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Abstract

Over the last hundred years, the annual maximunaxtent in the Baltic Sea has
varied between 12 and 100% of the surface arebeo6eéa, and the number of
days with ice has fluctuated between zero and ab@ialong the Estonian coast
of the Gulf of Finland. Apparently, variations itei conditions have a strong and
diverse influence on hydrodynamic processes. Timeddithe paper is to analyse
the influence of sea ice on the waves, currents ewabstal processes. Ice
conditions are also closely related to the issdeshipping safety and pollution
spread in oil spills. The study is based on metegical and ice data gathered
by the EMHI, measurements of waves and currentsgusie RDCP complex,
and wave hindcasts. The hydrodynamic observati@momned in the mouth
section of the Gulf of Finland in winter 2009/1008fed somewhat weaker
currents during ice cover, but the density-drivetuarine circulation was still
rather efficient. The waves were absent when theleviqulf (measuring site)
froze over, but when the sea was only partiallyeced with ice, the waves just
decreased as a result of decreased fetches frotaincavind directions. In
addition to the solely meteorologically forced waviadcasts, versions of the
calculations with “ice mask” were produced for theriod of 1966—-2008. The
ice correction considerably influenced the trendanfiual mean ice statistics.
Detecting, tracking and combating of oil spills angore difficult in ice
conditions.
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1 Introduction

In the Baltic Sea, ice conditions vary greatly witthe seasonal cycle as well as
interannually [1]. Over the last hundred years, dhaual maximum ice extent



has varied between 52 000 and 405 006 (i®., 12—100% of the surface area of
the sea) [2], and the number of days with ice hastfated between zero and
about 160 along the Estonian coast of the GulfiolaRd [3] (Fig. 1). In the 20
century, the Baltic Sea was almost entirely icedabun 1939/40, 1941/42,
1946/47 and 1986/87 [2]. On the other hand, theae very little or practically
no ice in the Estonian coastal waters in 1948/4%50161, 1988/89, 1989/90,
1991/92, 1992/93, 1994/95, 2007/08 and 2008/09sant winters have become
twice as frequent as in the middle of the"2€entury [3]. Apparently, the
variations in ice conditions have a strong influenboth on marine
hydrodynamic and water exchange processes, asaselh economic behaviour
of coastal communities, including fisheries andigation.

Ice conditions are also closely related to ifmies of shipping safety and
possible spread of pollution in case of accidesypills [4,5]. The Gulf of Finland
is a sensitive brackish water area, which has sofiibe busiest cargo and oil
shipping routes in the world. In 2010, the amouhtransported oil could be
estimated at nearly 200 million tons in the GulfFafiland. Despite improving
navigation measures, there is a growing risk fordiantal spills [5].
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Figure 1. Map of the study area with locations iof situ measurements and
wave hindcast marked by “RDCP(1)” for the Neugrifaksi site
and “RDCP(2)” for the Letipea-Kunda site. The backmd shows
the ice conditions on 12 January 2010 accordintpedice charts by
the SMHI. Dashed arrows exemplify restricted by amver fetch
directions and the solid arrow represents a notmice=d fetch.



The aim of the paper is to analyse the influencseafice on the waves, currents
and coastal processes on the basis of oceanograpba&surements and
modelling performed in the practically tideless tiRaSea. We also discuss the
issues of coastal zone management and pollutiotratoim the changing ice
conditions.

2 Material and methods

2.1 In situ measur ements of waves and currents

The study is based on measurements of waves anehtaiusing the Doppler-
effect based current profiler (RDCP) in the twodtions of the Gulf of Finland
in 2006-2010, wave hindcasts, and some hydrodynamoidelling experiments
performed and reported by ourselves earlier [9y&}st importantly, extensive
data were obtained in the Neugrund Bank area (89%71IN; 23° 29'33"E, Fig.
1) during 20 November 2009 — 24 April 2010. Thetdot mounted RDCP-600
(by AADI Aanderaa) was moored to the depth of agjpnately 15 m. Over 155
days and under various ice conditions, it provithedirly data on currents at
seven depth layers (without cell overlap), waveapaters, sea level variations
and water column properties. Similar measurementetipea—Kunda area (Fig.
1) in 2006-2009 were more thoroughly described7in Iih this work, we only
used data on long-term wave hindcast from that site

2.2 Meteorological and ice data

For describing the meteorological conditions durihgin situ measurements at
Neugrund and to force wave model, we used data fiteen meteorological
station at Pakri (59° 23'22”N; 24° 02'24"E). Bajrjust about 30 km to east, it is
the closest station to the mooring site. For thiégpkea site, we used the wind data
from Kunda station (59° 31'04”N; 26° 32'43"E), abt 10 km to the west. Both
stations are operated by the Estonian Meteorolbgicd Hydrological Institute
(EMHI). The digitized wind data are available sint®66. Winds have been
measured by “weathercocks” (wind vanes of Wild'sige) during 19661976,
automatic anemorhumbometers during 1976-2003, aid8+520 automatic
weather complexes since September 2003. The ohltearid the database have
been slightly corrected for homogeneity followirnte tprocedure described in
[8].

For ice conditions, we used observationaldat gathered by the EMHI, as
well as daily (during ice season) ice charts (sgethe excerpt in Fig. 1), which
are available from the websites of the Swedish brelegical and Hydrological
Institute (SMHI)[9], Finnish Meteorological Instiel(FMI), and the EMHI.

2.3 Wave hindcast

To study the influence of sea ice conditions on egawe performed a wave
hindcast with a semi-empirical SMB-type wave moddie SMB-model, also
called the significant wave method, is based orfeteh-dependent equations of



Sverdrup, Munk, and Bretschneider [10]. Based omdwdata, it calculates the
significant wave height (§, wave period and wavelength for a chosen location
As the role of remotely generated waves (swelnisll and the memory time of
the wave fields in the Baltic Sea is relatively ghd], this relatively simple
method can deliver reasonably good and fast resultthe study area [7,8]. A
comparison of hindcasts between the SMB model dfdyéheration WAM
model [11] showed that such SMB-type models carused for site-specific
long-term hindcasts, despite their limitations.
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Figure 2: Variations in measured and modelled wave heighasnf20 Nov.
2009 to 23 Apr. 2010. Periods of restricted fetchied ice cover are
marked in the upper parts of the figures (b,c). Titet 40 days (a)
served as the calibration period for the SMB waweleh



The first 40 days of the full mooring (Fig. 2a) &l as a calibration period for
the model. The calibration was done by prescrilfireg, modifying geographical
“true”) fetch distances for different wind direati® and by attempting to
minimize the differences between the modelled amésured series. For more
details on the procedure, also see the paper big&arat al. in this volume [12].

In icy conditions, we compared the actual veateethe modelled ones, which
ought to happen under the same forcing condititms, without ice. At the
Letipea site, the model was calibrated separatgilyguthe Kunda wind data and
Letipea wave measurements [7], and was further usetllti-year (1966—-2008)
wave hindcast at a 3h interval. Afterwards, a tohe@endent “ice mask” was
applied on the hindcast and a new set of annuakveatistics was computed,
showing the influence of inter-annually varying i@®nditions on wave
climatology and coastal processes.

3 Resultsand discussion

3.1 Influence of ice on waves

After the first 40 day calibration period, the mbderformed adequately in ice-
free conditions (in days 40-50 and 145-155), betrtiore the gulf froze over,
the larger the differences between measured ancelieddseries grew (Figs.
2,3). By February 2010, when the ice covered thasmeng site (Fig. 4), the
waves were practically absent. But when the seaombspartially covered with
ice, the waves just decreased as a result of steatrtketches from certain wind
directions (see also the graphical explanationign ). The influence was larger
in NE and N directions (Fig. 3), where the fetctugtion was the largest in that
winter. It was smaller for westerly directions, ilitite site was fully covered up.
The influence of wave height reduction on ldegn wave statistics, coastal
processes and pollution combat issues is discussdthpters 3.3 and 3.4.

3.2 Influence on currents

The average measured sub-surface (1-3 m) curreatdgmodule) was 9.8 cm/s,
and the maximum reached 36 cm/s in this locatidre $peed decreased with
depth, being just 6.4 cm/s as an average in thebwtom (12-14 m) layer. As
expected, both the hydrodynamic observations pmdr with the RDCP in
winter 2009/10, as well as hydrodynamic simulatishewed somewhat weaker
currents during ice cover. The ice eliminates wimlliced momentum input
from the sea surface, but mainly density and seel lelifference driven
components remain. Surprisingly, at the Neugrute, she partial coverage of
the Gulf of Finland by ice virtually did not affetite flow magnitudes (Fig. 5).
Just the dependence between wind forcing and dumels weaker than in
entirely ice-free conditions. The scatter was laigacy conditions (for both full
and limited coverage). The so-called wind coeffitizvas about 20% smaller
with full ice cover (Fig. 6). This means that therrent is indeed somewhat
weaker below the ice cover, but not that much a&smight expect.
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Figure 3: Variations in measured and modelled wave heightswimd speeds
(b) and directions (c).

Apparently, the estuarine, density and seel ldifference driven circulation
is still rather important in the mouth section d¢fetGulf of Finland [1].
Somewhat differently, our previous flow measuremmantthe Suur Strait (near
Virtsu, Fig. 1) in 1993-96 showed considerably vezadurrents below the ice
cover. The velocities were typically around 10 cmith the maximum value of
36 cm/s, whereas velocities up to 80—100 cm/s Wergently measured in ice-
free, stormy conditions [13]. Over a winter, the dulled integral volume
transport through the strait constituted only d,hahen the Gulf of Riga and the
Archipelago Sea were covered by ice [13]. In fdlag currents in the funnel-
shaped straits are partly generated by wind stesspartly by the sea level
difference between the strait’s ends (which in tisralso generated by wind). In



icy conditions, both the direct wind stress and sea level fluctuations are
suppressed.

3.3 Influence on coastal geomor phic processes

In the practically tideless Baltic Sea, the maimioglynamic forces acting on
seashores are waves and (infrequent) storm sufigigs Ife can directly be a
geomorphic agent as well when wind-driven and bndke masses attack coasts
and form ice ridges [15].

However, more often the ice cover protectsstofrom waves and hampers
possible surges during cold and stable winters.eRewitalization of coastal
processes in the West Estonian Archipelago is ssggpto occur as a result of
increased storm surge and wave heights in one H&nd7], and more frequent
absence of protective ice cover in the last decadesher hand [3]. While near
Vilsandi (Fig. 1) both high sea level and high waxents are increasing [16],
the wave heights are probably decreasing alongntittherly exposed North
Estonian coast as a result of northward shift wfcespheric pressure systems [7].
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Figure 4. Excerpt from the ice chart by the SMHI [9] on 17bReary 2010
close to the maximum ice extent for the ice se&i9/10 (see also
Figs. 1,2). The distance from the Neugrund meaguaimd modelling
site to the ice edge was approximately 90 km.
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Figure 5: Variations in measured current speeds at the 3-depth in 20
Nov. 2009 — 7 Feb. 2010 (a) — 23 Apr. (¢) and apoading wind
speeds (b,d). Periods of partial ice cover (“retgd fetches”) and
full ice cover are marked (on a,c).
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Figure 6: Relationships between wind and current speeds
(averaged over 5 days periods) for icy and (emticel
partially) open water conditions.
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Figure 7: Decadal variations in average (a) and maximum @ues of
annual significant wave height data as a comparisetween
meteorologically forced hindcast and the hindcaish vwce mask
applied in the periods with real ice cover in thetibea-Kunda
region of the Gulf of Finland.



Compared to the West-Estonian coastal sea, th@pdaetunda coastal area is
also more influenced by variations in ice condisipand particularly by the 20—
40 days (according to linear trend over 1949-2Qf®)ease in number of ice
days [3]. In addition to the solely meteorologigafbrced wave hindcast, a
version of the calculations with “ice mask” was giwoed for the period of 1966—
2008. The ice correction influenced the annual mearstatistics and the trend
became less steep (Fig. 7a). But the variatiormimual wave maxima remained
practically the same (Fig. 7b). Evidently, strorigetnds (and waves) mainly
occur during cyclonically active and ice free wistewhereas ice cover may
develop only during anticyclonic, calm and cold t&imweather conditions.

3.4 Influence on pollution spread and oil spill combat

According to the analyses compiled for the BalteaSy HELCOM [4], the
relative frequency of wintertime shipping incidentbere oil spill is involved
may be about 10 times higher than in summer (iee}frronditions. The last
major shipping accident in the Gulf of Finland oced in March 2006, when
the cargo ship Runner 4 sank after colliding in ¢aeavan. Due to severe ice
conditions, the spill was difficult to detect, tkaend combat [18].

DeColaet al. [19] suggest that the nature of the ice tendsotmidate other
factors in impacting the behaviour of oil afterpllsice coverage below 30% is
not believed to significantly impact oil behavioatthough it has been observed
to impact oil spill recovery activities. Howevehet 30% ice coverage or greater
will significantly impact the behaviour of spilleall. Authors argue that due to
the density difference between oil and water, sg@ilbil will likely rise to the
surface of slushy oil and ice mix while the oilgpeed under ice may freeze and
remain there as it cannot evaporate. Consequehéygil is moving with the ice
until the spring melt and may ultimately be relehseme distance from the spill
site. It has been reported [18,20] that oil reldaseder fast or pack ice will not
spread as evenly as it might on the water surtheeabsence of direct wind drag
and the rough underside of the ice will cause tth@¢oopool in some places,
unless the current is strong enough to keep thenoiling. It has been shown
that the sea current must exceed 0.20 m/s, undam the smoothest ice, to
produce substantial relative motion of the oil. ©nite sea current speed
reported by this study (Fig. 5) exceeds 0.20 mlfg oocasionally and would not
cause significant under-ice oil movement.

A key finding from the latest field-tests wdmat although different types of
crude oil would behave in different ways followiag oil spill, in general oil
breaks up and mixes with water much more slowlAictic conditions and the
presence of pack ice can provide a natural bawieil movement, thus acting as
a system of natural booms that can prevent theroih spreading over an
excessively wide area [21]. On the other handa# been stated that the slow-
weathering phenomenon, a consequence of relativelyvater temperatures and
low levels of wave action, would extend the timadéw during which some oil
recovery techniques could be applied. Thus, oneeiill is detected, it will give
responders more time to plan their actions and naoyenecessary equipment to
the response site.



4 Conclusions

Ice can influence coastal processes directly (m@ch#y), but more important
are the indirect influences by reducing or elimimgtwave heights, hampering
storm surges and reducing current speeds. Thesirdlion currents and water
exchange processes may be larger in the straitedfVest Estonian Archipelago
Sea and it is smaller in the mouth section of théf Gf Finland, where estuarine
circulation can be rather efficient even below éower. As ice conditions in the
Baltic Sea have become milder than about 50 yegwsthese gradual changes
have also influenced long-term wave statistics.

In icy conditions, shipping safety decreased ail spills are more difficult to
detect and combat. The rough underside of the scally causes the oil to pool
in some places, unless the current is strong endogkeep the oil moving.
Under-ice sea current reported by this study exx@20 m/s only occasionally
and would not cause significant under-ice oil mogam
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