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1.

INTRODUCTION

The Baltic Sea is situated on the edge of the northern sea ice zone, where changes in climate
affect strongly ice conditions. The length of ice season in the Baltic Sea is 5–7 months and
the extent of ice cover is 10–100 % of the whole area of the Baltic Sea. Ice conditions
correlate strongly with NAO index1 so that during positive index ice seasons are mild and
respectively during negative index severe (Rogers, 1984; Omstedt & Chen, 2001). Although
differences between winters are large, on a long-term basis a clear decreasing trend in ice
occurrence can be seen. The Baltic Sea has for example been entirely ice covered last time in
1947, even though on average this has happened once in 30 years (Myrberg et al., 2006).

It is important to study sea ice changes in the Baltic Sea because of two reasons. First, for
hundreds of years, there has been interest for sea ice observations to help navigation. Winter
navigation increases continuously and more information on ice conditions is needed. Second,
interest on climate change is increasing, and sea ice changes reflect strongly the changing
climate. Extensive ice observations have been made in the Baltic Sea from the end of the
19th century. Earlier information on ice conditions is also available, because ice has always
affected navigation strongly in the Baltic Sea. A trend towards warmer climate is clearly
seen in the Baltic Sea ice time series. The length of the ice season has shortened in the whole
Baltic Sea and the maximum annual ice extent has decreased. For the maximum annual ice
thickness, the trend shows a decrease at some stations and an increase at others (Jevrejeva et
al., 2004; Vihma & Haapala, 2009). The decrease can be seen for the last 100 years. It is
caused mainly by climate warming, but because the trend can be seen from the end of the
19th century, there are probably also other reasons besides global warming.

1.1

Background and goals for the thesis

In this Master’s thesis, long-term changes in Baltic Sea ice conditions are analysed and
reasons behind these changes are examined. The study is based on ice time series from three

1

North Atlantic oscillation describes the annual changes in weather around the North Atlantic. NAO index
means the difference in pressure between the Icelandic low and the Azores high.
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observation stations along the Finnish coast and on NEMO/LIM-3 model results. The
observations are from years 1889–2011 and the model results from 1961–2007.

The thesis is a part of a programme of Academy of Finland called The Finnish Research
Programme on Climate Change (FICCA, 2011–2014). The programme aims to respond to
the scientific challenges caused by climate change. The main principle is to support
multidisciplinary research that addresses the social and environmental spheres side by side
so that the goal is a systemic approach to research problems. More specific, this thesis is a
part of the programme’s MARISPLAN –project (Marine Spatial Planning in a Changing
Climate), which studies the impacts of climate change to marine spatial planning.

Goal for this thesis is to analyse long-time changes in duration of ice cover, ice thickness and
total ice mass in the Baltic Sea. The key questions are:
1) Reasons for positive trend in ice thickness in Kemi.
2) Reasons for the 100 year long decreasing trend in other ice time series although the
climate warming has not affected so long.
3) To find out the changes in drift ice thickness.

Previously only the maximum annual extent of ice cover and the observations from the
coastal stations have been the base on studies of long-term changes in ice conditions in the
Baltic Sea. There are not any systematic measurements from the drift ice zone to base the
analyses on, only some case studies. In this thesis a new approach is used. Together with
observations from the coastal area a numerical model is used to extend the studies to concern
also the drift ice zone and to define long-term changes in the entire Baltic Sea.

In Chapter 2, the physical background of ice, for example ice growth and ice dynamics, and
the dependency of ice on climate is explained together with the history of sea ice studies in
the Baltic Sea. Results from the observations of three stations in the Finnish coast are shown
in Chapter 3. The ice season length and ice thickness time series are up to 120 years long
from Kemi, Utö and Loviisa. They are analysed by means of time series analyses.

8

The NEMO/LIM-3 –model and its results of the ice season length and ice thickness are
introduced in Chapter 4. In addition, the total ice volume in the Baltic Sea is calculated from
the model. This reveals the changes in drift ice thickness. In the final chapter before
discussion and conclusions, the reasons behind the changes in ice conditions are studied. The
effects of atmospheric variables like air temperature and snow accumulation and the possible
other reasons, either natural or caused by humans, are discussed. The positive trend of ice
thickness in Kemi is also closely examined.

9

2.

SEA ICE CHARACTERISTICS OF THE BALTIC SEA

The Baltic Sea is a brackish water basin in the Northern Europe. The average salinity of the
entire Baltic Sea is about 7.4 ‰ (Meier & Kauker, 2003). The mean depth is 54 meters. The
location of the Baltic Sea between the maritime temperate and continental sub-Arctic climate
zones makes the climate’s variability large. There are both seasonal and inter-annual
variations. Especially in winter when the temperature difference between the moist and mild
marine and the cold continental air masses is large, westerlies are in a significant role.
During positive NAO index westerly winds are dominant and winters are mild, whereas
during negative NAO index winds blow from north-east and winters are cold (Leppäranta &
Myrberg, 2009).
In Figure 2.1, the annual maximum extent of ice cover in the Baltic Sea from winter season
1719–1720 to season 2010–2011 is shown. Seinä (1994) and Seinä and Palosuo (1996) have
collected the annual maximum extent of ice cover by using the material of the Finnish
operational ice service from winters 1941–1995 and information collected by Jurva (1952)
from winters 1720–1940. The newer data is collected by the Finnish Institute of Marine
Research and the Finnish Meteorological Institution.
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Figure 2.1. Annual maximum extent of ice cover in the Baltic Sea 1720–2011. The uncertainty of
observations during the early part of the time series is indicated as dashed bars.

The information from earlier centuries is collected from various sources like observations
from lighthouses, old newspapers, records on travel on the ice, scientific articles
(Speerschneider, 1915; 1927) and air temperature data from Stockholm and Helsinki. The
data from the 1870’s to the year 1915 is based on rather accurate records, like the notes of
the operation of the light ships. From year 1915, when the Finnish operational ice service
was established, the data have been collected within the extensive observation routine
including coastal observations, observations from ships, air reconnaissance, and later,
satellite data (Alenius & Makkonen, 1981). Regular ice observations have been made in the
coastal areas of the Baltic Sea since the end of the 19th century. Reconnaissance flights
began in Finland in 1934 and satellite observations have been available since 1967 (Vihma
& Haapala, 2009).
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The data prior to late 19th century are naturally not as accurate as the newer data (Palosuo,
1953), but there is high correlation between air temperature and ice extent, and even the
early data is probably free of major errors (Seinä & Palosuo, 1996). Jurva himself never
published the whole time series because of the uncertainties and the time series from years
1720–1830 was first published by Palosuo (1953). The estimate of uncertainty was marked
as dashed lines in the original figure, but in many published time series only the maximum
estimates are given. The uncertainties are largest in severe winters (Vihma & Haapala,
2009).
The total area of the Baltic Sea is 420 000 km2 including Kattegat to the line SkagenGrimstad. The maximum extent of ice cover is calculated for the day when the annual
maximum has been reached. In calculations, ice concentration, thickness or ice deformation
degree is not taken into account. The classification is based on the area of the total ice extent.

The inter-annual variability of the maximum annual ice extent is large. There is a decreasing
trend during the 20th century, but its statistical significance is less than 90% (Haapala &
Leppäranta, 1997). For the whole time period 1720–2008 a significant decreasing trend
exists (Vihma & Haapala, 2009). Nevertheless, the most relevant parameter to describe
changes in climate would be the total mass of ice, but we lack good data over large regions
(Vihma & Haapala, 2005).

Omstedt et al. (2004) found out that sea ice cover has a negative trend over the last 200
years. Major reason for the climate changes in the late 19th century was probably associated
with the end of the ‘Little Ice Age’. In Omstedt & Chen (2001) the annual maximum ice
extent in the Baltic Sea and Skagerrak in 1720–1997 was analysed. The changes in annual
maximum ice extent are associated with a regime shift in 1877 from relative cold climate
regime to a relatively warm climate. Nevertheless, the time before the late 1800s has
uncertainties in the time series by Jurva (1952), marked as dashed lines in Figure 2.1. The
certain values start in the end of the ‘Little Ice Age’. Thus, the analysis from the long-time
annual maximum ice extent in the Baltic Sea is not that reliable.
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Omstedt and Chen (2001) found out by empirical analysis that in a colder climate there is
higher variability in the maximum annual ice extent and higher sensitivity to changes in
winter air temperature. They also confirm the statement that the NAO index correlates fairly
well with the maximum annual ice extent. Nevertheless, Omstedt and Chen discovered that
the relationship between NAO index and the ice extent is not stationary over time.

Koslowski and Glaser (1995) reconstructed the ice winter severity since 1701 for the
southwestern Baltic Sea, based on the accumulated areal ice volume. Koslowski and Glaser
(1999) extended the calculations for the period 1501–1995. During the period 1763–1860 ice
winters were more severe than during the present-day ice winter regime from 1861 to the
present. The ice production in the southwestern Baltic Sea was three times larger in the
beginning of the 19th century than it is today.

Sea ice conditions depend mostly on climate. In proportion, sea ice is an important factor in
the climate system. The main driving variables are air temperature, wind and ocean currents.
Also precipitation affects ice conditions, mainly as snow accumulation. Sea ice cover has a
direct effect on the exchange of momentum, heat, moisture and matter between the
atmosphere and the sea (Leppäranta & Myrberg, 2009).

The freezing point of the Baltic Sea brackish water is just below 0°C. The growth of sea ice
begins with a forming of the first ice layer, primary ice, which is from millimeters to
centimeters thick. It is the thicker the more disturbed the water is. The growth continues
vertically at the bottom as congelation ice or frazil ice and at the top as superimposed ice.
Congelation ice is the most common form. It grows down from the ice-water interface.
Frazil ice forms in open water areas. The small crystals may drift free in turbulent flow and
attach to the bottom of existing ice or join together. Superimposed ice forms on top of the ice
from melt water, rainwater or slush (Leppäranta & Myrberg, 2009).

The thermodynamics of sea ice is described with the classical heat conduction equation
⁄

(

)

(
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)

(1.1)

where is time,

the ice density,

heat conductivity of ice and

the specific heat of ice,

the ice temperature,

the

an internal source term. Ice growth and melt at the bottom are

determined by the difference between the conductive heat flux and the oceanic heat flux at
the ice bottom
⁄

where

⁄

is the latent heat of freezing,

(1.2)

the ice thickness and

the heat flux from the

water to the ice. In this equation snow is not taken into account (Leppäranta, 1993).

When the radiation balance turns positive, melting begins. The radiation balance can be
written
(

where

is albedo,

)

(1.3)

solar radiation and

net long wave radiation (Leppäranta &

Myrberg, 2009).

The surface albedo, reflection coefficient, affects strongly ice growth and melt through
changes in the amount of reflecting solar radiation. Sea ice conditions affect respectively
also albedo. Open water has typically albedo below 0.1. Bare sea ice has clearly higher
albedo than water (0.5–0.7), whereas fresh snow can have as high albedo as 0.9. When snow
starts to melt, shallow melt ponds may drop the albedo as much as to 0.15. Because of the
huge differences in albedo of the different surface, small changes in sea ice conditions affect
strongly the radiation balance. This causes a strong feedback mechanism, too (Perovich,
1998).

On the coastal areas and archipelago ice is land fast ice. Further away from the coast ice is
drift ice. Fast ice is continuous and even. It stays mainly stationary during the winter months.
Fast ice is similar to lake ice as its growth and melting follows mostly the changes in air
temperature (Leppäranta & Myrberg, 2009). Normally, the fast ice zone extends to ~10 m
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depth (Leppäranta, 1981). Drift ice consists of ice floes and leads. Ice can form for example
ridges and hummocks. Ice types are defined for shipping in WMO (1970).

Momentum balance equation concerning the main acting on a unit of the sea ice cover is

(1.4)

where the change of momentum balances are the sum of air and water drags
Coriolis force

, internal friction

and the sea surface tilt

and

, the

(Haas, 2003; Leppäranta,

2011).

For the planetary boundary layer the geostrophic flow serves as undisturbed reference
velocity. Air and water drags can be written
(

|

where
and

and

)

)(

|(

are air and water densities,

and

(1.5)

)

(1.6)

drag coefficients of air and water,

the boundary layer turning angles in air and water and ,

and

velocities of

ice, geostrophic wind and geostrophic ocean current (Leppäranta, 2011).

The Coriolis force is directed 90° to the right of ice velocity in the northern hemisphere. It
can be written
(1.7)

where

is ice density,

ice thickness,

denotes Coriolis parameter,

unit vector and

ice

velocity.

Internal friction of ice

describes the total force acting on a unit area of ice cover due to

stresses transmitted from the parts of surrounding ice cover. The stresses can be caused by
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winds or currents. Internal friction is significant only when the ice field is compact. The ice
piles up as long as the ice thickness reaches a threshold when the movement stops. Hibler
(1979) first developed the model of visco-plastic rheology. The rheology describes a viscous
field with plastic deformation, when ice concentration and internal ice forces exceed a
certain threshold (Haas, 2003; Leppäranta 2011). Visco-plastic rheology is also used in
NEMO/LIM-3. The force due to sea surface tilt

occurs when the sea surface does not

correspond to the geoid and causes horizontal pressure gradient force. It becomes significant
over periods of several months (Wadhams, 2000).
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3.

3.1

ICE OBSERVATIONS

Data sets and methods

Three observation stations have been chosen from the Finnish coast: Kemi in the Bay of
Bothnia, Utö in the Archipelago Sea and Loviisa in the Gulf of Finland (Figure 3.1).
Observations include four different time series: the dates of freezing and break-up, the length
of ice season and the maximum annual ice thickness. There is no data of the maximum ice
thickness from Utö.

Figure 3.1. Map of the locations of the observation sites (Modified from Wikimedia Commons,
2013).
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These stations have been selected because of the location, but also because the time series
are the longest, approximately 120 years. The time series extend from the end of the 19th
century to the year 2010. The time series of Kemi start from year 1890, Utö from 1889 and
Loviisa from 1894. There are some observations missing, mostly from the first decades of
the time series.

The observations have been marked so that for example the year 1890 means the winter
1890–1891. The date of freezing means the day when the concentration of ice has been first
time over 10 % of the sight. Respectively the break-up date means the day which follows the
last day when the concentration of ice has been over 10 % of the sight. The length of ice
season is the time between these days. From years 1995–2010 the original time series had
instead of the length of ice season the amount of days with ice, meaning the days when ice
concentration has been over 10 %. To unify the time series of the length of ice season the
values from years 1995–2010 are the calculated time between the freezing and break-up
date.

In Utö the length of ice season has been marked as zero in those years, when there has been
no ice. Thus, all the results from Utö are not comparable, because all the ice free winters are
then identical. Also the lack of freezing and break-up dates of ice free winters needs to be
taken into account, because the occurrence of ice can decrease and winters become milder,
even if the freezing and break-up dates would not change.

The analysis was started by counting the probability of freezing in different stations. The
data was analysed by means of descriptive statistics. Average, standard deviation, median,
minimum, maximum and trends were calculated. Further, the correlation between stations
and quantities were calculated. To all quantities histograms or line graphs were constructed
to show the changes during the whole observation period. From freezing and break-up dates
cumulative probability curves were also made. They illustrate the difference between the
stations in the probability of ice occurrence during the winter.
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3.2

Results

3.2.1 Statistical properties
In Table 3.1, there are the statistical variables counted from the observations. In Kemi and
Loviisa, which situate on the coast, ice is observed every winter, while in the outer
archipelago station Utö the probability of ice occurrence is only 0.80. Before year 1950 the
probability was 0.85, whereas after 1950 it was 0.75.

Table 3.1. Statistics of the freezing date, date of break-up, length of ice season and maximum annual
ice thickness in Kemi (1890–2010), Utö (1889–2010) and Loviisa (1894–2010). The parentheses
indicate values which are not based on all data because the probability of ice occurrence is less than
one.
Kemi
Utö
Loviisa
Probability of ice occurrence
1.00
0.80
1.00
Trend/100 a
0
–0.21
0
Freezing date

Number of data
Mean
St. dev. (d)
Median
Earliest
Latest
Trend (d/100 a)
Trend –1950 (d/100 a)
Trend 1950– (d/100 a)

112
10.11.
14
9.11.
7.10.
22.12.
7
12
0

98
(27.1.)
(24)
26.1.
11.11.
(31.3.)
(24)
(65)
(–15)

106
7.12.
21
6.12.
8.10.
28.2.
20
25
24

Break-up date

Number of data
Mean
St. dev. (d)
Median
Earliest
Latest
Trend (d/100 a)
Trend –1950 (d/100 a)
Trend 1950– (d/100 a)

113
20.5.
9
19.5.
16.4.
27.6.
–11
–5
–17

98
(9.4.)
(19)
12.4.
(3.2.)
(19.5.)
(–16)
(–1)
(–34)

105
24.4.
12
26.4.
13.3.
15.5.
–20
–8
–38

Length of ice season

Number of data
Mean (d)
St. dev. (d)
Median (d)

113
191
17
192

122
58
42
58

102
137
27
141
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Ice thickness

Shortest (d)
Longest (d)
Trend (d/100 a)
Trend –1950 (d/100 a)
Trend 1950– (d/100a)

150
236
–18
–17
–16

0
160
–47
–84
–40

54
209
–41
–32
–62

Number of data
Mean (cm)
St. dev. (cm)
Median (cm)
Maximum (cm)
Minimum (cm)
Trend (cm/100 a)
Trend –1950 (cm/100 a)
Trend 1950– (cm/100a)

96
72
12
73
111
48
9
13
2

0

83
46
16
45
76
9
–25
–29
–51

There is a large variation in freezing date between years, in Kemi 2.5 months and in Loviisa
4.5 months. The standard deviation is nevertheless only 2 to 3 weeks. The trends of freezing
date show that freezing date has moved one week later in hundred years in Kemi and in other
stations approximately three weeks later. When the trends before and after year 1950 are
examined, can be seen that in Kemi the trend is zero after 1950, as against it has been
positive before 1950. In Loviisa the trends are quite equal. In Utö before 1950 there was a
significantly increasing trend, whereas the trend after 1950 is decreasing. This can be
explained by the decrease in probability of ice occurrence and it does not represent the
changes in winters in Utö.

There is less variation in break-up date, less than 2.5 months and standard deviation is 2
weeks. Variation is smaller because the sun controls break-up and is thus tightly connected
to calendar. The trends show that break-up date has taken place 11–20 days earlier during the
past hundred years. The trends before and after 1950 are quite equal between different
stations, so that before 1950 break-up date took place only few days earlier, but after that the
change has been radical from 17 days in Kemi to 38 days in Loviisa.

Because the freezing date has moved forward and the break-up date taken place earlier, the
length of ice season has shortened from both ends of the ice season. Even though the
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difference between the stations in the length of ice season is great, all stations have a clear
decreasing trend. In Kemi the difference between winters is not very big, although the length
of ice season is 5–8 months and the standard deviation 17 days. In Utö the length of ice
season is 0–5 months and in Loviisa 2–7 months. The standard deviations are respectively 42
and 27 days.

In Kemi the trend of length of ice season shows 18 days shortening per century, whereas in
Loviisa and Utö the trends show over 40 days shortening per century. When the trends
before and after year 1950 are compared, it can be seen that there really has not happened
any change in Kemi. Instead in Utö the trend before year 1950 has been over double
compared to the trend after year 1950. However, in Loviisa the trend after year 1950 is
double compared to the trend before 1950.

In the maximum annual ice thickness there is the biggest difference between the stations. In
Kemi the maximum ice thickness has an increasing trend. Before the year 1950 development
has been remarkably faster than after that. The annual variation in ice thickness in Kemi is
quite small, as the standard deviation is 12 cm. In Loviisa, the trend shows significant
decrease in ice thickness. The trend after 1950 is nearly double compared to the trend before
year 1950.

The correlation between observation stations was calculated for all quantities (Table 3.2).
Because there is no ice thickness data from Utö, its correlation with other stations could not
be calculated. The observations of Kemi and Utö correlate the least. The date of break-up in
Loviisa and Utö correlates the most. The dates of freezing have less correlation than the
dates of break-up because of the strong effect of sun radiation in the spring.
Table 3.2. Correlation between observation stations.
Date of freezing Date of break-up Length of ice season
Utö
Loviisa
Utö
Loviisa
Utö
Loviisa
Kemi
15 %
38 %
39 %
40 %
30 %
42 %
Utö
20 %
65 %
48 %
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Ice thickness
Utö Loviisa
36 %

Correlation between the different ice characteristics is shown in Table 3.3. Naturally, the
highest correlations are between the length of ice season and the dates of freezing and breakup. Especially the correlation between the date of freezing and the length of ice season is
strong, 85–90 %. Correlation between the dates of freezing and break-up is low. These are
because of the uncertainty of the date of freezing. In Loviisa the correlations between ice
thickness and other quantities is 52–69 %, but in Kemi ice thickness does not correlate
strongly with other quantities. That is because of the long winter in Kemi.

Table 3.3. Correlation between different ice characteristics in Kemi, Utö and Loviisa.
Kemi
Utö
Loviisa
–9 %
–28 %
–30 %
Date of freezing and break-up
–52 %
Date of freezing and ice thickness
–1 %
–90 %
Date of freezing and lengt of ice season
–85 % –86 %
27 %
66 %
Date of break-up and ice thickness
60 %
74 %
68 %
Date of break-up and length of ice season
14 %
69 %
Ice thickness and length of ice season

3.2.2 Date of freezing and date of break-up
The variation of freezing date in Kemi is shown in Figure 3.2 for the whole observation
period. Mean between the years 1890–2010 is 10th of November and standard deviation 14
days. Annual variation is not as large as in the other stations. The trend shows that freezing
date has become 7 days later in a century. The mean of break-up date in Kemi (Figure 3.3) is
20th of May and standard deviation 9 days. Also this quantity has less variation than in other
stations. The trend is –11 days per century. There is less variation in Kemi because in colder
conditions ice seasons tend to be more stable than in milder conditions.
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Figure 3.2. Date of freezing in Kemi 1890–2010.
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Figure 3.3. Date of break-up in Kemi 1890–2010.

The development of freezing date in Utö can be seen in Figure 3.4. The mean of freezing
date is 27th of January and standard deviation 24 days. The trend calculated on the years
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when ice occurred shows an increase of 24 days per century. For the break-up date (Figure
3.5) mean is respectively 9th of April and standard deviation 19 days. Trend is –16 days per
century. Figures show how during the first decades of the time series ice free winters have
been rare, as against since the 1970s there has been a couple of ice free periods, which have
lasted many years. For example during years 1988–1992 there was no ice in Utö.
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Figure 3.4. Date of freezing in Utö 1889–2010. The triangles at the bottom mean years without ice.
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Figure 3.5. Date of break-up in Utö 1889–2010. The triangles at the bottom mean years without ice.

In Loviisa the mean of freezing date (Figure 3.6) is 7th of December and standard deviation
21 days, which is remarkably more than in Kemi. There is a clear trend for the freezing date
to become later, as it has moved 20 days later in hundred years. Nevertheless, in Loviisa sea
still freezes every winter. For the break-up date (Figure 3.7) standard deviation is only 12
days and mean is 24th of April. Trend shows that freezing date takes place 20 days earlier in
hundred years.
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Figure 3.6. Date of freezing in Loviisa 1896–2010.
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Figure 3.7. Date of break-up in Loviisa 1894–2010.

Standard deviation of freezing and break-up dates is the higher the shorter the length of the
ice season is. The standard deviation of freezing date is again higher than the standard
deviation of break-up date in all stations. In Loviisa the trends of freezing and break-up date
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show that ice season shortens as much from the both ends of the season, whereas in Kemi
there is more change in the end of the season and in Utö in the beginning of the season.

3.2.3 Length of ice season

The length of ice season has shortened in every observation station. The trend shows less
decrease in Kemi (Figure 3.8) than in other sites, 18 days per century. The mean is 191 days
and standard deviation 17 days. In Utö (Figure 3.9), the mean of the length of the ice season
is 58 days and standard deviation 42 days. Thus, variation between winters is large. The
trend shows shortening of 47 days per century. In Loviisa, the mean is 137 days and standard
deviation 27 days. Also for that site, the trend shows a strong decrease, –41 days per century.
The years, where the observations are missing, can be easily seen in the diagrams for Kemi
and Loviisa. In Utö, the ice free winters are marked as the length of ice season is zero, so in
Figure 3.9 the missing years are ice free.
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Figure 3.8. Length of ice season in Kemi 1890–2010.
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Figure 3.9. Length of ice season in Utö 1889–2010. Years without ice are marked as zero.
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Figure 3.10. Length of ice season in Loviisa 1897–2010.
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3.2.4 Maximum annual ice thickness

In the progress of the maximum annual ice thickness, trends are not uniform between
stations. The observations of ice thickness in Kemi are shown in Figure 3.11. The ice
thickness has varied approximately between 50 and 110 cm so that the trend is increasing.
The mean is 72 cm and the standard deviation 12 cm. In Loviisa (Figure 3.12), the maximum
ice thickness has instead decreased significantly during the observation period. The mean is
46 cm and standard deviation 16 cm. The trend shows a decrease of 25 cm per century. In
2007, the minimum of the whole observation history, 9 cm, was reached in Loviisa.
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Figure 3.11. Maximum annual ice thickness in Kemi 1911–2010.
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Figure 3.12. Maximum annual ice thickness in Loviisa 1910–2009.

3.2.5 Probability of ice occurrence

The cumulative probability of freezing date in different stations is shown in Figure 3.13. In
Kemi 25 % probability is reached on 1st of November, in Loviisa 24 days later and in Utö 75
days later. The median in Kemi is 9th of November, in Loviisa 27 days later and in Utö 78
days later. 75 % probability is reached in Kemi 20th of November, in Loviisa 28 days later
and in Utö 102 days later. Thus the distribution of the freezing date is the narrower the
earlier freezing on average happens.
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Figure 3.13. Cumulative probability curves of date of freezing.

The cumulative 25 % probability of break-up date (Figure 3.14) is reached in Utö 11th of
March, in Loviisa 38 days later and in Kemi 65 days later. The median is 12th of April in
Utö, 14 days later in Loviisa and 37 days later in Kemi. 75 % probability is reached in Utö
20th of April, in Loviisa 13 days later and in Kemi 36 days later. As freezing, also break-up
occurs faster during severe winters.
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Figure 3.14. Cumulative probability curves of date of break-up.
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Utö

4.
4.1

NEMO/LIM-3 –MODEL RESULTS
Model description

In this thesis NEMO/LIM-3 –model is used to evaluate the total mass of ice in the Baltic Sea
and to find out the effect of deformation on the sea ice mass balance. In addition, the model
is validated by comparing model results to observations. LIM (Louvain-la-Neuve sea Ice
Model) is a numerical model of sea ice and it is designed for climate studies and operational
oceanography (Vancoppenolle et al., 2012). It is a part of NEMO (Nucleus for European
Modeling of the Ocean) system.

The used model is described only briefly since in this thesis the model has not been
developed but only applied. The LIM-3 model has a representation of both thermodynamic
and dynamic processes. The thermodynamics find a local balance on heat and water fluxes,
whereas the dynamics calculate ice velocity by balancing wind stress, ocean drag and seasurface tilt with internal ice stresses. It uses the viscous-plastic formulation. LIM-3 has a
multi-category ice thickness distribution of five ice categories. The horizontal resolution is
two nautical miles (Hordoir et al., 2013). The atmospheric forcing is a downscaled run of
ERA40 using RCA for the hindcast period 1961–2007 (Samuelsson et al., 2011). It is not the
same as observations or re-analysis, however, in monthly mean values the margin of error is
small. LIM-3 is still under developing (Hordoir et al., 2013).

The observed time series are not totally reliable, because the observation sites might have
changed during the years, conditions have changed or incorrect observations might be
included. Thus, it is good to compare observations to model results. Contrary to the
observations, the ice seasons in the model are marked so that for example the year 1961
corresponds the ice season 1960–1961.
For the whole modeled hindcast period 1961–2007, there are only monthly mean values
available. Nevertheless, for the ice season 2002–2003 daily values are available. In that year
also the effect of snow is taken into account, as it otherwise is not. The model results are
compared to time series of observations from Kemi, Utö and Loviisa defined in Chapter 3,
but only years from ice season 1960–1961 to ice season 2006–2007 are included. The length
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of ice season in months is calculated from 1961–1962 to 2006–2007, because the modeled
period starts from the beginning of 1961. Thus, the length of the ice season 1960–1961
cannot be calculated.

The annual maximum extent of ice cover and ice thickness for three different types of winter
is shown in Figure 4.1. Winter 1986–1987 was severe, 1988–1989 mild and 2002–2003
average. The Finnish national ice charts are shown in figures a)–c) and the modeled ice
thickness in figures d)–e). Fast ice description is missing from the model and that is clearly
seen in ice thickness maps near the coast.

Figure 4.1. Ice charts from the annual maximum extent of ice cover in a) 1987 (severe winter), b)
1989 (mild) and c) 2003 (average) and modeled ice thickness (in meters) in d) March 1987, e)
February 1989 and f) March 2003.

33

4.2

Length of ice season and ice thickness

4.2.1 Monthly mean values for period 1961–2007

Statistical variables counted from the modeled length of ice season in months as well as the
same variables from observations from the same time period are shown in Table 4.1. The
model is quite accurate to estimate the length of ice season, although the length in months is
not the best indicator. The only significant difference is in trends, although they are all
decreasing. The model shows more decreasing trend in Kemi but less decreasing trend in
Utö and Loviisa. Correlations in Kemi and Loviisa are low, assumably because there can be
years when the freezing date and break-up date are close to the turn of a month. Thus two
months difference is easily reached.

Table 4.1. Statistics of the model results of length of ice season in month from years 1962–2007
compared to observed length of ice season from the same time period.
Kemi
Utö
Loviisa
Model Observations Model Observations Model Observations
Number of data
46
46
46
46
46
45
Mean (months)
6.9
7.2
2.2
2.2
4.8
5.2
St. deviation (months)
0.7
0.5
1.4
1.7
0.8
0.8
Maximum (months)
9
8
5
5
6
7
Minimum (months)
6
6
0
0
3
4
Trend/100 a
–0.9
–0.2
–0.2
–3.6
–0.6
–2.0
Correlation
0.18
0.75
0.44

Statistical variables counted from the maximum annual values of the modeled monthly mean
ice thickness are shown in Table 4.2. In addition, the probability of ice occurrence is shown
in the table. In Utö, the model shows that ice exists in 37 winters out of 47, so the probability
of ice occurrence is 0.79. For the same time period 1961–2007 in observations, the
probability of ice occurrence is 0.76, so the model is quite accurate to estimate the amount of
years without ice. However, there are three years when the model shows ice but observations
do not, and one year when there has been ice for one day but the model shows the winter as
ice free. As a conclusion, the model overestimates the probability of ice occurrence slightly.
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Table 4.2. Statistics of the model results of maximum annual monthly mean ice thickness from years
1961–2007 compared to observations of the maximum annual ice thickness from the same time
period.
Kemi
Utö
Loviisa
Model Observations Model Observations Model Observations
Probability of ice
1
1
0.79
0.76
1
1
occurrence
Trend/100 a
–0.45
–0.09
Correlation
0.77
Maximum ice
thickness:
Number of data
47
46
47
0
47
43
Mean (cm)
65
75
8
28
42
Standard deviation (cm)
18
11
9
18
15
Maximum (cm)
106
111
26
72
71
Minimum (cm)
18
50
0
1
16
Trend/100 a
–31
1
0
–17
–60
Correlation
0.30
0.60

Comparison of the modeled ice thickness on the observations is problematic. Model assumes
that drift ice exists in the entire model area, but in reality coastal areas are mainly composed
of fast ice, where ice thickness growth is only due to the thermodynamical processes. Also
the fact that model results are monthly mean values and observations daily values makes the
comparison even more problematic.

In both sites, the model has bigger inter-annual changes. The observed mean is closer to
modeled mean in Kemi, although the model underestimates ice thickness roughly in both
sites. Particularly the minima are clearly under the observed minima. The correlations are
quite low, especially in Kemi.

The annual variability is different in the model results and in observations (Figure 4.2).
Model shows a decreasing trend of –31 cm per century, whereas there is not really any trend
seen in observations. In Loviisa, both trends are decreasing (Figure 4.3). However, the
modeled trend decreases much less than what is seen from observations.
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Figure 4.2. Observed maximum annual ice thickness in Kemi (in blue) and modeled maximum
annual ice thickness (in red) 1961–2007.
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Figure 4.3. Observed maximum annual ice thickness in Loviisa (in blue) and modeled maximum
annual ice thickness (in red) 1961–2007.

36

4.2.2 Daily values for ice season 2002–2003

The daily model results and ice observations from ice season 2002–2003 are shown in Table
4.3. Both model results with and without snow are shown. When the model results without
snow are compared to observed values, it can be seen that the modeled freezing date, breakup date and length of ice season are very close to the real observed values. However, the
model overestimates the maximum annual ice thickness. The freezing date in Kemi is
exactly the same but the break-up date is 7 days earlier than the real observed date. In Utö,
the freezing date is one week earlier than observed, and the break-up date three days earlier.
On the contrary to other sites, modeled freezing date is four days later and the break-up date
two days later than the observed date in Loviisa.

Table 4.3. Model results, without and with snow, from ice season 2002–2003 compared to
observations.
Kemi

Utö

Loviisa

Model

Snow

Observed

Model

Snow

Observed

Model

Snow

Observed

Freezing date

2.11.

2.11.

2.11.

25.12.

25.12.

1.1.

2.12.

2.12.

28.11.

Break-up date

11.5.

2.5.

18.5.

11.4.

31.3.

14.4.

1.5.

29.4.

29.4.

Length of ice
season (d)
Ice thickness
(cm)

191

182

197

108

97

103

151

149

152

106

100

80

27

45

77

62

54

In results where the effect of snow has been taken into account freezing dates are the same
than without snow. The break-up dates in Kemi and Utö are a couple of weeks earlier. Thus
also the corresponding lengths of ice season are significantly shorter. In Loviisa, the breakup date is same as observed. In ice thickness, snow lowers the values and maximum annual
ice thicknesses are closer to observed values, although still too high. On the contrary, the
maximum ice thickness in Utö is higher when snow is taken into account.

The progress of the ice thickness during the winter is seen in Figure 4.4. The ice thickness
differs from day to day more than it usually does in the fast ice zone. That is because the
model does not have a fast ice component. The annual maximum values are over 20 cm
more than the observed values both in Kemi and Loviisa.
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Figure 4.4. Modeled daily ice thickness in Kemi, Loviisa and Utö during ice season 2002–2003.

In Figure 4.5, the effect of snow is also taken into account in the model. The growth of ice
thickness looks more like thermodynamical growth in Kemi as it is smooth from the
beginning of January to mid-March. The maximum thickness is not as high, but the effect of
snow would expect to slow down the ice growth even more. In Loviisa, the difference in
annual maximum ice thickness is bigger. The situation is opposite in Utö, where ice is
thicker in the middle of the winter. This can be because of forming of snow-ice. In Kemi and
Loviisa, there is much less ice in the two last months of the ice season, whereas in Utö the
season only ends a bit earlier.
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Figure 4.5. Modeled daily ice thickness with the effect of snow in Kemi, Loviisa and Utö during ice
season 2002–2003.

4.3

Ice covered area

The maximum annual ice covered area from the model together with the maximum annual
observed ice extent is shown in Figure 4.6. The inter-annual variability with the observed
time series is really similar. The maximum annual ice covered area has been calculated from
the monthly mean values. The ice covered area means the actual area totally covered by ice
differing from the ice extent, which includes all the areas where ice exists and the ice
concentration is not taken into account. The maximum annual ice extent is calculated for the
day when the annual maximum is reached. In the model and the observations, the entire
Baltic Sea area includes also the Kattegat. Comparison of the modeled monthly mean values
to the observed daily values may cause that the modeled values do not capture extremes.
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Figure 4.6. Maximum annual observed daily ice extent (in light grey) and maximum annual modeled
monthly mean ice covered area (in dark grey) in the Baltic Sea 1961–2007. The black line is the
trend line of the observed ice extent.

The inter-annual variability between the two time-series is quite similar. Nevertheless, there
are some years (1961, 1962, 1964, 1976, 1991 and 1995), when the modeled ice covered
area is more than 100 000 km2 bigger. Almost in every year modeled values are bigger. Only
in the three most severe winters 1966, 1970 and 1987 the observed ice extent is larger than
the modeled ice covered area. This reveals the cold bias in the model results. Also water
temperatures are too low in wintertime.

In Table 4.4, statistical variables of the annual maximum modeled ice covered area and the
annual maximum observed ice extent in the Baltic Sea are shown. The trend for the ice
covered area is decreasing as much as 140 000 km2 per century. The mean is 236 000 km2
and the standard deviation 83 000 km2. For the observed ice extent the trend is decreasing
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even more. The mean is 54 000 km2 smaller than modeled and the standard deviation is a bit
larger. The correlation between the two time series is high, 91%.

Table 4.4. Statistics of the modeled maximum annual ice covered area and observed maximum
annual ice extent (MIB) in the Baltic Sea 1961–2007.
Ice covered area,
Ice extent,
model
observed
47
Number of data
47
3
2
182
Mean (10 km )
236
94
Standard dev. (103 km2)
83
3
2
160
Median (10 km )
241
3
2
405
Maximum (10 km )
392
3
2
52
Minimum (10 km )
94
–154
Trend (103 km2/100 a)
–140
91 %
Correlation

4.4

Areal ice volume

Total ice mass is a sensitive indicator for climate, as it shows the ice production during the
ice season. In the maximum ice extent, there can be areas of open water included and it does
not take the ice thickness into account. The total ice mass in the Baltic Sea is still poorly
known, as it is difficult to measure the pack-ice thickness. Accurate data on ice thickness is
available almost only from the land-fast ice zone (Vihma & Haapala, 2009).

In spite of the lack of systematic long-term measurements of drift ice, many field studies
have observed ice thickness during the last 10 years (Koslowski & Loewe, 1994; Haas,
2004; Vihma & Haapala, 2009). Haas (2004) measured ice thickness with helicopter-borne
EM-instrument in the Gulf of Bothnia and Gulf of Finland during winter 2003. The mean ice
thicknesses for the 12 flights were 0.35–1.84 m. Compared to the ice thickness in Finnish
operational ice charts, which refer to level-ice, the mean ice thickness in the drift ice zone
can be much larger because of the ice deformation.

From the coastal area of the south-western Baltic Sea, Koslowski and Loewe (1994)
constructed a time series of accumulated areal ice volume and classification of ice winter
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severity for years 1879–1992. They found out that the level of ice production in the mid1980s was the same as almost 100 years before.

To find out the changes in total ice mass in the Baltic Sea the areal ice volume is calculated
from the NEMO/LIM-3 –model for years the 1961–2007. The methods and results are
shown in this Chapter. Although the model overestimates ice thickness near the coast, the
total ice production is probably accurate enough and therefore the total ice volume is also
accurate enough.

4.4.1 Methods

The areal ice volume VA is the ratio of total ice volume V to total area A. VA corresponds to
the average ice thickness of the slab of extent A that can be formed by distributing the mass
or volume V over A. The areal ice volume VA can be defined by ice thickness and ice
concentration

( )

∫ ∫ ∫

(

) (

),

(4.1)

where h = average ice thickness, c = average ice concentration, i = longitude, j = latitude and
t = time in months.

The areal ice volume was calculated for the whole Baltic Sea and for the different basins
including the Bay of Bothnia, Bothnian Sea and Gulf of Finland (seen in Figure 3.1). In
addition to time integral, time series of maximum annual values of the areal ice volume
(MIV) were constructed. The influence of the used monthly mean values should be noted.
The long-time changes can be seen but the real annual maximum values are not found out.
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4.4.2 Statistical properties

The statistics of the maximum annual areal ice volume are shown in Table 4.5. In the entire
Baltic Sea and the Bothnian Sea, where the amount of ice is smallest, standard deviation is
higher than mean, median is much smaller than mean and minimum is nearly zero.
Naturally, the highest values are in the Bay of Bothnia, where the maximum value is 80 cm.
All the trends show a decrease, yet the least decrease is in the Bothnian Sea, if the ratio of
the trend to mean is taken into account.

Table 4.5. Statistics of the modeled time series of the maximum annual areal ice volume in the entire
Baltic Sea, Bay of Bothnia, Bothnian Sea and Gulf of Finland 1961–2007.
Baltic Sea
Bay of Bothnia
Bothnian Sea Gulf of Finland
4.5
49
12
21
Mean (cm)
4.9
17
13
15
Standard deviation (cm)
2.5
48
7
19
Median (cm)
23
80
54
58
Maximum (cm)
0.3
16
0.2
0.7
Minimum (cm)
Trend (cm/100 a)
–3.3
–31
–4
–10

Table 4.6 shows the cross-correlations of the maximum annual areal ice volume in different
basins of the Baltic Sea. All the correlations are significant. The highest correlation, which is
89 %, is between the Bothnian Sea and the Gulf of Finland and the lowest, 72 %, between
the entire Baltic Sea and the Bay of Bothnia. The correlations are generally high. The areal
ice volume correlates also well with the MIB. The highest correlations are logically with the
entire Baltic Sea and the lowest with the Bay of Bothnia were the variation is smallest and
every winter quite severe.

Table 4.6. Cross-correlations of the maximum annual areal ice volume between different basins and
the entire Baltic Sea and the maximum observed ice extent, MIB.
Baltic Sea
Bay of Bothnia Bothnian Sea Gulf of Finland
72 %
88 %
83 %
Baltic Sea
80 %
87 %
Bay of Bothnia
89 %
Bothnian Sea
88 %
79 %
85 %
83 %
MIB
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The cross-correlations of the monthly areal ice volume in different basins of the Baltic Sea in
1961–2007 are shown in Table 4.7. The correlations are all significant. The highest
correlation, 93 %, is between the entire Baltic Sea and the Bothnian Sea and the lowest, 73
%, between the Bay of Bothnia and the Bothnian Sea. The correlations between the entire
Baltic Sea and the basins are higher than corresponding values of the maximum annual time
series. This might be because in the beginning and the end of the ice season most of the ice
volume, or even all, is in these three basins. The correlations between the Bay of Bothnia
and the other basins are instead lower, which might be a consequence of unique ice seasons
in the Bay of Bothnia.

Table 4.7. Cross-correlations of the monthly areal ice volume between different basins and the entire
Baltic Sea.
Baltic Sea
Bay of Bothnia
Bothnian Sea

Bay of Bothnia
74 %

Bothnian Sea
93 %
73 %

Gulf of Finland
90 %
83 %
89 %

4.4.3 Regional results

The maximum areal ice volume has a decreasing trend in the Baltic Sea in period 1961–2007
(Figure 4.7). The standard deviation is bigger than the mean, which indicates the notable
inter-annual variability. The maximum value of 23 cm is reached in the severe winter 1987.
Otherwise areal ice volume rises above 10 cm only in three years. The minimum is in 1975,
but there are low values below 0.5 cm also in 5 other years. Because of the few extremely
high values, the mean is much higher than the median.
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Figure 4.7. Maximum annual areal ice volume (m) in the Baltic Sea 1961–2007.

From the results of the areal ice volume in the entire Baltic Sea it can be seen that ice exists
every winter for 6–8 months. The maximum ice volume occurs in 23 years in February and
in 23 years in March. In the really mild winter 1989, the maximum ice volume is reached
already in January. The observed maximum annual ice extent in the Baltic Sea is reached on
average by the end of February.

In the Bay of Bothnia, the length of ice season is the longest and the amount of ice is clearly
the largest from the Baltic Sea basins (Figure 4.8). The maximum value of MIV is reached in
1979 and the minimum in 1992. The trend shows a decrease, –31 cm per century. The
standard deviation is much less compared to the entire Baltic Sea. This is because the interannual variability is lower where the ice season is longer.
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Figure 4.8. Annual maximum areal ice volume (m) in the Bay of Bothnia 1961–2007.

The MIV is reached in March in majority of the years. Contrary to the Southern Baltic Sea,
the increasing solar radiation does not compensate the ice production in March and ice mass
still continues to increase. The maximum volume is reached already in January in 1989 and
in February in 1979, 1987, 1992 and 1995. All these years are either extreme mild or
extreme severe. According to the model, 1992 and 1995 are the only years, when there has
not been ice in the Bay of Bothnia in May. The observations from Kemi show however,
there has been ice still at the end of May in both years.

The variability in the areal ice volume in the Bothnian Sea is similar to the entire Baltic Sea,
thus the inter-annual variability is notable (Figure 4.9). The maximum values are reached
slightly more often in March than in February, and already in January in mild winters 1989
and 1990. From the years when the maximum was reached before March in the Bay of
Bothnia, only in 1987 the maximum was reached in March in the Bothnian Sea. In addition,
in extreme severe winters 1985 and 1987 the MIV is even larger in April than in February,
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which is true also in the Bay of Bothnia in 1985 and in some other years, but not in the Gulf
of Finland and in the entire Baltic Sea.

Figure 4.9. Annual maximum areal ice volume (m) in the Bothnian Sea 1961–2007.

In the Bothnian Sea, ice exists for 5–7 months. The trend shows only a slight decrease (–4
cm per century) compared to the other basins. The standard deviation is higher than the mean
because of the high inter-annual variability. The maximum value of 54 cm is reached in
1985 and the minimum of all basins 0.2 cm in 1975 and 1992. In eight winters the maximum
areal volume stays under 1 cm. Five of these years are within period 1989–1995.

In the Gulf of Finland, the inter-annual variability is large, but not as large as in the entire
Baltic Sea and Bothnian Sea (Figure 4.10). There is ice in 5–8 months in the Gulf of Finland.
The trend is also decreasing (–10 cm per century) in the Gulf of Finland. The mean is less
than half of the mean in the Bay of Bothnia but higher than in the Bothnian Sea. The
maximum value 58 cm is reached in 1987 and the minimum 0.7 cm in 1975.
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Figure 4.10. Annual maximum areal ice volume (m) in the Gulf of Finland 1961–2007.

As in the Bay of Bothnia, most of the maximum values of the MIV are reached in March. In
1974 and 1989 the maximum values are reached in January and in 13 years in February
(1961, 1966, 1967, 1970, 1972, 1975, 1976, 1991, 1992, 1995, 1999, 2002 and 2007).

4.4.4 Comparison to observed maximum annual ice extent

In Figure 4.11, the time series of the maximum annual observed ice extent and the maximum
annual areal ice volume are shown to compare how similar the inter-annual changes are
between the two time series. In general, the changes are fairly similar. The maximum is
recorded in 1987 in both of the time series, but the minimum is in different years. However,
the few smallest values are reached in same years (1975, 1989–90, 1992–93 and 1995). In
1961, the MIB is the second smallest but the MIV only tenth smallest and ice season 1973 is
instead more severe measured in MIV. The years when the values are near maximum in both
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time series are 1963, 1979 and 1985–1987. In 1966 and 1970, the MIB reached the second
and third largest values, but in volume the years were not so extreme, although quite severe.

Figure 4.11. Maximum annual observed ice extent (MIB, 103 km2) in black and maximum annual
areal ice volume (MIV, m) in grey.

From the years when the time series differ from each other 1961 was not among the few
minimum years regarding MIV in any basin. Thus, there was relatively thick ice in the
Northern Baltic Sea but the ice extent was near minimum. In the Gulf of Finland, the MIV
was reached already in February, so the cold period might have been so short that water did
not cool enough in the south. In 1966 and 1970 the MIV was just above the average in
different basins. The MIB was the second and third largest, so the ice extent was extreme but
ice cover relatively thin. In these years the MIV was reached already in February in the Gulf
of Finland. Probably the cold period was so short that the ice production did not continue in
the southern parts after the maximum ice extent was reached.
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The variation of the MIV is many times bigger. The effect of the Northern Baltic Sea, where
ice exists every winter, keeps the values of the MIB in relatively high level every winter.
Instead in the MIV, if ice exists only in the north, the value divided by the entire Baltic Sea
area can be really low. For the maximum of the MIV, nearly the entire Baltic Sea was ice
covered and that is why the MIV is notable.

When the different basins are compared to the MIB, more differences occur. Contrary to the
entire Baltic Sea, the variation in the Bay of Bothnia is in some years the opposite than in the
MIB. The Bay of Bothnia is ice covered every year and that is why the MIV is more
dependent on the length of ice season. Thus, the inter-annual variation is different there than
in further south. The maximum and minimum years are not as similar as with the entire
Baltic Sea. The minimum years are quite the same except for 1961. In years 2001 and 2007
the MIV reaches the second and fourth smallest values in the Bay of Bothnia, but the MIB is
not so close to the minimum. The biggest values are reached mainly in same years, but the
MIV reaches high values also in some years when the MIB is only average. The biggest
differences are in 1981 and in 1994, which was the second highest value in the Bay of
Bothnia, but not among the maximum years in any other variables than the MIV in the Gulf
of Finland.

In the Bothnian Sea, the inter-annual variability is very similar to the MIB. In 1961, the MIV
has been quite low, so the near to minimum MIB effects there more than in other basins and
in the entire Baltic Sea. In 1972, the MIV in the entire Baltic Sea and the MIB are below
average, but in different basins the MIV is relatively higher, especially in the Bothnian Sea.
Thus, the ice extent has not been large, but ice has been relatively thick in the north. The
maximum of the MIV in the Bothnian Sea is not in 1987 but in 1985. However, it was also
one of the most severe winters in the MIB. In the Gulf of Finland, the variability from year
to year is also very similar to the MIB.

A scatterplot (Figure 4.12) presents the correlation between the time-series of the MIB and
the MIV in the entire Baltic Sea and in the different basins. It can be seen that the time-series
of the entire Baltic Sea have the highest correlation and the time-series of the Bay of Bothnia
the lowest correlation. However, correlation is high in all of the time series. The slope of the
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Bay of Bothnia is the most increasing, 0.14 m / 100 000 km2. The other slopes are in the
Gulf of Finland 0.13 m / 100 000 km2, in the Bothnian Sea 0.11 m / 100 000 km2 and in the
entire Baltic Sea 0.05 m / 100 000 km2.

Figure 4.12. Maximum annual ice extent in the Baltic Sea (MIB) and maximum annual areal ice
volume (MIV) in the entire Baltic Sea in black, Bothnian Sea in blue, Gulf of Finland in green and
Bay of Bothnia in red.

There are some data points, which differ a lot from the least-squares line. In the Bay of
Bothnia the correlation is stronger in milder winters, but when the MIB is over average, the
correlation between the MIB and the MIV disappears. The situation is nearly the same in the
Gulf of Finland. Also the maximum value of the MIV in the Bothnian Sea is reached in 1985
when the ice extent ice is only fourth highest. When the correlation is low, one possibility is
that in severe winters the ice is more fast-ice and it grows only thermodynamically. Thus, the
ice growth is smaller during the winter. On the contrary, in milder winters there may be
more windy and in consequence more deformation of ice.
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4.4.5 Comparison to observed ice thickness

The correlation between the observed maximum annual ice thickness in Kemi and the MIV
in the Bay of Bothnia is shown in Figure 4.13. The time series have a significant correlation
of 55 %. The MIV is bigger only in 1986, although the values are really close to each other
in that year, too. The observation from year 2006 is missing. The observed trend in Kemi is
increasing 1 cm per century and the trend of MIV is –31 cm per century. Thus, the
increasing trend in Kemi is probably a local phenomenon.

Figure 4.13. Observed maximum annual ice thickness in Kemi (in black) and maximum annual areal
ice volume in the Bay of Bothnia (in grey).

The time series of the observed maximum annual ice thickness in Loviisa and the MIV in the
Gulf of Finland are shown in Figure 4.14. Ice thickness observations are missing from years
1971–1973 and 1985. The significant correlation between the time series is 62%. The MIV
is bigger in 1982 and 1987. The observations in Loviisa show a decreasing trend of –60 cm
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per century to the period 1961–2007 and the trend of MIV is –10 cm per century. The effect
of the Loviisa nuclear power plant is clearly seen in comparison of the time series after the
end of the 1970s.

Figure 4.14. Observed maximum annual ice thickness in Loviisa (in black) and maximum annual
areal ice volume in the Gulf of Finland (in grey).
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5.

REASONS BEHIND CHANGES

It is important to study what kind of changes has happened in the ice characteristics, but
even more important is to study the reasons which have caused the changes. The most
evident reason for the shortening of the ice season and the decrease of the ice mass is the rise
in air temperature. Changes in precipitation and further in snow thickness may have caused
changes in ice thickness at least in the fast ice zone. Changes in windiness have possibly
affected drift ice zone. Other than atmospheric reasons, land uplift and changes in
observation site, may also have affected.

Almost all trends of the observed time series are more decreasing during the last 50 years
than during the whole time period. The freezing dates in Kemi and Utö are the only
exceptions. Thus, the human induced climate change is clearly the biggest reason to changes
or at least to their acceleration. The freezing date is not a good indicator in Utö, because the
mildest winters have been more often ice free during the last decades. In Kemi, one
explanation to longer changes in freezing date can be the increased shipping activity, which
is discussed more specifically in Chapter 5.4.

5.1

Air temperature

Tuomenvirta (2004) has studied the changes in air temperature and precipitation in Finland
from the whole time period when observations have been made. The mean temperature in
Finland increased 0.76°C during the 20th century. The warming occurred in the first two and
last three decades, while in the decades between them a statistically insignificant cooling
took place. Temperature increase in spring months during the last approximately 150 years
has been quite linear and more significant than the annual mean temperature increase. A
rapid increase in air temperature has taken place since the 1970s, especially during
wintertime. In precipitation, no significant nation-wide trends were found, but notable interdecadal variability exists.

54

The relation of ice characteristics and air temperature are not widely studied. Jevrejeva
(2000) analyzed data along the coast of Estonia in 1900–1990. The number of ice days has
decreased 5–10 days per century and the mean air temperature in November–April has
increased 0.5–1.0 °C. Yet, the increase in temperature is statistically significant only at one
of the stations. The first decades of the 20th century were cooler than the period from 1920
to 1936. The middle of the century was cooler until 1960, when temperatures started to rise
again.

5.2

Snow thickness

The snow thickness anomalies from 1961–1990 for the years 1996–2000 are all negative
(mean –13 cm) in Kemi ice observation site. The ice thicknesses are instead positive except
for one (mean 3 cm). From the other Bay of Bothnia stations for example in Raahe, the mean
of the snow thickness anomalies is 2 cm and the mean of the ice thickness anomalies –22
cm. In Loviisa, the mean of snow thickness anomalies is –8 cm and the mean of ice
thickness anomalies –9 cm (Seinä et al., 2001). However, snow thickness measurements
made on land would be more accurate. On ice, snow may turn into superimposed ice.

When the model results are compared to the observations, it should be kept in mind that the
effect of snowfall on ice thickness growth can be crucial. The model does not take snow into
account and that is probably the main reason why the values are smaller than the observed
ones. If the amount of precipitation had increased, that would explain the increase in the
maximum annual ice thickness in Kemi. The more snow accumulation there is the more
snow-ice forms. Nevertheless, when the winters have become milder, the amount of snowfall
can also have decreased as the precipitation has been more in liquid form. This has probably
happened mainly in Southern Finland because of the milder conditions. In future, annual
precipitation is predicted to increase especially in northern parts of the Baltic Sea. The
change would take place mostly in wintertime (BACC Author Team, 2008).
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5.3

Wind speed and direction

In the Baltic Sea, wind conditions are dominated by westerlies. The winds are strongest
between October and February. As the maximum annual extent of ice cover has reduced and
the length of ice season has become shorter, it has changed the effect of wind. Wind stress
gained by the sea surface has increased in basins with open drift ice and wind stress has
transferred better to the water body and affected also circulation (Leppäranta & Myrberg,
2009). The ice formation is interrupted by waves made by wind. Waves may pummel the
forming ice cover into smaller pieces (Squire, 1994). In future, the strength of wind is more
likely to increase, but the magnitude of change is still uncertain. The mixing of water layers
would be better (BACC Author Team, 2008).

5.4

Other causes besides climate change

In addition to climate change, there are many other factors that may have caused changes in
Baltic Sea ice occurrence and ice thickness. Because the negative trends are seen during the
whole observation period, not only for the last decades, other factors besides air temperature
change must have an influence. For example increasing shipping activity, land uplift,
changes in salinity and optical properties of water have probably caused decreasing trends.
Also the observation techniques, location of the observation sites and their environment has
changed during the long observation time. These changes are poorly reported. One obvious
reason in Loviisa is the warming effect of condensation water from the nuclear power plant
opened in 1977. This is closely discussed in Chapter 5.4.1.

Sea ice observations were first started to provide information for navigation. Consequently,
the monitoring sites were usually set up near harbours and routes. During this study’s
observation time, there has been a notable increase in shipping activity and size of vessels
which may have caused changes in ice formation and break-up. Ship induced waves prevent
formation of permanent ice cover in autumn and enhance breaking of ice cover in spring
(Yuen & Lasca, 1989).
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As an example of the effect of navigation, at the turn of the 19th and 20th century, there was
fast ice in the Gulf of Finland in a much larger area than nowadays. The influence in harbors
and in the observation sites is not seen so clearly, but probably it can have caused the
decreasing trend already before warming air temperature has started to effect. Open water
may also have increased the forming of frazil ice.

Post-glacial rebound can also have some influence in the shallow coasts. Because of the
weight of the thick ice sheet covering Finland during the last Ice Age, land lift continues. In
the Bay of Bothnia, the maximum speed of land uplift is 9 mm / year, so during 120 years
land uplift has been over one meter. For the Gulf of Finland area, the speed is 3–4 mm / year
(Leppäranta & Myrberg, 2009). The possible changes in ice observation time series should
be constant long term changes during the whole time period. If the observation site has
become shallower, the cooling of water in autumn has been faster.

Changes in salinity can also affect ice formation, since the freezing point decreases as
salinity increases. Salinity of the Baltic Sea shows variations of approximately 1‰ in the
20th century. However, any long-term trend is not found (Winsor et al., 2001). The optical
properties of water might have also changed due to eutrophication.

The observation technique has been one factor which has been a major reason for uncertainty
during time before year 1967, when the satellite observations first came available. For the
site observations, for example the change in place from for example the harbour to near the
observers’ summer cottage may have influenced more than the development of technique.
The observations are made in some stations every day but in some stations twice a week, so
the margin of errors is large even without place and technique changes. Thus, small changes
in ice conditions are most likely between the margins of error.

5.4.1 The Loviisa nuclear power plant

In Loviisa, the nuclear power plant has affected seawater temperature and thus also ice
conditions during the last decades. The electrical production started in 1977 in the first
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reactor and in 1980 in the other one. The cooling water is discharged back to the Baltic Sea
after passing through the condensers. The condensation water is about 8–12°C warmer than
the intake water (Ilus, 2009). Thus, the warming effect of the condensation water is probably
one explanation to the sudden decrease in maximum annual ice thickness in Loviisa
observation station.

This may have also affected the length of ice season. If water has cooled slower in the
autumn because of the warming effect of the condensation water, the freezing date has
moved forward. Respectively, in the spring water has warmed earlier than it naturally would
have and the break-up has happened earlier. Areas close to the condensation water outlet are
usually ice free for the entire winter ranging from several hectares to several square
kilometres (Ilus, 2009). Further away the effects of condensation water to ice conditions are
not as straightforward. The fresh water from the runoff of the Tesjoki and Kymijoki Rivers
stays in the surface and the heavier condensation water sinks under the freshwater. The
cooling water is taken from a depth of 8.5–11.1 m (Ilus, 2009).

In the time series of maximum annual ice thickness in Loviisa 1980–2007, there is a clear
difference between modeled and observed values. The observed mean after 1980 is 7 cm
lower than for the whole model time period, while the modeled mean is only 1 cm lower.
The trend of model results shows a decrease of 7 cm per decade after 1980 but the trend of
observations only 0.3 cm per decade. There is a clear jump in observations in 1980, when
values suddenly start to be lower. The maximum annual areal ice volume in the Gulf of
Finland has not the same kind of jump around 1980.
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6.

6.1

DISCUSSION

Observations

The results of the study are in agreement with earlier results: ice seasons have continuously
become milder (Leppäranta & Seinä, 1985; Jevrejeva et al., 2004). The results show that the
probability of ice occurrence in Utö has decreased, and the length of ice season has become
shorter in every station from both ends of the season. The trends of maximum annual ice
thickness have instead variability between stations along the Finnish coast.

The decreasing trend for the probability of ice occurrence in Utö reflects well the
continuously warmer winters. The increase in temperature has not yet been as intense that it
would have affected the probability of ice occurrence in Loviisa and Kemi. Ice occurs in
these stations still every winter.

In time series until year 1985, the probability of ice occurrence in Utö was 0.84 (Leppäranta
& Seinä, 1985), from which it has decreased 0.04 in 25 years. The trend for probability in
observations from years 1889–2000 was –0.3 (Jevrejeva et al., 2002), but it has decreased so
that it is now –0.21. This is because of the six ice free winters in the end of the 1980s and the
beginning of the 1990s (1988–1992 and 1994). In the 2000s there has been only two ice free
winters (2007–2008).

When the correlations are compared to correlations of time series until 1984 (Leppäranta &
Seinä, 1985), we can see that the correlation between stations of Loviisa and Utö has
increased for every variable. Instead the changes in correlation of Kemi and the other
stations vary: the correlation of freezing date has decreased, break-up date increased and
length of ice season has increased in Utö but decreased in Loviisa. As the trends of
maximum ice thickness in Kemi and Loviisa have been reverse, correlation has decreased
from 45 % to 36 %.

The correlation between freezing and break-up date has increased in Kemi and Loviisa but
decreased in Utö. In Kemi, the correlation between freezing date and ice thickness has
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decreased from 14 % to 1 %. The break-up date correlates with ice thickness nearly as well
as in Leppäranta & Seinä (1985). In Loviisa, the correlation of ice thickness has instead
increased with freezing date from 40 % to 52 % and with break-up date from 57 % to 66 %.

The statistical numbers of freezing date in Kemi are similar with the results of Leppäranta
and Seinä (1985). Only the trend has decreased by one day. In Utö, the mean has moved one
day forward and the standard deviation has increased by three days. The trend shows a rise
of three days per century. For the years 1900–2000, the trend of freezing date shows even
four days more rise than this (Jevrejeva et al., 2004). In Loviisa, the mean has moved three
days later and the trend has increased by one day compared to the time series until 1984
(Leppäranta & Seinä, 1985).

For the break-up date in Kemi, the mean has taken place three days earlier and the trend
shows four days more decrease compared to the time series until 1984 (Leppäranta & Seinä,
1985). In Utö, the mean is four days earlier and the trend seven days more decreasing. The
mean has moved five days earlier in Loviisa, the standard deviation has increased by three
days and the trend shows ten days more decrease.

In time series from the 20th century, the earliest break-up date has been the 28th of February
(Jevrejeva et al., 2004), but after that earliest date has been the 3rd of February. This is
because winters have become milder and ice may occur only for couple of days in early
winter and rest of the season is ice free. In Loviisa, the earliest break-up date until 1984 was
the 7th of April (Leppäranta & Seinä, 1985). After that break-up has happened earlier seven
times so that the earliest date has been the 13th of March in 1989.

For the length of ice season, the results have changed differently between stations.
Compared to time series until 1984, statistical numbers have stayed nearly the same in Kemi
apart from the mean, which has decreased by four days (Leppäranta & Seinä, 1985). In Utö,
the length of ice season has decreased by 25 days and standard deviation increased by 10
days. The trend shows 4 days more decrease. In Loviisa, the mean has decreased by 8 days,
the standard deviation increased by 3 days and the trend shows 12 days more decrease.
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The results of the maximum annual ice thickness in Kemi are almost equal to the results of
Leppäranta and Seinä (1985). The only significant difference is the trend which has
decreased from 14 cm to 9 cm. In the time series until the year 2000 the trend is 12 cm per
century (Jevrejeva et al., 2002). The mean has decreased 5 cm from 51 cm in Loviisa
(Leppäranta & Seinä, 1985), as it had decreased 4 cm until 2000. The trend shows 14 cm
less decrease until 1984, but already the same decrease until 2000.

The cumulative probability curves of ice occurrence have not changed much compared to
earlier results from Kemi and Utö (Jevrejeva et al., 2004). In Kemi and Utö, 25 %
probability for freezing is reached on the same day as until 2000. In Loviisa, it is reached
one day earlier (Jevrejeva et al., 2002). The median has stayed the same in Kemi and Loviisa
but moved two days later in Utö. 75 % probability is now one day later in Kemi, four days
earlier in Loviisa and three days earlier in Utö compared to data until year 2000.

25 % probability for the break-up date is reached in Kemi one day earlier than before year
2000, in Loviisa three days earlier and in Utö two days earlier. The median is in Kemi and
Utö two days earlier and in Loviisa one day earlier. 75 % probability is reached in Kemi one
day earlier, in Loviisa three days earlier and in Utö one day later.

The development in observation technique in 120 years has been significant. The margin of
error has to be taken into account when conclusions are made from the observations. For
example, the technique of observing how many tenths of the observation area were covered
by ice was not adopted until 1913 (Witting, 1914).

6.1.1 The positive trend of maximum annual ice thickness in Kemi

The only variable that does not show a decreasing trend in the whole time period is the ice
thickness in Kemi. The trend shows an increase of 9 cm per century for the whole
observation time. However, the trend for the last 50 years is decreasing (–5 cm per century),
so in this time series the human induced climate change is actually clearly seen although ice
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thickness is increasing in longer period. In Loviisa, the trend for the last 50 years is also
more decreasing (–65 cm per century) than for longer period.

The model results for the maximum annual ice thickness in Kemi show a decreasing trend is
during 1961–2007 (–31 cm per century) but in the observations there is no such trend seen.
For this time period the trend of observed ice thickness is +1 cm. In Loviisa, the modeled ice
thickness has decreased much less than the observed. However, the model does not include
the effect of snow, so the model results are not accurate. There is a three years break in the
observations in 1971–73 and after that the ice thicknesses have been dramatically lower. The
observation site might have changed during that break. Another possible time of the change
in place is in the 1940’s when the harbor of Ajos was opened.
The maximum annual areal ice volume calculated from the NEMO/LIM-3 –model has a
strong decreasing trend also in the Bay of Bothnia. This gives reason for suspecting that the
positive trend in Kemi is only a local phenomenon and that it is mainly caused by change in
local snow conditions or other than atmospheric reasons, like change in observation site or
land uplift.

6.2

Model results

6.2.1 Validation
The NEMO/LIM-3 – model results were compared to observation to validate the model. The
differences between the monthly mean values for 1961–2007 are small. The trend of
maximum annual ice thickness in Kemi is the only value where a notable difference between
the model and observations is seen. The trend for observed values is +1 cm whereas the
trend for modeled values is –31 cm. The correlations are not high, especially in Kemi. This
may be because of the modeled values are monthly means instead of the observed daily
values which have been changed into monthly values.
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The differences between the daily results from winter 2002–2003 were small in ice season
length, freezing and break-up date. One reason for the minor differences can be the
frequency of observations, which can cause errors to observations. The difference in
maximum annual ice thickness is larger and probably larger even if there are errors in
observations.

6.2.2 Regional differences

The different basins in the Baltic Sea have very different kinds of ice characteristics and that
is why the ice volume varies also a lot. Due to the difference in air temperature there is more
ice in the north, but also the water mixing and ice drifting affect ice production. The highest
areal ice volume is in the Bay of Bothnia, where the mean is 49 cm and the second highest
mean value is in the Gulf of Finland, 21 cm. In the Bothnian Sea the mean is 12 cm. In the
Southern Baltic Sea, the ice volume is really small because the mean for the entire Baltic Sea
is only 4.5 cm. Most of the total ice volume exists in these three basins.

The annual variability of the ice volume is the higher the less ice there is in the area. The
same phenomenon is seen in other ice characteristics, too. This is because the variability is
higher in the edge of the ice zone. The medians, 2.5 cm in the Baltic Sea and 7 cm in the
Bothnian Sea, represent better the typical values of the areal ice volume than the means,
because of the few extremely severe winters. In the Bay of Bothnia and the Gulf of Finland
the medians are only a little smaller than the means.

The year of the maximum value is the same 1987 in the entire Baltic Sea and in the Gulf of
Finland. The maximum years 1979 and 1985 in the Bay of Bothnia and in the Bothnian Sea
have the second and third biggest values in the entire Baltic Sea. Respectively in 1987 values
in the Bay of Bothnia and the Bothnian Sea are close to the maximum. The maximum
observed ice extent from the period is also from 1987. Even though the mean and median
values of the areal ice volume are clearly lower in the Bothnian Sea than in the Gulf of
Finland the maximum is nearly the same. Respectively the minimum values are nearly zero
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in the entire Baltic Sea, in the Bothnian Sea and in the Gulf of Finland, although the mean
values are completely different.

The minimum is reached either in 1975 or in 1992 and these years are extremely mild in
other basins, too. Only exception is 1975 in the Bay of Bothnia, the seventh smallest value
(28 cm), and 1992 in the Gulf of Finland, the sixth smallest (3 cm). In some extremely mild
winters the maximum annual ice volume has been reached already in January. In the
Bothnian Sea and the Gulf of Finland, there are two of these years, whereas in the entire
Baltic Sea and the Bay of Bothnia there is one. In all of these years Utö has been observed as
ice free.

In general, the inter-annual variability is very similar between different basins: the mild
winters are mild and severe winters severe in all basins. In some average winters there are
differences like in 2003, when the areal ice volume is not among the few maximum values in
other basins, but in the Gulf of Finland it is the second biggest value. It is only
approximately 10 cm less than in the Bay of Bothnia in the same year. In observations, the
year was average on maximum ice extent, but the ice conditions in the Gulf of Finland were
severe and the ice was thicker than average. From the modeled daily values of ice thickness
in 2002–03, it can be seen that the ice thickness in the middle of the Gulf of Finland was as
thick as in the Bay of Bothnia.

The trends show a remarkable decrease. In the Bothnian Sea, the trend is decreasing one
third of the mean in a century, in the Gulf of Finland half of the mean and in the Bay of
Bothnia two thirds of the mean. In the entire Baltic Sea the trend is even more decreasing.
Compared to the median, the decreasing trends are relatively much more decreasing in the
Bothnian Sea and especially in the entire Baltic Sea, where the median is smaller than the
decrease in trend in a century.

In Kemi in the Northern Bay of Bothnia, the observations of the maximum annual ice
thickness show a slightly increasing trend of 1 cm per century for the period 1961–2007, but
the maximum areal ice volume has a strong decreasing trend. This might prove that the
positive trend in Kemi is more local and caused mainly by other than atmospheric reasons.
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Compared to the trend of observations in Loviisa, the trend of maximum volume in the Gulf
of Finland is also strongly decreasing.

6.2.3 Comparison to earlier studies

Haas (2004) observed drift ice thicknesses between 0.35–1.84 m in the Gulf of Bothnia and
Gulf of Finland in 2003. The maximum areal ice volume values from 2003 in the Bay of
Bothnia and the Gulf of Finland are between these limits. In the Bothnian Sea the value is a
bit smaller. The results of Koslowski and Loewe (1994) differ from the model results in
entire Baltic Sea in that sense that they found out that the level of ice production in the mid1980s was the same as almost 100 years before. In this study, the level of ice production has
decreased rapidly. The study of Koslowski and Loewe was done in the coastal area of the
south-western Baltic Sea.

6.3

Reasons

The observed air temperature increase during the last few decades has occurred especially in
wintertime (Tuomenvirta, 2004). This probably explains the rapid change in break-up dates.
Trends after 1950 show a more notable decrease than before 1950. The break-up date is
more dependent on the solar radiation and has smaller standard deviation than the freezing
date, thus big changes are alarming. The freezing dates and lengths of ice season have quite
surprisingly trends showing more decrease before 1950. Other possible reason is that the
increasing shipping activity has influenced the freezing date since the beginning of the
observations. The only exception is the length of ice season in Loviisa, but because of the
nuclear power plant it is not comparable.

The rapid decrease in ice occurrence can be seen as a too alarming consequence of the
climate warming. The warming has been strongest in winter so the air temperature change
reflects very strongly to ice conditions.
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The Loviisa nuclear power plant has obviously changed the local ice climate in the area.
Since the late 1970’s the maximum annual ice thickness has been significantly smaller than
before that. The same kind of rapid shift towards warmer climate is not seen in model results
of the maximum annual ice thickness in Loviisa. In the trends of the observed length of ice
season before and after year 1950 can be seen that in Loviisa the trend is much steeper after
1950 whereas in other sites the trend before 1950 is steeper. The same kind of local effects
may locate in the Baltic Sea coast in several places. For example, the other nuclear power
plant in Finland, Olkiluoto in the western coast, was also opened in the turn of the 1970’s
and the 1980’s.

6.4

Future

If the mean air temperature continues to rise, and mostly in wintertime, the decreasing trends
in ice occurrence will continue and get even steeper. The influence of possible increase in
precipitation is challenging to predict, because the amount of snowfall can at least in the
northern part of the Baltic Sea increase although the temperature increases. If the amount of
snowfall decreases, the ice thickness decreases because of decreasing snow-ice formation.
One possible consequence is the decrease in albedo. When there is less snowfall the albedo
of the surface above ice is lower and less radiation reflects back. In an extreme case, there is
only the bare ice left and the albedo difference between bare ice and fresh snow is huge.

Seinä (1993) estimated the future development of the maximum annual extent of ice cover in
the Baltic Sea. The mild ice winters will be more likely and the severe ones more unlikely.
Tinz (1996) also estimated the future trend of ice conditions in the Baltic Sea with a model
projection. The model shows a drastic decrease in the mean extent of ice cover in the next
100 years. Severe and extremely severe winters would not occur at all. In the model the
greenhouse gas forcing increases according to the IPCC scenario IS92a where the GHG
forcing continues to rise at about the current rate.
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7.

CONCLUSIONS

Ice time series from three stations along the Finnish coast were analysed. The results from
the 120 year long time series show that the length of ice season has shortened in every
station and the probability of ice occurrence has decreased in outer archipelago. The
probability of ice occurrence has decreased in Utö to 81 %. Ice season has shortened 18–46
days in a century on the Finnish coast so that the shorter the ice season has been the more
decrease has occurred.

The freezing date has moved 7–24 days later and the break-up date taken place 11–20 days
earlier in a century. For the whole observation period, the maximum annual ice thickness has
increasing trend in Kemi and decreasing trend in Loviisa. However, the trend is also
decreasing in Kemi for the last 50 years. Snow accumulation has a major role in ice
thickness evolution during winter. Thus, it may be the reason for different local trends.

The model results differ from the site observations so little in the length of ice season,
freezing and break-up date that it may be between the margins of error. The maximum
annual ice thickness is significantly smaller in model results. Although, the model does not
have fast-ice description. In Kemi, the maximum annual ice thickness has a decreasing trend
in the model results.

According to the model results of the areal ice volume in the Baltic Sea, the amount of drift
ice is strongly decreasing. The inter-annual variability is large. The strongly decreasing
trends are found in different basins, too. The mean of the areal ice volume in the entire Baltic
Sea is 4.5 cm while the trend is –3.3 cm per century. The basins included were: the Bay of
Bothnia (mean 49 cm, trend –31 cm), the Bothnian Sea (12 cm, –4 cm) and the Gulf of
Finland (21 cm, –10 cm).

In addition to increase in air temperature, changes in snow accumulation and precipitation
have affected ice conditions. Increasing shipping activity has probably caused long-term
changes and the nuclear power plant in Loviisa sudden changes in the end of the 1970s.

67

Other reasons might have influenced too, but they need to be studied further to find out the
real effects.

The main conclusions are:
1) The observations from Kemi, Utö and Loviisa are not totally reliable because, first,
the changes in place and local conditions have not been reported and, second, the
development in observation technique makes the margin of error too large in over
100 years scale.
2) According to the observations and the model results the length of ice season, freezing
date and break-up date have all decreasing trends. The maximum annual ice
thickness has decreasing trends except for Kemi station.
3) The modeled maximum annual ice thickness in Kemi is not increasing like the
observed ice thickness in the Kemi station.
4) The volume of ice is decreasing in the entire Baltic Sea and all basins in the modeled
period 1961–2007.
5) Besides air temperature there are many other human induced and non-human induced
factors that affect the ice conditions in the Baltic Sea, for example precipitation and
snow accumulation, windiness and ridging of ice, land uplift, increasing winter
navigation and new power plants.

In future, the speed of change may come faster as the climate is warming. The length of ice
season will become shorter. In Utö, the probability of ice occurrence will decrease and
possibly ice free winters will occur in Loviisa, too. The development of ice thickness will
probably decrease in Kemi, too, but at least in Loviisa ice thickness will have the decreasing
trend in the future as well. The volume of ice will continue to decrease in the entire Baltic
Sea and in different basins. The reasons behind the decreasing trends should be examined in
detail to find out how much the different reasons really affect. By developing the model,
more reliable results will be available. The uncertainty of observations makes models to a
better tool to analyze the real changes in the Baltic Sea.
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