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ABSTRACT

The aim of this study is to describe high resolutsea ice dynamics in relation to wind
forcing using the bottom-track facility of the ADGIdd icebound drifter buoys. The ADCP
detects the presence and movement of the ice paellyl at the installation site while the
drifters provide data on the spatial movementscefpacks. The instruments were deployed
along a rough cross-section of the Gulf of Finlahdm Kunda to Kotka. ADCP
measurements were performed in the most southewatido (59.7 N, 26.4 E) from 12
January-27April 2010. With steps of about 15 nnth@® north, two groups of three and two
drifting buoys were released on 8 March. The ralewaind data were obtained from the
meteorological station on Vaindloo island. In wm&009-2010 the Gulf of Finland was
covered with drift ice and ice-conditions were hygtlynamic. Detection of ice cover and ice-
free periods based on ADCP bottom-track error yBlo@lues was successful. The rms of
bottom-track error velocity for the ice cover pelsovere about five times smaller than those
for the ice-free periods. Altogether five perioddag cover presence with a duration from 6-
12 days were determined at the measurement localoeabound drifters revealed ice
dynamics similar to those detected by the ADCP riurihe measurement period. The
alternations of ice conditions, from both ADCP aiifter data, were in accordance with
MODIS satellite images. For the ice cover periodMarch (sub-period C) the correlation
coefficient between low-frequency wind and ice tdspeeds was as high as 0.91. In
accordance with other ice studies, the mean icghto- speed ratio was 3.7% and the mean
deviation of ice motion to the right from the ditiea of the wind vector was 26 degrees.

INTRODUCTION

One factor influencing navigation conditions onetatively small timescale is ice dynamics,
which causes rapid changes in compressive fordessel in turn, act upon a ship’s hull on a
small scale. With this study we aim to describe tingh resolution sea ice dynamics in
relation to wind forcing by using the bottom-traf@cility of the ADCP (Acoustic Doppler
Current Profiler) and icebound drifter buoys. ThB@P detects the presence and movement
of the ice cover locally at the installation sitéhwa high temporal resolution of 10 minutes.
The drifters provide data on ice movement with mpgeral resolution of 15 minutes and
spatial resolution of less than 10 metres. Suchsarements are very rare in the Baltic Sea as
well as the Gulf of Finland, which is known as aleaaof intensive ship traffic. The gulf has
an elongated form — 330 km long and 80-100 km wid&d the main shipways along the gulf
are for tanker traffic and across it for passersigp traffic. The presence of ice cover sets
special requirements for navigation, both on thestrmiction of the ships and their behaviour



in ice, as in many cases merchant ships need mliedrassistance. Operations where several
ships are involved and relevant navigation prirespare very different from those in open
waters also require detailed knowledge of ice dimmi and their variability in the area
surrounding ship operations. For these reasonsyledge of local ice dynamics is essential.
With this study we are focussing on experimentdarmg local ice dynamics in the central
part of the basin in a west-east direction, bemsigive to certain wind forcing patterns and
directions rather than all wind directions. The BPptbject SAFEWIN, which deals with
studies of ice compression and its forecastinthadramework of our study.

Earlier investigations of ice dynamics and drifttie Baltic Sea have been based on surface
drifters and SAR satellite data over relatively shperiods (Leppéaranta al., 1998), (Uotila,
2001). There are more recent ice drifter experisié&@gting two months and more in the Gulf
of Finland and the Gulf of Bothnia from 2010-20BAFEWIN data reports), but these data
are not well studied and at this stage describg geheral patterns of ice drift in the gulfs.
There are also recent observations from 2003-26852810-1011 using an airborne Electro-
Magnetic (EM) sensor to measure ice thickness Wwith spatial resolution (EU projects
IRIS, 2003 and SAFEWIN, 2010-2011). These data ptswide a high-resolution overview
of local ice properties, like the thickness of leiee, ridge height and ridge density, but
unfortunately are fragmentary in time and expengivearry out.

Bottom-mounted upward-looking Acoustic Doppler @mtr Profilers (ADCPs) have been
successfully used for a couple of decades at difftedepths and in different parts of the
world’s oceans. The primary purpose of an ADCPoisrteasure the vertical profiles of
currents, but there are also studies for the mongoof ice cover (Belliveawet al.,1990;
Visbeck & Fischer, 1995; Strass, 1998; Shcherbéhaal., 2005). This measurement
technology has become more important as effortebigerve the remote polar seas have
increased due to their critical role in the gloledimate system. In our case, with this
instrument we were able to monitor the ice dynapmaperties that are most critical for
shipping, creating knowledge for analysis of corspiee ice phenomena.

Local ice dynamics form a basis for the developnoéimte compression and wind is the main
forcing parameter in this highly variable proce$be Gulf of Finland is tailored to the
development of ice compression with its elongateaps: the wind blowing along the gulf
produces much more intensive compressive situatioas the wind blowing across it. The
sea area off Kunda, in the middle of the Gulf ail&nd, is known for severe ice conditions.
The dominating ice type is drift ice, which heaviliglges around small islands and the
shallow sea in the area. Westerly and easterly svandate ice compression here which acts
on ships; icebreaker assistance is therefore neeaeed or less permanently during the ice
season. Based on these circumstances, this areseladed as the location for ADCP
measurements of local high resolution ice dynamiibe Gulf of Finland freezes to a greater
or lesser extent every winter, starting from thallsver and fresher eastern part. Mean ice
thickness varies depending on the severity of titewand is typically 30-80 cm in the case
of level ice (Lepparanta & Omstedt, 1990). The maetype in the gulf is drift ice; fast ice
only forms in limited areas along the coast landirfaom the 10 m isobath (Granskeial .,
2006). The shape of the gulf has a remarkableenfia on the ice regime — it is large enough
for the wind forcing to overcome the ice strengii,ce ridges during strong wind events and
compressive ridges are formed (Uotila, 2001; Leppé, 1981). Ridges are typically 5-15 m
to a maximum of about 30 m (Lepparanta & Hakal®2)9The wind pattern is not uniform
across the basin because of its elongated shapereaigs a kind of ‘wind tunnel’ along the
gulf (Soomere, 2003). The size of the gulf is ie&y small compared to the typical scale of



atmospheric low-pressure systems. Hence, pressutecampressive ridges are primarily
formed on the windward side of the basin and leadgormed on the upwind side.

The outline of this paper is as follows: in Chaptiean overview is provided of the data,
measurements and data processing methods; Chipteedents results and discussion; and
Chapter IV sets out the main conclusions and ouésoof the work.

MATERIAL AND METHODS

Ice drift and deformation parameters can be momitarsing drifter buoys which are frozen
into the ice and follow its movements. Buoys peically record their position and transmit
data to the shore. There are several constructmnsuch buoys, from large ones installed
using a helicopter to smaller ones that can ballest manually. In our case we used compact
drifters developed by a local engineering compdimng buoys are around 1 m long, with a
diameter of 11 cm and weighing around 10 kg. Thaggmit data at intervals of 15 minutes
to two hours, which can be set remotely duringdfiekperiments. Data are transmitted in real
time via GSM networks, using a GPRS protocol, deflular service is available. If a GSM
service is not available the positions of the buases still recorded on a memory card and
transmitted once the buoy returns to area with GeWMice. So even if a drifter is lost, data
can be retrieved. Altogether five drifter buoys serstalled during the R/V ARANDA cruise
in the Gulf of Finland in 2010. The main study ase#ected was between Kotka and Kunda.
The period of the experiment was 66 days (8 Makthvhy). The buoys were launched in
two groups — buoys 3, 5 and 6 in the middle ofgh around 15 nautical miles north of the
ADCP station, with a maximum distance between buwdysound 2 nautical miles.

Table 1. Summary of drifter experiment in Gulf ahlend

Buoy | Date & Time | Lat (N) Lon (E) Distance| Drift Drifting | Drifting
no. (UTC) from (km) Speed | period
start/end launching (average,| (days)
point (km) m/s)
3 08/03/2010 | 59°56.46 | 26°4.66" 44.9 223.2 0.09 14.26
13:30
22/03/2010 | 59°42.43" | 26°44.25
19:39
5 08/03/2010 | 59°56.92" | 26°9.14" 46.8 79.6 0.09 7.13
16:46
15/03/2010 | 59°52.20" | 26°58.77"
20:00
6 08/03/2010 | 59°58.75" | 26°1.32" 68.2 559.7 0.11 66.57
17:30
14/05/2010 | 60°23.22" | 26°56.38"
07:18
8 08/03/2010 | 60°14.76" | 26°38.29° 87.8 447.9 0.08 60.56
17:30
14/05/2010 | 60°30.81" | 28°7.54"
07:18
10 08/03/2010 | 60°14.75" | 26°38.28" 66.1 233.6 0.08 43.24
17:30
14/05/2010 | 60°16.87" | 27°49.59
07:18




Buoys 8 and 10 were launched even further to thithparound 32 nautical miles from the
ADCP station. In order to use the information relear by the drifters (ice drift properties) a
web-based user interface (http://on-line.msi.tiigy@@ap/) was built where the positions of the
buoys and their movements were visible in real tikieummary of the drifter experiment is
given in Table 1.

The ADCP was deployed in the central part of théf GuFinland from 12 January-27 April
2010. The observation site (59°42.09 N, 26°24.23épth 63 m) was located in the deep
basin extending south-easterly towards Kunda Beyral 15 km from the coast (Figure 1).
We used a 307.2 kHz broad-band ADCP (Workhorseil8#nRD Instruments) deployed on
the bottom with a trawl-resistant Barnacle 60P fptat. The ADCP was configured to
measure bottom-track (BT) velocities with a sanglinterval of 10 minutes (an average of
five high-frequency pings).

Relevant data on wind, which is the main force @e idrift, were obtained from the
meteorological station on Vaindloo island (59°49626°21.60 E) around 7 nautical miles
north of the location of the ADCP. Wind is measuat@ height of 32 m and wind parameters
as 5-minute averages and maximums, where the n&gpst interval is also 5 minutes.

In order to measure the properties of the localdgeamics the bottom-track (BT) option of
the ADCP was utilised. In this case, the ice casetracked from below with an upward-
looking ADCP mounted on the sea bed. Bottom-tragkmthis mode enables the surface of
the sea to be monitored i.e. the reflected sigrmahfthe underside of the ice can be used to
determine the ice velocity. BT output includes eg@lp components, error velocity and depth
(the distance from the instrument’s head to théase). The BT velocities have a single-ping
accuracy of a few mm/s; the depth resolution isragmately 0.1 m. The four-beam
geometry of an ADCP allows two independent verticalocities to be computed. The
difference between these two vertical velocitietedeines the error velocity. If the flow field
is homogeneous, the difference will average outeto. To place the error velocity on a more
intuitive footing, it is scaled so as to be compéao the variance in the horizontal velocity.
In other words, the error velocity can be treatedia indication of the standard deviation of
the horizontal velocity measurement8T error velocity (characterising instrument
performance and data quality) is the main paranadscribing the presence of ice cover, as
in this case the error velocity reduces signifibant

Generally obtained data were continuous, but sigesifort periods of missing BT velocity
data were detected, during both the ice formatiwesp (around one week in January) and the
ice break-up stage (nearly three weeks in March)il&\the data quality of the rest of the
measurement series was good, we attribute the ngiskata to distorted backscattering of
acoustic signals from unstable new ice formatiotike-frazil, brash ice and slush — while the
ice is forming. During break-up, the rising air f{@@nature and even more sunlight cause the
ice to fill with more and more of the surroundingawater. Thus, the density of the ice
becomes very close to seawater, which probably edsses distorted backscattering of the
acoustic signal.

BT velocity time-series for each ice cover periodravfirst filtered with a 1-hour moving

average filter and then decimated to obtain howdiues for further analysis. The same
procedure was applied to the time-series for wiat. low-frequency analysis all data series
were filtered with a 36-hour moving average filt8uch a low-pass filter window was chosen
to remove inertial oscillations (period: 13.9 hquaad seiche-driven oscillations with typical



periods in the Gulf of Finland of around 26 houfdefius et al., 1998) as well as other
variability components higher than the seiche fezpy.

Obtained from the ADCP data, the time-series of éfor velocity for the ice periods in
March are given in Figure 2 and serve as a basifufther analysis and discussion. As we
focus on ice cover periods which have parallel diata both types of measurements in this
paper, we do not discuss ice cover periods A afrdi January and February.

RESULTSAND DISCUSSION

General characteristics of ice dynamics derived from icebound drifter data

Characteristic to this particular ice season is @iriea was a mean drift speed of around 0.1
m/s as well as a long distance of drift by thedaeng the ice season (up to 560 km, see Table
1). The latter clearly indicates that drift ice vitae dominant ice type in this case. The most
prominent movement of the ice according to thetehsf occurred between 10 and 13 March,
when strong NW winds pushed most of the ice mas® fthe northern coast of the Gulf of
Finland to the south-east, towards Suursaar (Gdyland Narva Bay. This massive ice drift
is shown in Figures 1a) and b); these also marknitial positions of the buoys and their sites
after the strong winds died down. The drifters seagied the highest drift speeds for the entire
measurement period during this event — up to 0s/ After this event the drifter speeds rarely
reached 0.3 m/s, posting an average of around 1 m

| ce cover periods derived from ADCP and MODI S data

In the following, the time-series of BT velocity carBT error velocity are analysed to
distinguish periods of ice cover and open wateinduthe measurement period. The primary
feature to be determined in the measured datassare periods with ice and no ice on the
surface of the sea and periods with higher and daadability of BT error velocity. Longer
and more stable ice periods throughout the ADCPsorement time-series are marked with
the letters A, B, C, D and E. Coinciding with bumgasurements are ice cover periods C, D
and E. BT error velocity is known to be a good twotlifferentiating between ice and open
water above the instrument (Belliveetual., 1990; Bjorket al., 2008). Further interpretation
explains that lower variability periods mean thegance of ice cover on the sea. Ice and non-
ice periods were validated using MODIS (a MODerateaging Spectrometer, NASA)
satellite imagery — in Figure 2 the red dots makk dates when ice was observed in the area
and the blue dots when ice was not observed. Biftace situations according to the MODIS
imagery are presented in Figure 4 for ice coveiopsrC, D and E, which show how dynamic
the ice conditions were in the Gulf of Finland ahgrthe period of our study.



N

“a) 25February 2010 b) 16 March 2010

Figure 1 a) MODIS satellite image of the eastemt pbthe Gulf of Finland from 25 February
2010 showing ice conditions immediately prior tetailation of the drifter buoys. The initial
positions of the drifters are marked with red ddtse location of the ADCP is marked with a
red cross.

b) MODIS satellite image from 16 March 2010 showing conditions after a strong NW
wind event, when the ice drifted massively to thé $aking the drifter buoys with it.

Thus, a total of five periods with ice cover wertatted during the observation period using
the method described above. The standard deviabioB$ error velocity within the ice cover
periods were 3-5 times smaller than in open waiaditions.
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Figure 2. Bottom-track error velocity during the tdla period. Shaded areas with labels C, D
and E show the periods where ice was detected alhevADCP. The timing of available
cloud-free MODIS images confirming the ice (redgjoand open water (blue dots) at the
measurement site is shown above the x-axis.

Ice conditions in the Gulf of Finland are very dgmea. Unmovable fast ice forms only in the
coastal zone; offshore drift ice is the dominaettigpe. Ice conditions in the gulf as a whole
are highly dependent on the wind regime. If wegtevinds dominate, the ice is pushed
further and further to the east, which createdixely stable ice cover consisting of compact
and very compact drift ice, and also layer andeidg, which can almost be as stable as the
fast ice in the coastal zone. There can also k& &ites of ice compacting — one such sea area
being the area where our ADCP measurements were,mnfdunda, near the Uhtju islands.



These small islands restrict the eastward-moviegnass and heavy ridges form, which then
freeze together and form a stable ice cover. A NMbtvis the most favourable in pushing ice
formed on the Finnish coast towards Kunda. As tiréase roughness of ridged ice is much
higher than that of level ice, stronger southectaewninds can still break such ice cover and
transport the ice mass northward again to the Bimwibast. This is comparably easy, as
frequently there is open water or young ice onRimnish side. These effects of wind forcing
caused an interchange of ice periods and open watauar study area (Figure 3). The leads
seen in Figure 3 on the north and south coastseoGulf of Finland made the fast alternation
of ice regimes at our ADCP mooring site possiblee Tharacteristics of leads and their
importance to ship traffic are thoroughly discus&edhe region in Parn and Haapala (2009).

Figure 3. Three cases of the ice situation in théf Gf Finland corresponding to the ice-
covered sub-periods C, D and E. The ADCP measuresitnis marked with a red dot
(origin of images NOAA, processed by Dr. Liis Sigpes).



I ce dynamics on a smaller time scale

BT velocity was used to determine the hourly avedagelocity of ice drift from time-series
of bottom-mounted upward-looking ADCP. These datarenconverted to eastward and
northward distances and compared with the simuttasiérajectories of the buoys (Figure 4).
The drift ice period C revealed that in both locas (that of the ADCP and buoys 5 and 6) the
ice drifted quasi-coherently. However, closer te Houth coast (the ADCP location) the ice
drift speed was higher than in the middle of th#.dtharacteristic of ice cover period D is
that at all three measurement sites across thetlgaiiice was drifting differently. Namely, in
the middle of the gulf the ice was barely moving i@s doing so in a circular motion) and
relative to that location in the northward and beord locations the ice drift had similar
velocities but in different directions. During icever period E in the most southerly location
the ice drift was completely different from thattire middle and northernmost location. The
latter two cases reveal similarities in drift tiitmries. The observed patterns of hourly
averaged ice drift are probably the result of the tompactness of drifting ice (the presence
of leads either close to the southern or northeastcof the gulf); the latter makes ice drift
highly mobile in a changing wind field. The driftelocities of sub-period C for both
instruments show similar direction frequency andeshdistribution (Figure 5), but the ADCP
data show slightly higher velocities.

I ce drift velocity in relation to wind speed

The scatter plots of ice drift versus wind spedegure 6) and vector correlation coefficient
introduced to physical oceanography by Kundu (KyntRi76) were used to elucidate the
response of the ice drift to the wind forcing dgrine cover period C. The magnitude of the
coefficient measures the overall correlation of de#t and wind vector series and the phase
angle between these two vectors displays the aggrhgse angle between the ice drift vector
and the wind speed vector. The scatter plot redealgood relationship between ice drift
speed and wind speed values during ice sub-perjdalCthe character of the relationships
still varied within the sub-period. Namely, twoder fits display two different ice spees
wind behaviours during sub-period C: the thin Iprebably represents a situation where ice
drift was already well developed; the bold line tteveloping face of the ice drift. Another
explanation is that at the beginning (the thin)liakthe ice period the drift ice arriving in the
measurement site was more dynamic because its moaten was low. If wind forcing
continues and the ice concentration grows, lessilenad® cover is observed. Ice period A
revealed that, similar to the early part of the pegiod, at the end of the period the ice drift
speed also increased (not shown).

The averaged ratio of the ice drift speed to thedwspeed was 0.037, which is about two
times greater than the normally estimated ratiocwfent speed to wind speed. These ratios
are in accordance with earlier estimates. Typic#tlg ratio can vary between 0.02 and 0.035
depending on the roughness of the ice: the lowevedpresents a smooth ice surface and the
higher value deformed ice cover (Lepparanta, 2008).comparison, an ice/wind speed ratio
of 0.03 was estimated in the northern part of tlwethBian Bay (Bjorket al., 2008). The
correlation between the wind and ice drift vectwes very high: 0.91. The heading of the ice
drift vector to the right of the wind speed vectaais, on average, 26°. Typically, the angle
value is 30° in the case of free ice drift (Thokedk Colony, 1982). As the dimensions of the
Gulf of Finland — especially its width — are notgle, free drift could be very short-term, and
most of the time the morphometry of the coast pysajor role in the local ice dynamics, as
it did at our measurement site. Similar measureserade in the Bothnian Bay produced a
turning angle of ice drift compared to wind directiof around 10° (Bjorlet al., 2008).
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Figure 4. Progressive vector diagram of ice dynanfic ice cover sub-periods C, D and E.
The starting point of the buoys and the ADCP curuectors are shifted together. The buoys’
trajectories with gaps in data coverage are nqiayed.
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Figure 6. Scatter-plot of the low pass-filteredtgfi cut-off: 36 hours) ice drift and wind
speeds for ice period C. The thin line is the limfgefor the early part of the ice cover period
and the bold line for two later consecutive periadgkh rising winds (wind speeds of up to 16
m/s).

CONCLUSIONS

The use of the bottom-track function of the ADCRdrae popular during the last couple of
decades (Belliveast al., 1990; Visbeck & Fischer, 1995; Strass, 1998; Shuharet al.,
2005) as, laying on the sea bed, it is protecteh fdirect influences occurring on the water’s
surface and (most importantly) from the impact lué ice itself. Another advantage of this
method is that it makes it possible to obtain mesments of ice dynamics with high
temporal resolution. The analysis of ice movementng three different datasets
simultaneously (MODIS satellite images, driftingoys and ADCP ice drift data) in a
relatively small sea area allowed us to conclude the ADCP bottom-track facility is a
reliable tool in detecting ice cover periods arsl ritain dynamic properties, such as drift
speed and pattern of movements. The main focushief dtudy was the application of
combinedin situ measurement technology consisting of ADCP, dsfi@nd satellite data in
the Gulf of Finland conditions, in a sea area wiitlensive winter traffic of ships and ships
frequently becoming stuck because of ice comprasgis ice compression has a local scale,
we concentrated on fine scale ice dynamics ableetderived from the methods used. The
analysis of experiment data revealed the natuieeoflynamics characteristics in the middle
of the Gulf of Finland. Namely, the frequent altran of ice cover periods with open water
periods was possible due to the presence of leadiseonorth and south coasts of the Gulf of
Finland and frequent changes in relevant wind tdoac A total of five periods of ice cover
with a duration of 6-12 days were determined atntfeasurement location. During ice cover
sub-period C three instruments (buoy 5, buoy 6taedADCP) showed the most frequent ice
drift direction as coinciding, indicative of homagmis ice drift in the middle of the Gulf of
Finland. The speed of ice movement was well caedlavith the wind data measured nearby.
For the ice cover period in March (sub-period G tlorrelation coefficient between wind
speed and ice drift speed was as high as 0.91aVémged ratio of the ice drift speed to the



wind speed was 0.037, which is about two times dnighan the usually estimated ratio of
current speed to wind speed, but still in accordamith other ice studies (Bjort al., 2008;
Leppéaranta, 2005). As the width of the Gulf of Bimd is not large, the mean deviation of ice
motion to the right of the direction of the windcter being 26° was lower than the reported
30° for free drift (Thorndike & Colony, 1982). Thetudy concludes that the bottom-track
option of the ADCP applied in detecting ice covsra reliable tool for high resolution
monitoring of ice conditions. Ice-bound driftersopide a wider spatial dimension to the
dynamics of ice conditions.
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