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ABSTRACT

A bottom mounted ADCP has monitored the ice motion and thickness in Bothnian Bay, Baltic Sea during the entire

winter season 2004. The ADCP was deployed at 20 m depth at Falkensgrund well outside the land fast ice zone. The

data shows that the ice motion is primarily driven by the wind but with a clear influence of internal ice stresses. The ice

stresses become more dominant as the ice grow thicker with increasing number of observations with nearly stationary

ice for relatively high wind speeds. A clear dependence of the ice/wind speed ratio to wind shifts is detected with higher

ratio in the new wind direction. The effect of strain hardening is also seen in several events as decreasing ice speed,

sometimes to zero, in spite of constant wind speed and wind direction. A rough force balance computation gives a

compressive ice strength of about 9 × 104 N m−2, which is much larger than normally used in numerical ice models.

The ice thickness data show numerous ice ridges with ice draft well above 1 m passing the instrument. The ridges make

up a large portion, 30–50%, of the total ice volume showing that dynamical processes are important for the total ice

production in the Bothnian Bay.

1. Introduction

In this study, we present and analyse observational data of sea

ice drift, currents and ice thickness from a full ice season in the

central part of the Bothnian Bay (Fig. 1). The observations were

made with a bottom mounted Acoustic Doppler Current Profiler

(ADCP) during the winter 2003–2004.

The drift of sea ice is mainly controlled by a balance be-

tween drag forces by the atmosphere and ocean, and internal

stresses acting in-between ice floes and between ice floes and

solid boundaries. When the internal stress is weak the coriolis

force balances drag forces, and the ice motion is directed to the

right of the wind on the northern hemisphere. The relation be-

tween internal stress in a medium, its material properties and the

state of deformation is described by the rheology. The rheology

problem of drift ice is particularly complicated since qualita-

tively and quantitative different laws apply to different packing

densities and thickness of the ice floes (Leppäranta, 1998). One

particularly important rheology parameter is the ice strength,

which is primary a function of the ice thickness distribution

and the compactness of the ice cover (Thorndike et al., 1975).
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Ice dynamics controls the deformation of the ice cover which

in turn generates pressure ridges and open water. The dynamic

processes are therefore intimately connected to the ice thickness

distribution. For confined ice covers such in the Bay of Bothnia

much of the dynamics is controlled by the solid boundaries at

the coast line or land fast ice such that pressure ridges tend to

build up at the windward side of the basin and open water forms

at the leeward side. Better knowledge of ice dynamics and the

thickness distribution has been identified as one of the key areas

where more research is needed in the Baltic Sea (Omstedt et al.,

2004).

The main objective with the present study is to investigate how

the ice motion responds to wind forcing from different directions

and how the response changes due to variations in thickness and

compactness over the ice season. Earlier investigations of ice

drift in the Baltic have been based on surface drifters and SAR

satellite data during relatively short periods (Leppäranta, 1998;

Uotila, 2001). Another aim is to obtain an estimate of the ice

thickness distribution with focus on the amount of very thick

ice in the form of pressure ridges. Sampling the ice thickness

from a fixed position may give observations representing a long

horizontal distance when the ice cover is moving. Ice motion in

combination with thickness measurements from the ADCP gives

a quantitative measure of the ice thickness distribution including

the ridges. The abundance and thickness of ridges are important
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Fig. 1. Map of the Bothnian Bay with positions for the ADCP

observations at Falkensgrund (triangle), meteorological observations at

Rödkallen (star) and sea level observations at Ratan and Kalix (dots).

quantities for navigational purposes and ridges may also make

up a large fraction of the total ice volume. Ridge formation im-

plies a concurrent opening of the ice cover, which can increase

total ice production in the basin substantially compared to ther-

modynamic growth of level ice. Ridges induce form drag that

increases the ice water stress significantly and generate turbu-

lence well below the water surface that may increase the overall

mixing in the upper water mass. Existing data of sea ice thickness

distribution from the Bothnian Bay have been relatively sparse

(Jacob and Omstedt, 2005) but resent observations in 2003–2005

using an airborne Electro-Magnetic (EM) sensor has increased

the amount of data significantly (EU project IRIS, 2003).

Ice charts where ice types are localized and categorized, in-

cluding level ice thickness, are published regularly from the

Baltic Sea and Bothnian Bay (see e.g. Swedish Meteorological

and Hydrological Institute SMHI, www.smhi.se). These charts

are based on satellite and mercantile vessel observations and

gives therefore limited quantitative information of ice ridges (see

Figs. 8–10 for examples).

The Bothnian Bay is the northernmost basin of the Baltic Sea,

see map in Fig. 1. The length of the basin is 315 km, the maximal

width is 180 km, and the surface area is about 36 500 km2. The

maximum depth is 120 m with a mean depth of 43 m. There

is a permanent halocline at about 40 m depth, but the haline

stratification is rather weak. The tides are negligibly small in

Bothnian Bay due to the narrow straits towards the ocean, but sea

level variations due to other processes (mainly wind forcing and

air pressure variations) can be quite large with typical amplitudes

in the range 0.3–0.5 m (Samuelsson and Stigebrandt, 1996) (see

also Fig. 3).

Winters are severe enough to cause sea ice formation in the

Bothnian Bay every year. Mean ice thickness varies depending

of the severity of the winter, but typically level ice becomes

50–120 cm thick (Leppäranta and Omstedt, 1999). Ice forma-

tion generally starts in the shallow coastal areas in the north and

thereafter it spreads into the inner parts. Fast ice is usually found

landward of the 10 m isobath (see Granskog et al., 2006 for a

review of Baltic Sea ice properties). The Bothnian Bay is large

enough for the wind forcing to overcome the ice strength and

the ice cover deforms therefore during strong wind events and

pressure ridges are formed (Leppäranta, 1981; Uotila, 2001).

Pressure ridges are typically 5–15 m to a maximum of about

30 m (Leppäranta and Hakala, 1992). The wind is generally

rather uniform over the basin since it’s size is relatively small

compared to the typical scale of atmospheric low pressure sys-

tems. Hence, pressure ridges are primarily formed on the wind-

ward side of the basin and leads are formed at the upwind side.

Thin young ice is formed rapidly in the leads during cold winter

conditions.

2. Observations and data processing

An upward looking ADCP was deployed on the sea floor at 21 m

depth on the Falkensgrund (N 65◦00.80′, E 22◦42.48′, see map in

Fig. 1). The deployment site was selected in order to be shallow

enough to give a distinct echo from the ice but deep enough to

avoid the keels of passing ice ridges. The large distance to the

shore kept the instrument well outside the fast ice zone.

The instrument, a RDI 600 kHz ADCP, stored ensembles of

measurements every 10 min, each consisting of 160 water track

pings and 40 bottom track pings. The beam angle is 30◦ and

the beam width for each beam is 3◦ giving a footprint with a

diameter of about 1.2 m for each beam and total footprint area

of about 23 m including all beams. A 1 m vertical bin size was

used, resulting in an error standard deviation of 1.8 cm s−1 for

the water velocity. The bottom track measurement was used to

detect ice velocity and has an error standard deviation of about

1 cm s−1. The zero velocity offset is typically 0.5 cm s−1 for this

type of instrument.

Wind and air temperature observations are from the meteoro-

logical station Rödkallen, see Fig. 1). The atmospheric data are

given every 3 h and were interpolated in time to fit the ADCP

data set.

The ice draft can be estimated using the distance between the

ADCP and the depth cell with maximum echo intensity. The bin

size of the ADCP is 1 m, but it is possible to increase the res-

olution to about 0.1 m by fitting a modified Gaussian curve to

the vertical echo intensity distribution (Shcherbina et al., 2004).

The maximum point of the Gaussian curve was then used to

determine the distance from the instrument to the lower ice sur-

face. This method was applied on the echo intensity distribution

for each of the four beams giving four time-series of distance

data. These time-series was then transformed using empirical
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orthogonal functions EOF in order to quantify the covariance

between the four beams. The time-series of the first orthogonal

mode was finally used as a measure of the distance from the

instrument to the lower ice surface.

This distance is not only dependent on the ice draft but also

on the sea level. The actual ice draft was determined by subtract-

ing the observed sea level. Sea level observations from coastal

mareograph stations at Ratan and Kalix where used (see Fig. 1).

The average of these two stations was used to represent the sea

level at Falkensgrund. The sea level measurement frequency is

1 h and these data were also interpolated to fit the ADCP data

set.

It turned out to be quite straightforward to determine whether

there is open water or ice above the instrument since open water

results in enhanced variance of the error velocity, which is a mea-

sure of the difference in vertical velocity between the four beams.

Wave motions in open water gives different vertical motion for

each beam and therefore large error velocity. In the present data

set it was found that open water increases the variance of the

error velocity with a factor 3. Similar results was obtained in

a study using ADCP from the Gulf of St. Lawrence (Belliveau

et al., 1990).

3. Results

The first ice was observed at Falkensgrund on January 16, 2004.

Thereafter a persistent ice cover was observed until the ice broke

up at May 8, except for a brief period between Jan. 24–28. The

three full calendar months (February–April) with ice observa-

tions is used in the subsequent analysis.

Time-series of air temperature, wind, ice velocity and water

velocity are shown in Fig. 2. The temperature was generally well

below zero until mid-April, when it became less variable and sys-

tematically above 0◦C. The winds were generally moderate with
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Fig. 2. Overview of the meteorological

observations and ADCP measurements

during the ice season 2004. (a) Air

temperature at Rödkallen. (b) Wind speed

components at Rödkallen in geophysical

coordinates (u is positive eastward, v is

positive northward). The same coordinates

are used in the (c) and (d) panels. The thick

blue line segments indicates events with

wind speed above 5 m s−1 that are analysed

separately in Figs. 5, 8, 9 and 10. (c) Ice

velocity components from Falkensgrund (3 h

means) based on bottom track data from the

ADCP. (d) Water velocity components (3 h

means) at a distance approximately 2 m

below the ice based on ADCP data from the

water column.

just a few occasions with speed above 10 m s−1 and there was

a clear correlation between southerly winds and high air tem-

perature and vice versa. Significant ice movements occurred in

events with high velocities correlated with strong wind veloc-

ities and nearly motionless periods in-between. The maximum

ice speed recorded was about 50 cm s−1. Currents 2 m below the

ice had generally similar direction as the ice motion, but current

speeds were lower indicating that the dominating forcing on the

ice cover came from the atmosphere rather than from the sea, as

will be discussed further below.

3.1. Ice thickness distribution

The time-series of ice draft computed from echo intensity and

adjusted for sea level variations is shown in Fig. 3a and sea level

variations at Ratan and Kalix in Fig. 3b. Ice draft of more than 1

m occurred frequently representing pressure ridges passing over

the instrument. The maximum draft obtained by this method is

about 7 m. It should be noted that the amount of thick ice is

artificially exaggerated in this plot since many peaks are merged

together by the relatively coarse plot resolution. Figure 3c gives

an example with much higher temporal resolution of the echo

intensity, ice velocity and the estimated ice draft during a 4-d

period. This period started with near zero ice motion (red curve)

and nearly constant ice thickness (seen as a very regular and

distinct maximum of the echo intensity). The ice started to move

on the evening March 26 and numerous ridge-like structures

passed the instrument during the late evening and the following

day. These appear as a downward displacement of the maximum

echo intensity, which is used to determine the ice draft. The ice

draft is shown by the white curve.

Although the echo intensity shows a very clear signature of

pressure ridges, this method to obtain ice draft is not without

problems. The main difficulty is that the echo intensity data are

Tellus 60A (2008), 1



ICE DYNAMICS INFERRED FROM ADCP MEASUREMENTS 181

0

2

4

6

8

Ic
e

 d
ra

ft
 (

m
) a

FEB 3 FEB13 FEB23 MAR 4 MAR14 MAR24 APR 3 APR13 APR23

0

25

50
S

e
a

le
v
e

l 
(c

m
)

b
 

 
Ratan Kalix

cD
is

ta
n

c
e

 (
m

)

MAR26 MAR27 MAR28 MAR29
0

10

20

25

50

Ic
e

 s
p

e
e

d
 (

c
m

/s
)

100 150 200

Fig. 3. (a) Ice draft based on ADCP data. The distance from the instrument to the bottom ice surface is determined by fitting a Gaussian curve

around the ADCP grid cells containing the maximum echo intensity (see also panel c and method section). The ice draft is then determined by

subtracting this distance from the total distance to the sea surface (including sea level variations). The sea level at the observation site is defined as

the mean value between the sea level observations at Ratan and Kalix. (b) Sea level observations at Ratan and Kalix. (c) Magnification of a short

period (indicated by the thick line segment in panel a) of the ADCP observations. The colour contours show echo intensity as a function of vertical

distance from the instrument in decibels (the colour scale is shown in the upper left corner). Also shown is 2× ice draft (white curve) referred to the

left y-axis, and the ice speed (thick red curve) referred to the right y-axis.

averaged over a sampling interval of 10 min. The actual ice draft

can vary considerably during the sampling interval and small

scale structures during periods with high ice speed are not re-

solved. An ice speed of 20 cm s−1, for example, corresponds to

a measurement cell with a length of 120 m. It can be assumed

that many pressure ridges have a smaller horizontal length scale,

and such ridges will therefore not be sampled properly. A pres-

sure ridge of smaller scale than the measurement cell will still

be seen in the average echo intensity as enhanced values over

a number of depth cells (instrument bins) below the level ice

surface, where the number of affected cells depends on the ridge

thickness. It is however not certain that the position of the maxi-

mum echo intensity is affected to the same degree. It is likely that

the average maximum echo intensity will be at nearly the same

position as for the level ice. Using the maximum echo intensity

will therefore sometimes underestimate the ice draft. Another

potential problem with the present method is that it might be

large differences of the ice draft obtained from the individual

beams. This can make it difficult to determine a true draft based

on all beams. The first empirical mode based on draft data from

the four beams explains however about 87% of the total variance.

This shows that individual beam data covaries to a high degree

and occasions with large draft differences between beams are

rare. The deviation of sea level between the stations is at most

about 20 cm as seen in Fig. 3b. The deviation is much less during

most of the time and we estimate that the typical error in sea level

at Falkensgrund is less than 10 cm.

When observing the ice thickness distribution at a fixed point

there is a risk of measuring the same portion of the ice cover

passing back and forth above the instrument. That would re-

sult in an observed ice thickness distribution that is not rep-

resentative for a larger area. However, in the Bothnian Bay

where the ice seems to move in long trajectories, typically

10–30 km (see Fig. 5), the probability is very low that the

same portion of the ice cover will return to the observation

point.

The ice thickness distribution is computed using the ice thick-

ness weighted by the length of the measurement cell for each

ensemble. The length of the measurement cell is ice speed (3 h

moving average) multiplied with the sampling interval (10 min).

The ice thickness distribution for each month and for the entire

period is shown in Fig. 4. We judge it not relevant to have a

finer resolution than 1 m in the thickness increment since the ice

thickness obtained by the present method is relatively uncertain.

We expect that the error is less than ±0.3 m for level ice but as

noted above the error can be larger, and systematically under-

estimate the ice draft for thick structures with small horizontal

scale and passing at high speed.
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Fig. 4. Total thickness based on ice draft

distribution for the entire period

(February–April) and distribution for each

month. The observations are weighted by the

length of each measurement cell defined as

the ice speed (3 h moving average)

multiplied with the sampling interval (10

min). The distribution is normalized by the

total observed track length, L, for each

period. L is the sum of the length of the

measurement cells.

Table 1. Ice thickness based on ice draft statistics for different months

and for the entire period based on ADCP echo intensity data. The mean

ice thickness Hm is defined as Hm = 1
L

∑n
i=1 di Hi , where Hi is the

ice thickness for each observation and di is the length of each

measurement cell, defined as the observed ice speed (3 h mean)

multiplied with the sampling interval (10 min). L is the total length of

the observation track L = ∑n
i=1 di . The volume fraction of ridges VR

is defined as V R = 1
L Hm

∑n
i=1 di Hi (Hi > 1m)

February March April Total

Hm (Mean ice thickness) (m) 0.43 0.99 0.77 0.73

VR (Ridge volume fraction) 0.32 0.61 0.45 0.49

Most of the ice was thinner than 1 m, as expected in this

area where the level ice rarely becomes thicker than 1 m. The

thinnest fraction occupied about 90% in February, 60% in March

and 78% in April. Ice thicker than 1 m represents pressure ridges

and there were thus 10% of ridges in February, 40% in March

and 22% in April (see also Table 1). The ridges constituted a

large proportion of the total ice volume as seen in the table. The

results suggest that between 30 and 60% of the ice volume in

the central Bothnian Bay consists of ridges at least during this

particular ice season. This data set represents a total observed

track with a length of 600 km which is about two to three times

the size of the basin and should thus give a fairly representative

ice statistics for the central part of the bay.

3.2. Ice dynamics

The Bothnian Bay is large enough so the accumulated wind force

across the basin can overcome the ice strength during most cir-

cumstances and the ice will move even if the basin is completely

ice covered. However, during extremely cold winters with very

thick level ice (>0.5 m), the ice cover may become nearly sta-

tionary (Haapala and Leppäranta, 1996). The 2004 season was

rather mild so the ice cover was mobile during the entire winter.

The ice was nearly stationary for wind speeds less than about

5 m s−1 (Fig. 2) but there was still some motion during most of

the time. The ice cover could be defined as stationary for only

about 3% of the observations having a speed less than 0.5 cm s−1

which is the threshold of the instrument. The ice speed was small,

<10 cm s−1, for about 70% of the observations. The high speed

part of the record, with speed >10 cm s−1, was characterized

by relatively well defined events with maximum speeds between

20 and 50 cm s−1. These high speed events represent a major

part (about 70%) of the total drifting distance of the ice (defined

as the ice speed times the sampling period and summed over

all observations). It is therefore relevant to analyse the direct

dynamic response of the ice to wind forcing event by event. We

found 18 events during the winter season with wind stronger than

5 m s−1. These are indicated in Fig. 2b. Figure 5 shows progres-

sive vector diagrams of ice and wind for these events. The wind

vector has been scaled with a factor of 0.03, which is a typical

ice/wind speed ratio. This ratio may actually vary between 0.02

and 0.035 depending on the ice roughness where the low value

represents a deformed ice cover with frequent pressure ridges

and the high value a smooth ice surface (Leppäranta, 2005). It

should be noted that effect of the coriolis force on the free drift

speed and turning angle is negligible for the present relatively

thin ice cover having a Rossby number (coriolis force/water drag

force) typically less than 0.1.

Extensive ice motion occurred in all events throughout ice

season. Typical translations were 10–30 km during the events

corresponding to 5–20% of the basin scale (about 150 km). Since

the basin was almost completely ice covered during the entire

winter each event must have caused substantial ice deformation

and ridge building.

Event 1 was the only one with free drifting ice, i.e., without

any significant internal ice stresses or influence of water mo-

tions. The ice and wind trajectories have nearly the same length

and the ice moved at an angle to the right of the wind vector.

The trajectories are also of similar length in event 2, but the ice

moved to the left of the wind vector. During this event, the ice

motion was significantly affected by a strong barotropic oscil-

lation in the ocean with an amplitude of about 20 cm s−1. The

oscillation is barely seen in Fig. 2 but is a dominant feature in the

entire water column data. Internal ice stresses dominated later

on during the season causing ice trajectories to be shorter than

free drift scaled wind trajectories. There was one event at the end

of the ice season (in April, event 16) when the ice moved only

Tellus 60A (2008), 1



ICE DYNAMICS INFERRED FROM ADCP MEASUREMENTS 183

0 10

0

10 1

JAN31

Y
 (

k
m

)

 

 

Ice

Wind

0 20
0

20

2

FEB2

0 10 20
0

10

20
3

FEB11

0 5 10 15
0

5

10

15
4

FEB21

40 20 0 20

40

20

0

20 5

FEB23

Y
 (

k
m

)

0 5 10
0

5

10

6

FEB29

30 20 10 0

30

20

10

0
7

MAR1

10 5 0

10

5

0
8

MAR7

0 10 20 30

0

10

20

30 9

MAR14
Y

 (
k
m

)

80 60 40 20 0

80

60

40

20

0
10

MAR19

0 5 10 15

0

5

10

15 11

MAR27

10 0 10

10

0

10
12

MAR30

0 20 40
0

20

40
13

APR1

Y
 (

k
m

)

0 10 20
0

10

20

14

APR8

0 5 10 15

0

5

10

15
15

APR13

X (km)

0 10 20

0

10

20
16

APR16

X (km)

20 10 0

20

10

0
17

APR20

X (km)

Y
 (

k
m

)

20 10 0

20

10

0
18

APR23

X (km)

Fig. 5. Wind and ice trajectories for events

with wind speed larger than 5 m s−1

(see Fig. 2 for time period of each event).

The wind components has been multiplied

by a factor 0.03 so that equal length of the

trajectories would roughly represent free

drift. Event number (top) and start date

(bottom) for each event are also shown. The

elapsed time along each trajectory is roughly

indicated by a dot every 12 h.

about 5 km compared to about 25 km for free drift. This event

was the last of four events with southerly winds that packed the

ice towards the northern part of the bay and thereby enhanced

the strength against deformation. There is a general tendency

that the ice is more mobile in events characterized by a large di-

rectional shift of the wind compared to the previous event. This

is especially clear when comparing event 16 and 17. When the

northeasterly wind started in April 20, it occurred after a long

period of southerly wind and the ice moved easily in the new

(reversed) wind direction. Ice charts (not shown) confirmed that

the period of southerly winds formed a large open area in the

southeastern part of the bay, which made it easy for the ice to

move in that direction.

An overview of how the ice speed responds to wind forcing

can be obtained from a two-dimensional frequency plot of wind

and ice speed. Such plots are shown in Fig. 6 for each month

and are based on 3-h mean ice and wind speeds. For an ice cover

in free drift all data would be concentrated along a line with a

slope related to the ice/wind speed ratio (a line with 3% slope

is indicated in the figures). This is not the case for the obser-

vations from Bothnian Bay where the data is very much spread

over the wind/ice speed plane. There is a weak tendency to a

concentration of data around the free drift line in February but

most of the observations fall below the free drift line indicat-

ing a large influence of internal stresses. There are also some

observations with faster ice motion than 3% of the wind speed,

probably due to influence of ocean currents acting in the wind

direction. The ice speed was generally reduced in March with

few observations higher than 25 cm s−1 and a larger dominance

of data points below the free drift line. The was also signifi-

cantly more observations with ice speed less than 5 cm s−1. The

winds were generally weaker in April with just two occasions

above 10 m s−1, but there is still a clear tendency that the ice

cover was much less mobile than earlier in the season with many

more observations with ice speed below 5 cm s−1. There were,

for example, 110 occasions (corresponding to about 14 d) in the

wind speed range 2–5 m s−1 having ice speed less than 5 cm s−1.

The ice cover was thus nearly stationary for low wind speeds. It

should also be noticed that even though the ice cover was nearly

stationary for most of the time, there were still events when it

Tellus 60A (2008), 1
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Fig. 6. Two-dimensional frequency plot of wind and ice speed for each

month based on 3 h mean ice speeds. (a) February, (b) March and (c)

April. The wind and ice speed is divided into 1 m s−1 and 5 cm s−1

bins, respectively. The dotted line indicates roughly the free drift

relation when the ice velocity is 3% of the wind speed. The number of

occurrences in each bin is given both by numbers and a colour scale.

The total number of occurrences (3 h means) N for each month are also

given.

moved in near free drift. This is likely due to areas of thin new

ice or open water that usually are formed close to the coast. The

ice can easily move towards such areas if the wind direction is

favourable.

The percentage of observations with nearly stationary ice

cover (ice velocity <5 cm s−1) for different wind speed intervals

is summarized in Table 2 for each month. This gives a measure

Table 2. The percentage of observations with near zero ice motion

(0–5 cm s−1) for different wind speed intervals

Month 2–3 m s−1 3–4 m s−1 4–5 m s−1 5–6 m s−1 6–7 m s−1

February 64 50 42 50 30

March 72 77 45 26 9

April 90 80 68 30 14

of how the stiffness of the ice cover (resistance to move with the

wind) developed over the season. The percentage of observations

with nearly stationary ice cover increased over the season for all

three wind speed intervals up to 5 m s−1. The ice was, for exam-

ple, nearly stationary in 50% of the observations in February in

the wind speed interval 3–4 m s−1 but in April this occurred for

80% of the cases. However, the ice still moved rather easily for

wind speeds above 5 m s−1 even in April. The ice speed is then

larger than 5 cm s−1 in 70% of the observations.

A more objective way to examine the relation between wind

forcing and ice motion is to assume a linear dependence between

the wind and ice velocity by fitting a linear regression model to

the data. The ice/wind relationship is given by: (1).

Uice(t) = R(t)Uwind(t) + Z (t), (1)

where all involved quantities are complex numbers. R(t) is the

temporally varying complex regression coefficient involving a

wind/ice speed ratio and a turning angle. Z(t) contains the por-

tion of the ice motions not explained by the wind forcing. R(t)
is computed by minimizing the least-square error between the

model and observations over a time window δt , that is,

R(t) =
〈
UiceU ∗

wind

〉 − 〈Uice〉〈U ∗
wind〉

〈UwindU ∗
wind〉 − 〈Uwind〉〈U ∗

wind〉
, (2)

where means are computed as

〈U 〉 = 1

δt

∫ t+δt /2

t−δt /2

U (τ ) dτ (3)

and the stars denotes complex conjugates. The length of the time

window is a trade-off between the possibility to detect changes

in the wind/ice relation and to include enough covariability to get

a significant regression. A window shorter than 5 d gives a very

unstable regression coefficient with large fluctuations indicating

that wind forced variability occur on longer timescales. We use a

10-d window that both gives a stable regression and a possibility

to see changes in the relationship over the period. The wind/ice

speed ratio plot and the associated angle for different months is

shown in Fig. 7a. The speed ratio was around 3% in the beginning

of February, decreased to just above 1% in the middle of the

month and went back up to 3% at the end of February and early

March. The ratio was relatively low, between 1–2%, during the

rest of the period. The rapid decrease of the speed ratio in the

first part of the period shows that ice stresses became dominant

rather quickly, presumably as a result of the increasing new ice
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Fig. 7. (a) Ice/wind speed ratio and turning angle based on a linear

regression model (eq. 1) using a 10 d time window. The time window is

incremented by 1 d. (b) Explained variance and average wind speed

over each 10 d window.

thickness. The enhanced speed ratio during some periods, as in

late February, can be explained by shifts in the general wind

direction. The event in late February was the first occasion of

northerly winds after a period of mostly southerly and easterly

winds (see Fig. 5) and it was then easy for the ice to move towards

thinner ice in the south. There is no tendency that the ice becomes

more mobile just before it disappears in early May which is

somewhat unexpected because large amounts of open water are

normally associated with the break-up which should increase

the mobility. The break-up period was however dominated by

southerly winds that hold the remaining ice cover in the northern

part of the bay.

The turning angle was generally negative meaning that the ice

moved to the right of the wind direction. It was about −10◦ at the

beginning of the period, which is less than typically −30◦ that

would be expected in free drift (Thorndike and Colony, 1982)

indicating some influence of ice stresses already for the initially

thin ice cover. There was also a relatively long period in the

middle of the record with near zero angle, again showing the

influence of the internal stress. The explained variance, that is

how much of the variance of the ice motion that is explained by

the linear model for each time window, was high, about 80%,

in the beginning of the record and in March. Between these pe-

riods the explained variance was relatively low (40–60%) show-

ing a less direct relation between ice and wind velocity. The

explained variance is somewhat dependent on the wind speed

with higher values for higher wind speeds which is natural since

one should expect a clearer wind dependence for strong winds

when the wind force can overcome the internal stress.

The observations can be examined in terms of force balance

in order to acquire quantitative information on the partitioning

between air stress, water stress and internal ice stress. We ex-

amine three characteristic events in more detail: One event in

near free drift (event 1), one relatively short event with signifi-

cant ice stress (event 5) and a long event dominated by ice stress

(event 10).

The force balance neglecting the acceleration, coriolis and sea

surface tilt terms is given by

τi + τa + τw = 0, (4)

where τa is the air stress, τw water stress and τi internal ice

stress. τa and τw can be computed from data while τi is given

as the difference vector. The air and water stress are computed

according to:

τa = ρaCa |Uw|Uw (5)

τw = ρw Cw |U2 − Ui|(U2 − Ui), (6)

where Uw is the wind velocity, Ui ice velocity, and U2 water

velocity 2 m below the ice. Stresses and velocities are all vector

quantities. ρa and ρw are the air and water density, respectively

(ρa = 1.3 kg m−3, ρw = 1000 kg m−3). The air drag coefficient

Ca = 1.5 × 10−3 is based on 10 m wind speed observations

from Joffre (1982). The ice/water drag coefficient Cw is esti-

mated from the ADCP water velocity data 2 m below the ice,

U2. A value Cw = 3.0 × 10−3 was found to give a realistic force

balance during free drift. We use a drag coefficient based on

ocean velocities relatively near the ice in order to obtain a di-

rect connection between the ice–water velocity difference and

the surface stress. The 2-m distance below the ice is chosen in

order to be as close as possible to the ice but still having ADCP

data from the water column that is free from disturbances by the

strong echo from the bottom surface of the ice (ADCP data from

the depth cell closest to a strong reflector tends always to be cor-

rupted). Another possibility is to use current velocity well below

the turbulent upper boundary layer, which is usually referred to

as the free geostrophic velocity. In that case one needs also to

incorporate a turning angle between the geostrophic current and

the surface stress. Effects of stratification needs then probably

also to be taken into account.

Event 1 occurred early in the season when the ice was thin

(5–20 cm according to the ice chart) and the ice cover should

therefore primarily be in free drift and the force balance should

be dominated by air stress and ice–water stress. Fig. 8 shows the

ice speed and force balance during event 1. The chosen value of

Cw gives an ice/water stress that matches the air stress relatively

well over most of the period. The length of the difference vector

τ i (which can interpreted as internal ice stress) is also much

smaller than the two other stresses. It should be noted that the

ice/wind speed factor is well above 0.03 during a larger part of the

event (Fig. 7a), which is higher than other observations during

free drift conditions. Leppäranta and Omstedt (1990) report a

factor 0.02 during a 7 d experiment in April. It is likely that the

present event, early in the season, is characterized by relatively

smooth ice surface with relatively few ridges giving a low water

stress that in turn brings up the ice wind factor compared to the

April observations with more ridges.

Tellus 60A (2008), 1



186 G. BJÖRK ET AL.

Fig. 8. Stress vectors and ice velocity vector during the period

01/31–02/01 (event 1 in Fig. 2). The (a) panel shows magnitudes and

the (b) panel the angle in the geophysical coordinate system (90◦

represents a vector pointing in the northward direction). Ta is the air

stress, Tw is the water stress, Ti is the internal stress and Uice is the ice

velocity. All time-series are low-pass filtered by a 1 h moving median

filter. Panel (c) shows ice chart from February 2, reproduced with

permission by the Swedish Meteorological and Hydrological Institute

(SMHI). The numbers within squares are ice thickness in cm and the

arrow shows the position for the ADCP measurements. Symbols for

ice-types are defined as: Checked pattern denotes consolidated,

compact ice (9–10/10); horizontal hatching close ice (7–10/10);

vertical bars open ice (4–6/10); circles very open ice (1–3/10); stars

new ice; dots open water; inclined hatching fast ice; and triangles

denote pressure ridges.

The next event (no 5) is characterized by significant ice

stresses (Fig. 9). The ice thickness according to the ice charts

was 15–40 cm over a large part of the basin. The wind direc-

tion was from southeast in the beginning of the event and turned

gradually towards east and northeast. The ice started to move

Fig. 9. Same as Fig. 8, but for the period 02/24–02/26 (event 5 in

Fig. 2.)

significantly when the air stress exceeded 0.1 Pa and the speed

increased until it levelled off at about 0.2 m s−1 in spite of contin-

ued increased air stress. |τw| was much smaller than |τ a| during

the event showing the dominance of internal ice stress. This is

an example of strain hardening such that the internal ice force

increases as the ice becomes compacted. There was a second

peak in ice velocity, possibly due to the change in wind direc-

tion exposing a somewhat weaker part of the ice cover to the air

stress. The ice stopped moving at around 0.15 Pa air stress while

it started to move at a much lower stress level (∼0.08 Pa).

Event no 10 (Fig. 10) is an example of a longer wind event

when the wind direction slowly shifted from easterly to north-

easterly. The effect of successive strain hardening can be seen

during this event such that the ice became stronger the more

it was compacted. The ice started to move easily for air stress

at about 0.1 Pa but the internal ice stress built up rapidly and
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Fig. 10. Same as Fig. 8, but for the period 03/20–03/23 (event 10 in

Fig. 2.)

stopped the motion. When the air stress later on increased to

about 0.2 Pa it overcame the ice strength and the ice started to

move, reached a maximum, and stopped again due to increased

internal stress. The same pattern repeated on the third day when

the air stress increased to >0.3 Pa with an associated peak in

ice velocity. A second peak in the ice velocity occurred dur-

ing this relatively long period of high and relatively constant air

stress. This was probably due to slightly changing wind direc-

tion towards more northerly so that a weaker part of the ice cover

became involved in taking up the wind load. It is possible that

the peninsula southeast of Skellefteå (Fig. 1) no longer posed an

obstacle when wind shifted and the ice could pass more freely

in the southward direction.

It is possible to obtain a rough estimate of the compressive ice

strength from the internal ice stress and the wind fetch over the

basin. The maximum ice stress during event 10 with near zero

velocity was about 0.3 Pa which multiplied with a fetch of about

150 km gives a force of 4.5 × 104 N m−1. In order to obtain an

ice strength this should be divided with an ice thickness, which is

rather uncertain, but using 50 cm which was the maximum level

ice thickness in the area according to the ice chart gives an ice

strength of 9 × 104 N m−2. This is actually much larger than the

2.5 × 104 N m−2 that has been used as a working standard in ice

models of the Baltic (Leppäranta et al., 1998). This difference

by a factor of three is somewhat surprising since 50 cm should

be about the thickest level ice present in the basin during this

season. If thinner ice had to take up the wind load the difference

would have been even larger. Another possibility is that the ice

cover was heavily ridged in the area for maximal ice stress so that

the effective load up-taking thickness was larger than 50 cm. It

should be mentioned that higher values of the yield strength, up

to 100 kPa, have been obtained by comparing surface elevation

data for open water and compact ice (Zhang and Leppäranta,

1995).

4. Discussion

The single fixed instrument in the central part of the basin pro-

vides some basic information of the dynamic response of the ice

cover to wind forcing, but it gives certainly not the full picture.

It is well known that the motion field varies in space it is an open

question over how large area this single point measurement gives

a representative measure of the ice motion. Drifter data shows,

for example, that the ice motion becomes more aligned along

the coastline in the shear zone close to the coast (Uotila, 2001).

It would be interesting to have observations at several locations

in order to quantify spatial variations of the ice motion. Spa-

tial information can already be obtained from drifting buoy data

(Uotila, 2001) and pattern following systems based on satellite

pictures (Leppäranta et al., 1998). An advantage with fixed in-

struments below the ice is that currents and ice thickness can

be measured simultaneously with ice velocity. Fixed point ob-

servations also provide high time-resolution data compared to

satellite products and a better control of the observation location

compared to drifting buoys which will be transported over long

distances.

The ice draft derived from the ADCP is probably underesti-

mated especially for small scale structures and high ice speeds

primarily due to the 10 min long averaging period of the ADCP

data. It is hard to estimate how large this error is without com-

paring simultaneous ADCP data with, for example, data from

an upward looking sonar with much higher sampling frequency.

Other investigations based on drilling Leppäranta and Hakala

(1992) and EM data from the extensive IRIS field champagne

on eastern Bothnian Bay 2004 show that ridges thicker than

5 m are relatively frequent. One aspect in favour of reducing

the error with the present method is that structures giving an

enhanced echo intensity well below the level ice surface and

no associated change of the position for the maximum echo in-

tensity are rare in the present record. The short period shown in
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Fig. 3c is in fact representative for the entire observational record.

This means that ridges are always detected but the maximum

thickness for an individual ridge might still be underestimated.

It is therefore likely that the amount of ridges ice >1 m in the

obtained thickness distribution is realistic.

The present study has some implications on ice models for

the Baltic and likely also for other semi-sized basins with peren-

nial ice cover such as the Great lakes, the White Sea and the

Hudson Bay. With semi-sized is meant here that the basin is

large enough to have moving ice but small enough so that the

atmospheric forcing is nearly uniform. A characteristic feature

for the Bothnian Bay is the formation of open water and new ice

at the leeward coast. The size of this area is a critical quantity to

reproduce by ice models. It is important to describe the opening

area correctly since it will be the place for large production of

new ice and it will also represent a build-in weakness of the ice

cover for winds in the opposite direction. If the size of new ice

area is reasonable correct one can also expect the rheology of

the ice model, including the parameters such as the ice strength,

to work properly. Areas of new ice and open water along the

coast are relatively easily identified in satellite pictures and from

detailed ice charts and should therefore be practical to use for

model verification purposes.

5. Conclusions

ADCP observations at Falkensgrund during the ice season 2004

showed that:

Pressure ridges, defined as ice thicker than 1 m, occupied 10%

of the ice cover in February, 40% in March and 22% in April,

and the estimated ridged ice contribution to the total volume was

30–60%.

The ice speed was small (<10 cm s−1) for most of the time

(70%) and stationary (<0.5 cm s−1) for only 3% of the time.

High speeds (20–50 cm s−1) occurred in relatively well defined

events. These events make up a major part (70%) of the total

drift distance.

The wind/ice speed ratio was about 3% for the initial thin ice

cover in early February, and the ratio was significantly lower

(1–2%) during the rest of the season.

There is a general tendency that the ice is more mobile in

events characterized by a large shift in wind direction.

A rough estimate, based on wind fetch and motion data, gives

a compressive ice strength of 9 × 104 N m−2, which is more than

three times larger than the 2.5 × 104 N m−2 regularly used in

dynamic ice models.
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Leppäranta, M. 1998. The dynamics of sea ice. Lecture notes from a

summer school in Savonlinna, Finland 6–17 june 1994. In: Physics of
Ice-Covered Seas, (ed. Matti Leppäranta). Helsinki University Press,
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