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1. INTRODUCTION 
 
1.1. Background 
 
The Gulf of Finland (Figure 1) is characterized by a unique combination of 
extensive seasonal ice cover and high shipping intensity. Owing to the maritime 
transport, historical data of ice observations carried out in Tallinn port extend 
back for more than 500 years from now (Tarand and Nordli, 2001). Based on the 
data from the Automatic Identification System (AIS) for monitoring the 
maritime traffic in the Baltic Sea area in 2006, more than 37 000 larger ships 
over 300 GRT enter or leave the entrance line of the Gulf of Finland annually 
(HELCOM, 2006; paper I). Analysis of shipping safety shows that a 
considerable part of the accidents are caused by “tough ice conditions” (Kujala 
et al., 2009). 

The Gulf of Finland is a narrow, shallow and ecologically vulnerable sea area 
of the Baltic Sea. It is about 400 km long and its width varies between 60 and 
135 km, whereas there are a large number of underwater rocks in the Finnish 
Archipelago area. The eastern part of the Gulf of Finland is fully ice covered in 
normal and severe winters, while a few of its areas freeze even in very mild 
winters. The thickness of the ice varies following the differences in the age of 
the ice and the various processes how the main ice types form. 

  

Gulf of 
Finland

Longitude

La
tit
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e

 
 

Figure 1. Map of the Gulf of Finland in the northeastern Baltic Sea. The selected 
ship routes from the first half of April 2007 are shown by the HIROMB-SeaTrackWeb 
data (Swedish Meteorological and Hydrological Institute; the routes not necessarily 
represent the long-term shipping statistics).  
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The sum of negative degree-days and winds affect the ice conditions in the Gulf 
of Finland. The winds control the drift and ridging events on the ice field, also 
opening leads in pack ice. Openings in ice are a common feature in the Gulf of 
Finland. If a lead emerges along the Gulf of Finland axis, it facilitates the 
navigation through the area. 

Sea-ice conditions differ strongly in the east–west direction. At first, ice 
forms in the eastern part of the gulf already at the beginning of December and it 
melts there usually in the middle of April (Jevrejeva et al., 2004). The coastal 
current from the Baltic Proper and the southern to southwestern winds together 
keep the southern part of the Gulf of Finland relatively ice free. 

The coastal morphology causes a wide fast ice zone along the northern 
fragmented coast with many small embayments and islands, creating an 
asymmetry of ice conditions with the more open southern coast. The average 
date of permanent ice cover formation in the Gulf of Finland estuary is February 
10, whereas the ice disappears from the gulf during mid-April (Seinä and 
Peltola, 1991). Ice cover lasts longer in the eastern part of the Gulf of Finland 
and shorter in its estuary. The average amount of ice days varies from ca 20 in 
the southern part of the open gulf and ca 60 in its northern part to up to 120 in a 
few coastal bays in the eastern part of the gulf (paper II). In severe winters the 
ice cover duration is respectively 40–100 and 140 days (paper III).  

The level ice in the Gulf of Finland is typically 30–40 cm thick, but under 
certain snow-free conditions it may thermally grow up to 90 cm thick (Seinä and 
Peltola, 1991).  

Near the shore, there are landfast ice areas, which persist during the most of 
the ice season.  The width of such a durable landfast ice area depends on the 
bottom topography: islands and grounded sea ice ridges provide supporting 
points to stabilize the ice sheet. In the Gulf of Finland, the grounded ridges have 
such size that the landfast ice edge lies somewhere near the 10 m isobaths 
(Leppäranta, 1981). 

A dynamic drift ice cover forms in the middle of the Gulf of Finland and 
elsewhere away from the shores, the islands and the shoals. A floe may vary 
from 10 m to 10 km in size. Drift ice appears as a long narrow field. It is 
dynamically sensitive to its compactness and thickness. Also the wind direction 
affects considerably the drift ice field (Soomere et al., 2008).  

The mechanical behavior of drift ice varies strongly depending on its 
compactness. Open ice behaves as a frictionless medium; the moderately 
compacted ice seems to be a viscous fluid; highly compacted ice behaves as an 
elastic–plastic plate (Leppäranta, 2005).  

The pack ice in the gulf tends to raft and ridge frequently – the portion of 
ridged ice extends usually to 25% in February (Swedish Meteorological and 
Hydrological Institute, 1982). Ice thickness measurements in the Baltic Sea 
(Similä et al., 2006) have shown that the amount of deformed ice is significantly 
larger than reported in the routine ice charts, and the mean ice thickness (taken 
over several square kilometers) could exceed consequently 2–3 meters in large 
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areas of the Baltic Sea. The largest observed ridges were 6–8 m thick 
(Leppäranta and Hakala, 1992), but it is probable that larger ones exist, perhaps 
in the eastern part of the gulf near the fast ice boundary at Kotka–Viipuri 
longitudes (Leppäranta and Wang, 2002).   

In the Baltic the visible part of the ridge, the sail, is typically 1–3 m high 
while the bulk of the ridge volume is contained in the 5–15 m deep subsurface 
keel (Lensu, 2003). Such ice structures seriously endanger a vessel navigating 
among the sea ice. The probability of navigation disasters is rising in areas with 
high deformed ice growth rate (Palosuo, 1975; paper I). 

The increasing shipping activity in the Gulf of Finland has raised concerns 
about the safety of maritime traffic. For example, during the severe winter of 
2002/2003, ca 62% of ship hull damages over the Baltic Sea occurred in the Gulf 
of Finland.  Some 30% of the damages were caused by ship–ice interaction and 
15% of them occurred in a compressive ice field (Hänninen, 2003). An 
illustration of a ship collision in the ice field is given in Figure 2. 

 
 

 
 

Figure 2. The MS Yevgeniy Titov collides with the MS Bremer Saturn in the Gulf of 
Finland, February 2003.  
 

Various international and regional policy instruments aim at minimizing the 
risks of accidents and other harmful effects of shipping (Kuronen and 
Tapaninen, 2009). Much attention is paid to navigation safety, especially with 
respect to winter navigation, at both the scientific and management levels with 
seriously considering many environmental concerns (HELCOM, 2007; Kuronen 
and Tapaninen, 2009). 
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A number of authors have studied historical ice conditions in the Gulf of Finland 
(Leppäranta and Seina, 1985; Jevrejeva et al., 2004; Jaagus, 2006), focusing on 
climatological aspects of fast ice. Mechanical behavior (including drift) of pack 
ice fields is another direction of ice studies, reviewed by Leppäranta (2005) and 
Leppäranta and Myrberg (2009). Leads as open water areas between pack ice 
and fast ice have been extensively studied in the Arctic Ocean (Zakharov, 1996; 
Dethleff et al., 1998; Liu et al., 2009). In the Gulf of Finland, weather-dependent 
synoptic flaw leads are often observed on routine ice charts and remote sensing 
images, but they have not been widely analyzed in scientific publications. Haas 
(2004) carried out detailed ice thickness measurements along the Finnish Baltic 
Sea coast in February 2003 by using the helicopter-borne electromagnetic-
inductive (HEM) method. The lead detected in the Gulf of Finland was 
surrounded with thick deformed ice (up to 5 m) between Helsinki and Tallinn. 
The HEM results confirmed that routine ice charts can be used for historical 
analysis of ice leads. Kortovirta et al. (2009) recently built a prototype system 
for ship route optimization in ice-covered waters of the Gulf of Bothnia, using 
dynamic (time-variable) ice information and ship resistance in specific types of 
deformed ice. 

 
 

1.2. Objectives of the dissertation 
 
The dissertation focuses on the study of sea ice deformation events in the Gulf of 
Finland and their impact on shipping. While ridges and other compressive 
deformed ice regions are hindrances to winter navigation, divergent elongated 
openings (leads) facilitate shipping. 
 

The main objectives are to: 
• analyze the processes and patterns of deformed (compressive) ice growth 

rate during severe winters with respect to realistic variable wind 
forcing (papers I and III); 

• determine the long-term flaw lead occurrence frequency for the entire 
Gulf of Finland, including improved pattern estimates for the average 
duration of seasonal ice cover (paper II); 

• analyze lead formation and compressive deformation patterns with respect 
to idealized wind forcing from different directions (papers II and III); 

• study the relation of ship accidents to the dynamic ice conditions (papers I 
and III); 

• estimate favorable segments for safe and economical wintertime shipping, 
where the probability of lead occurrence is highest and the probability 
of ridge formation is lowest (papers II and III). 

 
For the analysis of sea ice deformation fields in the Gulf of Finland in the severe 
winter of 2002/03, the author performed a model simulation using the HELMI 
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(HELsinki Multicategory Ice) sea-ice model. The same model, with different 
forcing and options, is used also in the Finnish ice service. The analysis of 
modeled ice features was focused on two well-described events of ship damage. 
Further on, the author digitized the ice charts from the Estonian Meteorological 
and Hydrological Institute (EMHI) of the period 1971–2010 and analyzed spatial 
offshore patterns of flaw lead occurrence frequency in the context of the average 
duration of ice cover. In addition to the ice charts, the author used the MODIS 
satellite imagery to determine the leads distribution over the Gulf of Finland in 
winter 2002/03. In order to interpret the results, the author performed a series of 
numerical experiments with the HELMI model, using idealized wind forcing 
from different directions. 
 
 
1.3. Basic concepts 
 
Deformation is the main process that redistributes the ice mass over a 
waterbody. An obvious cause of ice deformation is its differential movement by 
winds and currents. Basic deformation processes are rafting, ridging and 
openings. When the wind impacts the ice floe to move and the ice motion is 
restricted, the ice cover starts to compact. After the floes are tightly compressed 
together, the rafting of ice begins, whereby one floe overrides or forms 
interlocking thrusts with another. This is followed by ridging, whereby the 
compression process results in the accumulation of an ice block both above and 
below the water surface. The subsurface part of the ridge yields the majority of 
its volume. Ridging and rafting are illustrated in Figure 3. Waterbodies with a 
specific shape and/or extent and a large variety of ice conditions are sensitive to 
rafting and ridging. 

 

 
 
Figure 3. Typical ridging (left) and rafting (right) patterns of ice in the Gulf of 
Finland (photos by the author). 
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Deformed ice growth rate ( dtdh ) is defined as the change of mean thickness 
h  of ridged and rafted ice during unit time. In this paper the unit time is taken as 
24 h. Together with rafting and ridging, open water areas form to the other side 
of the compression (Figure 4). Open water areas are defined as leads, which 
form between the areas of sea ice, for example, between pack ice and fast ice. 
The elongated leads enable winter navigation for vessels. A model experiment, 
used in the study, defines the leads as regions where the ice concentration is less 
than 85% and the ships can navigate without any difficulties. Low ice 
concentration grid points are equivalent to the lead areas.  

 
 

Figure 4. Photo (above) and conceptual scheme (below) of flaw lead formation.  The 
width of flaw leads can be from tens of meters to tens of kilometers. 
 
The time series of the climate characteristics indicate three winter types: the 
mild, the average and the severe. Severe winter according to the classification 
by Seinä and Palosuo (1996) begins from the maximum ice cover area of 
279 000 km2 (at least 75% of the sea area). For the Gulf of Finland, the prime 
object of the study, the whole gulf is already fully covered by ice when the 
Baltic-wide ice cover extends over 200 000 km2 (i.e. during an average cold 
winter). 

Sum of negative degree-days indicates the thermodynamic ice thickness 
growth and the extent of ice by summarizing negative degree-days under the 
melting point in a period. 
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2. THEORETICAL DESCRIPTION AND MODELING 
OF SEA ICE DYNAMICS   
 
2.1. Basic approaches and equations 
 
Sea ice is a complex material formed of water crystals, air and salt between 
them. Its physical properties are variable in space and time. Sea ice forms an ice 
cover, which is statically unstable in large basins and breaks into fields of ice 
floes forming drift ice. The nature of sea ice dynamics varies at a characteristic 
scale.  The ice floe scale extends from 10 m to 10 km and includes individual 
floes and ice forms such as rubble, pressure ridges and fast ice. Drift ice or pack 
ice is of medium scale, and rheology and internal stress become relevant on high 
compact ice.  Large scale sea ice models are determined mainly by external 
conditions, e.g. are used in global climate models. The following approach to ice 
dynamics is at the medium scale.  

Sea ice is almost mobile (pack ice), except in coastal regions where ice grows 
out from and stays attached to the shore (fast ice). Pack ice is affected by several 
mechanical and thermodynamic processes. Mechanical processes result in the 
formation of leads and ridges as well as rafted ice. The total mass of sea ice 
remains in unchanged mechanical processes, but regionally sea ice thickness 
may vary drastically. The formation of leads results in the appearance of new 
areas of open water. The open water surface loses heat to the atmosphere thus 
starting new ice formation. Pack ice is a mixture of level ice, deformed ice and 
open water with great variability in thickness at a 10–100 m scale. 

The life cycle of pack ice (Haapala, 2000) can be conceptually described by 
several steps: 
1. Loosing heat to the air, the sea water surface cools to its freezing point 
creating a frazil ice layer; 
2. Ice grows thermodynamically in thickness under continued cooling, 
maintaining its compactness during calm winds and forming floes of pack ice 
during stronger winds;  
3. Pack ice is compressed and ice thickness grows there by mechanical 
deformation; 
4. At compressing sites, pack ice is deforming (rafting and/or ridging); the ice 
rafts when a floe rides over another floe; when an ice floe is properly 
compressed or floes collide, ice pieces can break from a floe, and these ice 
pieces are able to agglomerate thus forming ridges; 
5. Due to external mechanical factors (wind and/or current) ice floes move 
away from one another thus creating a lead, so the ice concentration falls there; 
when cooling continues, new ice will emerge in the lead; 
6. Finally, when the air is warm again (above the freezing point), parts of the 
sea ice field melt at the rates that depend on their particular types. 
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Thermodynamic growth combined with divergent and convergent deformation 
forms a variable ice landscape. The thickness distribution function ( )hg  
characterizes the ice landscape formed in this way. Pack ice consists of a few 
different thickness classes. Each class has its own characteristic thickness 
distribution, also mechanical and thermodynamic properties. Some observed 
data are available to calculate ( )hg  (Wadhams, 1998); however only a few 
numerical models are able to resolve it, and some trouble emerges here from the 
redistribution function Ψ (how one ice class affects another, see equations 1 and 
2).  The models are sensitive with respect to several characteristic variables.  

A few early ice dynamics models assumed that sea ice field behaves as a 
viscous fluid. Hibler (1979) elaborated a viscous-plastic rheology and developed 
a sea ice dynamics model which contributed to modeling close ice conditions 
more naturally than the previous models. In his classical model, he considered 
only two categories of sea ice: the thin ice, which he treated as open water, and 
the thick ice. Most of the numerical models developed for the Baltic Sea follow 
his one. Hibler (1980) and Flato and Hibler (1995) proposed that the thickness 
distribution function ( )hg  be solved numerically for each ice category 
separately. The multi-category sea-ice models apply the redistribution functions 
to describe the average evolution of ice deformation. A time step of the model 
may comprise a few deformation events: compacting, rafting and/ or ridging. 
Different physical ice classes are distinguished, introducing ice thickness 
categories ( )nhhh �1  and related compactness ( )nAAA �1 .  The packing 
compactness of the ice field may lie anywhere between zero and one and it 
changes easily (Vihma and Haapala, 2009).  

Several models considering ice redistribution were developed for operational 
purposes. Leppäranta (1981) distinguishes between undeformed (level) and 
deformed ice. He treats level-ice thickness, ridge density, ridge sail height and 
total ice concentration as prognostic variables. A few models developed for the 
Baltic Sea (Omstedt, 1994; Zhang and Leppäranta, 1995; Haapala and 
Leppäranta, 1996; Schrum, 1997) follow this pattern with some specific 
distinctions. 

However, Leppäranta´s (1981) model does not provide different equations to 
estimate the concentrations of level and deformed ice. Also, in this model he 
assumes the ice to ridge only in the event its concentration achieves unity 
through the convergent movement. Haapala (2000) simplified the ice thickness 
redistribution model treating pack ice as composed of open water,  two various 
types of undeformed ice and of rafted, rubble and ridged ice. Thus he gained the 
advantage of considering the various ice types as thermally and mechanically 
separated. This model is recognized for estimating real seasonal pack ice 
evolution. Deformed ice emerges gradually depending on the storm activity. 
Haapala (2005) developed his model further resolving some parameterization-
based difficulties related to the difference between Rothrock (1975) and Hibler 
(1979). 
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The mass conservation law is divided into conservation equations for the 
evolution of the compactness and thickness for each ice category: 

   
A
i

A
iii AtA Φ+Ψ+⋅∇−=∂∂ u ,              (1) 

h
i

h
iii hth Φ+Ψ+⋅∇−=∂∂ u ,               (2) 

 
where iA  and ih  are the compactness (fraction of ice cover area per surface sea 
area) and mean (in terms of ice volume per unit area) thickness of particular ice 
category i , u  is the vector of ice drift velocity, iΦ  are the thermodynamic 
growth or decay rates, and iΨ  are the thickness redistribution functions due to 
mechanical deformations, describing open water changes, rafting and ridging.                       
The redistribution functions iΨ  are dependent on ice thickness, compactness and 
strain rates (Thorndike et al., 1975).  

Drift ice behaves non-linearly outside the coastal zone. Sea ice with thickness 
below 20 cm drifts easily due to the winds and the currents.  The theoretical free 
drift speed (2% of the wind speed; Leppäranta, 2005) fits well for such ice. The 
20–50 cm thick ice has moderate mobility. Such ice usually passes shorter 
distances, and it can stick to fast ice zones near islands and shoals, for example 
Gogland. If the ice has grown thicker than 50 cm, the wind may be not able to 
cope with the yield stress of the ice, and the Gulf of Finland ice cover can persist 
during the mid-winter for up to two months (Leppäranta and Wang, 2002). 

Ice motion is determined by the momentum balance equation, in Cartesian 
coordinates it reads 

 
( ) ���uku ⋅∇+∇−+=×+ ξmgAfdtdm wa )( ,         (3) 

 
where m  is the total ice and snow mass per unit area, u  is the horizontal ice 
velocity vector, f is the Coriolis parameter, k is the upward unit vector, A  is 
the mean (over different categories) ice concentration, a�  and w�  are the air 
(wind) and water stress vectors, ξ∇  is the sea surface gradient acting under 
gravity g  and �  is the internal stress tensor. The internal ice stress �⋅∇  
depends on the strain rate, ice thickness ih  and ice compactness iA  of the ice 
field. For the ice compactness iA  below 0.8, we may also neglect the internal 
stress term. This approach is known as the free-drift concept (Leppäranta, 1994).   

The winds are treated as an external force. The air stress transferred from 
atmosphere to the ice is 

 

aaaia
a C uu� ρ= ,                  (4) 

 

where aρ  is the air density, aiC  is the air–ice drag coefficient and au is the wind 
velocity.  
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The dynamics of ice and water are coupled. The water–ice stress exerting at the 
ice bottom can be presented as (Leppäranta, 1981): 

 
[ ]uuuu� −−= wwwiw

w Cρ ,                (5) 
 

where wρ  is the water density, wiC  is the water–ice drag coefficient and wu is 
the water current velocity. Leppäranta and Omstedt (1990) found 3.5 × 10�3 as a 
representative value for wiC  in the Baltic Sea.  
 
 
2.2. Modeling of sea ice dynamics with HELMI sea ice model 

 
Modeling the Baltic Sea ice dynamics began in the early 1970s with works by 
Udin and Ullersting (1976) and Leppäranta (1977).  They assumed that an ice 
field behaves as a viscous fluid. Operational modeling began in winter of 
1976/77 and was published by Leppäranta (1981), who presented a complete 
version of this model.  

Based on the Hibler (1979) model with viscous-plastic rheology, Leppäranta 
and Zhang (1992) developed a similar model for the Baltic Sea. In their 
approach sea ice is a non-linear plastic continuum characterized by non-linear 
bulk and shear viscosities and the pressure term.   

Haapala (2005) developed the HELMI model (HELsinki Multicategory Ice 
model). It resolves ice thickness distribution, i.e. ice concentrations of different 
thickness categories, redistribution of ice categories due to deformations, 
thermodynamics of sea-ice, horizontal components of ice velocity and internal 
stress in an ice pack. An ice pack is a mixture of open water and level ice and 
deformed ice categories of variable thickness. Deformed ice is divided into the 
rafted ice and ridged ice classes. The model has been used in large-scale studies 
(Haapala et al., 2005) and operational applications. The model physics and 
numerics are the same both in operational and research simulations. The only 
differences are the horizontal resolution and the scheme of atmospheric forcing 
used.  

The present set-up of the sea ice model predicts the evolution of five level ice 
and two deformed ice categories. Ice categories are time-stepped in the thickness 
space without any limits, except the thinnest category, which is not allowed to 
exceed 10 cm in thickness. The horizontal resolution of the model is 1 nautical 
mile (1.852 km).  

The author used atmospheric forcing from the NCEP/NCAR reanalysis 
project (paper I). 
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3. ANALYSIS OF ICE DEFORMATION EVENTS IN 
SEVERE WINTERS  

 
3.1. General weather and ice conditions in the Gulf of Finland 

 
Ice conditions during a typical severe winter (1995/96) in the Gulf of Finland are 
depicted in Figure 5. During the maximum ice extent, ridged ice covers large 
offshore areas of the gulf and ice thickens towards the eastern part of the gulf. 
Ice is ridging more severely in the narrowest part of the gulf between 25°E and 
25°30´E and in its widest part between 27°E and 28°E. Also noteworthy north – 
south differences in ice properties are evident. As strongest winds blew from 
NW, N and NE before February 22 (prior to the compilation of the ice chart 
given in Figure 5), the ice drifted southwards generating a lead about 10–20 km 
offshore from the northern Finnish coast. At the boundary of landfast ice, ridges 
were formed in the compressive region in the southern and eastern boundaries, 
respectively. 

The author chose the severe winter 2002/03 as the main period of the studies. 
The period stands out with its diversity: the whole Gulf of Finland was covered 
for a long time with ice of high concentration, severe weather conditions 
generated much deformation, numerous ship incidents happened.  

 

 
 

Figure  5. Ice chart on the date of the largest ice extent (February 22) in the ice 
season 1995/96. In previous few days winds blew alternately from N, NE and NW. The 
triangles denote ridged ice, diagonal lines fast ice and squares consolidated ice. The ice 
chart was provided by EMHI. 
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Figure 6. The sum of negative degree-days in the central Gulf of Finland. A very 

severe winter (1986/87), a mild winter (1991/92), a severe winter (2002/03), the last 
winter 2009/10 and the average for the winters of 1971/2005 are shown.   
 
The winter season 2002/03 started very early and its beginning was the coldest 
over the last 40 years. In comparison with the average, the ice cover period 
lasted longer by one month. The number of cold degree-days increased faster 
than usually in late autumn 2002 (Figure 6). The cumulated sum in the average 
winter was 400°C and winter 2002/03 passed this number already at the 
beginning of January. The whole ice season was severer than in a mean winter, 
the sum of negative degree-days was over 800°C. The daily wind speed was 
above average in almost the whole season (Figure 7). The length of the sea lane 
that ships go through ice in the Gulf of Finland is usually about 100 km, but in 
the winter of 2002/03 it reached up to 400 km due to difficult navigation 
conditions. The ice-breaking period was then significantly longer than during an 
average winter. In 2003 the ice was very thick and deformed, navigation was 
difficult and navigational restrictions were valid for 117–149 days (Hänninen, 
2003). Ice breaking is usually first needed in January, but during that winter ice 
breaking in the Gulf of Finland started already in December.  
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Figure 7. Daily wind speed from NCEP/NCAR reanalysis (the line with circles) for 

winter 2002/03, and mean (squares) and maximum (crosses) daily wind speeds during 
1971–2005.  

 
Ice extent is in correlation with the North Atlantic Oscillation (NAO) index 
values in severe and mild winters (Vihma and Haapala, 2009). When the NAO 
index is positive westerly airflow dominates, bringing mild weather into 
Northern Europe in winter. At the same time the ice extent in the Baltic Sea is 
not extensive. In case of a negative NAO index the westerly airflow is weak and 
winters are severe. Severe winter type is especially relevant for ship navigation 
in the Gulf of Finland. In mild winters SW winds dominate in the Gulf of 
Finland (Table 1), but in severe winters strong winds are blowing from N and 
NE. Winds from N and NW generate elongated leads favoring ship navigation 
(papers II and III).  
 

Table 1. Percentage of winds from different directions on the Gulf of Finland (1971–
2005 from the NCEP/NCAR reanalysis data (25.0 E, 60.0 N)) 

 
Direction % 

NE (0�-89�) 16 
SE (90�-179�) 26 
SW (180�-269�) 37 
NW (270�-359�) 21 
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Average winter (January–March) air temperature at 2-m height is –2°C in the 
western part of the Gulf of Finland and up to –6°C in the eastern part when the 
NAO index is above 0.5.  If the NAO index is below –0.5, then temperature is 2 
degrees lower (Vihma and Haapala, 2009).  

 
 

3.2. Deformed ice building and distribution 
 
In a large restricted basin, like in the Gulf of Finland, sea-ice drift, caused by 
wind, has large horizontal gradients due to the vicinity of landlocked fast ice, 
causing sea-ice ridging in the compressive regions and opening of pack ice in the 
divergent regions.  

We analyzed how ice deformation rates were related to wind speed and wind 
directions in the winter of 2002/03. As can be seen from Figure 8, wind speed 
alone does not determine the ice deformation rate but also wind direction is 
crucial in generating deformation. The wind modifies ice conditions essentially 
by raising stress in an ice field, resulting in compressive deformation of ice. 
Some ice fields can be significantly deformed even by a wind of 4 m/s if it 
blows from a suitable direction (III). Figure 8 shows that the E, S and NW winds 
tend to cause the most powerful deformation. 

 

 
  
Figure 8. Growth rate of deformed ice related to wind direction and speed in winter 

2002/03. The circles denote the average (over the Gulf of Finland) growth rate from 
0.07 m/day to 0.18 m/day as shown by the circle diameter. 

 
Model experiments performed to study the growth rate of deformed ice in the 
Gulf of Finland showed that the deformation of ice depended on the wind speed 
to some extent but was much more influenced by changes in the wind direction 
(Fig. 8).  
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For example, low winds (speed about 4 m/s) with variable direction were able to 
cause strong ice deformation, but stronger steady winds (about 9 m/s) could 
result in a lower deformation rate.  In the Gulf of Finland the most intensive 
ridging generally took place when the wind blows from E, SW and NW. 

A lead formation event of sea ice, appearing in one region, caused at the 
same time compressive deformations (ridging and thickening) in other regions. 
We analyzed also the cumulative deformation phenomena to characterize ridged 
and rafted ice distribution. To estimate the mean deformed ice thickness, the 
thickness was integrated over the latitudes 59.4N–60.5N. Figure 9 depicts how 
the mean deformed ice thickness varied in space and ice formed over time.  
According to the model calculations, more than 60% of the ice deformation 
events took place in the southern part of the Gulf of Finland. Also, the mass of 
deformed ice was greater in the southern part (Figure 9) and the deformation was 
twice as strong on the southern coast as on the northern coast. For example, at 
60.2N, the average deformed ice thickness was 0.2 m, whereas at 59.5 N it was 
0.5 m over the level ice. 

 

 
 

Figure 9. Growth of deformed ice thickness in various latitude sections. To 
characterize each section, the modeled deformed ice thickness was integrated over the 
latitude (along the parallels). 

 
For an evaluation how important the mechanical thickening of ice is, we can 
make the following simple comparison of the deformed ice growth rates to the 
thermodynamic growth rate of ice. If the air temperature is –10°C, then 0.35 m 
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thick ice grows daily about 0.01 m. Thus the thermodynamic growth rate of the 
undeformed ice is small compared to that of deformed ice. In the same 
conditions, the new ice in the leads is thickening about 0.05 m a day. 

Ridged ice areas were identified and analyzed as well. For every ice chart the 
area of deformation was identified on the basis of the symbols of ridged and 
rafted ice. The average number of ridging days in mild and severe winters in the 
northern and southern part of the Gulf of Finland is shown in Table 2. In mild 
winters, pack ice near the northern coast was deformed 1.5 times more 
frequently than on the southern coast. During severe winters it was vice versa: 
ridges occurred more frequently on the southern coast.  

 
Table 2. The average of ridging days during 1971–2010 
 

Winter type Northern shore Southern shore 
Average 23 15 

Severe 29 38 

 
 
3.3. Ship hull damages and their relations to ice conditions  

 
The relationship between the ship damage and deformed ice growth rate was 
examined. The basic data for the analysis were average ice deformation growth 
rates calculated by the HELMI ice model compared to ship damage events in the 
Gulf of Finland (paper I).    

An ice deformation growth rate over 0.004 m/day occurred during 25% (28 
days) of the winter season. In the examined period there were 49 ship damage 
events. The most of the damages (80%) took place in days when the average 
deformation rate exceeded 0.004 m/day. The deformation growth rates were the 
highest for the winter in the period 15–18.01.03, when the growth rate was up 
0.018 m/day, and in the period 27–28.02.03, when the rate was up to 0.016. We 
note that in the first period eight accidents with the ship hull damaged by the ice 
took place in four days and in the second interval five accidents occurred in two 
days. In other periods ship damage events were not so frequent. Analysis 
indicates that the high ice deformation growth rate is related to the vessel 
damages in the Gulf of Finland. 

We have selected two ship damage cases (Hänninen, 2003) from the winter 
2002/03 to analyze. The ships were sailing along the leads or a ship channel and 
got stuck in compressive ice. We applied the HELMI model to identify 
compressive ice situations (paper I).  
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3.3.1. Ship damage case on January 11, 2003   
 
A 95 000 DWT oil tanker, ice class IC, was on her way with cargo from Russia 
to Denmark when it got stuck in the compressive ice near Suursaar (27.5 E, 60.0 
N) on January 11, 2003, and ice blocks piled up against the side of the ship 
(Hänninen, 2003).   

The wind speed was only some 3 m/s in the morning of January 11 but in the 
evening it was up to 8 m/s. The wind direction gradually turned from N to SW 
during the day.  

 

 
 
Figure 10. Simulated growth rate of deformed ice in the Gulf of Finland on January 

11, 2003. The circle denotes the location where the ship damage occurred.  
 

The damaged ship came from NE and incidentally entered into the compressive 
ice area. The exact time of the ship accident is not known to the author.  
According to observations, on the day before the ship accident the whole sea 
area was ice covered. The ice concentration was over 95% and the thickness of 
level ice ranged from 15 to 35 cm. The model simulations show a compression 
and production of new ridged ice around the place of damage during the time it 
occurred (Figure 10). The largest ridge production rates were modeled westward 
from the location of the accident, around longitudes 25.5–26.0 E. The daily 
growth rate of deformed ice was only 0.1 to 0.3 m/day in the region of the 
accident, but up to 1.4 m/day in the middle of the Gulf of Finland. This can be 
partly explained by the ice drift pattern (not shown) due to the changing wind 
conditions. The ice pack was nearly immobile around the ship damage location 
in the morning of January 11, but a fast SSE drift (more than 30 cm/s) was 
apparent westwards from the accident place. This situation caused large ridged 
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ice production in the middle of the Gulf of Finland and presumably high 
compressive forces around the accident place.   By the evening of the day, the 
changed wind direction induced a nearly uniform northward drift with a speed of 
10–12 cm/s all over the damage area. The average deformed ice growth rate over 
the entire Gulf of Finland was 0.008 m/day. 

 
 

3.3.2. Ship damage case on January 21, 2003   
 

A tugboat (240 DWT, ice class IA) was damaged in the Gulf of Finland on 
January 21, 2003, due to the moving and compressive ice field. The accident 
took place at the end of the lead, at the beginning of an ice field (about 60.15 N 
and 25.2 E).  The ship stuck in the ice field and started to drift along the ice 
masses with a speed of 2–3 knots. Ice pieces piled up against the ship’s side 
shell. The pile-up process and drifting lasted about 20 minutes, then the 
compression ceased and ice pieces started to slide below the ship bottom. The 
ship drove to the fast ice field and waited for the icebreaker assistance 
(Hänninen, 2003).  
 

 
 
Figure 11. Simulated growth rate of deformed ice in the Gulf of Finland on January 

21, 2003. The hatched area is free water with ice concentration less than 10%. The circle 
denotes the location where the ship damage occurred.  
 

The wind speed fluctuated from 2 to 7 m/s on January 20–22.  Higher speeds 
of up to 10 m/s were observed earlier on January 19.  On January 20, a day 
before the accident,  the wind turned from N to SW and then stayed in the 
southerly direction.  
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The observed ice thickness and concentration revealed large gradients in space 
on those days. An ice lead extended from the western entrance in the northern 
part of the Gulf of Finland, with the ice thickness below 10 cm and 
concentration below 20%. In the eastern part of the central Gulf of Finland, the 
level ice thickness increased above 30 cm and the ice concentration above 90%. 
In the area where the ship damage occurred, the total ice concentration was 70–
99%.  According to the model results, this area contained mostly deformed ice. 
The mean total ice thickness in the region was over 70 cm, whereas the mean 
ridged ice fraction was 60–80%. Modeling results (Figure 11) show that a strong 
deformation took place only in a small area to the south from the location of the 
ship damage, at the edge of the ice margin, ridging offshore (0.6 m/day). The 
northward drift of ice was the highest (14 cm/s) in the area with a low ice 
concentration.  

At the northern border of the lead, the ice pack was almost motionless. This 
differential ice drift probably contributed to a high compressive stress in the ice 
pack. The state finds confirmation in the logbook observation. The average 
growth rate was 0.004 m/day over the entire sea, which is the lowest criterion for 
ship damage analysis. However, the above mentioned conditions made the local 
area very complicated. 
 
 
4. IMPACT OF FLAW LEADS ON THE SHIPPING IN 
THE GULF OF FINLAND 
 
4.1. Leads as natural fairways 
 
Openings in ice are a common feature in the Gulf of Finland. An open water 
area can sometimes extend over several hundred kilometers. If a lead lies along 
the Gulf of Finland axis, it facilitates navigation through the area. In the Gulf of 
Finland the W, NW, N and S winds generate leads that are wide enough for a 
vessel to navigate through. This is particularly important with regard to severe 
winters when the Gulf of Finland is fully covered with thick and ridged ice. 
Previous studies have shown that during average winters, leads are more 
common in the Estonian coastal region (paper II). But during severe winters the 
northern winds blow more frequently and thus there are more flaw leads in the 
northern part of the gulf. 

The question is how facile is the formation of elongated leads and do they 
facilitate shipping in the ice field? Further on, how steady are the leads?  
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4.2. Observed ice deformations 
 

The dominating winds in the Gulf of Finland are from SW. A logical 
presumption could be that ice ridges occur mostly in the northern coast and wind 
generates openings in the south. The following observational analysis reveals the 
opposite. The modeling study (paper II) described in the previous chapter shows 
that SW winds create a few irregular unconnected open water areas which do not 
facilitate shipping in ice when the Gulf of Finland is ice covered. Due to the 
shape of the gulf the NW winds, which represent 21% of all the winds, produce 
the most navigable leads or openings elongated along the direction of the gulf’s 
axis. The N and S winds also create conditions for the formation of leads 
facilitating shipping through the Gulf of Finland. The S and SE winds create 
leads near the southern coast. 

To investigate the occurrence of leads facilitating shipping we studied 
MODIS satellite images from the year 2003 (Figure 13, paper III). Analysis 
contained altogether 51 images and the results are given in Table 3. In total, 14 
irregular openings were identified. Most of the leads (in 22 cases) emerged near 
the Finnish coast and only two leads near the Estonian coast.  

 

a) Lead at the northern coast b) Lead at the southern coast 

b) Irregular openings of arbitrary shape d) Fully ice covered 
 

Figure 13. Ice situation in the Gulf of Finland in 2003. Moderate Resolution Imaging 
Spectrometer images (MODIS).  

 
Table 3. Occurrence of natural leads in the Gulf of Finland in the winter of 2003 from 
MODIS images 
 

Ice condition Frequency 

Elongated leads near the Finnish coast 22 times 

Elongated leads near the Estonian coast 2 times 

Fully ice covered 13 times 

Irregular openings of arbitrary shape 14 times 
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The occurrence of leads in different regions of the Gulf of Finland was also 
observed according to the EMHI ice charts in the period 1971–2010. In the 
analysis, the lead was defined as a narrow linear region of open water, new ice 
or a region of low ice concentration located either between two areas of compact 
ice or between pack ice and fast ice. Severe winters and the average of all 
winters are observed.  

The statistics for the ice cover period and occurrence of leads (percentage of 
the ice days) in different regions of the Gulf of Finland was calculated for the 
regular 1.0° × 0.2° grid in longitude and latitude, respectively. We also 
examined which areas are favorable for navigation and harbors, assuming a low 
ice concentration allow leads to favor shipping, whereas the regions of high ice 
concentration are typically regions of deformed ice, which build obstacles to 
navigation.  

 
 

 
 
Figure 14. Average ice conditions in the Gulf of Finland during 1971–2010 in the 

1.0° × 0.2° grid. The numbers in cells show the average duration of ice cover in days and 
the percentage of ice lead occurrence of the ice cover duration (% of the ice days).  

 
The average of all winters shows that leads occur most often in the Estonian 
coastal area, where their occurrence is typically 10 – 30% (Figure 14). In the 
middle of the Gulf of Finland leads make up a much smaller percentage. For 
example, between 25°E and 26°E, leads accounted only for 4% in the middle of 
the basin, whereas the occurrence increased to 22% at the Finnish coast and to 
34% at the Estonian coast. The lead fraction was highest in the entrance of the 
Gulf of Finland. The reason is a thin ice cover due to the short ice-cover period, 
which makes the ice cover very mobile under the action of winds and ocean 
currents.  
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In order to find the relation between the wind direction and the spatial pattern of 
lead occurrence, the wind distribution was calculated for the days when the daily 
wind speed exceeded 4 m/s as lower wind speeds are not expected to cause ice 
drift.  

In the following section we analyze historical ice cover data in the Gulf of 
Finland during severe winters when the ice cover extended over 200 000 km2 in 
the Baltic. These winters, relying on the historical ice charts, were in 1979, 
1980, 1982, 1985, 1986, 1987, 1994, 1996, 2003, 2006 and 2010.  

In severe winters when the Gulf of Finland is fully ice covered the duration 
of the ice season becomes more uniform all over the Gulf of Finland. In a severe 
winter the SW winds dominate but the NW and N winds are also present.  

 

 
 

Fig 15. Average ice conditions in the 1.0° longitude × 0.2° latitude grid in the Gulf of 
Finland in severe winters during 1971–2010. The first number in the cell is the average 
duration of ice cover in days and the second one is the occurrence of leads in days. 

 
A statistical overview of lead occurrence in severe winters is given in Figure 15, 
with the average duration of ice cover days and the occurrence of leads in days. 
Subtracting the occurrence of leads from the duration of ice cover we find how 
many hindrance days there were. We can notice that leads occur in the middle of 
the basin less often than in its northern part. Besides, more ice days are 
characteristic of the middle part. The average ice cover duration is calculated 
considering the ice break-up in springtime. If the lead formation lasted longer 
than a week, the days after that were considered ice-free days. In severe winters 
wind-created leads occur mostly near the Finnish coast. The results indicate 
differences in lead formation for the average and severe winter. 
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4.3. Results from numerical experiments 
 
The objective was to find out which winds generate elongated leads, using the 
experiments with the HELMI model. We estimated the relationship of wind 
direction to open water formation and ice deformation rate. 

The results are based on idealized numerical experiments, where sea ice was 
initially constant: the level ice thickness was set 0.35 m, the ice concentration 
A = 0.99. Then the response of the sea-ice model for different wind directions 
with constant wind speed of 10 m/s was calculated. In order to analyze which 
wind directions facilitate navigation in ice, we assumed that in those regions 
where the modeled ice concentration was less than 85%, the ships could navigate 
without any difficulties. Low ice concentration grid points were regarded as lead 
areas.  

When a northerly wind was acting, an extensive flaw lead, parallel to the 
coast line, extended from the mouth to the end of the Gulf of Finland (Figure 12 
N and Figure 5). In that case, vessels could easily navigate in the Finnish coastal 
zone. However, the picture was quite different when a north-easterly wind was 
blowing. This wind situation generated also much open water, but contrary to 
the previous case, open water areas were separated by an island, and a uniform 
lead was generated only in the easternmost part of the Gulf of Finland (Figure 12 
NE and Figure 13 b).  

Also southerly winds, blowing transverse to the basin, were favorable for 
lead generation (Figure 12 S). In this case the lead was located at the Estonian 
coast reaching from the mouth (23°E) up to the central part of the Gulf of 
Finland (28°E), while a few minor leads did exist by the Ingerian (southern) 
shore of the Gulf of Finland (between 28°E and 29°E). Examination of the 
MODIS satellite images and EMHI ice charts for all winters of 1971–2010 
reveals that the model results fit well with the observational data.  
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Figure 12. Ice conditions favoring vessel navigation along the Gulf of Finland when 
a constant wind acts at least 10 h.  W, NW, N and S winds generate a rather uniform lead 
pattern and thus facilitate navigation in the ice.   

 



 31

5. DISCUSSION AND CONCLUDING REMARKS 
 

Which areas would be reasonable for shipping routes in the Gulf of Finland in 
severe winters considering the main navigation along the gulf in the west and 
east directions? 

If we take into account only the ice conditions the best area for ship 
navigation is the northern part of the gulf. Here most of the natural elongated 
leads and open water suitable for shipping occur. In the winter of 2002/03 
elongated leads appeared near the northern coast at least on 22 days. The 
southern part is an alternative considering the appearance of leads. The number 
of average ice days is lower in the southern part compared to the northern part. 
Suitable elongated leads appear as well, but less frequently. On the other hand, a 
lot of ridged ice, more harmful for shipping than level ice, lies near the southern 
coast. Compressive ice, which is the greatest hindrance to the shipping activity, 
can be found in the central line of the Gulf of Finland where the official fairways 
are located.  Elongated leads practically do not appear in this area. 

However, the ice conditions are not the only factors in planning shipping 
fairways. The sea is shallower on the northern side of the gulf and there are 
many dangerous shoals. One more aspect to be reckoned with in ship route 
design is the probability of coastal oil pollution from accidental spills.  

 
In the following summary of the dissertation, the main findings of the studies 
on which it is based are presented. 

• The deformed ice growth rate in the Gulf of Finland depends on the wind 
speed to some extent but it is much more influenced by the wind direction.  
Most intensive ridging generally takes place when the wind blows from E, 
SW and NW. 

• About 60% of the ice deformation events took place in the southern part of 
the Gulf of Finland during 1971–2010.  Also according to the model 
results over 60% of the deformed ice mass was generated in the southern 
part in the severe winter of 2002/03. 

• The two ship damages in winter 2002/03 happened close to the high growth 
rate area of deformed ice at the interface of different ice conditions with 
notable ice thickness gradients. It is concluded that the rate of ridged ice 
production is an indicator of the compression of the ice pack. Probably 
even larger compressive forces had occurred in the locations of ship 
damages. 

• In the mild winters during 1971–2010, pack ice near the northern coast was 
deformed 1.5 times more frequently than at the southern coast. During the 
severe winters ridges occurred 1.3 times more frequently at the southern 
coast. 

• The high ice deformation growth rate is related to the vessel damages in the 
Gulf of Finland. During the winter season of 2002/03 there were 49 ship 
damages in the Gulf of Finland. About 80% of the ship damages took 



 32

place on days when the average deformed ice growth rate was over 0.004 
m/day.  In about 25% of the days during this period the ice deformation 
growth rate was between 0.004 and 0.027 m/day. 

• Elongated leads are particularly important in severe winters when the Gulf of 
Finland is fully ice covered. Winds from W, NW, N and S generate 
uniform leads that are wide enough for vessels to navigate through the ice. 

• During the average winters in 1971–2010, leads were more common in the 
southern coastal region. During the severe winters northern winds blew 
more frequently and leads appeared in the northern part of the Gulf of 
Finland. According to the MODIS (Moderate Resolution Imaging 
Spectrometer) images elongated leads appeared near the northern coast 11 
times more often than in the southern coast in the winter season of 
2002/03. 

• The dominating SW winds create a few irregular unconnected open water 
areas which do not facilitate shipping in ice when the Gulf of Finland is 
ice covered. NW winds, which represent 21% of all the winds, produce 
the best navigable leads or openings elongated along the direction of the 
gulf’s axis.  

• In the middle of the Gulf of Finland leads made up the smallest percentage: 
leads formed only on 4% of all the ice days. The occurrence increased to 
22% at the northern coast and to 34% at the southern coast.    
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ABSTRACT    
 

The Gulf of Finland is one of the most intensive ship traffic areas in the world. 
In severe and average winters the mean ice cover lasts for 140 days. Sea ice 
represents a great danger and hindrance for ships. Sea ice conditions are very 
variable and dynamic. In certain conditions openings in ice and elongated leads 
form, which favor ship navigation and decrease the risk of accidents.  Flaw leads 
and ice ridges are common features in the Gulf of Finland.   

The Gulf of Finland is one of the hazardous regions of the Baltic Sea. In 
winter 2002/03 almost 60% of all ship hull damages of the Baltic Sea took place 
in this gulf. Over 50 incidents happened at the Finnish coast in winter 2010, 
whereby the ship was stuck in ice for several hours or days  

The study uses the numerical sea ice model to determine conditions forming 
leads of favorable shape and relations between ridged ice and ship damages. The 
occurrence frequency of leads and ridges in different regions of the coast in the 
past 35 years is analyzed. 

The results of the analysis show firstly that the two ship accidents treated 
took place at the interface of different ice types, where ridge ice thickness grew 
remarkably. This allows speculations that the number of ship accidents could be 
reduced by introducing ice model forecasts into the navigation support. 
Secondly, considering ice conditions, the best suitable area for ship navigation 
along the coast is the northern side, where leads favorable to ship navigation are 
formed most often. Leads occur on average 3–6 days per winter along the central 
axis, 11–23 days near the northern coast and 6–19 days at the southern coast. At 
the southern coast the occurrence of ridged ice is approximately twice as 
frequent as near the northern coast, which could hinder shipping near the 
southern part. The most favorable winds generating leads along the coast are 
NW-N, NE-E and S winds.  
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RESÜMEE 

 
Soome laht kattub jääga külmadel ja keskmistel talvedel. Tekkinud merejää, 
mille kestus on  kuni 140 päeva, on talvisel meresõidul peamiseks takistuseks ja 
ohuks laevadele. Tuuled põhjustavad jää ümberpaiknemist, tekivad vabavee 
avaused ja lahvandused, mis on sage nähtus Soome lahel. Teatud tingimustel 
kujunevad pikad ja piklikud lahvandused, mis võiks soodustada laevaliiklust. 
Teisalt tekivad pinged jääkattes, moodustades laevadele ohtlike rüsi- ja ladejää 
moodustisi, mille paksus ulatub 15 m-ni. Soome laht on Läänemere 
ohurikkamaid piirkondi, kus 2002-2003 aasta talvel toimus ligikaudu 60%  
laevakere vigastustest. Talvel 2010 oli Soome lahel üle 50 juhtumi, kus laev 
takerdus mitmeks tunniks või päevaks jäässe. 

 
Autori eesmärgid olid:  
• Uurida rüsi- ja ladejää mõju laevakere kahjustustele Soome lahes talvel 2002-

2003 (III) 
• Rakendada   numbrilist jäämudelit, et välja selgitada deformeerunud 

jääpaksuse kasvu kiiruse seos kahe laevavigastusega talvel 2002-2003 (I) ja 
laevadele soodsate lahvanduste tekkimise looduslikud tingimused (II). 

• Analüüsida lahvanduste esinemise sagedust lahe eri piirkondades viimase 35 
aasta jooksul (III). 

 
Tulemustest selgus:   
• Deformeerunud jää kasvumäär sõltub tuule kiirusest teatud määral, kuid 

on rohkem mõjutatud tuule suunast. Kõige intensiivsemalt jää deformeerub E, 
SW ja NW tuulte mõjul.  

• Töös on analüüsitud numbrilise jäämudeli (HELMI) väljundandmeid,. 
Mõlemad avariid juhtusid erinevate jääliikide üleminekualal, kus esines 
märkimisväärne deformeerunud jääpaksuse kasv.  

• Külmadel talvedel (vahemikus 1971-2010) esines ligikaudu 60% jää 
deformatsiooni  juhtumitest lahe lõunapoolses osas. Sama kinnitavad ka 
mudelarvutused, mille kohaselt moodustus külmal talvel 2002/2003 60% 
deformeerunud jää massist lahe lõunapoolses osas. 

• Võrreldes Soome lahe põhja- ja lõunapoolseid alasid, selgub, et pehmetel 
ja keskmistel talvedel on rüsi ja ladejää sagedus 1,5 korda suurem mere 
põhjapoolsel alal. Külmadel talvedel on aga rüsi- ja ladejää sagedus 1,3 korda 
suurem lõunapoolsel alal. 

• Deformeerunud jää kasvu määr on seotud laevakahjustustega Soome 
lahel. Talvel  2002/2003 oli Soome lahel  49 laevakere kahjustust. 80% 
õnnetustest toimus päeval, kui keskmine deformeerunud jää kasvutempo oli üle 
0,004 m ööpäevas. Vastav kasvukiirus oli talvel 2002-2003 25% päevadest.  
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• Keskmisel talvel (vahemikus 1971-2010) esinevad lahvandused peamiselt 
Soome lahe lõunapoolses osas. Külmadel talvedel seevastu on lahvanduste 
esinemissagedus suurem põhjapoolses osas.  Satelliidi (MODIS) pilte järgi oli 
talvel 2002-2003 navigatsiooniks sobilikke lahvandusi põhjarannikul 11 võrra 
rohkem kui lõunakaldal. 

• Lahvandused pikki Soome lahte on eriti olulised külmadel talvedel, kui 
laht on jääga täielikult kaetud. Soodsaimad tuuled, mis genereerivad 
navigatsiooniks soodsaid lahvandusi  pikki Soome lahte, on NW- N, NE-E ja S 
tuuled. Soome lahel domineerivad SW tuuled põhjustavad ebaregulaarseid ja 
mitteseotud  jäävabasid alasid, mis ei soodusta laevaliiklust. 

• Talvine laevaliiklus piki Soome lahte kulgeb peamiselt lahe kesktsoonis. 
Uuringutulemused näitavad, et see on kõige ebasoodsam piirkond, kuna selles 
piirkonnas on lahvanduste sagedus keskmiselt 3-6 päeva talve jooksul. Soodsaim 
on liigelda Soome lahe põhja kalda poolses alas, sest seal on suurim lahvanduste 
sagedus, 11-23 päeva talve jooksul. Lõunakaldal aga 6-19 päeva, kuid 
lõunakaldal esineb ligilähedaselt kaks korda sagedamini rüsijääd.   
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Abstract. Sea ice ridges and other types of deformed ice are the main obstacles for the winter 
navigation. During the severe winter 2002/2003, about 60% of the ship hull damages, registered in 
the Baltic Sea, occurred in the Gulf of Finland. We have analysed ice deformation features, derived 
from the HELMI sea ice model in relation to two ship damages that occurred in the Gulf of Finland 
this winter. The damages happened close to the high growth rate area of deformed ice at the 
interface of different ice conditions with notable ice thickness gradients. It is concluded that the rate 
of ridged ice production is an indicator of the compression of the ice pack and a potential indicator 
of ice-induced danger to shipping. 

Key words: Gulf of Finland, sea ice, winter navigation, ice deformation, ship damage. 

1. INTRODUCTION 

The Gulf of Finland is an elongated (in the W–E direction) sub-basin of the 
Baltic Sea with the total length of 460 km and the width up to 120 km (Fig. 1). It 
is an important corridor for merchant and passenger shipping for its coastal states 
Estonia, Finland and Russia. More than 37 000 ships over 300 GRT cross (enter 
or leave) the entrance line of the Gulf of Finland annually, based on the data from 
the Automatic Identification System (AIS) for monitoring the maritime traffic in 
the Baltic Sea area [1,2]. The shipping intensity has an increasing trend due to the 
strong economic growth in this region, including tanker traffic to the new 
Russian oil terminals [2,3].  And the number of tanker accidents  seems to increase  
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                Longitude 

Fig. 1. Map of the Gulf of Finland in the northeastern Baltic Sea. Selected ship routes from the first 
half of April 2007 are shown by the HIROMB-SeaTrackWeb data (Swedish Meteorological and 
Hydrological Institute; the routes not necessarily represent the long-term shipping statistics). 

when the winter is more severe. In the Baltic Sea shipping regulations, special 
attention is paid to the most dangerous wintertime navigation period [4,5] when 
vessels navigate through the ice. 

The Gulf of Finland is fully ice-covered in normal and severe winters [6,7].
Even in very mild winters some parts of the Gulf of Finland freeze. Sea ice 
conditions substantially vary in the east–west direction. The average length of the 
ice season exceeds 120 days in the eastern part and is only a couple of weeks in 
the western entrance area of the gulf. The sea ice formation begins first in the 
eastern part of the Gulf of Finland, usually in the beginning of December. The 
break-up of ice cover occurs commonly in the middle of April, but in the coastal 
zone and small bays the land-fast ice may persist even until the beginning of 
May. The thickness of undeformed level ice is typically 30–40 cm but may reach 
80 cm in certain snow-free conditions. 

The most significant obstacles for the winter navigation in the Baltic Sea are 
pressure ridges and brash ice. They are particular forms of deformed 
(compressed) ice that develops under variable wind stress. Outside the land-fast 
ice region (depths down to 5–15 m) [8], the deformation of the pack ice is a key 
process determining the evolution of the distribution of the sea ice thickness. The 
dominant deformation processes are pressure ridging (piling of smaller ice blocks 
broken from interacting ice sheets) and rafting (overriding of one ice sheet by 
another). Recent ice thickness measurements in the Baltic Sea [9] have shown 
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that the amount of deformed ice is significantly larger than reported in the routine 
ice charts. Consequently, the mean ice thickness could exceed 1–2 m in large 
areas of the Baltic Sea. Sea ice ridges are the thickest ice forms. The visible part 
of the ridge, called sail, is typically 1–3 m high while the most of the ridge 
volume is contained in the subsurface part of the ridge, the depth of which may 
reach up to about 25 m in the Baltic Sea [10,11].

Modelling of the Baltic Sea ice dynamics started more than twenty years 
ago [12]. It has provided valuable results both in research and in operational 
applications. Among a number of ice model variables, observational validation 
and detailed analysis are usually done for the ice thickness and concentration, for 
different types of ice [13,14]. The progress in simulating the above “standard out-
put” variables and ice drift velocity has increased the interest in the deformation-
related model variables like the ridge height, the fraction of deformed ice and the 
rate of ice compression. 

High pressure in the ice field causes ice deformation  and can be dangerous to 
the vessels. In a severe winter 2002/2003, about 62% of ship hull damages, 
registered over the entire Baltic Sea, occurred in the Gulf of Finland, whereas 
30% of damages were caused by ship–ice interaction and 15% of hull damages 
occurred in the ice field under compression [15].

In the present paper we perform an analysis of sea ice deformation fields in 
the Gulf of Finland in relation to ship damage events in winter 2003, based on the 
results from the HELMI sea ice model that is used also in the Finnish ice service. 
The analysis is a step towards the determination of actual ice loads on ships in 
operational situations, contributing to a better management of winter navigation. 
A brief presentation of the sea ice model used is given first, followed by a 
description of observed and modelled ice conditions in the particular winter. 
Finally, we focus on the analysis of modelled ice features during two events of 
ship damage. 

2. DESCRIPTION  OF  THE  HELMI  MODEL 

The HELMI (HELsinki Multicategory Ice (model)) model describes the 
spatial and temporal evolution of sea ice thickness distribution. It tracks ice con-
centrations of different thickness categories, the redistribution of ice categories 
due to deformations, the horizontal components of ice velocity and the internal 
stress of the ice pack and accounts for the thermodynamics of sea ice. The 
physics of the model with some applications to the climate studies is described  
in detail in [16,17]. In the Baltic Sea, the HELMI model has been applied for the 
regional sea ice forecasting (http://polarview.fimr.fi). The only differences 
between the operational and climate applications are in the horizontal resolution 
and in the scheme of atmospheric forcing. 

The equations for the ice concentration and thickness for each ice category 
read
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,A A
i i i iA t A∂ ∂ = − ⋅∇ + Ψ + Φu                                      (1) 

,h h
i i i ih t h∂ ∂ = − ⋅∇ + Ψ + Φu                                       (2) 

where iA  and ih  are the concentrations of the ice cover area per sea surface area 
and the mean (in terms of the ice volume per unit area) thickness of the ice 
category ,i u  is the vector of ice drift velocity, iΦ  are the thermodynamical 
growth or decay rates and iΨ  are the thickness redistribution functions due to 
mechanical deformations, describing open water changes, rafting and ridging. 

The redistribution functions iΨ  depend on the ice thickness, concentration 
and strain rates [18,19]. Continuum scale sea ice models resolve an average 
behaviour of the pack ice and the subgrid scale processes are either neglected or 
taken into account in a simplified manner. Presently the HELMI model 
approximates the complex nature of sea ice forms by seven thickness categories. 
For the undeformed ice (level ice), we use five categories. The first undeformed 
ice category is typically the oldest and thickest ice due to the thermodynamical 
growth. The fifth undeformed ice category describes the growth of new ice in the 
leads. The deformed ice is separated into two ice thickness categories, one for 
rafted ice and the other one for the ridged ice. Ice categories are not bounded by 
the minimum and maximum ice thickness, except the thinnest category that is not 
allowed to exceed 10 cm in thickness. 

The following assumptions are made regarding the deformation processes: 
1) the deformed ice is generated only from undeformed ice categories, 2) the 
cross-over thickness determines whether the undeformed ice is rafted or ridged. 
These assumptions are based on the Parmeter law [20] and field observations [21].
It is also assumed that the thinnest 15% of the ice categories experience 
deformation [18]. Further assumptions are that the shear deformations are not 
taken into account and the shape and porosity of the ridges are constant. These 
assumptions are based on the results of field observations [10,22].

Ice motion is determined by the momentum balance equation 

(d d ) ( ) ,a wm t f A mg ξ+ × = + − ∇ + ∇ ⋅u k u τ τ σ              (3) 

where m  is the total ice and snow mass per unit area, u  is the horizontal ice 
velocity vector, f  is the Coriolis parameter, k  is the upward unit vector, A  is 
the overall mean ice concentration, aτ  and wτ  are the air (wind) and water stress 
vectors, ξ∇  is the sea surface tilt, g  is the acceleration due to gravity and σ  is 
the internal stress tensor. The internal stress of pack ice is calculated according to 
the viscous-plastic rheology [23]. This formulation also relates the consumption of 
kinetic energy to the ice pack deformations [24].

The HELMI sea ice model employs curvilinear coordinates. The variables are 
spatially discretized on the Arakawa C-grid. The advective part of the ice thick-
ness and the concentration equations are solved by an upwind method. The 
momentum balance equation is solved by the line successive relaxation 
procedure, proposed by Zhang and Hibler [25].
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In the present study we use the horizontal grid step of 1 nautical mile 
(1852 m). The model domain covers the whole Baltic Sea. The results are mainly 
analysed for the Gulf of Finland, but for comparison purposes also for the Gulf of 
Riga. For atmospheric forcing we used the data from the NCEP/NCAR reanalysis 
project (http://dss.ucar.edu/pub/reanalysis/). 

3. OBSERVED  AND  MODELLED  ICE  CONDITIONS   
IN  THE  GULF  OF  FINLAND  DURING  WINTER  2002/2003 

The air temperature time series given in Fig. 2 show that the cold season 
2002/2003 began rather early. The temperatures were below the long-term 
average during most of the November and in December. Also the first half of 
January was relatively cold. The end of January was warmer than the average. 
February was again colder than the average. The entire winter 2002/2003 was the 
coldest over the last 34 years. 

The Baltic Sea ice season 2002/2003 started already in early November with 
rapid ice formation in the northern Bothnian Bay, in the eastern part of the Gulf of 
Finland and in the coastal areas of the Gulf of Riga. By the end of December the 
entire Gulf of Finland was ice-covered. The ice thickness ranged from 15 cm in its 
western part to 50 cm in the eastern area [26]. Already in January vessels had to 
navigate through the ice along the longest way in 40 years. The icebound sailing 
distance reached up to 200 nautical miles instead of average 50 nautical miles. 
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Fig. 2. Daily averages of the air temperature (circles) in the Gulf of Finland during winter 
2002/2003. Filled squares show the average air temperature for the period of 1971–2005; unfilled 
squares and crosses represent the daily minimal and maximal air temperature for 1971–2005 from 
the NCEP/NCAR reanalysis data, respectively. 
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A specific feature of the winter 2002/2003 was the exceptionally thick ice. 
The level ice thickness was up to 80 cm on the Finnish coast. The ice thickness in 
the drift ice was even larger. According to the airborne electromagnetic measure-
ments the mean ice thickness exceeded 1.5 m in several areas in late 
February [27]. Navigational conditions in the northern regions of the Baltic Sea 
were difficult and restrictions were valid 117–149 days during the whole winter. 
Typically, merchant ships need ice breaker assistance in the Gulf of Finland 
beginning with January; however during the winter season 2002/2003 icebreakers 
were needed already beginning with December. The maximum ice extent for the 
whole Baltic Sea was observed on March 5, when the ice-covered area was up to 
232 000 km2 [7]. According to this, the winter 2002/2003 is classified as an average 
ice winter [6], but certainly ice conditions in the Gulf of Finland were harder than 
on the average [7]. The length of the Gulf of Finland ice season in winter 
2002/2003 exceeded the long-term average by more than a month. 

The evolution of ice conditions during the entire winter was studied applying 
the HELMI model in the hindcast mode. Already in the beginning of January the 
total ice extent reached the maximum for a normal winter and the mean ice 
concentration was more than 90% over the Gulf of Finland area (Fig. 3). During 
the first half of January, the ice concentration decreased remarkably due to wind-
induced deformation processes. From the mid-January the mean ice concentration 
decreased from 95 to 70% in the Gulf of Finland. The concentration is compared 
with the neighbouring Gulf of Riga with similar atmospheric conditions: 1) initial 
ice extent growth was delayed by about two weeks, 2) in the second half of January 
the mean ice concentration was reduced more drastically – from about 90 to 20–
40%, 3) in February the concentration increased to about 60%, but remained  
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Fig. 3. Modelled (crosses and triangles) and observed (filled squares) mean total ice concentration 
(all ice categories) over the gulfs of Finland and Riga during winter 2002/2003. 
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Fig. 4. Modelled time series of the average deformed ice fraction as part of the total ice concentra-
tion in the Gulf of Finland (triangles) and the Gulf of Riga (squares) during winter 2002/2003. 

until the break-up by more than 30% lower than in the Gulf of Finland. The 
simulated mean ice concentrations in both of the gulfs are in a good agreement 
with the observed values. 

The portion of deformed ice in total ice thickness is a good measure of the 
significance of the deformation process in the total ice balance. The time series of 
the fraction of deformed ice over the whole Gulf of Finland and the Gulf of Riga 
were calculated from the model outputs. The results of this calculation (Fig. 4) 
show that the bulk intensity of deformation processes is higher in the Gulf of 
Riga. Generally, the fraction of deformed ice increases from 15–20% of the 
whole ice cover in the beginning of winter up to 30–35% before the break-up. 
The highest fractions of deformed ice were up to 35% in the Gulf of Finland and 
up to 55% in the Gulf of Riga. 

4. CASE  STUDY  OF  ICE  COMPRESSION  EVENTS   
IN  THE  GULF  OF  FINLAND 

In the ice-covered sea, most of merchant ships are able to proceed only along 
the artificial ice channels and natural leads and openings. An artificial ice channel 
is broken by an icebreaker or another powerful ship. An ice channel in the open sea 
is not in a stable state since it is exposed to external (mainly to wind) forcing. If 
wind is strong enough to bring the ice fields into motion, a compression in the ice 
cover frequently occurs. In some cases, the ice pack remains stationary although 
strong winds are acting. Horizontal differences in the field of ice motions cause 
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compression and compacting (an increase of the ice concentration), but also 
decompression (a decrease of the concentration or even formation of openings) in 
the ice cover. Navigation in compressive ice is very difficult and sets special 
demands to ships. 

We have performed two case studies to analyse the situations where ships were 
sailing along the leads or a ship channel and stuck in compressive ice. Compressive 
ice situations were identified with the use of the daily growth rate of deformed ice 
categories (that is, changes owing to rafting and ridging) extracted from the 
HELMI model. 

Model experiments, performed earlier to study the deformed ice growth rate 
in the Gulf of Finland, showed that the deformation of ice depends on the wind 
speed to some extent but is much more influenced by changes in the wind 
direction. For example, low winds (speed about 4 m/s) with variable direction are 
able to cause strong ice deformation, but stronger steady winds (about 9 m/s) 
may result in a lower deformation rate. In the Gulf of Finland the most intensive 
ridging generally takes place when wind blows from SW, SE or NW [28].

4.1. Ship  damage  on  January  11,  2003 

Wind conditions in January are given in Fig. 5 as measured at the Tallinn 
Harbour. Wind speed was only 3 m/s in the morning of January 11, but in the 
evening reached 8 m/s. The wind direction gradually turned from N to SW during 
the day. 

A 95 000 DWT Oil tanker, ice class IC with cargo was on her way from Russia 
to Denmark when she got stuck in the compressive ice near Suursaar (27.5°E, 
60.0°N) on January 11, 2003, and ice blocks piled up at side shells of the ship [15].

The damaged ship came from NE and incidentally entered into the compressive 
ice area. The exact time of the ship accident is not known to the authors. According 
to the observations, on the day before the ship accident the whole sea area was ice 
covered. The ice concentration was over 95% and the thickness of level ice ranged 
from 15 to 35 cm. The model simulations show a compression and production of 
the new ridged ice around the damage place during the time of the accident 
(Fig. 6). The largest ridge production rates (up to 1.4 m/day in the middle of the 
Gulf of Finland) were modelled westward from the location of the accident, around 
longitudes 25.5–26.0°E. The daily growth rate of deformed ice (that is the increase 
of the mean thickness of ridged and rafted ice during a 24 h period) was only from 
0.1 to 0.3 m/day in the region of the accident. The occurrence of compression areas 
can be partly explained by the ice drift pattern (not shown) due to changing wind 
conditions. The ice pack was nearly immobile around the ship damage location in 
the morning of 11 January, but a fast SSE drift (more than 30 cm/s) was apparent 
westwards from the accident place. This situation caused intense ridged ice 
production in the middle of the Gulf of Finland and presumable high compressive 
forces around the accident place. By the evening of the day, changed wind 
direction (Fig. 5) induced a nearly uniform northward drift with a speed of 10–
12 cm/s all over the damage area. 



209

   (a) 

0

5

10

15

10 11 12 13 14 15 16 17 18 19 20 21 22

W
in

d 
sp

ee
d,

 m
/s

   (b) 

0

90

180

270

360

10 11 12 13 14 15 16 17 18 19 20 21 22

W
in

d 
di

re
ct

io
n

Fig. 5. Wind speed (a) and direction (b), measured at Tallinn Harbour during January 2003. 

Fig. 6. Simulated daily growth rate of deformed ice in the Gulf of Finland on January 11, 2003. The unit 
at the contour interval is m/day. The circle denotes the location, where the ship damage occurred. 
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4.2. Ship  damage  on  January  21,  2003 

A tugboat 240 DWT, ice class IA, was damaged in the Gulf of Finland on 
January 21, 2003 due to the moving compressive ice field. The accident took 
place at the end of the lead, at the beginning of an ice field (about 60.15°N and 
25.2°E). The ship stuck in ice field and started to drift along the ice masses with a 
speed of 2–3 knots. Ice pieces piled up against the ships side shell. The pile-up 
process and drifting lasted for about 20 min, then the compression ceased and ice 
pieces started to slide below the ship bottom; yet the ship had to wait for the 
icebreaker assistance [15].

Wind speed (Fig. 5) fluctuated from 2 to 7 m/s on 20–22 January. Higher 
speeds up to 10 m/s were observed earlier on 19 January. On 20 January, a  
day before the accident, wind turned from N to SW and then stayed in the 
southerly direction. 

The observed ice thickness and concentration revealed large gradients in 
space on those days (Fig. 7). An ice lead extended from the western entrance in 
the northern part of the Gulf of Finland, with the ice thickness below 10 cm and 
concentration below 20%. In the eastern part of the central Gulf of Finland, the 
level ice thickness increased above 30 cm and the ice concentration above 90%.  

Fig. 7. Observed level ice thickness and concentration in the Gulf of Finland on January 21, 2003 
(Finnish Institute of Marine Research, Ice Service). The circle denotes the location, where the ship 
damage occurred. 
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Fig. 8. Simulated growth rate of deformed ice in the Gulf of Finland on January 21, 2003. The unit 
at the contour interval is m/day. The hatched area denotes free water with ice concentration less 
than 10%. The circle denotes the location, where the ship damage occurred. 

In the area, where ship damage occurred, the total ice concentration was about 
70–99%. According to the model results, this area contained mostly deformed 
ice. The mean total ice thickness in the region was over 70 cm, whereas the mean 
ridged ice fraction was 60–80%. 

Modelling results (Fig. 8) show that a strong deformation took place only in a 
small area to the south from the location of ship damage, at the edge of the ice 
margin. The northward drift of ice was the highest (14 cm/s) in the area with a 
low ice concentration, but at the northern border of the lead, the ice pack was 
almost motionless. This differential ice drift probably contributed to a high 
compressive stress in the ice pack. Like in the case of 11 January, the model 
simulations show only moderate (about 0.1 m/day) ridged ice production in the 
location of the accident, but much larger (0.6 m/day) ridging offshore. 

5. DISCUSSION  AND  CONCLUSIONS 

The Baltic Sea ice services are increasingly using operational ice models to 
support a safe and cost-efficient navigation. Among the ice-covered regions, the 
Gulf of Finland is of highest traffic intensity and unfortunately it has also the 
highest number of ship damages. 

To the knowledge of the authors, this study is a first attempt to investigate if 
ship damage events are related to the ice field properties that can be simulated 
and forecast by the contemporary sea ice models. There are several generic 
sources of uncertainties in the process of constructing such models. Even with 
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the regional sea ice models, the model grid cells are significantly larger than the 
dimensions of ships, introducing the need to properly transfer the large-scale  
(1–2 km) ice field stresses into the forces that act on the hull of the ship. Stresses 
in the ice model are about 0.01 MPa (or with 1/3 m ice thickness 0.03 MPa), but 
on the much smaller scale in ship–ice impacts the stresses are of the order 1 MPa, 
in localized parts of hull even up to 70 MPa [29].

The study highlights the need of validation of the modelling of deformation 
events. In principle, an analysis of subsequent remote sensing images, results 
from a dense network of the ice drifters or measurements of the distribution of 
ice thickness could provide detailed enough information on the ice deformation 
for the model validation or data assimilation in order to improve the reliability of 
the model. However, retrieval algorithms of the motion and deformations of ice 
are still under development and all the regular ice monitoring observations are 
done in the fast ice region. As yet, neither the observed sea ice properties nor the 
modelled results can be applied to particular disasters with certainty. It is even 
unclear, which modelled parameters give an adequate forecast of the dangereous 
sea areas. 

Our study showed that both the fraction of deformed ice (Fig. 4) and 
deformed ice thickness growth rate in the Gulf of Finland are smaller than in the 
Gulf of Riga. One might speculate that per unit of the icebound ship route (say 
106 ship-km in ice) there could be more ice-related ship damages in the Gulf of 
Riga than in the Gulf of Finland. Scarce available data do not allow to make a 
reliable comparison. Comparison of data from different years allows to make 
some very rough estimates of the probability of damage. For example, 49 ice-
related ship incidents [15] were reported in winter 2002/2003 and about 37 000 
annual entrance crossings [1] in 2005/2006 in the Gulf of Finland. These numbers 
are 10 and 9000 for the Gulf of Riga. Therefore, about 1 incident per 200 ships 
entering or leaving each gulf occurs in the icebound conditions (that is, during 
3 severe winter months). 

We have selected two ship damage cases from the severe winter 2002/2003, 
when altogether 49 ice-related ship incidents occurred in the Gulf of Finland [15].
Unfortunately, in most of the cases (except the two under consideration), exact 
location and time of the damage event were missing. Therefore statistical 
analysis was not possible. 

In both cases the ship damages happened close to the high growth rate area of 
deformed ice (Figs. 6 and 8) at the interface of different ice conditions with 
notable ice thickness gradients. Damages occurred when the ships were sailing in 
a region between the fast ice and intensive deformation areas in the open sea. The 
ridged ice production is an obvious indicator of the high compression of the ice 
pack. The areas, where ridging and rafting ice take place, may thus be considered 
as major risk regions for the wintertime navigation. The analysis suggests that 
quite large compressive forces occurred locally in areas relatively far from the 
intense compression regions. One may speculate that inhomogeneities in the ice 
(such as small leads or navigation channels) serve as favourable locations of 
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initiating of ridging even in relatively low overall compression rates. In the 
considered cases, ice deformations were additionally favoured by rapidly chang-
ing wind direction that apparently led to the formation of non-uniform patterns of 
ice drift. 
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Soome  lahe  jäädeformatsiooni   
ja  laevavigastuste vahelisest  seosest  2003.  aasta  talvel 

Ove Pärn, Jari Haapala, Tarmo Kõuts, Jüri Elken ja Kaj Riska 

Rüsijää ahelikud ja ladejää on talvisel meresõidul peamisteks takistusteks. 
Tuulte põhjustatud jäätriiv tekitab pinged jääkattes, mis kutsub esile suuri jää 
moondeid. Soome laht on Läänemere ohurikkamaid piirkondi, kus 2002/2003. 
aasta talvel toimus ligikaudu 60% laevavigastustest. Artiklis on analüüsitud 
numbrilise jäämudeli (HELMI) väljundandmeid, seostades deformeerunud jää 
paksuse kasvu kiiruse kahe sel talvel juhtunud laevavigastusega. Mõlemad 
avariid juhtusid erinevate jääliikide üleminekualal, kus esines märkimisväärne 
deformeerunud jää paksuse kasv. 
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Abstract – The monitoring and prediction of sea ice 
conditions are vital for safe and economical winter navigation 
in the Gulf of Finland (GoF), where ice conditions are very 
variable and dynamic. Flaw leads and ice ridges are common 
features in the GoF. In this study the occurrence frequency of 
the leads and ridges during 1971-2009 is analyzed. For the 
historical period, the ice charts of the Estonian Meteorological 
and Hydrological Institute (EMHI) were used for determining 
their occurrence and location in the Gulf of Finland. A case 
study was performed for a severe winter in 2002/2003. 
MODIS satellite imagery was used in addition to ice charts for 
determining the location of the leads in the Gulf of Finland. 
Also, the HELMI ice model was used to examine ice 
characteristics during the winter of 2002/2003 and the 
relationship between deformed ice growth rates and the speed 
and direction of wind.  The results of the analysis of historical 
data show that on the average the leads are most common in 
the Estonian coastal region where their occurrence is typically 
10-30%. During severe winters, leads occur quite often also in 
the Finnish coastal region, but the ridges are more common in 
the Estonian coast. 

I. INTRODUCTION 

The GoF is one of the most intensive shipping regions in 
the world [1]. Wintertime navigation is continuously 
increasing and it is expected to double by 2015.  A lot of 
attention is paid to navigation safety, especially with 
respect to winter navigation, on both the scientific and 
management level, seriously considering many 
environmental concerns [2-4]. In 2002 the European Union 
(EU) set up the IRIS project “Ice Ridging Information 
System for Decision Making in Shipping Operations”. Ice 
modeling and satellite imagery (Synthetic Aperture Radar) 
interpretation is being developed to include sea ice 
characteristics in navigation information so that enhanced 
ice information could be applied on selected ship routes.  
The SAFEICE project of the EU studied ship-ice 
interaction and analyzed ice damages that occurred in the 
Gulf of Finland.  In 2010, the EU launched the SAFEWIN 
project on Safety of Winter Navigation in Dynamic Ice. 
This project aims to develop an efficient ice compression 
and ice dynamics forecasting system. 

 Ice conditions increase considerably resistance on the 
ship even in calm weather and they have to be taken into 
account during winter navigation to choose the optimal 
navigation route. In dynamic ice conditions one needs 

different paths to the same destination, thus having various 
path lengths and passing times. The criteria for optimizing 
navigation routes were investigated by Kotovirta et al [5].   

Blowing wind modifies ice conditions essentially by 
raising stress in an ice field, resulting in compressive 
deformation of ice. Some ice fields can be significantly 
deformed even by a wind of 4 m/s if it blows from a 
suitable direction [6]. Both the ice stress itself and ice 
deformation endanger a vessel navigating in ice. During the 
severe winter of 2002/2003, ca 62% of ship hull damages 
over the Baltic Sea occurred in the Gulf of Finland.  30% of 
the damages were caused by ship-ice interaction and 15% 
of them occurred in a compressive ice field [7].  

Openings in ice are a common feature in the GoF. A 
flaw lead is an area of open water between pack ice and fast 
ice. An open water area can sometimes extend over several 
hundred kilometers. If a lead lies along the GoF axis, it 
facilitates the navigation through the area. The impact of 
such leads and other openings on a vessel in the GoF is 
studied by Pärn and Haapala [8]. In the GoF the W, NW, N 
and S winds generate leads that are wide enough for a 
vessel to navigate through. This is particularly important 
with regard to severe winters when the GoF is fully covered 
with thick and ridged ice. Previous studies have shown that 
during average winters, the leads are more common in the 
Estonian coastal region [8]. But during severe winters the 
northern winds blows more frequently and thus we have 
more flaw leads in the northern part of the gulf.   

The historical ice conditions over the GoF have been 
studied by several authors [9-11]. The time series of the 
climate characteristics indicate three winter types: the mild, 
the average and the severe. The Gulf of Finland is fully ice-
covered in normal and severe winters, some areas of the 
gulf freeze even in very mild winters. Ice forms first in the 
eastern part of the gulf already in the beginning of 
December and usually melts in the middle of April [9]. In 
the coastal zone and small bays ice can last even until the 
beginning of May. Ice-covered periods can last longer in 
the eastern part of the GoF and less in the western entrance 
area. The level ice in the GoF is typically 30–40 cm thick, 
but in certain snow-free conditions it may reach up to 80 
cm. Ridging in the GoF is frequent – the portion of ridged 
ice is usually 25% as from February [12]. Ice ridges in the 
GoF are typically 5–10 m thick.  

 



For safe navigation in the GoF we must first consider 
severe winters. To enhance winter navigation safety it is 
useful to study both the large-scale and the local 
characteristic features and processes of the ice. General 
analysis describes only gross patterns of ice characteristics, 
but local analysis takes into account specific information 
about the vessel size and location to estimate the influence 
of ice to a vessel. The local scale processes occur under the 
multiple interacting factors. The resulting stochastic events 
quite often cannot be predicted with a satisfactory 
confidence. 

The paper aims to study the impact of weather and ice 
features on winter navigation in the GoF during severe 
winters. Basically, the leads are facilitating shipping and 
the ridges and other deformed ice regions are hindrances to 
the navigation.  

The occurrence frequency of the leads and ridges was 
analyzed in various areas of the GoF during ice seasons in 
1971–2009. For this period the EMHI (Estonian 
Meteorological and Hydrological Institute) ice charts were 
used to identify the presence and location of ridged and 
rafted ice and leads in the Gulf of Finland.  A case study 
was performed for the severe winter of 2002/2003. In 
addition to the ice charts, we used the MODIS satellite 
imagery to determine the leads distribution over the GoF.  
Also, the HELMI ice model was used to examine ice 
characteristics during 2002/2003 and to learn how 
deformed ice growth rates are related to wind speed and its 
direction.  

 
II.  MATERIALS AND METHODS 

A.  Observational data 
The current study is based on ice charts from the period 

of 1971–2010. The ice charts originate from EMHI. These 
charts are compiled relaying on Finnish Ice Service ice 
charts, Russian Ice Service ice charts and from satellite 
observations as well as visual observations from air, land 
and ships. Every chart represents ice distribution over the 
GoF at a particular date.  

Analyzing the ice charts, the lead was defined as a 
narrow linear region of open water, new ice or a region of 
low ice concentration located either between two areas of 
compact ice or between pack ice and fast ice. All daily 
charts were converted into the gridded form and ice 
characteristics for each grid cell were identified.  
B. Model experiments  

We applied the HELMI (HELsinki Multicategory Ice) 
model for this study. The model resolves ice thickness 
distribution, i.e. ice concentrations of different thickness 
categories, redistribution of ice categories due to 
deformations, thermodynamics of sea-ice, horizontal 
components of ice velocity and internal stress in ice pack. 
An ice pack is a mixture of open water and level ice and 
deformed ice categories of variable thickness. Deformed 
ice is divided into the rafted ice and ridged ice classes. The 
model has been used in large-scale studies [13] and 
operational applications. The model physics and numerics 

are the same both in operational and climate simulations. 
The only differences are the horizontal resolution and the 
scheme of atmospheric forcing used.  

The present set-up of the sea ice model predicts the 
evolution of five level ice and two deformed ice categories. 
Ice categories are time-stepped in the thickness space 
without any limits, except the thinnest category that is not 
allowed to exceed 10 cm in thickness. The horizontal 
resolution of the model is 1 nautical mile (1.852 km).  

 
III. THE IMPACT OF LEADS AND ICE 

DEFORMATION RATES ON THE NAVIGABILITY AS 
ESTIMATED BY THE ICE DYNAMICS MODEL AND 

AS OBSERVED  
A.  Natural conditions in the severe winter of 2002/03 

The winter of 2002/2003 stands out as a very severe 
winter in terms of the length of ice-covered period and 
thickness of ice cover in the GoF. In comparison with the 
average, the ice-covered period lasted longer by one month. 
The cold season began early in the autumn in 2002 and 
temperature remained below the average for most of 
November and December. Ice-cover records show a 
significant ice thickness already in December. The winter 
of 2002/2003 is stated to be one of the coldest over the last 
34 years (except the winter of 2009/2010 that awaits a 
proper examination).  

In November 2002 the ice cover started to form rapidly 
in the eastern part of the GoF. Ice had covered the entire 
GoF by the end of the year.  Ice thickness was 50 cm in the 
eastern parts of the GoF and about 15 cm on the western 
side [14]. By the end of January 2003, the thickness of ice 
grew up to 80 cm on the Finnish coast.  

The length of a sea lane that ships go through ice in the 
GoF is usually about 100 km, but in the winter of 
2002/2003 it reached up to 400 km due to difficult 
navigation conditions. The ice-breaking period was then 
significantly longer than during an average winter. In 2003 
ice was very thick and deformed, navigation was difficult 
and navigational restrictions were valid for 117–149 days 
[15]. Ice breaking is usually first needed in January, but 
during that winter icebreaking in the GoF started already in 
December.  

For the studied year (2002/2003) the mean deformed ice 
growth rate was modeled in the Gulf of Finland. The mean 
deformed ice concentration was up to 40% of the total ice-
covered area. A relationship between ship damages and 
deformed ice growth rate was analyzed (Fig 1). On 15–
18.01.2003 wind induced considerable ice deformation near 
the northern shore. At that time 8 accidents took place, 
where the ship hull was damaged by the ice. Also, a 
significant growth rate of deformed ice occurred on 27–
28.02 and at that time 5 ship accidents happened [7]. 
During the rest of the ice season the damage occurrence 
rate did not exceed 1 per day.  
 



 
Figure 1. The mean growth rate of deformed ice and the dates when 

ship damages took place in the winter of 2002/03. Ship damage dates are 
marked with vertical lines. The mean deformed ice growth rate is 
calculated over the entire Gulf of Finland. Ship damages are marked with 
the vertical line and the circles denote the damage events known to be 
caused by compressive ice [7].  
 

We also analyzed how ice deformation rates relate to 
wind speed and wind directions in the winter of 2002/2003. 
As can be seen from Fig. 2, wind speed alone does not 
determine the ice deformation rate and wind direction is 
crucial in generating deformation. Fig. 2 shows that the E, 
S and NW winds tend to cause the most powerful 
deformation rate. 
 

 
 Figure 2. Deformed ice growth rate related to wind direction and 

speed. The circles denote the average (over GoF) growth rate from 0.07 
m/day to 0.18 m/day as shown by the circle diameter. 
 
We analyzed the cumulative deformation phenomena 
(ridging and rafting) impeding winter navigation. 
According to the model calculations, more than 60% of the 

ice deformation events took place in the southern part of 
the GoF. Also, the mass of deformed ice was greater in the 
southern part (Fig. 3) and the deformation was twice as 
strong on the southern coast than on the northern one. For 
example, at 60.20`N, the average deformed ice thickness 
was 0.2 m, whereas at 59.30`N it was 0.5 m over the level 
ice. 
 

 
Figure 3. The development of deformed ice thickness in various 

latitude sections. To characterize each section, the modeled deformed ice 
thickness is integrated over the latitude (along the parallels). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



 
a) Lead at the northern coast 

 
b) Lead at the southern coast 

 
b) Irregular openings of arbitrary shape 

 
d) Fully ice covered 

 
Figure 4. Ice situation in the GoF in 2003. Moderate Resolution Imaging Spectrometer images (Modis).  
 
 
As mentioned earlier, leads enable shipping through ice. 

To investigate the occurrence of such openings we studied 
MODIS satellite images from the year 2003. Altogether 51 
images were analyzed and the results are given in table 1. 
Most of the leads (in 22 cases) emerged near the Finnish 
coast and only two leads were identified near the Estonian 
coast (Table 1). In total 14 irregular openings were 
identified.  

Our previous modeling study [8] revealed that due to the 
shape of the GoF the NW winds produce the most 
navigable leads or openings elongated along the direction 
of gulf’s axis.  Also the N and S winds created conditions 
for forming leads, thus facilitating shipping through the 
GoF.  

As estimated by Pärn and Haapala [8], the SW winds 
create few irregular unconnected open water areas which 
do not facilitate shipping in ice when the GoF is ice-
covered. The S and SE winds create leads near the southern 
shore. 
 

TABLE I 
OCCURRENCE OF NATURAL LEADS IN THE GOF IN THE 

WINTER OF 2003 FROM MODIS IMAGES 
 

Elongated leads near the Finnish coast 22 times 

Elongated leads near the Estonian coast 2 times 

Fully ice covered 13 times 

Irregular openings of arbitrary shape 14 times 

B.  Observed ice data on 1971-2009 according to the 
EMHI ice charts. Severe winters. 

In the following section we analyze historical ice cover 
data in the GoF during severe winters when ice cover 
extends over 200 000 km2 in the Baltic. Thus, relying on 
the historical ice charts severe or normal winters were in 
1979, 1980, 1982, 1985, 1986, 1987, 1994, 1996, 2003 and 
2006. The rest were mild winters.  

In severe winters when the GoF is fully ice covered the 
duration of ice season becomes more uniform all over the 
GoF. In severe winter the NW and N winds dominate. 
According to the modeling studies, winds from the NW and 
N generate leads along the GoF.  

The statistical overview of lead occurrence is shown on 
Fig. 5. The first number shows ice days in severe winters 
and the second number, the occurrence of leads. In severe 
winters wind created leads are mostly near the Finnish 
coast (Fig. 5).  

Ridged ice areas were identified and analyzed as well. 
For every ice chart the area of deformation was identified 
on the basis of the symbols of ridged and rafted ice. The 
average number of ridging days in mild and severe winters 
in the northern and southern part of the GoF are shown in 
the Table 2. In mild winters, pack ice near the northern 
coast was deformed 1.5 times more frequently than on the 
southern coast. During severe winters it is vice versa, 
ridges occur more frequently on the southern shore. 

 
 

 



 
Figure 5. Average ice conditions in severe winters in the Gulf of Finland during 1971–2009 in the 1.0° longitude × 0.2° latitude grid. The first number in the 

cell is the average duration of ice cover in days and the second one is the occurrence of leads in days. 
 
 

TABLE II 
THE AVERAGE OF RIDGING DAYS DURING 1971–2009 

 

Winter type Northern shore Southern shore 
Mild 23 15 

Severe 24 35 

 
 
 

IV. CONCLUSIONS AND DISCUSSION 
 
In the Gulf of Finland, the pressure from traffic is 

already heavy during the whole year, including the ice-
covered period, and the expected economical development 
in the area will increase navigation in the near future. It is 
evident that safe and economic winter shipping in the GoF 
is essential for the economies of the Baltic Sea countries. 

It is a complicated task (with a multiplicity of levels) to 
decide where to navigate in the Gulf of Finland during the 
ice-covered period. All off-shore operations are based on 
the products of monitoring and prediction of sea ice 
characteristics.  

 Traffic performance in the GoF on the one hand 
depends very much on the existence of the basin-size leads 
that facilitate navigation. On the other hand, there are a 
number of the ridges that are the main obstacles for safe 
navigation. Moreover, maritime safety depends also on 
compressive ice situations and extreme weather conditions 
like icing. 

In order to examine these ice characteristics we used the 
ice dynamics model as well as the observed data from the 
MODIS satellite images and the ice charts. We detected the 
occurrence frequency of the leads and ridges in a number of 
areas of the GoF during the winters with extensive ice 
cover. In addition we investigated how ice deformation 
depends on wind speed and directions. 

The analysis showed that in severe winters when the 
whole GoF is ice-covered elongated leads tend to occur 
frequently in the northern part of the gulf, but significantly 
more ridging occurs in the southern part. In severe winters 
between 1971 and 2009 approximately 35 ridging days 
were identified in the southern coast, whereas only 24 
ridging days occurred in the northern coast. Ice deformation 
rate is primarily determined by the actual wind directions 
rather than by wind speed. The NW and also the NE–E, S 
winds are causing the most effective ice deformation. As 
demonstrated by Pärn and Haapala [8], the GoF has such a 
shape that mostly the NW winds create elongated openings, 
thus facilitating navigation through the GoF. 51 MODIS 
images from the winter of 2003 show that leads were 
occurring for almost 22 days near the Finnish coast. In 
severe winters, the NW winds were more common and thus 
there were less ice-covered days in the northern part of the 
GoF than in its southern part, where the occurrence of 
ridges is more common in severe winters.  
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