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Sammanfattning 
 
Snökanoner över Östersjön och Bottniska Viken: En fallstudie av hur 
väl HARMONIE simulerar extrem nederbörd 
Louise Jungefeldt 
 
Snökanoner som bildas över Östersjön kan resultera i stora mängder snöfall längs
den svenska kusten, vilket ofta leder till problem såsom trafikolyckor, ökat tryck på
sjukvården och inställd kollektivtrafik. Noggranna väderprognoser är en central del i
att förebygga dessa problem. I denna fallstudie studeras hur väl den icke-
hydrostatiska vädermodellen HARMONIE (HIRLAM ALADIN Research on Mesoscale
Operational NWP In Euromed) simulerar snökanoner. Modellens horisontella
representation av nederbördsmängd, tidpunkt, placering av nederbörd och area
jämfördes mot observationsdata från radar, radar med interpolerad stationsdata samt
separat data över uppmätt nederbörd från väderstationer. Två fall studerades. Mellan
den 12-14e november 2007 orsakade ostliga vindar en snökanon som sträckte sig
från Finska viken och resulterade i totalt ≥ 55 mm nederbörd över Nynäshamn under
37 timmar. Stora mängder nederbörd observerades även längs kusten söder om
nederbördsmaximat. För det andra fallet, 21-23e mars 2008, observerades
nederbördsmaxima över vattnet norr om Gävle med totalt ≥ 16 mm, vid ett 34 timmar
långt tidsintervall. Gävle fick totalt ca 10 mm nederbörd. För båda fallen
observerades nederbörd från lokala snökanoner vid sjöarna Vänern och Vättern.

HARMONIEs simuleringar överensstämde väl med observationsdata för båda
fallen. En viss överskattning, totalt 10-15 mm nederbörd, observerades dock söder
om nederbördsmaximat i fallet för 2007. Förmodligen skedde överskattningen vid en
tidsförskjuten ändring av vindriktning under några av de mest intensiva timmarna. För
fallet 2008 simulerades även de mindre snökanonerna över Vänern och Vättern väl
med avseende på tidpunkt, total nederbördsmängd och placering. Fler studier med
fall av snökanoner behövs dock för en fullständig bild av hur väl HARMONIE
simulerar snökanoner.
 
Nyckelord: Snökanoner, Östersjön, HARMONIE 
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Abstract 

 
A Case Study Evaluating the Performance of the NWP Model 
HARMONIE in Simulating Convective Snow Bands 
Louise Jungefeldt 

 
Convective snow bands forming over the Baltic Sea can result in heavy precipitation
along the Swedish east coast. Forecasting these events well is of great importance to
prevent road traffic injuries, increased pressure at hospitals and cancelled bus traffic.
This thesis project aims to evaluate the performance of the high-resolution non-
hydrostatic convection permitting model HIRLAM ALADIN Research on Mesoscale
Operational NWP In Euromed (HARMONIE) in simulating convective snow bands. Its
horizontal representation of precipitation rates, area, placement and timing was
examined in a case study of two event. The case of 2007 during the 12-14th of
November, formed at the Gulf of Finland and resulted in Nynäshamn receiving ≥ 55
mm precipitation during the 37 hours long event. Areas south of this precipitation
maxima also received heavy precipitation. The second case, 21-23rd of March 2008,
formed over the Gulf of Bothnia during north-easterly winds and resulted in a total
precipitation of ca 10 mm at Gävle. The precipitation maxima was observed offshore,
north of Gävle, with ≥ 16 mm precipitation in 34 hours. Convective snow bands were
also observed over Vänern and Vättern in both cases.

HARMONIE simulated convective snow bands well in terms of intensity, timing,
placement and area, in both cases, compared to datasets from radar, radar with
merged gauge data and separate observational data from weather stations. Areas
south of the local maxima at Nynäshamn in the case of 2007 were however
overestimated by a total of 10-15 mm, most likely due to a simulated shift in wind
direction during some of the most intense hours. In the case of 2008 the model also
captured weak convective snow bands at Vänern and Vättern accurately in terms of
precipitation area, timing, and accumulated precipitation. Further case studies of
snow bands are however necessary to obtain a more comprehensive view of the
performance of HARMONIE.
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1. Introduction 
 
Events of heavy snowfall on the Swedish east coast occur yearly as a result of 
convective snow bands forming on the Baltic Sea. These bands form when cold air 
passes over a relatively warm water body, which induces large vertical heat and 
moisture fluxes (Andersson & Nilsson, 1990). The convection becomes organized 
under strong winds and cause large amounts of precipitation over sea and when 
reaching the coast (Andersson & Nilsson, 1990). Under an easterly wind regime 
convective snow bands can reach as far as from the Gulf of Finland to the Swedish 
east coast resulting in heavy precipitation due to the long fetch (distance which the 
low-level air passes over open sea) (Andersson & Nilsson, 1990). These events, 
known in Sweden as ”snow canons”, can result in snowfalls of more than 1 m in a 
few days, for instance the snow depth increased by 130 cm at an event in Gävle 
1998 (SMHI, 2018). Convective snow bands can also form at the Great Lakes in the 
United States and Canada, where the snow falls can reach up to 250 cm (Niziol et 
al., 1995). At the Baltic Sea, these snow bands most frequently reach Gävle and 
Västervik on the Swedish east coast (Jeworrek et al., 2017), though snow bands can 
form over the lakes Vänern and Vättern as well (SMHI, 2018). 
    These intense snowfalls often cause damages on infrastructure and traffic 
accidents with subsequent consequences for multiple parts of society. As an 
example, a convective snow band event in November 2016 resulted in a 39 cm snow 
depth in Stockholm (SMHI, 2017). This caused an increased pressure on hospitals 
and difficulties for ambulance vehicles as well as cancelled flights and bus traffic (SR, 
2016). Hence, it is of great concern to forecast these events as accurately as 
possible to prevent excessive damages and costs. Furthermore, Mazon et al. (2015) 
suggest that the occurrence of convective snow bands will likely increase over the 
Baltic Sea due to a warmer climate, resulting in longer periods of ice free waters and 
potentially more frequent easterly wind regimes over Europe. This further increases 
the importance of accurate forecasting of these events. 
    This thesis project aims to evaluate the performance of high-resolution numerical 
weather prediction model HIRLAM ALADIN Research on Mesoscale Operational 
NWP In Euromed (HARMONIE) when simulating convective snow band events. Its 
horizontal representation of precipitation rates, area and timing were examined in a 
case study of two events originating from the Gulf of Finland and the Bothnian Sea, 
where precipitation occurred along the Swedish east coast and at the inland lakes of 
Vänern and Vättern.  

2. Theory  
 
2.1 Formation of convective snow bands 
A strong temperature difference between the sea surface and the overlying air 
causes large heat and moisture fluxes (Andersson & Nilsson, 1990). This induces 
shallow convection and the formation of an unstable boundary layer leading to 
convective precipitation (Andersson & Nilsson, 1990). This convection occur as either 
convective cells or horizontal convective rolls (Mazon et al., 2015). When the rising 
air reaches the lifting condensation level, clouds start to form. The cloud bands 
alignment depends on the direction of the steering wind (Niziol, 1987). Statistical 
analysis of climate model data performed by Jeworrek et al. (2017) found that 
favourable conditions for convective snow band formation over the Baltic Sea 
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occurred ca 4-7 days per year. One of these conditions is ice free waters which is 
necessary for sufficient heat and moisture fluxes (Jeworrek et al., 2017). In the Baltic 
Sea the water generally starts freezing in November and reaches its maximum in 
February or March when large parts of the Gulf of Bothnia and Gulf of Finland are ice 
covered (Vihma & Haapala, 2009). The other favourable conditions are presented 
below: 
 

x A minimum 13 °C temperature difference between the sea surface 
temperature (SST) and the temperature at 850 hPa, this corresponds to the 
dry adiabat and is necessary for convection and the formation of an unstable 
boundary layer (Holroyd, 1971). A larger temperature difference also results in 
larger heat fluxes and more precipitation, these events are therefore often 
more intense in late autumn and early winter when the vertical temperature 
difference is generally at its highest and no ice has yet formed (Jiusto, 1970, 
cited in Niziol et al., 1995). 

 
x Wind speeds greater than 10 m/s 

Anderson & Nilsson (1990) concluded that the wind speed at sea level has to 
exceed 10 m/s for convective snow bands to form over the Baltic Sea. In 
addition, Laird et al. (2003) found that the ratio between the wind speed and 
fetch should be 0.02-0.09 m s-1 km-1 for idealized cases over the Great Lakes. 
This was also seen in a case study by Mazon et al. (2014) where the ratios 
were between 0.04-0.06 m s-1 km-1 for the Baltic Sea. 

 
x A convective boundary layer depth of at least 1 km above the surface  

The unstable boundary layer can stretch from the surface up to a height where 
a subsidence inversion acts as a capping layer (Niziol et al., 1995). If the 
capping inversion layer reaches below a height of 1 km a sufficient convective 
cloud growth becomes inhibited (Jeworrek et al., 2017). Strong vertical heat 
and moisture fluxes or orographic lifting can lift and erode the capping layer, 
which increases the possibilities for cloud growth and intensifies the 
precipitation (Niziol et al., 1995). 

 
x A wind shear less than 60° 

Niziol (1987) states that "the more aligned the wind are from 
the surface to 700 mb, the better organized the snow bands". More 
specifically, with a wind shear below 30° the cloud bands occur as organized, 
above that the bands will most likely spread out and start to break up, a wind 
shear above 60° completely inhibits bands to form (Niziol, 1987). 

 
The intensity of the events mainly relate to the SST, the fetch, wind speed and mixed 
layer depth (Lavoie, 1972). In a case study, Andersson & Nilsson (1990) found that 
the cloud bands mainly precipitate over the sea, and the maxima was commonly 
found slightly offshore at the coast of arrival. The heat and moisture fluxes are 
drastically reduced over the cold and dry land, hence the cloud bands will start to 
dissolve over land and typically only reach 20 km inland (Andersson & Nilsson, 
1990).  
    Multiple types of convective snow bands have been identified at the Great Lakes, 
ranging from 5-50 km in width (Niziol et al., 1995). Wind directions parallel to the long 
axis of the lake or bay results in a single long wide band (Niziol et al., 1995). Winds 
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directed along a shorter fetch, for example perpendicular to the long axis of the bay, 
form multiple weaker bands (Niziol et al., 1995). 
 
2.2 Previous studies of modeling convective snow bands over the 
Baltic Sea 
Several studies of convective snow bands in the Baltic Sea region has been 
performed, most recently e.g. Mazon et al. (2015), Jeworrek et al. (2017) and Olsson 
et al. (2018). In a study of convective snow bands over the Great Lakes region 
Maesaka et al. (2006) stated that the challenges of forecasting these events lies 
within the “small horizontal band width… often less than 5 km” and “regional-scale 
evolution that is impacted by the distribution of open water, lake-ice and land”. 
Similarly, Niemelä (2012) concluded that HARMONIE captured strong bands over the 
Gulf of Finland well, though struggled to resolve narrower precipitation bands 
perpendicular to the Finish coast. This was suggested to be a cause of the 
comparatively high horizontal resolution of 2.5 km (Niemelä, 2012). Niemelä (2012) 
also concluded that “the vertical structure produced by the model agrees very well 
with the observed structure”.  
    Similarly, when comparing two of the HIRLAM-ALADIN configurations, ALADIN 
and AROME, Seity et al. (2011) stated ”AROME often provide better physical 
realism, which can be attributed to its mesoscale physics-dynamics and data 
assimilation scheme” and ”AROME seems to be more accurate than ALADIN in 
predicting the fine scale structure of low-level moist processes (fog) and convective 
processes”. ALADIN is one of the HIRLAM-ALADIN configurations commonly used 
for grid spacing of ca 10 km or more (Belušić et al., 2020), considerably larger than 
the grid spacing used for HARMONIE. 
    Mazon et al. (2015) performed a case study investigating the formation of 
convective snow bands over the Gulf of Finland reaching the southern coast of 
Finland. The study showed land-breeze cells from the Finish and Estonian coasts 
creating a convergence zone in the middle of the gulf and intensifying the formation 
of snow bands (Mazon et al., 2015). These land-breeze cells were turned by the 
Coriolis force and along with the baroclinicity contributed to the formation of two low 
level jets (LLJs) (Mazon et al., 2015). This LLJ structure was proposed by Savijärvi 
(2012) in a study of convective snow bands simulated in a 2D-numerical model over 
an 80 km wide ice free sea gulf set at 60° N. Savijärvi (2012) found that the rising 
motion of the land breeze from the opposing coasts had a large contribution in the 
formation of snow bands. It was further proposed by Savijärvi (2012) that the wider 
Gulf of Bothnia would result in stronger land breezes and rising motions and 
combined with a north, north-easterly wind this could have led to the intense 
convective snow band event in Gävle 1998. Convergence zones over the Bothnian 
Bay were later simulated in a case study by Olsson et al. (2018) stating that ”in these 
zones, near-surface winds converged, which led to vertical air movement that further 
enhanced the convective snowfall”.  
    For the same case of convective snow bands, forming on the Gulf of Bothnia and 
reaching the coast of Finland, Olsson et al. (2017) found that HARMONIE provided 
an accurate simulation in terms of timing and location of the most intense snowfalls. 
The weaker snowfalls were not captured but low-level convergence was simulated in 
the area (Olsson et al., 2017). In addition, Olsson et al. (2018) concluded that 
”adding data assimilation of radar reflectivities did improve the HARMONIE 
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simulations by increasing the moisture content of the boundary layer and spreading 
the most intense precipitation area”.   
    Jeworrek et al. (2017) evaluated the regional climate model RCA4’s (based on 
HIRLAM) representation of convective snow bands reaching the Swedish coast. The 
authors then concluded that coupling the RCA model with the ice-ocean model 
NEMO resulted in improved SST values and a higher horizontal resolution of the 
atmospheric component which produced better results for precipitation area and wind 
speeds (Jeworrek et al., 2017). 
 
3. Methodology 
 
This case study includes two different cases of convective snow band events over 
the Baltic Sea and Gulf of Bothnia. The most intense case occurred on the 12-14th of 
November 2007 and lasted about 37 hours, with the Gulf of Finland as the coast of 
departure. The second case between the 21-23rd of March 2008 originated from the 
Gulf of Bothnia with ca 34 hours of snow reaching the Swedish coast. The model 
simulations were made for a 48 hours period, initiated on the 22nd of March 00:00 
and the 12th of November 12:00. The synoptic weather situation during the events 
are shortly presented in section 4 below.  
 
3.1 Model Setup 
The non-hydrostatic mesoscale NWP model HARMONIE is currently used for both 
weather and climate forecasting at the Swedish Meteorological and Hydrological 
Institute (SMHI). It was developed by a cooperation between the international 
research program High Resolution Limited Area Model (HIRLAM) and the Aire 
Limitée Adaptation dynamique Devéloppement InterNational (ALADIN) consortium 
along with Metéo France (Driesenaar, 2009 b). The simulations in this study were 
made by HARMONIE-AROME, version 40h1, which handles the deep convection 
explicitly due to its high horizontal resolution (Seity et al., 2011). The modelled region, 
MetCoOp domain, encompasses the Scandinavian and Baltic countries along with 
the Norwegian and Baltic Sea. Initial and boundary data are provided by the 
European Center for Medium Range Weather Forecasts (ECMWF) (Driesenaar, 2009 
b). 
    Different sub-grid scale processes are handled by a series of parametrisation 
schemes (Driesenaar, 2009 b). For instance, surface processes are processed by the 
SURFEX scheme, which receives data for the surface parameters from ECOCLIMAP 
(Le Moigne et al., 2012). The scheme handles areas with SST of  
-2 °C and below as sea ice by using the same roughness length as flat snow 
surfaces for these areas (Le Moigne et al., 2012). The SST is obtained from ECMWF 
and was kept constant throughout the simulation. The lake surface temperature is 
obtained from a deep ground temperature used as a proxy and kept constant 
(Bengtsson et al., 2017). Furthermore, the model uses a three dimensional 
variational data assimilation scheme (3D-VAR) which is done in three hour cycles 
and includes observational data from SYNOP, radar, radiosondes, aircrafts etc. (Siety 
et al., 2011). Moreover, the default setting for the horizontal resolution is set as 2,5 
km and 65 vertical levels (Driesenaar, 2009 a). 
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3.2 Evaluation Data 
Table 1 below presents the data sets used for evaluating the performance of the 
model. It includes radar data, forecasts by the hydrostatic model HIRLAM and 
measurements of precipitation at weather stations. HIRLAM was used with a 0.22 
degree grid resolution, ca 22 km horizontal resolution. In addition, figure 1 displays a 
map of the locations of the weather stations in the affected areas for both the case of 
2008 and 2007. 
 
Table 1. Data sets used for evaluating the results. 
Data set Description Variables Reference  
BRDC Radar data from the Baltic Sea 

Experiment Radar Data Centre 
(BRDC) 

Precipitation 
(reflectivity) 

Devasthale & 
Norin (2014) 

 

HIPRAD High-resolution precipitation from 
gauge-adjusted weather radar 
(HIPRAD). 

Precipitation Berg et al. (2016)  

HIRLAM Hydrostatic grid point model  Simulated precipitation Driesenaar (2009 a) 
OISST Analysis with interpolated 

observational data from satellites, 
ships, buoys and Argo floats.  

SST, Ice fraction NOAA (n.d.) 

SMHI Open 
data  

Measurements of precipitation at nine 
weather stations in the affected areas, 
see figure 1  

Precipitation SMHI (n.d.) 

 
 

 
 
Figure 1. Map displaying locations of weather stations with data from gauge measurements. 
Locations of interest for the case of 2008 and 2007 are presented in red and blue 
respectively. Source: Mapdata ©2020 GeoBasis-DE/BKG(©2009)Google 
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4. Synoptic weather situation 
 
4.1 12-14th of November 2007 
During the 12th of November a low pressure over eastern Europe, moved north and 
brought in cold polar air over the Baltic Sea. The low pressure then remained 
stationary over Poland throughout the 13th of November resulting in steady easterly 
and north-easterly winds over the Baltic Sea, as seen in figure 2. The strong wind 
and cold air resulted in large vertical movements over the Gulf of Finland. A band of 
convective clouds was first visible on satellite images at noon on the 12th. 
Precipitation from this band was not visible on radar until around 15:00 UTC. This 
main band precipitated mainly oversea, reaching from the middle of the Gulf of 
Finland to Nynäshamn south of Stockholm, during the 13th. Though less intense 
precipitation over the inland lakes was observed on radar, a heavy cloud coverage 
made it difficult to observe any smaller convective cloud bands on satellite. 
    Another low pressure developed during this day and moved north, resulting in a 
shift in wind direction to northerly on the 14th. As the wind direction changed, the 
strong cloud band moved south and was completely dissolved at 11:00 UTC on the 
14th. At this time weak bands of precipitation, on the coast of the southern parts of 
the Bothnian Sea, became visible on radar. Moreover, the Optimum Interpolation Sea 
Surface Temperature (OISST) data set showed no ice over the Gulf of Finland during 
the event. 

Figure 2. Left: Synoptic situation on the 13th 12:00 UTC obtained from EURO4M showing 
the temperature at 850 hPa, wind at 10 m and sea level pressure. Right: Satellite image on 
the 13th 12.27 UTC obtained from NOAA showing a convective snow band reaching from the 
Gulf of Finland to the Swedish east coast.  
 
4.2 21-23rd of March 2008 
Starting on the 21st of March, a deep low pressure was present over the North Sea 
and another over Russia. As the low pressure over the North Sea moved south and 
eastwards along the southern shore of the Baltic Sea on the 22nd, the wind over the 
Bothnian Sea turned north, north-easterly. The wind remained steady until the low 
pressure moved north towards Finland on the 23rd which shifted the wind to north-
westerly.  
    The cold air and favourable wind regime caused convective snow bands to form 
over the Gulf of Bothnia. A primary band of precipitating clouds was visible on 
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satellite and radar from the morning on the 22nd of March, see figure 3 (c). Before 
that, on the evening of the 21st, only weak unstructured cloud bands were visible on 
satellite. In the area of Uppsala and Gävle precipitation which likely originated from 
weaker bands, could also be seen on radar during the early hours on the 22nd. The 
primary band remained strong throughout the day of the 22nd but became less 
organized and turned in the direction of the Gulf of Finland as the wind direction 
changed on the 23rd, see figure 3 (d). By the afternoon it had completely dissolved. 
In addition, on the evening of the 22nd, clouds likely from convective snow bands 
was observed on satellite over the lakes Vänern and Vättern. The ice fraction from 
the OISST data set with interpolated observational data can be seen in figure 3 (b) 
below. 
 

 

Figure 3. a) Synoptic situation on the 22nd 6:00 UTC obtained from Euro4m showing 
temperature at 850 hPa, wind at 10 m and sea level pressure. b) Ice fraction obtained from 
the OISST data set. Satellite images from NOAA showing the main band at c) 13.28 UTC on 
the 22nd d) 14.43 UTC on the 23rd.  
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5. Results 
 
5.1 The case of 12-14th of November 2007 
5.1.1 Simulated precipitation 
The total precipitation accumulated over the 37 hours interval of the event is 
presented in figure 4, containing the HARMONIE simulation, a HIRLAM simulation, 
BRDC observations and a plot obtained from the HIPRAD data set. 
    Two maxima can be seen in the simulation by HARMONIE, figure 4 (a), one at 
Nynäshamn south of Stockholm, comprising a larger area, and a second smaller one 
over the Gulf of Finland. Both show values reaching up to 50-55 mm. The former one 
corresponds relatively well with the BRDC observations, figure 4 (b), in terms of 
placement, area and amount (ca 10-15 mm overestimate). The precipitation amount 
compares perfectly with the HIPRAD data set in figure 4 (d). However, HIPRAD show 
a slightly larger precipitation area at the maxima. As HIPRAD contains a combination 
of observations, it likely provides a higher accuracy. Though, these measurements 
are limited to only coastal and inland areas. The small local maxima over the Gulf of 
Finland is more difficult to compare as BRDC shows a local precipitation maxima 
over the bay but not in the same area or with the same amounts. 
    Moreover, measured precipitation from the weather stations of Landsort A (30.4 
mm) and Gladhammar A (26.6 mm) show little difference to HARMONIE. Harstena A 
measured 25.8 mm which compares to the predicted precipitation in the plots of up to 
40 mm. The weather station of Tullinge A measured only 10.3 mm in spite of its 
proximity to the maxima which exemplifies how local the precipitation is. 
 

 
Figure 4. Total precipitation accumulated over the 37 hours long event of 2007. a) Simulated 
values from HARMONIE. b) Radar observations from BRDC. c) Values from HIRLAM. d) 
Observational data from HIPRAD. 

    Hourly plots of the main snow band show non to little disparity in terms of timing, 
area, precipitation amount and placement. Temporary discrepancies in the intensity 
of the main band occur at times, but never exceed 2 mm/hour (compared to BRDC). 
The first clear precipitation band is seen at 15 UTC on the 12th, both on radar and in 
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the simulation. Ca six hours later the precipitation band reached as far as from the 
Gulf of Finland to the Swedish coast with precipitation rates of ca 1-2.5 mm/hour in 
HARMONIE’s simulation and radar observations. As the event intensified, 
precipitation rates up to 5 mm/hour were simulated, see figure 5. Both precipitation 
rates and area of the band corresponded well between simulations and observations 
at the end of the event. However, there was a delay of ca six hours for a southern 
shift of the band, which occurred 22 UTC on the 13th on radar and 04 UTC on the 
14th in the simulation.  
    In addition, weaker precipitation bands were also visible in both the simulation and 
radar observations, indicating that smaller convective snow bands could have formed 
over the southern parts of the Baltic Sea as well as over the Gulf of Bothnia. Any 
cloud bands could however not be observed in satellite images due to higher clouds 
in these areas. 
 

 
Figure 5. Top: Simulation by HARMONIE showing precipitation (mm/h) and 10 m wind on 
the 13th at 05:00 UTC. Bottom: Radar observations from BRDC at the corresponding time. 

5.1.2 Conditions favouring the band formation 
Overall the three conditions of temperature difference, wind speed and boundary 
layer depth (indicated by mixed layer depth) were met for areas reaching from the 
Gulf of Finland to the Swedish east coast and in areas of Gotland. A temperature 
difference above 13 °C was present south of the Bothnian Sea in all 48 hours of the 
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simulation. In areas of the Gulf of Finland and east of Gotland values generally 
reached between 17-19 °C which is far above the criteria for convection to occur. The 
inland lakes Vänern and Vättern never reached this condition, with the simulation 
only displaying only values between 8-12 °C. Both the conditions for wind speed and 
temperature difference were met on the first hour of the simulation (12 November at 
12 UTC), but the first lines of precipitation were simulated ca three hours later. In the 
end of the event the temperature difference was still high, >16 °C in areas of the 
main band. However, the windspeed had decreased over the Gulf of Finland and 
precipitation was only visible in areas which met the condition for wind speed. 
    Wind speed, temperature difference (up to 17 °C) and mixed layer depth met the 
criteria in some areas of the Bothnian Sea, confirming the possibility of weaker snow 
bands forming as mentioned above. The wind speed above Vänern and Vättern were 
around 8 m/s and in a north-east to northern direction (parallel to the longer axis of 
Vättern), nevertheless it reached values of t 10 m/s for 13 hours continuously, for 
some areas of the lakes. 
    The mixed layer depth was generally simulated as > 2 km in the areas where 
convective snow bands were observed and also showed an increase closer to the 
coast of arrival, as well as an occasional further rise around Nynäshamn, most likely 
due to orographic lifting. 
 
5.1.3 Vertical cross sections 
Vertical cross sections were obtained to gain a better understanding of the 
convective processes and the formation of the snow bands. These cross sections 
show the potential temperature, vertical movements and winds both along and 
across the fetch. The placement of the sections where chosen to lay in approximately 
the same area as the main band and can be seen on the map in figure 1A in 
Appendix. Figure 1A also shows the cross sections along the fetch on the 12th and 
the 13th. Both the horizontal and vertical extension of the convection increased 
during the event, including the vertical movements. Convection cells with vertical 
movements of ca 30-40 cm/s, in the altitude of ca 0.6-1.5 km, were present over the 
Gulf of Finland in the beginning of the event and increased in extent as they moved 
along the fetch. Later, convective movements were seen in regions all along the main 
band, with large cells of vertical movements up to 50 cm/s and a boundary layer 
reaching at its highest 3 km. This may indicate an erosion of the capping inversion 
layer. The convection decreased towards the end of the event and though the 
boundary layer was still present the vertical fluxes were comparatively small. In 
addition, the vertical flows stopped when the cells reached land and the air then 
started to sink. For the cross section placed across the Gulf of Finland (red line B-B’) 
only very small upwards motions were seen due to its placement in the inner most 
part of the bay. These areas display a smaller temperature difference and lower wind 
speeds.  
 
5.2 The case of 21-23rd of March 2008 
5.2.1 Simulated precipitation 
Figure 6 below shows the total precipitation of the event in 2008. A main band can be 
seen along the Gulf of Bothnia reaching Gävle, with simulated values that correspond 
well with the observations. Only a small overestimate, 2-4 mm, occur over the sea. 
The maxima was positioned off shore, between Söderhamn and Gävle, and shows 
values of ca 18 mm which correspond very well with the radar data in terms of 



 11 

position, area and amount of precipitation. Another local maxima was simulated over 
the Bothnian Bay, of ca 14 mm, which also compare well. The five weather stations in 
the affected areas, see figure 1, also showed values close to the modelled 
precipitation. Following values had been registered, Gävle 6.8 mm, Kerstinbo 4.6 
mm, Hällum 0.6 mm, Visingsö 0.1 mm and Naven 0 mm. 
    HIRLAM simulates similar values of total precipitation as HARMONIE, but does not 
provide the same detailed structure, see fig 6, and simulates no precipitation at the 
lakes. In contrast, HARMONIE simulates the precipitation from convective snow 
bands at the inland lakes Vänern and Vättern fairly accurate, even though the fetch is 
considerably small. The timing, amount and precipitation area and placement are all 
very well captured. HARMONIE simulated 0.5-2 mm/h higher values than what was 
observed in these areas for a five hours interval, however the accumulated values 
still compare well, see figure 6. The three weather stations closest to the lakes 
measured values of less than 1 mm. However, the small precipitation area and 
possible errors in measurements adds an uncertainty when comparing these values 
with the plotted values.  
    Lastly, a clear difference between the model and HIPRAD observations can be 
seen over Gotland. No clear convective cloud bands could be identified on satellite 
(due to cloud coverage) or radar in this area. However, favourable conditions for 
snow band formation was simulated all throughout the event. HARMONIE simulated 
a weak band with precipitation rates of 0.5-1 mm/h north of Gotland between 17-21 
UTC on the 22nd. However, other precipitation was also simulated nearby, making it 
difficult to determine if these where convective snow bands. 
  

 
Figure 6. Total precipitation accumulated for the event of 2008. a) Simulated values from 
HARMONIE. b) Radar observations from BRDC. c) Values from HIRLAM. d) Observational 
data from HIPRAD. 
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    On an hourly evaluation, the model shows little difference to BRDC in the 
placement and precipitation rate of the snow band. At times, the forecast both 
overestimate and underestimate the precipitation rates for some areas of the band 
over sea by ca 0.5-1 mm/hour. However, this averages out over the event which can 
be seen as the accumulated plots correspond well. The inland precipitation is well 
represented in terms of position and precipitation area, though both HIPRAD and 
BRDC shows slightly higher accumulated values (mainly a < 4-6 mm difference) for 
small areas. After 12 UTC on the 22nd precipitation reached far inland, 50 km, or 
more, which HARMONIE captured well in both placement and area. During the 
evening and afternoon weaker precipitation bands were observed next to the main 
band on radar observations. HARMONIE simulated some of this precipitation as can 
be seen in figure 7, but did not fully capture these weak, unstructured bands. When 
the wind turned on the 23rd, the main band was seen curving along the coast and 
moving in the eastern direction reaching the coast of Finland before fully dissolving. 
During the last hours of the simulation precipitation from convective snow bands also 
reached the coast of Estonia and the Gulf of Riga.  
 

 
Figure 7. Left: Simulation by HARMONIE showing precipitation on the 22nd at 20:00 UTC. 
Right: Radar observations from BRDC at the corresponding time. 

5.2.2 Conditions favouring the formation 
During the time interval of the event all three conditions of wind speed, temperature 
difference and boundary layer height were met at the same time for areas over the 
Gulf of Bothnia and along the Swedish east coast, south of Stockholm, and in the 
area of Gotland and Öland. The largest temperature difference between the SST and 
the 850 hPa level were simulated for the Bothnian Sea down to Öland, with values 
ranging from ca 15-17 °C. The 10 m wind over the Bothnian Sea reached above 10 
m/s in only smaller band like areas as shown in figure 8. In the morning of the 23rd 
the wind turned and increased, reaching values of ca 10-16 m/s in larger areas of the 
Baltic Sea. Moreover, at this time windspeeds >10 m/s was simulated for the greater 
part of the Baltic Sea south of Stockholm. A clear increase in the mixed layer depth 
was seen along the precipitation lines, with a depth of up to 3 km as compared to < 1 
km on the sides of the bands. Moreover, the temperature difference of the lake 
surface temperature and 850 hPa was between 14-18 °C for Vänern and Vättern. But 
wind speed over the lakes only exceeded 10 m/s a for a few hours during the full 
event. 
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Figure 8. Left:Temperature difference between SST and the level of 850 hPa at 20:00 UTC 
on March 22nd. Areas with 10 m wind ≥ 10 m/s are displayed by magenta coloured dots. 
Vättern and small areas of Vänern show wind speeds ≥ 10 m/s. Right: Enlargement of the 
lakes Vänern and Vättern. 

5.2.3 Vertical cross sections 
Cross sections taken along the fetch are shown in figure 2A in Appendix. However, 
As the simulated precipitation band shifts shape and position often, the vertical cross 
sections along the band might not fully align with the whole band of precipitation. 
    An unstable boundary layer was present along most of the ice-free parts of the 
Gulf of Bothnia and cells with an equivalent potential temperature higher than the 
surroundings generally reached from sea level up to about 2 km or more. The 
convection cells moved along the fetch while increasing in their vertical extent and 
vertical movements throughout the event. In the early hours of the event, the 
unstable air only occurred only over the sea. However, during the middle of the event 
(11-13 UTC on the 22nd) unstable air was modelled over land as well. This was 
simulated when precipitation reached over 50 km inland and likely resulted from a 
strong wind regime. 
    The vertical movements of the case in 2008 are considerably smaller compared to 
2007. In the early hours the event (1-3 UTC on the 22nd) vertical movements in the 
cells increase from 10-20 cm/s up to 40 cm/s. Though during the middle of the event, 
movements generally lay around 10-20 cm/s, which agree well with the lower 
precipitation rates compared to the case of 2007. Moreover, the mixed layer depth, 
reached above 2 km in the areas of strong convection and remained ca 1 km in other 
areas. This indicates a rise of the capping inversion layer caused by the strong heat 
fluxes. 
    Cross sections, see figure 2A in Appendix, across the northern region of the 
Bothnian Bay (green line B2’-B2’) showed weak vertical movements, ca 10 cm/s, 
which occasionally extended above the boundary layer into the capping temperature 
inversion. Toward the end of the event the capping inversion reached down to ca 1 
km and the vertical movements were small. Furthermore, weak downward motions 
often occurred on the side of the convective cells which was also seen at times in the 
case of 2007. The cross sections along the red line of B1-B1’ however, showed no 
convective movements which correlates to the ice cover displayed in figure 3 in 
section 4.2. 



 14 

6. Discussion 
6.1 Model performance 
The precipitation from convective snow bands was well simulated in terms of timing, 
precipitation rate, area and placement in the two cases. Though the case of 2008 
showed a weaker main band compared to the case of 2007 it was equally as well 
simulated. The model also covered the precipitation over the inland lakes 
successfully for this case. Furthermore, the dissolving of the bands was also well 
captured, as the simulation correlated well with the observations in terms of how far 
inland the bands reached. The weak unstructured bands next to the main band (case 
of 2008) was fairly well resolved but the small band width may require a higher 
resolution than 2,5 km. As noted in section 2.2 this has been suggested for similar 
bands (with 5 km width) by Niemäle et al. (2012). In addition, a clear correlation could 
be seen between precipitation areas and areas where favourable conditions for wind 
speed, temperature difference and boundary layer height were met. 
    Additionally, HARMONIE produced significantly better accumulated values 
compared to HIRLAM, by simulating higher accumulated values and a more detailed 
structure. This was most likely due to the higher resolution of HARMONIE.  
 
6.2 Discrepancies 
The discrepancies which were found are evaluated below.  
 

x Partly overestimated areas south of the maxima, in the case of 2007 
Figure 4 shows an overestimation by 10-15 mm above sea south of the 
maxima and at Västervik. On hourly radar images the main band is steady, 
with small movements around the maxima. These movements appear stronger 
in the simulation by HARMONIE. A shift in wind direction (at 05:00 UTC) 
resulted in the forecasted main band reaching Västervik and precipitating 
more than 5 mm/hour during some of the most intense hours of the event 
(10:00-16:00 UTC on the 13th). At this time only scattered precipitation, 1-2 
mm/hour, occur in the same areas on radar images and the main band instead 
precipitates close to Nynäshamn. This is also confirmed by measurements in 
Harstena A which only registered values of 0-0,6 mm for these hours. The 
simulated band then shifted north with a placement slightly north of the 
observed band. Without this shift larger amounts would have been forecasted 
at the maxima and the simulation would likely compare better with the 
HIPRAD plots. 

 
x Placement of local maxima over the Finish Gulf, in the case of 2007 

A local precipitation maxima with accumulated precipitation of ≥ 45mm was 
placed by the model outside of Helsinki. This compares to the radar images 
accumulated local maxima ca 50 km south west of Helsinki. The hourly plots 
from HARMONIE shows values of ≥ 5 mm/hour in this area during a six hour 
time interval (14-19 UTC on the 13th). During this interval the simulated main 
band was placed slightly north compared to the observations which also show 
a wider spread in the precipitation area. Because of the shape of the gulf a 
few degrees shift in wind direction (during an easterly wind regime) could 
cause the cloud bands to precipitate on the southern coast of Finland instead 
of off-shore closer to the Swedish coast.  
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x Amount of precipitation at Vänern, in the case of 2007  
Areas downwind of lake Vänern was underestimated by a total of 10-20 mm, 
compared to HIPRAD, see figure 4. The simulation of this area never reached 
precipitation rates of ≥ 0.5 mm/hour throughout the event. In comparison, 
radar images showed areas next to the lake of 1-2 mm/hour during a total of 
15 hours on the 13th. One cause might have been a too low lake surface 
water temperature (LSWT), as the vertical temperature difference never 
reached above 12 °C. The favourable conditions for windspeed, however, 
lasted a total of 17 hours, with 6 hours coinciding with the time of the observed 
precipitation. 
    HARMONIE made an accurate simulation of the same area for the event in 
2008. The temperature difference was then higher (≥ 17°C) because of colder 
air moving in over land, hence the model was less sensitive of the values for 
the lake surface water temperature. Moreover, HIRLAM showed no 
precipitation in the event of 2008 but captured the precipitation in 2007 better, 
see figure 4(c) and 6(c). The two models obtain the LSWT differently. 
HARMONIE uses a deep ground temperature as a proxy for the LSWT 
(Bengtsson et al., 2017) and HIRLAM uses a parametrization based on the 
freshwater lake model FLake (Rontu et al., 2009), which could explain the 
different results. 

 
x Overestimated values of accumulated precipitation above sea, 2008 

HARMONIE simulated higher values above sea in the middle of the band, a 6-
10 mm overestimation of accumulated precipitation compared to radar 
observations. As mentioned in section 2.1 precipitation intensity is largely 
dependent on SST, windspeed, length of fetch and ice cover (Lavoie, 1972). 
However, the values used for the SST in HARMONIE are lower than the 
OISST data set which contains extrapolated measurements, see figure 3A and 
3A in Appendix. For the Bothnian Sea this difference is roughly 0.5-1 °C. In 
addition, the cross sections show no convection in the inner area of the 
Bothnian bay, B’-B, which is ice covered 50-70% in the OISST data set, as 
expected. This does not indicate a risk of overestimated precipitation rates. 
    The discrepancy may instead be a cause of uncertainties in radar 
observations, as convective snow bands above sea risk being over-shot by 
the radar, resulting in precipitation not being fully registered. As Devasthale & 
Norin (2014) writes about BRDC, ”measurements at increasing distances from 
the radars are made at increasing heights (with increasing risk of overshooting 
precipitating clouds)”. 
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7. Conclusion 
HARMONIE simulated convective snow bands well in terms of intensity, timing, 
placement and precipitation area, in both cases. Areas south of the local maxima at 
Nynäshamn in the case of 2007 was however overestimated by 10-15 mm. This was 
most likely due to a simulated shift in wind direction during some of the most intense 
hours of the event. In the case of 2008 the simulation also captured weak convective 
snow bands at the inland lakes accurately in terms of precipitation area, timing, and 
accumulated precipitation. Additional cases are however necessary to provide a 
more extensive view of how well these events are simulated by HARMONIE. Cases 
with weaker snow bands and over the inland lakes would contribute in creating a 
more comprehensive picture of the simulation of less intense events. A sensitivity 
study on the SSTs impact on the simulation, would also be of great value, especially 
for SST values close to -2 °C where areas are handled as ice. Furthermore, as 
studies of the climate model RCA based on HIRLAM has been found to resolve 
convective snow bands more accurate when coupled with the ice-ocean model 
NEMO (Jeworrek et al., 2017), studying this coupling with HARMONIE could also be 
of interest. 
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Appendix 
 

 
Figure 1A. Cross sections from HARMONIE for the case of 2007 depicting the potential 
temperature, vertical movements (rising air as solid lines, sinking air as dashed) and wind. 
The mixed layer depth is shown as the magenta coloured line. a) Along A-A’ on the 12th 
18:00 UTC. b) Along A-A’ on the 13th 04:00 UTC. c) Map with topography showing the 
placement of the cross sections. d) Across the Finish Gulf B-B’ on the 13th 04:00 UTC.    
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Figure 2A. Cross sections from HARMONIE for the event of 2008 on the 22nd of March, 
depicting the potential temperature, vertical movements (rising air as solid lines, sinking air 
as dashed) and wind. The mixed layer depth is shown as the magenta coloured line. a) 
Along A-A’ at 02:00 UTC. b) Along A-A’ at 11:00 UTC. c) Map with topography showing the 
placement of the cross sections. d) Across the Bothnian Bay B2-B2’ at 02:00 UTC. 
 

Figure 3A. Left: SST used by HARMONIE for the case of 2008 on the 22nd of March. Right: 
SST from the OISST dataset (interpolated observational data). Values used by HARMONIE 
are ca 0.5-1.5 °C lower for the Bothnian Sea and Gulf of FInland compared to OISST. 







 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


