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Concurrently with the wind wave induced sediment recycling, large sections of the coast
of Tallinn Bay are influenced by wakes generated by high speed vessels. Based on in situ
measurements of surface waves, underwater irradiance and the fluxes of resuspended
sediment, combined with counting of particles with FlowCAM and numerical modeling
of wind waves, it is shown, that the anthropogenic resuspension plays a key role in the
western part of Tallinn Bay during the relatively calm spring and summer seasons. The
near bottom orbital velocities generated daily by fast ferries’ wakes are equivalent to those
induced by wind waves excited by at least 18 m s™! southwestern winds and 12 m s™' north-
ern winds. About 400 kg of sediment is resuspended and carried away from each meter of

coastline annually.

Introduction

The concentration and distribution of suspended
matter is important in several aspects. Together
with dissolved organic (yellow) matter and phy-
toplankton, the (re)suspended matter affects the
quality of a body of water (Lawrence and Her-
bert 1968, Floderus et al. 1999, Booth et al.
2000, Effler et al. 2002, Wild-Allen et al. 2002,
Binding et al. 2003, 2005, Dierssen et al. 2009).
Sediment resuspension events alter the concen-
tration of dissolved phosphorus, with suspended
solids acting either as its sink or source. Light
attenuation also changes with the variations of
the concentration of suspended solids. These
effects may be reflected in the abundance and
species composition of phytoplankton and mac-
rophyte communities in coastal environments.
Alterations in the sediment resuspension regime

may also cause changes in the bottom topogra-
phy. The effect of wind waves on the suspended
solids concentration in coastal environments is
well documented (Booth et al. 2000, Jonsson
2006).

Tallinn Bay is a small coastal environment
located in the southern Gulf of Finland (Baltic
Sea) (Fig. 1). Due to the islands surrounding the
bay and the shallows located at its entrances,
the intensity of the wind wave field in the bay
interior is quite limited (Soomere 2005a). As a
result, wind-wave-induced sediment resuspen-
sion events apparently are also very limited.
However, the bay has another driving force for
sediment resuspension.

For the last ten years, high-speed crafts
(HSC) and high-powered large vessels (hereafter
called fast ferries) have been extensively used in
the passenger traffic between Tallinn and Hel-
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Fig. 1. (a) Study area, (b) the topographic map of
Tallinn Bay, and (c) bathymetry and location of the
measurement area.

sinki. Nowadays, only fast ferries have remained
in the fleet of vessels sailing with speeds consid-
erably greater than characteristic to conventional
ferries (20-21 knots). In summer 2009, three fast
ferries were operating in Tallinn Bay: Tallink
Star and Tallink SuperStar (Tallink) and Viking
XPRS (Viking Line). These almost 200-m-long
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ferries with an engine power of 40 000-50 000
kW have 2000 lane meters for vehicles, accom-
modate 1900-2500 passengers and can develop
a speed of up to 27 knots (Parnell et al. 2008).

Already in the early 2000s, various adverse
impacts of the wakes generated by HSCs and
fast ferries were reported in this area (Peltoniemi
et al. 2002, Soomere and Kask 2003, Soomere et
al. 2003, Erm and Soomere 2004). A significant
number of measurements of waves had been
conducted near the eastern coast of Tallinn Bay,
mainly near Aegna Island (Soomere and Rannat
2003, Soomere et al. 2005, Soomere 2005b,
2006, Torsvik and Soomere 2008, Parnell et al.
2008, Torsvik et al. 2009, Didenkulova et al.
2009, Kurennoy et al. 2009a, 2009b, Alari et al.
2009a, Kelpsaité and Soomere 2009). The results
showed, that the wakes generated by fast ferries
and HSC in Tallinn Bay had several properties
(the waves were substantially non-linear, high,
long, long-crested and exerted very high run-up),
usually not typical for wind-generated waves.
Measurements of the impact of ship wakes on
the optical properties of seawater together with
studies of sediment transport began in 2003
(Erm and Soomere 2004) and are still ongoing
(Erm and Soomere 2006a, 2006b, Erm et al.
2006, 2008, 2009). These investigations showed
that ferries and HSC wakes were able to resus-
pend huge amounts of sediments and consider-
ably affect the underwater light climate.

Numerical simulations (Torsvik and Soomere
2008, Torsvik et al. 2009) suggest that the wakes
from fast ferries sailing to Tallinn may strongly
impact the western coast of Tallinn Bay, in
particular the eastern coast of Kopli Peninsula.
Observations from the coast and reports from
seamen indicate that ship wakes may cause
extensive damage in this area (Joevere 2003).

In this paper, we present results of recent
studies of the properties of wakes from fast
ferries and their impact performed in the neigh-
borhood of Pikakari Beach and Katariina Jetty
located on the western coast of Tallinn Bay. Our
basic goal is to estimate the potential effect of
the fast ferry wakes for sediment resuspension
processes in this area based on synchronous
measurements of wave properties, underwater
irradiation and vertical and horizontal fluxes of
sediment.
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Methods
Geological setting of the study site

The study area is located in the eastern part of
Paljassaare Peninsula, north of Katariina Jetty
(Fig. 1). The complex geometry of the shoreline
of the inner part of Tallinn Bay together with
a variable composition of its geological set-
ting create preconditions for large spatial varia-
tions in the distribution of sedimentary material
depending on the position of peninsulas and
bays. The Lower-Cambrian bedrock is mainly
overlain here by glacial till and post-glaciation’s
marine sediments. The till is rich in sediment
particles originating from the bedrock. This
accounts for the high content of clay and silt in
the shore and shoreface sediments. Abundant
crystalline pebbles and cobbles often occur in
the till (Kink and Raukas 1998, Saarse and Vas-
siljev 2008). As some 3000 years ago the area
of present-day Paljassaar Peninsula was seafloor
(Saarse and Vassiljev 2008), the till is overlain
by relatively young, unconsolidated marine sedi-
ment (sand, gravel and pebbles).

The shore section southward of Katariina
Jetty has been under severe human impact. The
jetty is a ca. 300-m-long east-westerly-oriented
structure, with concrete blocks piled at its north-
ern side and around the seaward tip to protect the
jetty. Near its seaward tip the water depth reaches
2 m. A triangular sandy deposition feature at the
northern side of the jetty is known as Pikakari
Beach (Fig. 2). The sandy area is approximately
200 m long and ends abruptly as the character of
the beach changes (Fig. 2). In the landward part
of this beach partially vegetated foredunes occur,
providing evidence of intensive accumulation
and aeolian processes.

Near the study area, in the nearshore and
at depths 5-10 m there is a quite steep scarp
accreted in bedrock, formed of blue clay, siltstone
and sandstone. Also pebbles (mostly crystalline)
occur sporadically. Among those, there are also
rounded red brick pebbles originating from the
facilities established on Cape Viike-Paljassaar
during World War I. Their remains can be found
ca. 1.5 km northwestward on the backshore.

To the north from Pikakari Beach, the shore-
line runs in the northwestern direction. North-
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Fig. 2. View towards Katariina Jetty in 2009. The border
between till shore and sandy beach is relatively sharp
(photo by A. Kask).

west of the beach the backshore is bordered
with a scarp eroded in till. The shore is covered
with residual sediments left by the retreating till
scarp and is dominated by coarser sediments —
medium and coarse sand, pebbles, cobbles and
boulders. The majority of fine-grained sediments
such as clay, silt and fine sand have been trans-
ported either southwards or deeper into the sea.

Wave measurements

A wave gauge, which measures the dynamic pres-
sure with a sampling frequency of 4 Hz, was
deployed at a water depth of 3.6 m near Katar-
iina Jetty on the late evening of 20 July and was
retrieved at 10:00 on 23 July. In order to resolve
the information about high frequency wind waves,
the gauges were placed at a height of 2.1 m from
the sea bed. Air pressure was first subtracted from
the raw pressure time-series. The low-frequency
oscillations of the sea level were filtered out
by dividing the time-series into 5-minute-long
sections, which were de-meaned and de-trended
separately. The resulting attenuated pressure
fluctuations at a given depth were converted to
water level fluctuations (that is, to surface gravity
waves) using the linear wave theory.

For each 5-minute-long section of time-series
of surface elevation, the maximum wave height
and the associated wave period was determined
using the zero-downcrossing method. From the
wave period and water depth, the wavelength
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was derived according to the linear dispersion
equation. The near bottom orbital speed was
calculated as the ratio of the near-bottom excur-
sion amplitude and wave period according to the
classical linear wave theory. Due to high crest-
trough asymmetry of the leading waves from
fast ferries (Soomere et al. 2005, Kurennoy et al.
2009a, 2009b), the maximum near bottom orbital
velocities due to the largest fast ferry wakes pre-
sented in this paper apparently are considerably
underestimated (Soomere et al. 2005, Alari et al.
2009a) and should be treated as minimum values
induced by fast ferry wakes.

No measurements of wind waves have been
conducted near Katariina Jetty or near the western
coast of Tallinn Bay. Although Soomere (2005a)
established the statistical properties of Tallinn
Bay’s natural wave fields with the use of the
WAM model, no information is available for
the area in question about the associated the
near-bottom velocities for particular wind con-
ditions. Alari et al (2009b) verified the SWAN
model (Booij et al. 1999) with the new saturation
scheme (that more adequately accounts for dissi-
pation owing to whitecapping, Van der Westhysen
et al. 2007) against thousands of hours of meas-
urements. They found that in suitable forcing con-
ditions, the model reproduces the wave properties
well even in very complex places like shallow
coastal waters or banks. This model was used to
assess the potential sediment resuspension char-
acteristics near Katariina Jetty due to wind waves
corresponding to a discrete set of wind speeds of 6
ms™', 12 m s and 18 m s and for 16 directions
with a spatial resolution of 463 m. The details
of model topography and basic equations can be
found in Alari and Raudsepp (2010).

In practice, none of the model grid points
exactly coincides with the locations of the meas-
urement site. The nearest SWAN grid point is
located about 300 m east of the measurement
point. The water depth at this grid point is 12 m
whereas at the measurement point it was 3.6 m.
As the waves propagate towards the coast, the
wave periods do not change but heights tend to
increase due to the shoaling effect. At the same
time, wave energy is being damped by the dissi-
pation due to bottom friction in the coastal zone.
These two mechanisms frequently balance each
other. To a first approximation, it may, therefore,
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be assumed that the wave which propagates from
the model grid point to the measurement point
keeps its period and height. The wavelength for
estimates of the orbital speed is calculated for
the water depth of 3.6 m at the measurement site.

Underwater irradiation

To measure the underwater light field, we used
a set consisting of two underwater radiometers
Ramses-ACC-VIS (Trios GmbH, Germany)
positioned on the same frame at the elevations
of 0.5 m and 1 m from the sea bed. It allowed
for measuring the spectral profiles of underwater
irradiation E cl(/1) as well as the vertical profiles
and temporal variation of diffuse attenuation
coefficient in the range from 320 nm to 950 nm.
The diffuse attenuation coefficient (Dera 1992)
d 1 dE,(z)
dz InE, (2) E (z) dz M
characterizes the attenuation rate of the down-
welling irradiance at a certain depth z. The larger
is this coefficient, the less light penetrates to the
deeper layers. An approximate average value of
K, in the water layer between the sensors can be
calculated as

E,(z)

z+z 1
K 1 u — 1
d( 2 ) 3=, nEd(Zu)

where E () is measured at the depths z (upper
sensor) and z; (lower sensor). The theoretical
basis of determination of the properties of resus-
pension by means of such optical measurements
is described in detail by Erm et al. (2009).

K, (z) =

@)

Sediment traps

The intensity of sediment resuspension was
quantified using two types of experimental sedi-
ment traps. The first one was used to deter-
mine downwelling sediment fluxes at different
elevations. This set consisted of four funnels
(J 13.5 cm) mounted onto a diving frame. Par-
ticles falling down were caught into 0.5 1 remov-
able sampling bottles. The catching levels were
adjusted to elevations 0.5 m, 0.8 m, 0.9 m and
1.1 m from the sea bed.
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The second set (9.5 x 9.5 cm? each trap) was
used to measure the horizontal flux of sediment
at two different heights (0.2 m and 0.5 m above
the sea bed) and in two directions (seaward and
shoreward). Plankton nets were used to catch the
sediment. The fluxes of sediment were calcu-
lated based on the dry weight of captured sedi-
ments, sampling duration and cross-sections of
the traps.

Imaging and counting of particles

The sediments caught on 21-23 July during
a 50.5 h time interval were analysed using an
imaging flowcytometer FlowCam (Fluid Imag-
ing Technologies, Edgecomb, Maine, USA),
which measures particles from 2—2000 ym. From
each sediment sample (taken from four eleva-
tions), particles in a 5 ml probe were counted
and imaged. The relevant method is described
in (Sieracki et al. 1998). Designed primarily
for phytoplankton analysis, this instrument is
seldom used for sediment aggregate analysis.
However, as the image analysis program pro-
vides projected area and maximum length data
for each measured particle, data from FlowCAM
can be used to determine the distribution of
fractions of particles of different shape and size
(Sterling et al. 2004).

In experiments, only a part of the potential
measurement range of the system was used. The

probes were analysed by using a 2 mm wide and
0.1 mm thick flow cell and a 20X magnification
objective (0.67 ym per pixel). The samples were
pre-filtered through a 300 ym sieve to avoid
clogging of a flow cell. As no significant amount
of bigger particles remained on a sieve, this
limitation insignificantly affects the results of
the analysis. The equivalent volume (called bio-
volume in phytoplankton research) of each parti-
cle was calculated from its equivalent spherical
diameter (ESD).

Results and discussion
Waves

A diurnal cycle of waves with a low background
value at nights and higher wave events during
daytime was observed in measurements (Fig. 3).
According to the HIRLAM model results, on the
nights of 21 and 22 July the wind in Tallinn Bay
was blowing from SSW-SW with a speed of
about 7-9 m s7'. This resulted in the maximum
values of the wind wave height (0.20-0.25 m on
average) near Katariina Jetty during the measure-
ment period. As the wind speed decreased below
5 m s on the night of 23 July, the maximum
wave height was less than 0.15 m. The corre-
sponding values of near bottom orbital velocities
were on average 0.15 m s™' on the night of 21 July
and below 0.1 m s™! during the following nights.
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Although the events of the fast ferry wakes
varied in height during the measurement, their
period remained between 7-8 s. The daily larg-
est ship waves were clearly higher than 0.65 m.
The highest ship wave (0.85 m) was measured at
about 09:20 on the morning of 21 July. A some-
what smaller wave, with a height of 0.8 m, was
recorded in the afternoon of the same day. The
highest wakes were generated by Star or Super-
Star, rather than XPRS. The near bottom veloci-
ties generated by fast ferries were clearly over
0.3 m s whereas their daily maxima reached 0.5
m s~'. Evidently, the maximum flow velocities
over 0.6 m s™!' correspond to waves with maxi-
mum heights on 21 July.

The periods of the leading waves generated
by fast ferries coincide with the ones established
from similar measurements near Aegna Island
(Erm et al. 2008, 2009, Parnell et al. 2008), but
the maximum heights are by 0.3 m lower on
average. This clearly demonstrates that although
the ship wave height may vary in different loca-
tions and may depend on the sailing direction
and thus wave generation conditions, the wave
period of wakes from Star, Superstar and Viking
XPRS insignificantly changes. The latter feature
is consistent with the general opinion that the
wave period depends mainly on the ship’s speed
and the water depth at the generation area (Tors-
vik and Soomere 2008).

According to model calculations, SW winds
with a speed 9 m s excite the significant wave
height about 0.3 m in the neighbourhood of
the measurement site, which matches well the
measured values. North wind with a speed of
6 m s creates wave fields with the significant
wave height below 0.35 m and the peak period
less than 3 s. When the wind speed increases to
12 m s, the modelled significant wave height
increases to 1 m and the peak period is about 5 s.
North winds with a speed of 18 m s™' generate
1.7 m high waves with peak periods of up to 7 s.
However, for the west winds with a speed of 12
m s, the significant wave height is 0.5 m and
the peak period is 6.5 s. As the measurement site
is sheltered from this direction, the predominant
waves approaching the study area must have
undergone significant refraction.

Winds with 6 m s™' from SW generate near
bottom orbital velocities below 0.01 m s™'. For
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wind speeds 12 m s and 18 m s~ these values
are 0.2 m s7' and 0.5 m s7!, respectively. North
winds with speeds 6, 12 and 18 m s gen-
erate near bottom velocities 0.1, 0.6 and 1.1
m s, respectively. Thus, the maximum near
bottom orbital velocities generated by fast ferries
are equivalent to those induced by north winds
exceeding 12 m s™' or SW winds exceeding 18
m s'. In Tallinn Bay, 6 m s™' is a typical wind
speed in autumn and winter (Prilipko 1982). As
the mean wind speed during spring and summer
months is 3-4 m s, the background of wind
waves is almost negligible during these seasons.
According to the HIRLAM model output, in
2006-2009 the frequency of winds = 12 m s
did not exceed 6.4% and the share of winds = 18
m s~ was 0.1% (Alari er al. 2009a). Based on
the above, it may be concluded that resuspension
of sediment at the measurement site is due to fast
ferry wakes rather than wind waves. This feature
obviously reflects the sheltered nature of Tallinn
Bay, because in the Baltic Proper waves caused
by winds with a speed of 5 m s™' can already
resuspend sediments (Jonsson 2006).

Optical method for estimation of a wake
impact

The underwater light irradiance E Gl(i) was moni-
tored in the morning of 21 July. A vertical
profile E (A1) was measured before the first
ferry from Helsinki passed the measurement
site. To a first approximation, the mean back-
ground values of diffuse attenuation coefficient
K () for the whole water column are calculated
from the profiles E ,(z) originating from Eq. 1
(E,,(2)=E,,(0)e “*, where E, (0) is a constant
equivalent to the irradiation just under the water)
presented in Fig. 4.

The impact of a fast ferry wake on the irra-
diation properties at two levels — 0.5 and 1.0 m
from the sea bed — was established from meas-
urements performed from 09:01 to 09:41 at the
1/60 Hz sampling rate. During this time interval,
a strong wake from SuperStar sailing to Tallinn
(scheduled arrival 09:30) reached the study site.
The values of K (1), calculated from E (1) spec-
tra (Fig. 5) showed that the transparency of
water was highest at wavelengths 500-600 nm
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Fig. 5. Diagram of diffuse
attenuation coefficient
K(4,1) of the water layer
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bed in the morning of 2 5 10
July 2009.

whereas the impact of the wake was evident in
the entire range of light wavelengths.

Generally, light attenuation in the sea water
depends on the pure sea water characteristics
and concentrations of optically active substances
(Devlin et al. 2008):

KA =a,(0)+b A)+K, (AC,

+ K AC, + K (AC, ()

15 20 25 30 35 40
Minutes since 09:00 on 21 July 2009

where a () and b (1) are the absorption and
backscattering of pure sea water (Smith and
Baker 1981), Cy, C,, and C_are the concentra-
tions of yellow substance, chlorophyll and sus-
pended matter, respectively; K~ d,y(/l), K d,cm(/l)
and K~ d,s(}’) are the empirical attenuation cross-
sections of yellow substance, chlorophyll and
suspended matter.

In order to quantify the magnitude of resus-
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on C_. It can be assumed that the concentration
of yellow substance is not influenced by waves
and wakes. Phytoplancton has nearly the same
density as the sea water and is, especially under
dynamic conditions such as wind waves and fer-
ries’ wakes mostly floating in the water column.
Therefore, C, also could be taken as a constant
value during the measurement period (only a
part of an astronomical day in most cases). On
the other hand, yellow substance is absorbing
light in the ultraviolet (UV) and blue ranges of
the spectrum, and the mean absorption maxi-
mum of chlorophyll is at 665 nm. Therefore, at
wavelengths between 500-600 nm both yellow
substance and chlorophyll have a marginal effect
on the attenuation spectra. Consequently, Eq. 3
can be rewritten as:

1
C =

s ’
dsA

(K.\-K), )
where K°, , is the cross-section of suspended
matter at a Wavelength A (between 500—-600 nm),
and K is a constant describing all attenuation
components except the one for suspended matter.

Similarly with the measurements in the pho-
tosynthetically active range (PAR) (Erm and
Soomere 2006) the impact of a ferry wake can be

quantitatively described as

where M, (g s m~) characterizes the impact of
wakes over some period At =¢, — 1, and K j(t)
is a background value of the dlffuse attenuatlon
coefficient.

According to Eq. 4, K”, , can be estimated
from the values of K j(C) 51m11arly as it was
done for K~ LSPAR by Erm and Soomere (2004).
In 2009 and 2010, five measurement sessions
were performed in sand dredging areas in Tallinn
Bay. Spectral profiles of underwater light were
measured using the above-described Ramses
radiometer and the concentration of suspended
matter was determined from water samples. The
dependence of attenuation of light at 502 nm
K4, on C is presented in Fig. 6. The slope of
linear regression for the values of K| 502(C ) was
used as K, for 502 nm (~0.1 m* g~ 1Y in Eq. 5.

To estlmate the total impact of a wake, K| 502(t)
was compared with the surface wave time-series
for the same time period (Fig. 7). This quantity
showed almost no variations during the first 18
minutes of the record before the arrival of the
ferry wake (Fig. 6a). Its mean value during the
first 18 minutes (1.1 m™) is used as a reference
value K () in Eq. 5 for calculating the impact
of the wake. The overall minimum of K __(0.28

d,502
m™) occurred at 09:20. After some increase its
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Fig. 7. (a) Wave amplitude and (b) K, ,,(f) caused by Tallink SuperStar in the morning of 21 July 2009.

values dropped again, to a value of 0.63 m™.
This minimum of K, ,(r) occurs when the lead-
ing wave of SuperStar reached the study site
(Fig. 7b). Such a decrease may reflect so-called
ventilation of near-bottom water layer (that the
wakes bring clear water into the lower water
layers) that was also observed near Aegna Island
in Tallinn Bay by Erm et al. (2006). Further on,
K Cl'502(1‘) substantially increased to 2.17 m™ and
then decreased in a slightly oscillating manner
back to the mean value.

The larger sediment fractions stay mostly in
the lower layer, while the finer components sedi-
ments may be resuspended to higher layers. The
local maximum at 09:22 when K ., increased to
1.32 m™ probably reflects the settlement of heav-
ier fraction of sediments, while the maximum at

9:29 is the result of lighter fraction settlement.
The ‘total impact’ of this wake established
by means of Eq. 5 is M, = 2654 g s m™. It is
1.6-1.8 times as high as than the mean values
calculated for Tallink AutoExpress and Super-
SeaCat (1649 g s m™and 1483 g s m=, respec-
tively) for years 2003-2004 near Aegna Island
(Erm and Soomere 2006). Assuming the impact
time of all three ferries being the same (~22 min)
and taking into account that SuperStar and Star
were passing the measuring station (on aver-
age) 2.5 times and XPRS twice daily, the ‘total
impact’ of all ferries was 10 350 g s m~ Total
impact 13 000-14 000 g s m™ for a 5.5 h period
was calculated for the nearshore of Aegna in
the years 2003-2005 (Erm and Soomere 2006b,
Erm et al. 2006). Mean excess concentrations
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of resuspended sediments induced by a ferry
calculated as AC, = M /X At, where YAt is the
sum of impact periods in a day, were 2.0, 0.8
and 04 g m> (for SuperStar, Star and XPRS,
respectively). For the period of 2003-2004 its
mean values of 2.3 (AutoExpress) and 3.3 g m™
(SuperSeaCat) were calculated for much smaller
but faster ferries near Aegna Island (Erm and
Soomere 2006a).

Another comparison could be made based on
assumptions that the excess transport of sediment
occurs in about 1 m deep near-bottom water layer
(h=1) (Erm et al. 2006) and that the characteris-
tic coastal current speed v in Tallinn Bay is about
0.1 m s (Orlenko 1984, Erm et al. 2008). The
total mass of sediment m_ brought into motion
per each meter of the affected coastline sections
within a navigation day can be estimated as

m =VvhIM,=10350 (gm™), (6)

what is 3.6 times lower as estimated for the near-
shore of Aegna for 2005. If 10% of this amount
will be carried out of the bay or accumulated in
deeper sea areas, during one navigation period
the net loss of fine sediments could be about 400
kg m™.

Of course, all these comparisons should be
treated as indicative. First of all, they are based
on very rough approximations and on a limited
data set. As the bathymetry and sediment prop-
erties are different in these two measurement
states, the resuspension and transport properties
are obviously different.

Table 1. Horizontal sediment fluxes F,,
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Sediment fluxes

Resuspended particles were periodically cap-
tured with sediment traps during 18 June-28
July 2009. The rate of resuspension was calcu-
lated with the following formula:

o m
tot St ’

tot

(N

where F_ is the total flux of sediments (incorpo-
rating both the flux induced by wind waves and
the flux generated by ferry wakes), m (g) is the
dry weight of captured sediments, S (m?) is the
cross-section of the trap, and 7, (h) is the dura-
tion of sampling.

Experiments were carried out using hori-
zontal sediment traps placed at two different
elevations (0.2 and 0.5 m from the sea bed) and
arranged in two different directions (seaward
and shoreward). The results showed that a 0.3 m
increase in elevation plays a critical role in the
rate of sediment supply to the water column —
the fluxes at 0.2 m were up to an order of magni-
tude higher than those at 0.5 m (Table 1). On the
average, the seaward flux was 1.3 times as large
as the shoreward one.

Two sources contribute to the locally resus-
pended sediment flux — wind waves and ship
wakes. To a first approximation, their contribu-
tion can be separated based on theoretical con-
siderations. The amount of sediments in a trap
can be calculated as

m= (Ft + D Ft, )S, ®)
i=1

measured in summer 2009 near Katariina Jetty. The start date and time,

sampling duration ¢ , depth of the sea z, number of passing ferries (nyg = SuperStar, ny = Star, n, = Viking XPRS)
and the mean values of F for the measuring series are shown. The values of the rightmost column are given in the
following order: elevation from the sea bed H = 0.5 m seaward/shoreward; H = 0.2 m seaward/shoreward.

Date Start time t(h) z(m) Ngg ng n, F. (@m=h)

18 June 16:34 2.5 2.3 1 0 0 1.2/1.3; 3.6/2.9
18 June 19:06 16.0 2.3 1 2 1 0.3/0.4;1.9/2.0
19 June 11:22 6.6 2.3 1 1 1 0.8/1.3;5.2/4.1
27 June 12:18 6.6 2.2 1 1 1 1.2/0.6;7.1/6.7
27 June 18:52 16.6 2.2 1 1 1 0.2/0.6; 0.6/0.2
28 June 11:43 7.6 2.2 1 1 1 0.4/0.3; 5.5/5.8
20 July 21:48 9.5 4.2 0 1 1 0.4/0.1;1.3/1.0
21 July 07:45 50.5 4.2 6 5 4 1.2/—;1.4/2.5
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where F_ is the wind waves’ induced flux, F, Af v 2 . 2
is the flux induced by a ship during the impact  F,=F, +t_FSS N +ns(v“S J +n, (V_XJ
time ¢, of its wake and n is the number of ships tot 0S8 oss /], (11)
passing during 7_. Combining Egs. 7 and 8 we _F 4 n,, At F

obtain:

m
s Fe=RATLLEL O
Wakes from three fast ferries arriving from
Helsinki — SuperStar (SS), Star (S) and XPRS
(X) — apparently give the major contribution
to the flux. Other ships and the traffic in the
Tallinn—Helsinki direction create much smaller
waves at the measurement site (Fig. 3) and their
contribution can be neglected. Consequently, the
total flux can be approximated as follows:

tot

tot SST SS

At
F :Fw+—(n F, +nSFS+nXFX), (10)
t

tot

where F, F,, F, and ng, ng, n are the mean
fluxes (calculated for a period At equal for all
the ferries) and number (during 7 ) of ferries
passing. It is not possible to estimate the values
of F, F and F, from the existing data. From
wave characteristics (Fig. 3c) one can estimate
the wave induced orbital velocities for these fer-
ries. As the intensity of resuspension is usually
proportional to squared velocity, it is natural to
assume that the concentration of resuspended
particles at some height from the sea bed is pro-
portional to square of orbital velocity. Therefore,

Eq. 10 can be written as

w SS
tot

where Vossr Vos and v, are the near bottom orbital
velocities induced by ferries (0.57, 0.36 and
0.27 m s™' respectively, see Fig. 3c) and n_, is
a weighted average of the number of ferries. A
sensible approximation for At (about 22 min,
Fig. 7b) could be taken from the analysis of the
duration of response of the optical properties of
sea water to the wakes. Based on the dataset of
fluxes (Table 1), the dependence F,_(n At/t )
for the measuring elevations (0.2 and 0.5 m from
the sea bottom) was calculated (Fig. 8). giving
F, =0.7(gm?h")and F =38 (gm?h")at the
0.2 m level,and F, = 0.05 (g m™> h™') and F =
9.5 (g m? h™") at the 0.5 m level. The calculated
values of F correlate well with the flux values at
measurement series, when minimum proportion
of ferries wakes is present (0.96-1.35 ¢ m™ h™!
at the 0.2 m level and 0.12-0.35 g m™ h! at the
0.5 m level; see also Table 1).

Vertical fluxes of resuspended sediment
showed a large variability (0.03-7.1 g m? h™')
depending on the deployment duration and the
height of traps above the sea bed (Table 2).
Significant downwelling fluxes were registered
at the 0.5 m level above the sea bed and not at
higher elevations. There was also a quite good
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Fig. 9. Examples of microphotos of counted particles.

correlation between the mean values of vertical
and horizontal fluxes for the same measuring
cycle.

Although the presented estimates are very
rough, they show that in calm and moderate
wind wave conditions (for example, during a
large part of the spring and summer seasons)
the role of wind waves is marginal in the resus-
pension process (~2% at the 0.2 m level and
~0.05% at the 0.5 m level). Also, the measure-
ments clearly showed that the fluxes are strongly
depending on the elevation.

Size and distribution of particles in
resuspended sediments

The FlowCAM analysis was carried out for
two reasons. First, there are many investigations
addressing the dependence of attenuation on
the concentration of optically active substances
(OAS) in natural waters but the question con-
cerning the size and morphology of particles is
still open. Second, the samples had very clear

Table 2. Vertical sediment fluxes F,  measured in
summer 2009 near Katariina Jetty. The date, end and
start times, sampling duration t , depth of the sea z,
elevation from the sea bed H and the mean values of
F for the measuring series are shown. The values of

the rightmost column are given in the following order:
elevation from the sea bed 1.1/0.9/0.8/0.5 m.

Date Starttime t (h) z(m) F_ (gm2h7)
18 June 16:37 2.6 3.1 0.2/0.4/0.4/11.5
19 June 11:22 6.6 3.1 0.1/0.2 /0.2/3.2
27 June  19:20 16.0 2.4 0.1/0.9 /13.2/7 1
16 July 14:33 2.6 3.25 0.1/0.2/0.4/0.4
21 July  08:26 49.8 3.6 0.03/0.03/0.04/0.06

orange shading, which was not characteristic on
other shores of Tallinn Bay.

As fluorescence measurements were not car-
ried out, all particles (tripton, phytoplankton,
zooplankton, and detritus) were considered in
the FlowCAM analysis. Invalid recordings (i.e.
bubbles and repeated images) were removed
from the image database through visual recogni-
tion. About 2700-3800 particles were counted in
the 5 ml samples. Most of them had an irregular
shape but the same colour and structure — yel-
low-green background with very fine black spots
inside (Fig. 9). The orange colour of (macro)
samples may be due to a fine iron-rich sand frac-
tion or to red brick pebbles originated from the
facilities established on Cape Viike-Paljassaar
during World War 1.

Particle diameter distributions (ESD) in real
downwelling fluxes (m~ h™') were studied using
a5 pum step. These distributions were quite simi-
lar for all the samples (Fig. 10). Although the
studied particles varied from 2 to 150 ym in
diameter, in 90% cases the diameters were in the
range of 2-40 ym.

Conclusions

Wakes from fast ferries dominated the surface
wave field during the experiment. The daily
highest wake waves were at least 0.65 m high
and their period was 7-8 s. They induced near-
bottom orbital speeds of 0.5 m s and more.
Compared with measurements made at eastern
coast of Tallinn Bay, the wakes were slightly
lower, but their period was the same. This sug-
gests that although the ship wave height may
vary in different locations, the periods of the
largest waves in wakes of Tallink Star, Tallink
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SuperStar and Viking XPRS insignificantly varies
in the entire bay. This is consistent with the gen-
eral opinion that the wave period depends mainly
on the ship’s speed, characteristics and water
depth at the generation area. Model experiments
with the numerical model SWAN indicated, that
the daily maximum wake induced flow veloci-
ties are comparable with the velocities generated
by north winds with a speed of 12 m s! or SW
winds with a speed of 18 m s'.

Optical cross section for the suspended matter
at 502 nm K°, ., was found to be 0.1 m* g"" in
Tallinn Bay. The response of optical parameters
of sea water to the wake from SuperStar was
about 1.7 times as high as was observed for HSC
during the measurements made at Aegna Island
in 2003 and 2004. The similar response to wakes
from other ferries, calculated using the orbital
velocities of their waves, had lower impact. The
typical impact of the wake from Star forms about
40% and of the wake from XPRS about 20% of
the impact of SuperStar’s wake. The mean excess
concentrations of resuspended sediments induced
by a ferry wake were 2.0, 0.8 and 0.4 g m™ for
SuperStar, Star and XPRS, respectively. There-
fore, only the impact of the wake from SuperStar
is of the same magnitude as the similar impact
exerted by wakes of ‘classic’ high-speed crafts
such as Autoexpress and SuperSeaCat (Soomere
et al. 2003, Parnell et al. 2008), the wakes from
which dominated in the ship-induced hydrody-
namic activity in the past. The daily ‘total impact’
of all ferries was 10 350 g s m=, that is about one

50 100 150 200
ESD (um)

third of the analogous value for the nearshore of
Aegna in 2003-2004. The amount of sediments
which may be carried out of the bay or accumu-
lated in deeper sea areas during one navigation
period is about 400 kg per meter of shoreline,
which is about 2.5 times lower than estimated for
year 2005 near Aegna.

The data obtained from horizontal sediment
traps showed slight sediment transport away
from the shore. The absolute majority of resus-
pension events were caused by ship wakes.
They induced resuspension higher as induced
by wind waves about 50 times at the 0.2 m level
and about 200 times at the 0.5 m level from
the sea bed. The magnitude of sediment fluxes
very strongly depends on the elevation from the
sea bed. The horizontal fluxes induced by ferry
wakes at the 0.5 m level were 4 times as large
as at the 0.2 m level. This difference for fluxes
induced by wind waves was 14-fold. Vertical
fluxes of resuspended sediments showed a large
variability (0.03-7.1 g m™ h™"), depending on the
time period and elevation of the traps from the
sea bed. Significant downwelling fluxes were
registered at the 0.5 m level from the sea bed
but not at higher elevations. This means that the
maximum effective resuspension height of par-
ticles due to ferry wakes is between 0.5-0.8 m.

The diameters of resuspended sediment par-
ticles ranged from 2—150 ym, remaining in 90%
of cases in the range of 2—40 ym.

The quantitative estimates discussed above
suggest that remarkable amounts of sediment
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may be lost from the shoreline due to fast ferries
every year. The process apparently will continue
in the future and therefore may seriously affect
sediment dynamics.
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