergency services and only a few cars were immobilized
due to snowdrifts. The impact of this extreme weather event
for society was small in this case, given that the area of most
intense snowfall was only ∼ 30 km wide and that the munic-
ipality affected had only around seven inhabitants per square
kilometer.

One of the main factors in preventing the occurrence of
sea-effect snow bands in Finland is the seasonal sea-ice cover
during winter months. The formation of sea-ice cover re-
duces the heat and moisture fluxes from the sea to the atmo-
sphere, which are essential for the formation of convection.
The sea area surrounding Finland is L-shaped and consists
of the Gulf of Bothnia in the west, the Gulf of Finland in
the south and the Archipelago Sea in the south-west (Fig. 2).
In the current climate, the sea usually starts freezing along
the northern coast of the Gulf of Bothnia in late November
and along the eastern coast of the Gulf of Finland in mid-
December. During an average winter all of the near coastal
sea areas freeze over. In mild winters (like in 2012 and 2016)
a large part of the Gulf of Bothnia can remain open, while the
Gulf of Finland is only partially covered by ice. The largest
extent of annual sea-ice coverage is usually attained between
February and March, while the melting season starts in April.
The average ice coverage remains the longest in the northern
part of the Gulf of Bothnia with over 180 d, whereas it is the
shortest in the Archipelago Sea with just under 20 d (Seinä
and Peltola, 1991).

Figure 1. Radar images of accumulated precipitation (mm per
24 h−1) during the past 24 h within the four selected cases (A–D,
see Table A1 for details). Images from radar service of FMI intranet.

Figure 2. Total number of favorable days with a suitable wind di-
rection (Table 1) to bring snowfall to the Finnish coast from 2000–
2010 based on RCA4 data. Different areas listed in Table 1 are
shown with blue rectangles (south: S, south-west: SW, west: W,
north-west: NW, north: N). Sea areas, countries and mentioned
cities are also shown.

Altough the surface roughness of ice is similar to that
of water, surface temperature differences can vary widely
between solid ice cover and areas of unfrozen sea water
(Markowski and Richardson, 2010). In previous case studies
of convective snow bands over the Baltic Sea area, sensible
heat fluxes from the ice-free sea into the atmosphere peaked
at around 300–350 W m−2 whereas latent heat fluxes reached
160–230 W m−2 (Jeworrek et al., 2017; Olsson et al., 2018).
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It has been reported that a large air-water temperature differ-
ence is the most important factor triggering instability above
open-sea areas. This instability can then enhance the sensible
and latent heat fluxes from the sea, which are essential for
snowfall (Mazon et al., 2015; Markowski and Richardson,
2010). Consequently, the high possibility for cold air out-
breaks from the continent along with an open and relatively
warm Baltic Sea makes November the most active month for
sea-effect snowfall events (Jeworrek et al., 2017).

Thus, when searching for favorable weather conditions to
produce sea-effect snowfall, an important factor is the tem-
perature difference between the open water surface and the
850 hPa atmospheric level (Mazon et al., 2015). The verti-
cal temperature difference should be at least 13 ◦C to ex-
ceed the dry adiabatic lapse rate (temperature decrease by
9.8 ◦C km−1), which is a necessary condition for significant
sea-effect convection (Markowski and Richardson, 2010).
Another crucial factor is the fetch of cold air over open wa-
ter. The longer the fetch, the larger the heat flux from the sea
and more intense the destabilization of the lower atmosphere.
The fetch should be at least 75 km (Markowski and Richard-
son, 2010) to provide suitable time for the air mass to absorb
heat and moisture from the water. In idealized cases the ratio
between the 10 m wind speed (m s−1) and the fetch over open
water (km) should be between 0.02 and 0.09 m s−1 km−1 in
order to form cloud bands (Laird et al., 2003). Therefore, the
higher the wind speed the longer the required fetch. In addi-
tion, convective cloud bands are more likely to occur with a
directional wind shear of less than 30◦, although they can still
develop if the shear is below 60◦ (Niziol, 1987). Unless the
cold air mass extends from the surface to at least 850 hPa,
steam fog can develop instead of convective cloud bands.
Thus, the boundary layer should be at least 1 km thick to al-
low for adequate convective cloud growth, which is usually
no higher than 4–5 km (Markowski and Richardson, 2010;
Niziol et al., 1995).

A set of criteria for conditions favoring convective snow
band formation along Swedish coastal areas has been in-
troduced by Jeworrek et al. (2017). These criteria were
adopted from previous works by Laird et al. (2003), Niziol
et al. (1995), Andersson and Nilsson (1990), Niziol (1987),
and Holroyd (1971). Case studies and idealized simulations
of snow bands over the Gulf of Finland have been con-
ducted in the past (Savijärvi, 2012; Mazon et al., 2015).
However, no statistics of the frequency and intensity of the
snow bands affecting the Finnish coast have been published
to our knowledge. Neither is there a national weather events
database available for our study period which would have
collected and stored dates of sea-effect snowfall cases, such
as those identified by operational meteorologists. Therefore,
this study applies thresholds to relevant meteorological vari-
ables in order to detect of a wide range of sea-effect snowfall
cases. This allows us to investigate the statistics of the phe-
nomenon.

In this paper, the first objective is to refine the criteria in-
troduced by Jeworrek et al. (2017), in order to make them
suitable for detecting sea-effect snow bands that drift to-
wards the Finnish coast. The tuning of the criteria is based on
four case study simulations with the convection-permitting
numerical weather prediction (NWP) model HARMONIE-
AROME. These refined criteria are then applied to detect
sea-effect snowfall events from the data of the regional cli-
mate model RCA4 for the time period of 2000–2010. The
goal is to produce statistics of the frequency and intensity
of snow bands affecting the Finnish coast during the 11-year
period. Finally, a comparison between the RCA4-based esti-
mates and gridded observational data is made to assess the
reliability of the statistics. In addition, weather radar reflec-
tivity images and observations from the lightning location
system of Finnish Meteorological Institute (FMI) were used
as supplementary data, to provide more information on the
detected favorable days.

2 Methods and data

2.1 Methodology

The criteria introduced by Jeworrek et al. (2017) to detect
days favorable for sea-effect snowfall on the Swedish coast-
line (Table A1) are as follows: 10 m wind speed stronger than
10 m s−1, difference between sea surface temperature (SST)
and air temperature at 850 hPa higher than 13 ◦C, 2 m temper-
ature lower than 8 ◦C, wind shear between 700 and 975 hPa
less than 60◦, wind direction between 0 and 90◦ (towards
the Swedish coast), boundary layer height over 1000 m, and
daily snowfall amount at least 1.5 mm (water equivalent).
The suitability of these threshold values for Finland were
first assessed by means of four case study simulations with
the NWP model HARMONIE-AROME. The refined crite-
ria were then applied to output data of the same RCA4 ex-
periment used by Jeworrek et al. (2017). For the evaluation
of the RCA4 results, coastal total precipitation events were
also identified from the daily gridded climate dataset for Fin-
land (FMIClimGrid), which is based on observations (Aalto
et al., 2016; Luomaranta et al., 2019). Radar reflectivity im-
ages were used to check the location of snow bands, espe-
cially in cases where total precipitation remained mainly over
sea areas. As lightning may be associated with convective
snow bands, lighting data was also checked within the favor-
able days.

2.2 Data

2.2.1 Case study events

Four snow band episodes were selected for the case study
simulations: (A) 20–23 December 2011, (B) 1–4 Febru-
ary 2012, (C) 8 January 2016, and (D) 2–9 November 2016.
These are well known sea-effect snowfall cases that have
been confirmed by operational meteorologists as well as by
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weather radar images (Fig. 1). Case B has previously been
examined by Juga et al. (2014), Niemelä (2012) and Mazon
et al. (2015), and Case C by Olsson et al. (2017, 2018). It was
essential to select cases which were relatively recent, given
that the HARMONIE-AROME simulations utilized full vol-
ume weather radar scans (Sect. 2.2.2), which were not readily
available for earlier time periods for the simulated area. The
four events varied in their duration, spatial extent and geo-
graphical location (Fig. 1) and were also distinct from one
another meteorologically, thus providing a representation of
a variety of sea-effect snowfall cases. Although it would be
preferable to have a larger number of cases, the model simu-
lations were both time and dataspace consuming making this
an unfeasible option in the present study.

2.2.2 HARMONIE-AROME

HARMONIE-AROME is a convection permitting regional
NWP model developed by the ALADIN (Seity et al., 2011;
Brousseau et al., 2011) and HIRLAM model consortia
(Bengtsson et al., 2017). This model is utilized for oper-
ational short-range weather forecasts by several European
NWP centres, therefore, its performance is continuously
monitored vigilantly. As this model includes a full 3D-Var
data assimilation system, a wide range of observations can
be used to improve the simulations. Assimilated observations
in our study included surface synoptic observations, aircraft
reports, buoy observations, radiosondes, wind profiler obser-
vations and radar reflectivity (Olsson et al., 2018).

The simulations of the four cases (Sect. 2.2.1) were run
using the 40h1.1 version of the model. The resolution was
2.5 km horizontally and 65 model levels vertically with the
model top at 10 hPa. Boundary conditions were obtained
hourly from the global NWP model Integrated Forecasting
System (IFS) of the European Centre for Medium-Range
Weather Forecasts (ECMWF). The atmospheric processes
near the underlying surface were calculated using the sur-
face scheme SURFEX (SURFEX Scientific Documentation,
2018). The analysis cycle with data assimilation was per-
formed every 3 h, while the spin-up time for each case was
one week.

2.2.3 RCA4

The Rossby Centre Atmosphere (RCA) model is a regional
atmospheric climate model developed by the Rossby Cen-
tre of the Swedish Meteorological and Hydrological Insti-
tute (SMHI). The RCA model was developed to simulate the
atmosphere on climatological timescales and is a hydrostatic
model with terrain-following hybrid vertical coordinates and
a rotated longitude-latitude grid.

In this paper, we used the hourly output data of the same
RCA4 experiment as Jeworrek et al. (2017). The aforemen-
tioned experiment simulated the atmosphere over the 11-year
time period from 2000 to 2010, with a spin-up time of two

months. The domain covered Europe and the horizontal res-
olution was set to 0.16◦, which approximately corresponds
to an 18 km grid spacing with 40 levels in the vertical direc-
tion. Initial and lateral conditions for parameters such as ice
cover, SST and wind speed were provided to the model every
6 hours by the interpolated ECMWF reanalysis data ERA-40
(Uppala et al., 2005).

The characteristics of the RCA4 experiment perfectly fit-
ted the purposes of this study; The output data were al-
ready tested with various sensitivity studies in Jeworrek et
al. (2017) and it was readily available.

2.2.4 Observational data

The gridded climate data FMIClimGrid (Aalto et al., 2016) is
a dataset based on observations which provides daily values
of variables such as snow depth, temperature, and precipita-
tion over land areas of Finland, with a spatial resolution of
10 km × 10 km and for a time period of 1961–2018. Data for
wind speed and direction were not included. The dataset is
built on observations extracted from national (Finnish Mete-
orological Institute, FMI) and international (European Cli-
mate Assessment & Dataset, ECA & D) – databases (Klok
and Klein Tank, 2009). The kriging interpolation method was
used for the gridding procedure (Matheron, 1963; Goovaerts,
2000). The effects of geographical location (i.e., the stations’
latitudinal and longitudinal position), topography and water
bodies (sea and lake effects) were taken into account in the
interpolation routine.

The FMIClimGrid dataset was used as reference data
for precipitation and accumulated snowfall analyzed from
HARMONIE-AROME and RCA4 data on land areas. In ad-
dition, weather radar reflectivity images and data collected
from the lightning location system of the Finnish Meteoro-
logical Institute (FMI) were used as supplementary data, to
provide more information on the detected favorable days.

3 Results

3.1 Case studies

To define the threshold values for meteorological conditions
favoring the formation of sea-effect snowfall near the Finnish
coast, four well known snow band cases (A–D in Fig. 1) were
simulated with the HARMONIE-AROME model. The simu-
lated snowfall amounts and the location of precipitation com-
pared well against both FMIClimGrid data (over land areas
only) and weather radar images.

In the beginning of both modelled cases A and B, the sim-
ulated 10 m wind blew along the long side of the Gulf of
Finland with a relatively high speed (over 12 m s−1). Dur-
ing A the snowfall remained mainly over the sea, given the
southwesterly wind direction that was invariably almost par-
allel to the southern Finnish coast and which never turned
directly inland (Figs. 1a and A1a). In B the 10 m wind speed
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decreased to 7–8 m s−1 when the easterlies turned to become
more southerlies, which led to the accumulation of snow over
the Helsinki metropolitan area (Figs. 1b and A1b, and see
Fig. 2 for the places). In “the Merikarvia case” C, the 10 m
wind speed increased towards the coast, peaked (13 m s−1)
just before the coastline and resulted in the highest snow ac-
cumulation over land areas (Figs. 1c and A1c). The same
area near Merikarvia received ∼ 10 mm d−1 (as liquid water
equivalent) in accumulation of snow during case A (Fig. 1a).
The highest snowfall amounts remained over the sea in both
cases A and D. Throughout the D event a northeasterly wind
blew mostly parallel to the coast of the Gulf of Finland with
a speed that was mainly over 13 m s−1. This high wind speed
and the long fetch along the Gulf of Finland (elongating even
to Stockholm and Gotland) enabled an intense snow band
to form over the sea (Fig. 1d). The snow band touched the
Finnish coastline only at the end of the episode when the
wind turned inland (Fig. A1d). A simultaneous lake-effect
snowfall over the Lake Ladoga can be seen (Fig. 1d) and the
snow bands hampered traffic along the eastern coast of Swe-
den (Expressen, 2020).

The main characteristics of the simulated atmospheric
conditions over the Baltic Sea for the four sea-effect snowfall
cases are summarized in Table A1. The values in Table A1
represent the minimal values fulfilled over the corresponding
sea area (Gulf of Finland and Bothnian Sea) within the four
selected sea-effect snowfall cases. Compared to each other,
the cases showed similar properties. In all cases the 10 m
wind speed was over 7 m s−1, the wind shear stayed below
30◦ within the snow bands, the difference between the SST
and the air temperature at 850 hPa levels exceeded 13 ◦C, and
the boundary layer height was distinctly above 1000 m. Due
to the L-shape of the Finnish coastline, the favorable wind
direction to bring snowfall over land areas varied from east-
erlies to westerlies.

Based on the simulation results (Table A1) utilizing the
threshold values set by Jeworrek et al. (2017) for the wind
shear, the vertical temperature difference and the boundary
layer height along the Swedish coast are applicable in Fin-
land. It should be noted however that the threshold values
needed to be modified slightly for the 10 m wind speed and
direction, with the 10 m wind speed threshold decreased to
7 m s−1 (Table 1). This value is lower than the threshold orig-
inally presented by Andersson and Nilsson (1990) for severe
snow bands (i.e., 10 m s−1) but still higher than the mini-
mal value defined by Markowski and Richardson (2010), be-
low which snowfall is unlikely to be observed inland (i.e.,
5 m s−1).

Owing to the shape of the Finnish coastline, sea-effect
snowfall can occur with many wind directions, provided that
the overlying air mass is cold enough. The coastal zone was
divided into five different areas (S, SW, W, NW, N; Table 1)
according to the direction the coast is facing (Fig. 2). The
thresholds for wind direction deviate between the five con-
sidered areas of the Baltic Sea (Table 1, Fig. 2). At the south-

ern coastline (S) the potential wind directions range from
easterlies to southwesterlies and at the western coastline (W)
from southwesterlies to northwesterlies. Northeasterly wind
which would be the most prominent to bring cold air masses
to the Baltic Sea, cannot accumulate sea-effect snowfall to
the Finnish coast. In the following, we excluded those cases
where the wind direction was not favorable to bring snowfall
to the Finnish coastline and only consider cases where the
wind direction was towards the coast.

Given that the SST is associated with heat fluxes, it is an
important factor in triggering instability above water areas.
We therefore used a SST higher than 0 ◦C (Table A1) as a
threshold instead of a 2 m temperature lower than 8 ◦C (Jew-
orrek et al., 2017). In summary, through using the detection
criteria presented by Jeworrek et al. (2017) as a starting point
and taking into account our case-study results (Table A1), we
refined the threshold values to detect the atmospheric condi-
tions favoring sea-effect snowfall along the Finnish coasts.
The final thresholds chosen in the study are shown in Table 1.
It is worth noting that the criteria may detect both smaller-
scale entirely convective cases and larger-scale precipitation
areas, in which convective sea-effect snow bands are embed-
ded. Both types of sea-effect snowfall may be equally influ-
ential for society.

3.2 Sea-effect snowfall in 2000–2010

Favorable days to produce sea-effect snowfall on the Finnish
coastline (i.e., favorable days) were detected from RCA4
data using the refined criteria presented in Table 1. In order
to consider only relevant situations and to avoid overestimat-
ing the number of favorable days in Finland, we considered
only days when the wind direction was facing inland.

3.2.1 Frequency of snow bands

Figure 2 displays the total number of favorable days detected
in single grid cells during the years 2000–2011. The high-
est frequency (> 6 d in 11 years) of sea-effect snowfall days
was found over a rather constricted area in the west, near
Rauma. A total of 33 favorable days to form sea-effect snow-
fall around Finland’s sea areas were detected during the study
period, most frequently in area S but without large differ-
ences between S, SW and W (12–15 d in each, Fig. 3a). The
total annual number of snow band days varied from one to
seven, with an average of 3 d yr−1. In six detected days the
snow band covered large areas or several smaller snow bands
occurred in different areas (S, SW and W) on the same day,
hence the combined number in Fig. 3a is larger than 33 d.
During the simulated 11-year period, only two favorable days
(in 2001 and 2006) were detected in area NW and none in
area N (Fig. 2). Thus, the emphasis in Figs. 4–6 is focused
on S, SW and W.

Most of the detected sea-effect snowfall events lasted only
1 d but in five cases the conditions favorable for snow bands
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Table 1. Used criteria for the selection of days with favorable atmospheric conditions for convective snowfalls. The areas are defined in
Fig. 2.

Parameter Area

South South-West West North-West North
(S) (SW) (W) (NW) (N)

Wind direction at 900 hPa 90–255◦ 135–285◦ 200–330◦ 270–360◦ 180–270◦

10 m wind speed > 7 m s−1

Directional wind shear between 700 and 975 hPa < 60◦

Sea-surface temperature (SST) > 0◦C
Difference between SST and air temperature at 850 hPa > 13◦C
Boundary layer height > 1000 m
Daily total snowfall > 1.5 mm d−1

Figure 3. Total number of favorable days over the Baltic Sea during 2000–2010 per year (a) and month (b) in the different areas (shown in
Fig. 2 and Table 1) based on RCA4 data. Area N is not included as no events were found.

lasted for two to four consecutive days. These longer (favor-
able) periods occurred roughly every second year, on Febru-
ary 2001, November 2004, January 2006, November 2008
and December 2010. If only the successive days were taken
into account the longest favorable periods occurred during
November 2004 with 3 d and during December 2010 with
4 d. If 1 d separation between the favorable days is allowed
for, the longest period occurred on November 2004 with 5 d.
On 2001, 2006 and 2008 the favorable conditions lasted two
consecutive days.

According to the RCA4 simulation, the most active month
to produce favorable conditions for sea-effect snowfall is
November (Fig. 3b) especially in W. In addition, the favor-
able conditions covered larger areas during detected favor-
able days more often in November compared to the other
months. In six occasions of favorable days sea-effect snow-
fall was identified to occur over a large area. Sea-effect snow-
fall was detected simultaneously from at least two of the S,
SW and W areas during 4 d in November and during 1 d in
October and March.

3.2.2 Snowfall amounts

The frequency of favorable days was highest in November,
and hence that month accounts for the majority of the daily
mean snowfall amounts presented in Fig. 4a–c. Daily total
snowfall varied between 1.5 and 13 mm d−1 with a mean
varying from 2.4 mm d−1 (SW) to 3.4 mm d−1 (S). The snow
bands stayed over the sea in approximately half of the de-
tected favorable days in S, SW and W areas. In S the max-
imum daily snow accumulation was higher in those cases
when the snow bands hit the land, compared to cases where
the snow bands remained at sea, with 12 and 5 mm d−1 of
snow (as liquid water equivalent) respectively. In SW the
maximum snow accumulation over land occurred with snow
bands perpendicular to the shoreline, whereas shore parallel
snow bands remained more often over the sea at the vicin-
ity of the coast, with maximum values of 13 and 8 mm d−1

respectively. In W the snow bands remained over the sea in
most of the cases and the maximum daily snow accumulation
was 10 mm d−1 over land and sea. In S and SW land areas,
the maximum accumulated snowfall was over 5 mm d−1 in a
third of the favorable days. In W, values this high were de-
tected during half of the favorable days but those remained
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Figure 4. Average daily snowfall amount (mm d−1) during 2000–2010 with 10 m wind speed of 7 m s−1 (a-c) and 10 m s−1 (d–f) whenever
there were favorable conditions to bring sea-effect snowfall towards the coast in areas W (a, d), SW (b, e) and S (c, f) (as in Fig. 2, Table 1)
based on RCA4 data.

over the sea in most of cases. An intense snow band with
over 9 mm d−1 of snowfall was experienced four times in S,
twice in SW and once in W during 2000–2010. These heavy
snowfall days appeared to have a noticeable influence on the
daily mean snowfall amounts in Fig. 4a–c.

In NW only two favorable days (in December 2001 and
October 2006) were detected. In both cases the maximum
snow accumulation was high, at 6.5–8.5 mm d−1. The latter
snow band in October 2006 was stereotypical with a long,
shore parallel, snow accumulation line over the land, high
sea surface temperature (> 5 ◦C) and strong (> 13 m s−1)
northerly winds. The former case in December 2001, was
part of a large and heavy precipitation area over Sweden
and Finland. In this instance the convection in the unstable
boundary layer might have only intensified the precipitation
locally over the sea.

In most of the snow bands in S, the simulated snowfall was
distributed along the shoreline covering a long shore-parallel
area (Fig. 4c and f). In SW, the snow bands were either par-
allel or perpendicular to the shoreline (Fig. 4e). In many of
the shore-parallel cases the snow band was wrapped around
the shoreline even from S to W. In W the structure of the
snow bands tended to be more varied, yet the area south of
Rauma was most often affected (Fig. A3). One factor possi-

bly affecting the flow pattern and snow band structures in W
was the Åland islands. This effect was most pronounced dur-
ing southerly and south-westerly flows by slowing down the
10 m wind speed and affecting the wind direction.

3.2.3 Wind speed and direction of snow bands

The highest daily mean wind speeds at 10 m during the snow
band events were simulated over the narrowest area of the
Gulf of Finland, as well as over the Bothnian Sea (Fig. A2).
The 10 m wind speed mostly exceeded 10 m s−1 when the
wind blew parallel to the long side of the gulfs but decreased
rapidly near the coast. Most of the snow bands in S occurred
with southwesterly winds, compared to in W with northwest-
erly winds (Fig. 5). For these aforementioned wind direc-
tions the 10 m wind speed was also highest compared to other
wind directions during the detected favorable days in the cor-
responding areas. Nevertheless, for S the largest daily snow
accumulations (> 5 mm d−1) were simulated most often with
easterly to southeasterly winds, while in W with westerly
winds. In W northwesterly winds were also associated with
large daily snow accumulation but these remained over the
sea.
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Figure 5. Windroses showing the wind direction and 10 m wind speed (m s−1) in the areas W (a), SW (b) and S (c), for the favorable days
on the Baltic Sea area during 2000–2010 based on RCA4 data. Colors refer to wind speed (m s−1) and the number on the circles to the
frequency (%) of a wind component relative to all wind components during favorable days in the considered area.

To study the effect of 10 m wind speed on the average
snowfall amount, a threshold of 10 m s−1 was also used to
detect the favorable days, and the results were compared
to the ones obtained by applying the reference threshold of
7 m s−1 (Fig. 4d–f). In the Gulf of Finland the 10 m wind
speed could easily exceed 10 m s−1 when the wind blew par-
allel to the long axis of the Gulf, but it weakened rapidly
if the wind turned shoreward. When the threshold for 10 m
wind speed was kept at 7 m s−1, there were 33 favorable days
(Sect. 3.2.1) with a well-known sea-effect snowfall case de-
tected in January 2006 (Savijärvi, 2012). When the threshold
value for 10 m wind speed was increased to 10 m s−1, the
number of detected favorable days decreased to 15. This cor-
responded with seven favorable days in S, 5 d in SW, 7 d in W
and 1 d NW, as favorable conditions could occur over large
areas over the course of 1 d.

While the 10 m s−1 wind speed criterion reduced the to-
tal days of sea-effect snowfall, it increased the mean accu-
mulated snowfall when compared to the 7 m s−1 threshold
(Fig. 4). With a threshold of 7 m s−1 (10 m s−1), the snowfall
maxima ranged from less than 5 mm d−1 (for both thresh-

olds) over sea areas to about 10 mm d−1 (14 mm d−1) at
places over S and SW coastal land areas. In only some re-
gions, such as the land area in W (Fig. 4a and d), the lower
10 m wind speed corresponded to a larger average snowfall
amount. Although the maximum daily snow accumulation
was the highest with strongest winds, four favorable days in S
and SW and two favorable days in W with notable snowfall
amount (4–8 mm d−1) were not detected with a higher 10 m
wind speed threshold.

When considering the most prolonged simulated dura-
tion of favorable atmospheric conditions, the duration was
longer with the higher 10 m wind speed threshold compared
to the lower wind speed threshold. During the 3 (to 5) d long
case in November 2004 (Sect. 3.2.1), favorable conditions
for snow bands were detected over SW and W with strong
(> 13 m s−1) northwesterly winds. In December 2010, fa-
vorable conditions lasted 4 d in S with slightly weaker (8–
13 m s−1) southeasterly winds. In January 2006 the 2 d last-
ing snow band in S was detected only with the threshold
of 7 m s−1, although the 10 m wind speed was greater than
11 m s−1 over the sea. This was related to the location of the
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Figure 6. Average daily precipitation amount (mm d−1) from FMIClimGrid data during 2000–2010 whenever there were favorable con-
ditions to bring sea-effect snowfall towards coast in W, SW and S areas (as in Fig. 4a–c). The average daily precipitation was calculated
without the event on 30 November 2005 (Sect. 3.3).

snowfall. In cases where the main snowfall area was located
over land the wind speed often decreased to below 10 m s−1,
resulting in the snow bands being undetected when utilizing
the higher wind speed threshold. During 2 d periods in Febru-
ary 2001 and November 2008, the wind speed was also below
10 m s−1 over sea areas and thus the cases were detected only
when employing the lower wind speed threshold.

3.3 Comparison to observations in 2000–2010

In order to validate the model results for the detected
snow band days, the simulated total precipitation amounts
were compared with the observations provided by the FMI-
ClimGrid data. The comparison of the detected favorable
days during the period between 2000–2010 could be per-
formed only over the land, given that the FMIClimGrid data
does not cover sea areas. In addition, the FMIClimGrid data
does not discern snow and rain amounts but rather provides
the daily total precipitation amounts.

In approximately half of the simulated snow bands the
maximum precipitation area remained over the sea. Because
it was challenging to assess precipitation amounts and loca-
tion of those cases from the FMIClimGrid data, we consid-
ered a snow band to be accurately simulated if the total pre-
cipitation occurred on a similar scale and near the observed
location during the considered day.

During 23 out of the total 33 favorable snow band days,
RCA4 was able to closely capture the location and the order
of magnitude of the observed total precipitation amount over
land (Fig. 6). During six out of the remaining ten favorable
days, the locations of the simulated and observed precipita-
tion over land were distinctly different or no snowfall was
actually observed from FMIClimGrid data, although simu-
lated. Within the rest four favorable days the snow band was
simulated to stay over the sea, consistent with the fact that no
precipitation was observed over land in FMIClimGrid data.
Since the location and the magnitude of precipitation over the
sea could not be validated with FMIClimGrid data, simulated
precipitation areas were also compared to radar reflectivity

images. Precipitation was observed from radar images over
the sea near the RCA simulated location in all the favorable
days, although the location was not always well represented.

During most of the favorable days the total precipitation
amounts were relatively well simulated, with a difference of
±4 mm d−1 compared to observations. The amounts found
to be lower than 10 mm d−1 were the most closely repro-
duced. The highest precipitation rates (> 10 mm d−1) among
the 33 favorable days were equally common in RCA4 and
FMIClimGrid data but did not necessarily occur during the
same snow band events. The maximum observed total pre-
cipitation amounts within the detected sea-effect snowfall
dates ranged from 10 mm d−1 (from S to NW areas), to up to
41 mm d−1 (in S area). In the RCA4 data, the maximum to-
tal precipitation over land ranged from 11 mm d−1 (from S to
NW areas), to up to 24 mm d−1 (in SW area). In comparison,
the simulated maximum daily snowfall was 12–13 mm d−1

in S and SW areas, while it was found to be 8–10 mm d−1

elsewhere (excluding the N area).
The location of the observed heaviest precipitation of

41 mm d−1 (30 November 2005) was different between FMI-
ClimGrid (inland in S) and RCA4 (mostly over sea in SW)
data but both were perpendicular to the coast in the south-
west to northeast direction (Fig. A4). Although the simu-
lated precipitation area associated with the snow band did
not enter as far inland as was observed, the area over the sea
corresponded well with radar reflectivity images. The snow
band was highly convective; FMI’s lightning location sys-
tem (Mäkelä et al., 2014) observed a total of 160 lightning
strokes between 00:00–12:00 UTC (02:00–14:00 LT – local
time) along the snow band (Fig. A4). The amount of light-
ning was relatively large considering the time of the year.
Although unusual in Finland, such a large number of light-
ning can still develop in late November if atmospheric con-
ditions favor convection (Mäkelä et al., 2013). Lightning was
observed during 11 favorable days over the Baltic Sea area.
Most of the lighting events occurred in October (3 d) and
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November (6 d), while fewer lighting events occurred in De-
cember (1 d) and March (1 d).

The event on 30 November 2005 was distinctly the most
intense when compared among the rest of the studied favor-
able days. The mean daily precipitation in Fig. 6 is there-
fore calculated without this anomaly in order to not interfere
with other daily precipitation amounts, which would have re-
sulted in no other structures for the precipitation areas to be
observable. With this exclusion, the highest values were up
to 25 mm d−1 which corresponded well with the simulated
highest values of up to 24 mm d−1.

The snow band cases which lasted several days in Novem-
ber 2004, January 2006, November 2008 and December 2010
(Fig. A5) were well simulated with respect to location and
total precipitation. During the 2 d period in 2001, the simu-
lated total precipitation occurred in a different location than
the observations, but the accumulated total precipitation cor-
responded well to the observed value of 4–5 mm d−1. The
two favorable days simulated in NW in December 2001 and
October 2006 were well represented with respect to the loca-
tion, but the total precipitation amount was underestimated
by RCA4 data (8 and 11 mm d−1, respectively) compared
to FMIClimGrid data (21 and 24 mm d−1, respectively). The
snowfall event on March 2005 (mentioned in Sect. 1) was not
detected from RCA4 data as it was related to an approaching
warm front and the Gulf of Finland was ice covered and thus
did not fulfill the criteria for a favorable day. In addition, the
known snow band case on 15 December 2009 (Kämäräinen,
2012) was not detected, as the wind direction was mainly
northerly over the Gulf of Finland.

4 Discussion and conclusions

The main objectives of this work were (i) to define a set of
criteria which allows the detection of sea-effect snowfall on
the Finnish coast from climate model data and (ii) to produce
statistics of the frequency and intensity of the phenomenon
for a recent 11-year period. To meet the first objective, four
well known sea-effect snowfall cases were simulated with
the NWP model HARMONIE-AROME to gain information
on atmospheric conditions favoring coastal snow band for-
mation in Finland. Results from the case studies were used
to modify the detection criteria presented by Jeworrek et
al. (2017) for convective snow bands along the east coast
of Sweden. Based on the assessment of the detection cri-
teria we set the threshold for 10 m wind speed to 7 m s−1,
which is lower than the generally assumed threshold value
of 10 m s−1. Using the refined criteria, we studied the fre-
quency and intensity of sea-effect snowfall along the Finnish
coastline with hourly RCA4 output from years 2000–2010.
The observed precipitation amounts on the detected favor-
able days were then extracted from the daily gridded climate
dataset for Finland (FMIClimGrid) and used as reference

data for land areas. In addition, radar reflectivity images and
lightning location data provided supplementary information.

A total of 33 favorable days for the development of con-
vective snow bands were detected from the RCA4 output.
The snow bands were simulated to most frequently affect two
relatively restricted regions along the western (W) and south-
ern (S) coasts of Finland, with one to the south of Rauma
and the other to the east of Helsinki. A high frequency of fa-
vorable days in W was expected, given that the previous na-
tional records on daily snowfall amount were observed in that
area. Over land areas in W, the largest snow accumulations
occurred with moderate (< 10 m s−1) westerly winds, while
stronger northwesterly winds resulted in snow bands remain-
ing over the sea, in the vicinity of the coast. Most of the favor-
able days in S were detected with southwesterly winds. This
was somewhat unexpected as the air masses coming from
this direction are usually too warm. Nevertheless, the largest
daily snow accumulations along the southern coast were de-
tected with easterly winds. In addition, the snow bands de-
tected with southwesterly winds remained more often over
the sea in S.

The refined criterion of 7 m s−1 for the 10 m wind speed
appeared to have a large impact on the frequency of the
favorable days and average snowfall amount. The analy-
sis of the detected favorable days indicated that the refined
threshold led to an improvement in the representation of the
frequency of snow bands. While the commonly used wind
speed criterion of 10 m s−1 reduced the total days of sea-
effect snowfall by half, it resulted in an increased mean of
accumulated snowfall when compared to the lower thresh-
old. The largest daily snowfall accumulations were associ-
ated with a higher 10 m wind speed (> 10 m s−1), yet many
weaker (4–8 mm d−1) snowfall events were missed if the
higher wind speed threshold was used. Nevertheless, the fre-
quency of weaker sea-effect snowfall is of some importance,
as even moderate amounts of daily snowfall may cause seri-
ous problems for coastal traffic, communications and critical
infrastructure, as was the case in Helsinki in February 2012
(Sect. 1).

It is worth noting that the refined detection criteria for Fin-
land may not be applicable to other meteorological datasets
(such as reanalyses or regional climate models). Besides the
wind speed criterion discussed above, the horizontal resolu-
tion of the meteorological data strongly affects the detection
of snow bands. The data used should have a horizontal grid
scale ≤ 20 km in order to sufficiently resolve the observed
precipitation and circulation patterns for convective snow-
fall (Hjelmfelt and Braham, 1983). Jeworrek et al. (2017)
found that the increased horizontal resolution resulted in im-
proved model performance, especially when concerning the
10 m wind speeds. Moreover, the detection criteria should be
validated separately for each different study area, to ensure
that the thresholds allow for identification of the well-known
past snow band cases at a minimum.
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The results of the statistics in the frequency and intensity
of snow bands are affected by some limitations: the small
number of case studies (4) utilized to modify the detection
criteria for Finland, the relatively short time period (2000–
2011) compared to climatological time scales which typ-
ically consists of 30 years, and the small amount of de-
tected days (33) favoring the formation of sea-effect snow-
fall. While it would be difficult to increase the number of case
studies for the reasons explained in Sect. 2.2.1, a longer time
period will be considered, in order to extend the number of
favorable days for a larger statistics. Nevertheless, compared
to the gridded observational climate data FMIClimGrid, the
location and timing of the snow bands were relatively well
simulated with the refined lower wind speed threshold when
the daily total precipitation was under 10 mm d−1. Higher
daily precipitation values (> 10 mm d−1) were equally fre-
quent in most land areas, although these occurred on differ-
ent days in the RCA4 and FMIClimGrid data. Radar images
indicated precipitation over the sea near the RCA simulated
locations in all of the favorable days, although this was not in
exactly the same location. In addition, lightning strokes were
observed during 11 favorable days over the Baltic Sea area.

The next step is to study a longer time series, which would
preferably cover the two previous record breaking snow-
falls on the western coast of Finland on 21 November 1971
(50 cm d−1 in Rauma) and 8 January 2016 (73 cm d−1 in
Merikarvia). This would be beneficial to increase the statis-
tics and, thus, the understanding of these extreme events in
Finland. For the assessment of climate change impacts on
sea-effect snowfall, it would be beneficial to validate model-
based statistics on historical time periods, before use in es-
timating future changes. With a changing climate, the ice-
covered season in the Baltic Sea is expected to become
shorter in the future (IPCC, 2019; Luomaranta et al., 2014).
This could increase the frequency or intensity of the sea-
effect snowfall in the Baltic Sea region by extending the time
period in which convective snow bands can form. In addi-
tion, wintertime precipitation amounts are expected to in-
crease (IPCC, 2019), yet at the same time a smaller share of
snowfall compared to rainfall is expected in a warming cli-
mate (Dieterich et al., 2019; Luomaranta et al., 2019). How-
ever, since easterly and northerly wind directions might be-
come less frequent in the autumn and winter over the future
Baltic sea (Ruosteenoja et al., 2019), the large-scale condi-
tions might become less favorable for snow bands. Based on
simple physical reasoning it is therefore difficult to predict
the future evolution of sea-effect snowfall, but careful analy-
sis of climate model data is needed.
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Appendix A

Table A1. The minimum atmospheric conditions fulfilled over the Baltic Sea within the four selected sea-effect snowfall cases (A–D) based
on HARMONIE simulations. In addition, the thresholds defined in Jeworrek et al. (2017) are shown.

A B C D Jeworrek et al.
(2017)

Time 20–23 December 2011 1–4 February 2012 8 January 2016 2–9 November 2016 2000–2010

Area Southern Finland Southern Finland Western Finland Southern Finland Eastern Sweden

10 m wind speed > 8 m s−1 > 7 m s−1 > 8 m s−1 > 9 m s−1 > 10 m s−1

Sea surface temperature (SST) > 3 ◦C > 0 ◦C > 4 ◦C > 6 ◦C –

2 m temperature < 5 ◦C < −9 ◦C < −2 ◦C < 3 ◦C < 8 ◦C

Difference between SST and
> 13 ◦C > 20 ◦C > 17 ◦C > 18 ◦C > 13 ◦C

air temperature at 850 hPa

Directional wind shear < 30◦ < 30◦ < 30◦ < 30◦ < 60◦

Wind direction 220–270◦ 90–170◦ 170–270◦ 80–120◦ 0–90◦

Boundary layer height > 1000 m > 1600 m > 2600 m > 2000 m > 1000 m

Figure A1. 10 m wind speed (colors) and 900 hPa wind direction (arrows) during the selected snow band cases, A–D, when the snowfall
was over land areas as simulated with HARMONIE-AROME. The wind arrows are normalized to same lengths. (a), (b) and (d) observes
southern Finland and (c) observes western Finland.
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Figure A2. The mean 10 m wind speed (m s−1) within the detected snow bands in the Baltic Sea area during 2000–2010 based on RCA4
data.

Figure A3. Precipitation on 26 February 2006 from different databases. (a) Accumulated snowfall from RCA4 (mm d−1), (b) total precipi-
tation from RCA4 (mm d−1), (c) total precipitation from FMIClimGrid (mm d−1), (d) radar reflectivity factor (dBZ) image at 13:00 UTC.
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Figure A4. Precipitation in 30 November 2005 from different databases. (a) Accumulated snowfall from RCA4 (mm d−1), (b) total precip-
itation from RCA4 (mm d−1), (c) total precipitation from FMIClimGrid (mm d−1), (d) radar reflectivity factor (dBZ) image at 12:00 UTC.
(e) Located lightning strokes on 30 November 2005. In the map, a total of 160 strokes.
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Figure A5. Precipitation in 19 December 2010 from different databases. (a) Accumulated snowfall from RCA4 (mm d−1), (b) total precipi-
tation from RCA4 (mm d−1), (c) total precipitation from FMIClimGrid (mm d−1), (d) radar reflectivity factor (dBZ) image at 11:00 UTC.
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Data availability. The RCA4 data used in this study can be ac-
quired by contacting the corresponding author. The source code of
the HARMONIE-AROME model is not publicly available. Daily
gridded climate data, FMIClimGrid, can be downloaded from https:
//avaa.tdata.fi/web/paituli/latauspalvelu (last access: 16 June 2020)
(Aalto et al., 2020). FMI’s OpenData including lightning lo-
cation data: https://en.ilmatieteenlaitos.fi/open-data (last access:
16 June 2020) (Finnish Meteorological Institute, 2020). Full list of
detected favorable days with daily total precipitation images from
RCA4 and FMIClimGrid data together with radar reflectivity factor
images and lightning location data will be available at ZENODO
repository https://doi.org/10.5281/zenodo.3872892 (Olsson et al.,
2020).
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