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MEPBI IIO CMSIT'YEHUIO ITOCJIEJCTBUM BEPETOBOM YPO3UHN
HA MOBEPEXBE OCTPOBA KOTJIMH B ®PUHCKOM 3AJIUBE,
BAJITUMCKOE MOPE

Crarps noctynuia B pefakiuro 30.01.2018, mocie nopadorku 04.04.2018.

WNuTencuBHas 3po3us Oeperos BOmm3n octpoBa Kotma B @uHcKkoM 3anmuBe, HabmrogaeMas B mocneanue 70 jet, Mo-
JKET TIPUBECTH K TIOJTHOMY MCUE3HOBEHHIO MMECUYaHBIX TUIDKEH B 3amagHol dacty 0. KormH B Ommkaiimem Oymymem. B
CTaThe OIIEHNBACTCSA HHTEHCHBHOCTH OEPEroBOi 3p03HH B 3amaiHOM yacTu 0. KOTiauH n npearaercs MeTo] HCKyCCTBEH-
HOM MOACKITIKH, 00€CTIEUNBAIOIINNI COXpaHEHHE MTECUaHbIX IUIhKeH. [eonormueckne nceaeoBaHns BEISBIIIN CIIETYOIIHE
0COOEHHOCTH MTPUOPEKHOI 30HBI MOpPS 1 Oepera B 3ananHoi yactr 0. Komua: 1) 3HAYNTENBHBIN Ie(UIUT TOHHBIX 0Cal-
KOB; 2) HeOombmast (oxoo 30 cM) TONIIMHA aKTUBHOTO TIECYaHOTO ci1os, 3) mpeobmaganne y3kux (10—15 M) mecqanbix
IUBDKEH 1 4) HU3KWH | TUTaBHBIN penbed Mopckoro mHa u 6epera. [lapaMeTpsl HCKyCCTBEHHOTO IUIHKA ONMPEACTISIOTCS U3
COBMECTHOH MOJIENH, 00bEANHSIIONMIEH MOIEN UPKYJISIIMN BO/IBI, BETPOBBIX BOJIH M TMHAMHKH OCaIKOB. PacueTsl cko-
POCTH TE€UEHHH M BETPOBBIX BOJIH MPOBOJMIINCH C MCIIONB30BAHUEM TPEXMEPHOH THAPOANHAMUYECKON MOJEIH BOCTOU-
HOM yacTi OUHCKOTO 3a5MBa 1 BoTHOBOU Mozemn SWAN, cootBeTcTBeHHO. Jledopmarms moGepeskbs m3-3a ITOPMOBBIX
HAaroHoB ObUTa paccunTana Ha ocHoBe Momenn CROSS-P. McxomusIMi JaHHBIMU OBITH HAYaJIBHBIN MPOQIITH TITyOUHBI,
XapaKTEPUCTUKH JOHHBIX OCAAKOB, CKOPOCTB BETPA, M3MEHEHNUS YPOBHS BOABI M ITAPAMETPOB BOJIH BO BPEMS LIITOPMA, ETO
MIPOIOIDKATENBEHOCTE. [10 3aJaHHBIM BHEITHUM BO3MeHCTBHAM (aTMochepHbiid Gpopeuur u3 monenu HIRLAM, rpannd-
HBIC YCIIOBHUS Ha OTKPHITOH BogHO#H rpanute u3 moaenn HIROMB, penbed nHa 1 uishka B IpHOPEKHON 30HE TI0 pE3yITb-
TaTaM BBIIICYKa3aHHBIX T€0JOIMYECKNX NCCIEJOBAaHNI) PACCUNTAHBI ITApaMeTPbl PO(DUIIS HCKYCCTBEHHOTO IIUISKA MTPH
MaKCHMaJIbHOM IITOPMOBOM HAaroHe, U OLIEHEH TOZ0BOH 00BEM IecKa, HEOOXOAUMBIH sl COXPaHEHHS HCKYCCTBEHHOTO
TUTSDKA.

KuaroueBbie c1oBa: Dpo3us Oeperos, TCUCHHUS, BETPOBEIC BOJIHBI, IMHAMIKA OCAJIKOB, MOJICITUPOBAHUE, HCKYCCTBCHHBIHN
Wbk, octpoB Komun, ®unckuii 3anus, bantuiickoe mope.
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The intense erosion of shores of the Kotlin Island in the Gulf of Finland during the last 70 years can lead to the
complete disappearance of sandy beaches of the western Kotlin Island in the near future. We assess the intensity of the
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coastal erosion of the western Kotlin Island and propose the method of artificial sand nourishment in order to maintain the
sandy beaches. The geological near-shore and onshore surveys revealed the following features of the western Kotlin Island
coastal zone: 1) significant sediment deficit; 2) small (about 30 cm) thickness of the active sand layer, 3) predominance
of narrow (10—15 m) sand beaches and 4) low and smooth offshore and onshore topography. The parameters of artificial
beaches are determined by coupling the models of water circulation, waves, and sediment dynamics. Calculations of
currents and waves were performed using a three-dimensional hydrodynamic model of the eastern Gulf of Finland and
the SWAN wave model, respectively. The coast deformation due to storms was calculated using the CROSS-P model.
Initial data were the existing depth profile, sediment characteristics, wind properties, wave parameters, the height of storm
surges, and the duration of a storm. The actual external forcing (atmospheric forcing from the HIRLAM model, open
boundary conditions from the HIROMB model, and bathymetry and topography of the beach obtained from geological
surveys) is given, the parameters of artificial beach profiles have been calculated to withstand the maximum storm surge,
and the annual volume of sand necessary for the conservation of the artificial beaches has been estimated.

Key words: Coastal erosion, currents, wind waves, sediment dynamics, modelling, artificial beach, Kotlin Island, Gulf
of Finland, Baltic Sea.

1. Introduction. Inrecent decades considerable progress has been made in the development of mathematical
modelling of the coastal dynamics. Although the possibilities of morphodynamic forecasts are still limited,
existing models already provide significant assistance in solving practical problems related, for example, to the
assessment of longshore sediment transport, changes in the coastline [1, 2] and also to predictions of storm-
induced bed deformations [3, 4].

The main motivation for the research in this paper was the retrospective analysis of the remote sensing
data about the coastal zone of the western shores of the Kotlin Island (KI) in the eastern Gulf of Finland (GoF)
(fig. 1, see an insert). This data set revealed the maximal erosion rates of 1.2—1.6 m/year during the last
76 years. The average rate of shoreline recession is about 0.25—0.5 m/year [5]. This process can lead to the
complete disappearance of sandy beaches of the western KI in the nearest future.

The most adequate approach to the modelling of morphodynamical processes depends on the time scales
considered. In this study the focus is on processes that occur on the typical time scale of single storms. These
scales are at best resolved using so-called process-based models [6, 7]. They are able to simulate the local
effects of waves and currents on the sand bottom and ultimately lead to acceptable estimates of sediment
transport and associated changes in coastal morphology.

The purpose of this study is to assess the intensity of coastal erosion in the western part of the KI (fig. 2,
see an insert) characterised by the great abrasion intensity and to propose realistic measures to maintain its sand
beaches. We generalise this particular result towards proposing a method for assessing the impact of potentially
dangerous geological processes in the coastal zone based on actual geological and geophysical information,
modelling of circulation patterns in nearshore, waves and sediment dynamics, and recommendations how to
combine these modelling efforts for practical purposes.

2. Methods

2.1. Geological and geophysical studies. To achieve our goals, we employ subsequently a cluster of
different data sources and a hierarchy of numerical models (fig. 3).

Marine fieldwork was carried out by the A. P. Karpinsky Russian Geological Research Institute (VSEGEI)
during summer 2016 on boards of research vessels (RVs). The nearshore zone was imaged using the side-scan
sonar (CM2, C-MAX Ltd, UK) with a depth-dependent search swath of 75 m and a working acoustic frequency
of 325 kHz. More than 400 km of side-scan images allowed compiling a full-coverage side-scan sonar mosaic
of the seabed in the study area. Twenty kilometres of low-frequency acoustic seismic profiling was carried out
using 0.2—5.0 kHz boomer sub-bottom profiler GEONT-HRP (Spectr-Geophysika Ltd., Russia) with a 0.4 m
resolution. The signal penetration depth depends on geological properties and varied in the range of 20—25 m.

Geophysical profiling was accompanied by echo-sounding («HydroBoxTM», SYQWEST, USA). The
interpretation of sonar data was supported by sediment sampling using a box-corer (44 sites) and underwater
video observations (10 sites) using a video-ROV Super-Gnom (manufactured by P. P. Shirshov Institute of
Oceanology, Russia) and further improved with high-definition camera GoPro™ HDHERO2.The positioning
of devices was controlled using GPS systems Furuno 7000F, Garmin GPSMAP60 CSx, and Vector VS330.
This data set was complemented by measurements of beach profiles in the nearshore areas along several
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transects perpendicular to shoreline. The sand layer thickness was determined using shallow drilling in three
sites (KDT-5-KDT-7).

The onshore geological research was focused on the observation of the intensity of coastal erosion and
the identification of the local features of sub-surface geological structure (e.g. beach and dune structure,
lamination, character of the inner boundaries, sand layer thickness, etc.). The ground-penetrating radar (GPR)
surveys (the total length of transects about 1.5 km) were used to obtain continuous high-resolution subsurface
images. The GPR setup included a digital Geophysical Survey Systems Inc. SIR-2000 GPR system with a 400
MHz monostatic antenna. The penetration depth of the signal was 5—7 m. The interpretation of radar data was
supported by 10 boreholes (each about 2 m deep, 12 cm in diameter) drilled by STIHL BT 121.

Grain-size analyses of sediment samples were carried out and the main grain-size statistical parameters
(mean diameter Md, Ma, So, A) were calculated [8] in the VSEGEI laboratory using laser diffractometer
Microsizer 201A (VA Instal, Russia) and an analytical sieve shaker (AS 200 Retsch). The samples were
separated into 21 grain-size classes.

2.2. Modelling of circulation and wind waves

Circulation model. Calculations of velocities of currents were performed using a three-dimensional
hydrodynamic model of the eastern part of the GoF and the Neva Bay [9]. The model was verified via the
calculation of the spreading of sewage from Saint Petersburg from the emission points in the Neva Bay in
summer and winter conditions [9, 10] and during the simulation of storm surges in the situation when the Saint
Petersburg Flood Protection Barrier (FPB) was operational [11]. The model is based on the three-dimensional
Princeton Ocean Model (POM) [12] that uses the 6-coordinate in the vertical direction.

The model domain covers the eastern GoF including the Neva Bay and the vicinity of the FPB (fig. 2,
b). Its eastern boundary (the estuary of the River Neva) is at the longitude 30°14'59"E and the western one at
the longitude 29°08'08"E. The model uses a regular grid with a step of 100 m in the horizontal direction. The
number of grid nodes in the x-direction (from west to east) is 600 and in the y-direction (from south to north)
400.The number of uniformly distributed c-levels is 7. The maximum depth is 34.4 m and the minimum depth
is 0.2 m. The FPB has six water gates and two ship gates. The model allows for opening and closing of these
gates during the calculations.

Wind waves. The calculation of wave parameters was carried out using the wave model SWAN that is
developed specifically for describing waves in shallow shelf and coastal areas with a complex bathymetry and
geometry [13, 14]. This model was successfully used to simulate wind waves in the Neva Bay and the eastern
GoF [15]. In this study the SWAN model was applied for the eastern GoF (fig. 2, b). The spatial resolution of
the SWAN model (100 m) was the same as for the circulation model. When simulating waves in the study area
it is extremely important to reproduce the properties of waves generated in the GoF and affecting the western

38



Mepsb! 10 CMAT4eHUIO MOCJIEICTBHH. ..

coast of the KI during strong western storms. To simulate such conditions at the open boundary, we performed
SWAN model runs in advance for the entire GoF on a larger grid containing 720%310 nodes.

2.3. Modelling of sediment transport and morphodynamics

The modelling of sediment transport is based on the energetics approach [16—18]. The local volumetric
cross-shore (axis x) and longshore (axis y) net sediment transport g _and q, (m*m~'s™) in the wave shoaling and
the surf zones are determined by the following expressions:
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where 3 = —0h / Ox is the bottom slope, / is the water depth (the z-axis is directed upwards and / = 0 correspond
to the free surface), ¢° is the cross-shore net transportover a horizontal bed, g is gravity acceleration, p is the
water density, P, and o are the density and porosity of solid grains, respectively, €, and €_are the bed-load and
suspended-load transport efficiency coefficients, respectively, ¢ is the angle of repose, u  is the amplitude of
near-bed wave orbital velocities, w, is the grain settling velocity in water, D fis the energy dissipation rate due
to bed friction, D, is the additional dissipation rate near the bed due to wave breaking, U , U and V , V_ are
the near-bed cross-shore and longshore mass transport velocities induced by waves (w) and currents (c), ¢,
is the net transportdue to the burst of sediment suspension in the wave breaking region, and ® is the angle of
incidence of the wave relative to the normal to the coastline.

In the swash zone, a peak value of the cross-shore net sediment transport is determined by the
relationships:

G = UK Py (Beq _B)v Up =+/28R .

where K,=0.005 is a scaling factor, u, is the amplitude of run-up velocity, R is the height of wave run-up,
B is the mean bed slope, and Beq is the equilibrium beach slope depending on sediment grain size and wave
parameters. See details in [4], [18—21].

The total net longshore sediment transport g, is calculated by integrating the values of the local net
transport at different depths q,over the length /, of the cross-shore coastal profile. The bulk longshore sediment
transport Q is determined as the cumulative sediment volume transported through the cross-shore coastal
profile for a given time interval with a duration of 7 :

I t,
qlolal = IO qydx ’ Q = -[O qtotaldt .

Taking, for example, £ =1 year we get the bulk annual sediment transport in cubic metres (m?).
Storm-induced deformations of the coastal profile are computed from the equation of mass conservation:

oh _oq,

ot ox

where / is the local water depth and tis time. We employed the CROSS-P model that was previously successfully
applied to the coasts of the eastern GoF [21, 22]. The set of input data for calculations are the depth profile A(x),
sediment characteristics (mean grain size, density, and porosity), wave parameters (height, period, angle of
incidence), the height of the storm surge, wind speed, and storm duration. The equation of mass conservation
is integrated with the time step Af that matches the typical wave period and the spatial step Ax of the order of
1 m. At each time step the cross-shore distributions of the local wave parameters are computed. The sediment
transport rates ¢ _and g, are evaluated next. Based on the obtained values of g , the local changes to the bottom
(expressed via the water depth) are calculated and the new depth profile /(x) is determined.

If the local bottom slope exceeds a threshold limit (tan ¢ about 0.6), it is assumed that the sand will create
a local avalanche. The model also reproduces the process of foredune overtopping during extreme surges. The
swash-zone sediment transport rate depends on the relation AZ/R, where AZ is the excess of the wave run-up
R above the dune crest [4, 21].
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The derived recommendations for beach protection are based on the model of an artificial beach developed
under an extremely high storm surge [23]. The model allows estimating the amount of material necessary for
the construction of the beach depending on the specified storm parameters, selected sediment size and desired
width of the dry beach. Its description is given in Appendix 1. The stability of designed beaches is verified by
modelling the impact of an extreme storm.

3. Geology and topography of the western coastal zone of the KI

3.1. Geology, topography and bathymetry of the coastal zone. The eastern GoF and KI are situated
in the transition zone between the Baltic Shield and the East European Platform. Pre-Quaternary surface in
the area of KI is represented by Vendian clays. According to results of onshore [24] and offshore [25] state
geological surveys, the geological structure of KI and the adjacent nearshore bottom is controlled by glacial
moraine elevation partly covered by Late Pleistocene clays. Sand accretion sediments formed during Holocene
transgressions of the Baltic are widely spread onshore.

According to long-term high-resolution levellings in the 1970s—1990s in Russia, Finland and Estonia, the
study area is characterised by tectonic uplift with the rate of 0.5—1.5 mm/year [26]. This process obviously
impacts the intensity of coastal erosion. However, the relative sea level increased by 6—12 c¢cm in Kronstadt
according to measurements in 1945—2007 [27].

The geological and geophysical studies performed in 2016—2017 allowed compiling a detailed map of
bottom sediment distribution for the nearshore of the study area (fig. 4, see an insert). The most important
feature (from the point of view of sediment dynamics) is the presence of a vast asymmetric moraine ridge in
the nearshore of the KI. This massive underwater landform is located in approximately 4—7 m deep water
and is intensely affected by submarine erosion. This ridge covers an elongated in the NWW direction area that
is about 10 km long and up to 4 km wide. Coarse-grained boulder-pebble sediments with clayey diamicton
outcrops interspersed with patches of sand dominate in this area

In the nearshore between the shoreline and 1—1.5 m isobaths a stable system of longshore and fan-shaped
sand ridges partly adjoined to the coastal line is observed. The best-balanced sand ridges (with the total width
of the sand ridge zone up to 600 m) are in the north-eastern part of the submarine coastal slope of the study
area. The bottom of the area of sand ridges is smooth and the maximal relative height of the ridges is about 0.5
m. The ridges are composed of coarse- to medium-grained (Ma varies from 0.4 to 0.9 mm, an average is 0.7
mm) and usually poorly sorted sand (So 1.8—2.4). Well sorted (So 1.0—1.5) fine-grained sands (Ma 0.2 mm)
form longshore ridges only in the eastern part of this coastal slope.

According to drilling results (e.g. sites KDT-15, Fig. 4A), the upper sediment layer (0—5 cm) of the
runnels between the sand ridges is composed of poorly sorted (So > 2.0) medium- to coarse-grained sands
with high (up to 25—30 %) content of gravel material. This layer is underlain (depth 5—25 cm) by fine-
grained sands with low content of silty-clayey particles. This low content indicates the periodic reworking of
this layer by waves. The location of fine-grained clayey sands (at depths 25—30 cm) and pure clays or clayey
diamicton (at depths below 30 cm) apparently indicate the lower boundary of wave impact in the sediment
layer. Consequently, the thickness of the active sediment layer is about 30 cm (fig. 4, a).

The gently sloping onshore coastal landscape peaks with smooth up to two metres high sand dunes in the
backshore that separate the low coastal terrace from the sea. The old embankment located along the southern
coast of the K1 is, in essence, a technogenic barrier. A series of cross-bedded sand layers indicates the direction
and rate of beach accretion and erosion (fig. 5, see an insert). The upper part of the sediment sequence is
composed of fine-grained (Ma 0.1—0.22 mm) well-sorted (So 1.0—1.2) sands. The GPR profiles allowed
tracing the lower boundary of the sand layer. This boundary is a clayey surface below which the GPR signal is
lost. The thickness of the sand layer within the beaches of western KI varies from 20—30 cm in the nearshore to
2—2.5 m in the dunes. These results are a crucial input for the modelling of storm impact on beach profiles.

3.2. Geological processes driven by external forcing. The shoreline of the western KI has a cuspate shape
formed by smooth glacial moraine capes and pocket beaches between them. The coasts here are heavily eroded
(fig. 1). The local sand accretion areas are in certain smooth bays of the eastern part of the study area. The
maximal rate of recession of the coastline (2 m/year) is observed in the westernmost section of the KI near the
fort «Reefh». The rate of coastal erosion in the adjacent coastal segments is 0.5—1 m/year with minimal erosion
rates around themoraine capes. Sand accretion with rates of 0.3—0.4 m/year takes place in the easternmost
part of the study area.
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A comparison of recent coastal observations with the outcome of similar observations made in 2008
confirmed the results extracted from the remote sensing data. The shoreline contains of interspersed active
erosion escarpments and broken fortification and coast protection structures that keep some sections of the
shoreline more stable. In places wavelike features (local disturbances to the otherwise mostly straight beach
plane) are evident. They are characterized by a wide accretion downdrift end and a narrow, erosion updrift
end. Such longshore sand waves are formed within the intense longshore sand drift to the east. The material for
these structures comes from actively eroded western coasts of the study area.

Therefore, intense erosion predominates in the geological and geomorphic features of the coastal zone of
the western KI. The main consequences of extremely active erosion processes are: 1) wide spreading of boulder-
pebble benches in the nearshore seabed, indicating significant sediment deficit; 2) very small (less than 30 cm)
thickness of the active sand layer in the longshore sand ridge system, 3) prevailing of narrow (10—15 m) sand
beaches and 4) low and smooth offshore and onshore landscape (the foredune height is less than 2 m).

Based on the revealed features it is possible to recommend artificial sand nourishment as the main method
to mitigate sediment deficit and to prevent the future erosion. The necessary amounts of sand refill as well as
other parameters of the artificial beach are discussed in section 5.4.

4. Numerical experiments. The construction and operation of the FPB have led to a strong change in
the hydrologic conditions in the vicinity of the KI. We consider the time interval from the beginning of the
functioning of the FPB in August 2011 till the present. The analysis of sea level time series recorded in the
stations «Ozerki» and «Kronstadt» (fig. 2, b) has shown that during this time interval the maximum water
levels were observed in 2011. Three storm surges in the Neva Bay in November—December 2011 required the
FPB gates to be closed to prevent flooding in Saint Petersburg. A flooding in this city occurs when the water
level rises higher than 160 cm above the long term mean of the Kronstadt sea level gauge (denoted as the
Kronstadt zero). The first one occurred on November 27—28. The two other surges occurred one after another
on December 26—28 during the passage of a deep cyclone. During the time interval in question three water
level peaks were recorded in the hydrological station «Gornyi Institute» (59°55'44" N, 30°16'12 E): 142, 156
and 170 cm above the Kronstadt zero.

We simulate the strongest flood event that occurred on December 26—28, 2011. The initial conditions for
the circulation model such as water temperature and salinity were taken from the HIROMB model [28]. The
initial current velocities were assumed to be zero. At the open western boundaries (fig. 2, ) we used the hourly
sea level time series recorded in the «Shepelevo» hydrological station (fig. 2, b). The temperature and salinity
of water at the boundary was set constant and equal to the initial values of these parameters. At the eastern
boundary the water temperature was set to a constant value of +2 °C and water salinity to zero to match the
water from the River Neva. The discharge of this river was assumed to be equal to its average climatic value
for December (2030 m?/s) and was distributed among the river branches. The spin-up time of the circulation
model was 3 hours.

At the sea-atmosphere interface we used the hourly values of the main meteorological parameters
(atmospheric pressure, air temperature, relative humidity, wind speed and direction, cloudiness, precipitation
rate) calculated by the HIRLAM model (High Resolution Limited Area Model) (http://hirlam.org). We employed
the results of model runs performed at the SMHI (Swedish Meteorological and Hydrological Institute). The
SMHI runs an operational short-range numerical weather prediction system that uses the HIRLAM model on a
domain covering Europe and the adjacent North Atlantic with a horizontal resolution of approximately 11 km
and 40 vertical hybrid levels. Lateral boundaries for these runs come from the European Centre for Medium-
Range Weather Forecasts (ECMWF) BC project with a 3-hour time resolution [29].

The accuracy of replication of the storm surge is largely determined by the adequacy of the wind information.
A comparison of the wind characteristics calculated by the HIRLAM model with the observations at the station
«Ozerki» (the outer side of the FPB) showed very good agreement for the time interval of December 26—28,
2011.The average values of wind speed U__, from the HIRLAM model and from the measurements had a
correlation coefficient of R = 0.84. The values estimated by the HIRLAM model exceeded the observed ones
on average by 1.2 m/s (12 %) and the wind directions ¢ differed on average by 4° (R = 0.96). For measurement
sites in Kronstadt and Lomonosov (60.55° N, 28.20° E) located on the inner side of the FPB on the coast of
the Neva Bay the agreement was somewhat worse. The correlation coefficient for U_ , was R = 0.82 in both
cases. Similarly to the above, the modelled values of Umod exceeded the observed values by 3.7 and 3.2 m/s,
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respectively. The correlation coefficients for the angle ¢ were R = 0.78 and R = 0.90, respectively, with average
differences in the directions 7.5° and 4°, respectively, in Kronstadt and Lomonosov. Therefore, the HIRLAM
model slightly (but not too much) overestimates the wind speed during the three extreme hydrometeorological
situations and almost accurately reproduces its direction.

Two typical beach profiles from the erosion areas on the southern and northern coasts of the KI (called
Kotlin—south and Kotlin—north, respectively, fig. 6) were chosen as a geomorphic base for the modelling
efforts. In both areas a very gentle bottom slope in the nearshore and in the vicinity of the waterline turns into
a relatively steep beach scarp or a foredune with a height of about 2.5 m. The characteristic size of the sand
particles is 0.25 mm.

5. Results

5.1. Sea level and currents. As discussed above, the most severe floods from the commencement of the
operation of the FPB occurred on December 26—28, 2011. To reproduce these events a reference model run
was performed with the external forcing described in Section 4, including the wind input from the HIRLAM
model. The verification of the model was carried out against sea level data from the hydrological station
«Gornyi Institute». The model underestimates the peaks in sea level by 45 cm but adequately represents the
timing of the observed water level maxima on December 26, 2011 and December 28, 2011 (fig. 7).

There are at least three reasons for this discrepancy: 1) the limitations of the hydrodynamic model, 2)
the assumption that the sea level is constant at the open sea western boundary, 3) the ignoring of the wind
gustiness. Previous studies [9, 15] indicated that the model itself is sufficiently adequate for the study area.
Unfortunately, there are no reliable data on the sea level changes across the Neva Bay. To mimic the wind
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Fig. 6. The typical beach profiles on the southern and northern coasts of the KI.

Puc. 6. Tunuanble MpoQHIIM IUISHKA HA FOXKHOM M CEBEpHOM NoOepexbsax 0. Kotnuh.
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Fig. 7. The course of water level in the "Gornyi Institute" station on December 26—28, 2011,
based on observations (/) and on model results forced using the HIRLAM model data adjusted
with the values of the wind coefficient /=1 (2), /~=1.37 (3) and k= 1.61 (4). The mean value
and mean-square deviation of sea level from observations and from the outcome of the calculations
with k=1, 1.37 and 1.61 are 1.20 and 0.93, 1.08 and 1.22, 0.34 and 0.21, 0.25 and 0.32, respectively.

Puc. 7. Xon ypoBHs BObI Ha cTaHIMH «I OpHBIH HHCTUTYT» 26—28 nekadps 2011 1., OCHOBaHHBIN Ha JTaHHBIX
HaOmoeHnii (/) v Ha pe3ysbTaTax pacdera MpH 3aJaHuu CKOpoCTH BeTpa u3 moaenu HIRLAM,
CKOPPEKTHPOBAHHOMU O 3HaYeHUAMHU Kodduuuenra k=1 (2), k=1.37 (3) u k=1.61 (4). CpenHee 3HauCHHE
U CPEIHEKBAIPATHYHOE OTKIOHEHHE YPOBHSI MOPSI [UIsl TAHHBIX HAOIOICHUIT U pe3yJIbTaTOB PACUETOB
ck=1,137u1.61 cocrasmsaror 1.20 1 0.93, 1.08 u 1.22, 0.34 u 0.21, 0.25 1 0.32, COOTBETCTBEHHO.
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gustiness and possibly elevated water levels to the west of the study area we introduced a certain adjustment
(an extra coefficient) of the wind speed. The justification for such an adjustment is that the contribution of wind
gusts to the wind effect on the sea surface can be significant.The ratio of the maximum wind gust of standard
observations to the average wind speed (over a 10-minute time interval) in the station «Ozerki» was 1.4—2.2
on December 26—28, 2011 with an average value of 1.65. The impact of wind gusts is often taken into account
by means of introducing a sort of random fluctuations to the wind forcing. In this paper we prefer to remain
within the deterministic approach. In order to take into account wind gusts we performed two additional model
runs in which the wind speed reproduced by the HIRLAM model was multiplied by a certain coefficient k
(called wind coefficient in fig. 7) during the entire simulation. We used the values £ = 1.37 (run 1) and k =
1.61 (run 2). A fairly good agreement between the calculated and measured sea levels in the «Gornyi Institute»
station was achieved in the run 2 (fig. 7), i.e. when the modelled wind speed was increased by 61 %.

We start the discussion of properties of modelled sediment transport near the southern and northern coasts
of the KI from the results of the reference run that was forced with unadjusted outcome of wind information
from the HIRLAM model. The results of runs with the adjusted wind will be discussed below in Section 5.4.

Fig. 8 shows an example of the pattern and distribution of surface velocities during a storm on December
26, 2011. The currents near both coasts (northern and southern) of the western part of the KI were mostly
oriented from the northwest to the southeast. Only during the initial phase of the storm surge (from 0:00 to
5:00 on December 26, 2011) the currents along the southern coast were either unstable or directed to the
northwest. During the water level peak in Shepelevo on December 26, 2011 (fig. 8) and on December 27, 2011
the speed of currents was 20—60 cm/s near the southern coast and 20—80 cm/s near the northern coast. The
current speed reached more than 100 cm/s at the westernmost point of the KI. The current speeds were much
smaller and did not exceed 30—40 cm/s (except for the westernmost nearshore of the KI) when the water was
relatively low on December 27, 2011 (between two surges) and during the relaxation phase of the surge in the
evening of December 28.

5.2. Wind waves. The spatial distributions of significant wave heights (SWH) were also simulated using
the wind speed from the HIRLAM model. Fig. 9 (see an insert) presents the SWH at the time of the observed
sea level peak in Shepelevo on December 26. Importantly, the SWH near the coast during the two storm surges
was approximately 1.5 times as high as the SWH in the evening of December 28 (fig. 10, see an insert) when
the water level was no more significantly elevated.

5.3. Shore dynamics. The longshore sediment transport in the coastal zone is driven by the joint action
of waves and currents. A commonly accepted view is that sediments are mobilised primarily due to orbital
wave velocities and then transported by the longshore current. On very shallow and gentle coastal slopes that
are typical in the study area (fig. 6) the current induced by breaking waves is comparatively weak (usually
<0.3 m/s) and the dominant role in the relocation of sediment parcels play nearshore currents driven by the
storm. Calculation of the transport of sediment during the storms on December 26—28, 2011 is based on
computations of properties of storm surge, wind waves and currents for selected coastal profiles (fig. 6). The
input parameters are selected for nearshore sea points with a water depth of 7.3 m and 8.1 m, respectively,

Currents speed (cm/s), 2011-12-26 13:00

60.04
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60.03

60.02
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Fig. 8. Modelled surface currents near the western part of the KI for the model run
with unadjusted wind information from the HIRLAM model (k= 1).

Puc. 8. PaccunranHpie TOBEpXHOCTHBIC TEUCHHUS BONMM3H 3amafHON JacTu 0.KoTmmH
IUTA pacdeTa ¢ HeCKOppeKTHpoBaHHOU mH(popMarmeii o BeTpe u3 Mmonend HIRLAM (k= 1).
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near the southern and northern coasts of the KI. Notice that both these points are located outside the original
profiles. The major features of temporal changes in the SWH and the height of storm surge during the storm
are very similar for both sites (Kotlin—south and Kotlin—north, fig. 11).

However, the properties of storm-generated currents show noticeable differences near the southern and
northern coasts. To the south of the KI the current speeds do not exceed 0.3 m/s, but their directions vary
significantly. To the north of the KI the currents are predominantly unidirectional (to the east) while their
speeds reach 0.7 m/s. The temporal variations in the total net longshore sediment transport g, and the bulk
sediment transport O during the storm are shown in fig. 12. As a certain amount of sediment is transported
alongshore also in areas that are deeper than the limiting depths of the above profiles, the values ¢, and Q
should be treated as the minimum estimates of the net and bulk shore-parallel sediment transport.

Fig. 11 and 12 indicate that the temporal course of net alongshore transport basically matches the similar
course of the SWH and the storm surge height. The maximal net transport reaches 0.8 x10° m3/h and 1.7x103 m*/h
on the southern and the northern coast of the KI, respectively. Between the storms the longshore transport
almost ceases. The simulated bulk sediment transport along the southern coast of the KI is 18x10° m?. The
transport along the northern coast is 52x10° m?, that is, three times as high as on the southern coast (fig. 12).
This difference is due to a much higher intensity of storm currents along the northern coast of the KI.

The calculated storm-induced changes in the two coastal profiles during two storms on December 26—28,
2011 are presented in fig. 13. For a better comparison we present the profiles at the beginning and the end of the
storms together with an intermediate profile formed during the first storm (24 hours after the start). Since the
changes are concentrated on the beach and the foredune, only the upper part of the coastal slope is shown.

Fig. 13 depicts the classic cutting process of the beach and foredunes. During elevated water levels the
waves reach the top of the foredune and erode it. The eroded material is deposited seawards from the dune foot
across the entire equilibrium beach profile. As a result, the surface of the dune is lowered, the beach expands
towards the sea and the beach profile becomes flatter. Fig. 13 demonstrates that the northern coast is more
vulnerable with respect to the joint impact of elevated water levels and high waves. The height of the dune crest
here decreases by 0.6 m by the end of the second storm.
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Fig. 11. The temporal course of the storm surge height (/) and SWH (2)
during the two storms on December 26—28, 2011 in selected sites.
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Fig. 12. Simulated time series of the total net longshore sediment transport g, (1)
and the bulk sediment transport O (2) on December 26—28, 2011.

Puc.12. Paccuntanubie BpeMEHHBIE PA/IBI OOIIETO BIOTBOEPErOBOTO MEpeHoca 0caakos ¢, . (1)
u oopema niepenoca Q (2) 26—28 mexabps 2011 1.
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Fig. 13. Simulated storm-induced deformations of coastal profiles:
1 — initial state, 2 — 24 hours after the storm start, 3 — final state.

Puc. 13. Paccunrannsie nedopmannu npruOpeKHBIX MPoQuIIeii, BEI3BAaHHBIC IITOPMOM:
1 — HayvanbHOE COCTOsIHUE, 2 — uepe3 24 4 1ociie Hayaja IWTopMa, 3 — KOHEYHOE COCTOSIHUE.

It should be noted that the removal of the material from the upper part of the foredune is apparently
irreversible in the study area. Differently from the classic “cut and fill” process on the open ocean coasts where
sediments predominantly move across the shore, sediments cannot return in the equal volume here since an
appreciable part of them is transported along the shore to a different location. Moreover, in the Baltic Sea the
proportion of regular long-period swells is very low. The majority of moderate and weak wave conditions
represent relatively steep waves and situations with the height of storm surge 1<0.5 m and SWH<0.5 m [21]
that do not restore sand volumes on the beach. Such a behaviour deviates essentially from the classical scheme
in which the low waves tend to restore the beach eroded by a storm. The difference is due to the effect of both
the extremely high storm surges and the predominance of relatively short steep waves in the study area.

5.4. Shore-protecting artificial beach. According to the recommendations of geologists (part 3.1) the
best way to protect the coasts in the study area is to create artificial beaches. Their characteristics may be
determined by the parameters of an extreme representative storm event (the calculation procedure is described
in Appendix 1). We assume that such a case could be the storm on December 26—28, 2011 which was the
maximum one from August 2011 to the present time. We performed calculations for three different wind
coefficients (see Section 5.1) that corresp to k=1, k=1.37, and k= 1.61. The initial information on the SWH
H_and wave period T , as well as the height of the storm surge 1, are shown in table. The maximum sea level
elevation is limited to 2 m.

According to a well-known general recommendation, the materials coarser than the natural ones are better
suited to create an artificial beach [2]. The representative particle size of natural sand in the study area is
d =0.25 mm. Two options for the artificial beach were considered: medium sand (4,=0.5 mm) and very coarse
sand (or granule, dg=2.0 mm). The simulated parameters of the artificial beach are shown in table and the
associated beach profiles at k=1 in fig. 14.

One prescribed parameter, the advance of the shore X, in most cases was taken to be 20 m. This width
is usually large enough to provide a necessary reserve of the beach material. Only if medium (0.5 mm) sand
would be used in the Kotlin—north section, this advance X should be at least 40 m (table; fig. 14). The main
calculated characteristics of the artificial beach are its maximum elevation above the still-water level z and
the width of the berm / (fig. 14). These parameters define the volume of the building material V per unit length
of the beach (table).

With increasing the particle size d,, the elevation z,, / and V increase usually as well. This is due to the
increase in both the profile slope and the height of the wave run-up (see Appendix 1). However, due to a lesser
loss of the coarse material, the volume V' could be reduced by decreasing the shore advance X (see the cases
of Kotlin—north at £ = 1 and k£ = 1.61). With increasing wind, for the southern coast the required volume of
building material / increases by 1.2 times for medium sand and 1.4 for granules; the effect of increasing the
particle size with the same wind turned out to be much stronger: the volume increases by 3.7, 3.2 and 3.1 times
for k=1, k=1.37 and k= 1.61, respectively. For the northern coast, the volume /" depends insignificantly on
both the wind forcing and the increase in particle size.
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Initial data and calculated parameters of the artificial beach profiles
for different values of the wind coefficient &

HcxonHble JaHHBIC U PACYCTHBIC IAPAMETPbl HCKYCCTBEHHBIX NPOoQuJIeH MIIsKa
AJI Pa3HBIX 3HAYeHHUI BeTPOBOro kodpdunmnenra k

k=1 Section of the coast H,m T,s | nm | X,m | d,mm z,m [, m V, m’/m

g m’ a’

0.5 2.53 29.5 223

Kotlin—south

1.7 4.5 2.0 20 2.0 2.74 56.9 83.1

. 40 0.5 2.61 5.6 55.6
Kotlin—north

1.9 4.8 2.0 20 2.0 2.86 13.2 53.4

k =1.37 Section of the coast

0.5 2.69 24.5 30.8

Kotlin—south

2.4 5.2 2.0 20 2.0 2.98 50.7 97.0

. 40 0.5 2.79 1.0 55.4
Kotlin—north

2.8 5.7 2.0 20 2.0 3.12 7.7 55.8

k=1.61 Section of the coast

0.5 2.74 22.9 32.0

Kotlin—south

2.7 54 2.0 20 2.0 3.04 49.2 99.3

. 40 0.5 2.86 0.0 57.5
Kotlin—north

32 6.0 2.0 20 2.0 321 5.4 55.1

The loss of sediments due to the longshore transport increases with the increase in annual bulk sediment
transport O (see Appendix 1). Using the estimates of the bulk transport obtained for the extreme storm on
December 26—28, 2011 as reference values (fig. 12), the bulk transport QO would be approximately 2x10*
and 5x10* m*/year for the southern and northern sections, respectively. These values refer to the natural sand
with the mean grain size dg=0.25 mm. For building sands with a’g =0.5 and 2.0 mm, the corresponding values
of O will decrease to 1x10* and 0.4x10* m*/year for the southern section and to 3x10* and 1.4x10* m*/year
for the northern section, respectively. The calculations of sediment losses based on formula (A5) in Appendix
1 and the use of the above-mentioned estimates indicate that for a beach that consists of coarse sand or gravel
and with a length of at least 1000 m, more than half of its volume can be preserved after 20 years.

6. Discussion. When examining table, the following question arises. Why are there such significant
differences in the volume of building material for the southern and northern coasts? As can be seen in fig. 14,
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Fig. 14. Calculated profiles of the artificial beach at k = 1: / — natural profile, 2 and 3 — artificial profile in case
of sand of 0.5 mm and gravel of 2.0 mm, respectively. X is the advance of the shore in the case of sand of 0.5 mm.

Puc. 14. PacueTHbie npoHIIn NCKYCCTBEHHOTO IUsIKa ITpu kK = 1: / — ecTecTBeHHbII Mpoduib,
2 1 3 — UCKYCCTBEHHBIN Mpoduib B ciydae necka 0.5 MM u rpaBust 2.0 MM, COOTBETCTBEHHO.
X' — nponsmxenue 6epera B ciydae mecka 0.5 mm.
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the matter is in the nature of the initial beach profiles. On the southern coast it is gentler, and for the construction
of a steep profile a lot of material is required. On the northern coast, the original profile is initially steep and
less material is needed to create a necessary profile.

Another important question: why are there practically no wind effects for the northern coast? With the
increase in wind speed, the height of the profile should be greater, and therefore, more building material
should be foreseen. However, the lower part of the profile becomes shallower, the upper part of the profile is
shifted towards the shore, and the width of the berm is reduced. These features together mean that less building
material is necessary. Both effects compensate each other, and the volume of the building material remains
almost unchanged.

Extreme events like the storm on December 26—28, 2011 do not happen every year and the average
background rates of the longshore sediment transport in the study area are likely below the estimated values
of Q. The results of coastal monitoring carried out by the VSEGEI since 2000 indicate that the frequency
of extreme coastal erosion events such as driven by the storms on December 26—28, 2011 has drastically
increased during the last years. According to the North-West Department of Hydrometeorological Service,
13 floods occurred in Saint Petersburg in 2011—2016. The percentage of days in the year with the sea level
exceeding 1 m near the FPB was 35 % in 2011, 5 % in 2013, and 70 % in 2015. Such water levels were not
observed in 2012, 2014 and 2016. Thus, the most active destruction of the Kotlin coasts over the 6-year
period occurred during 18 % of the time. However, it should be taken into account that under conditions of
insignificant surge and moderate waves the beach is eroded too (due to short steep waves that are typical in the
study area) and the longshore sediment transport continues as well. Therefore, the actual typical values of the
bulk annual longshore sediment transport apparently are comparable with the estimated above values of O _ .

When building an artificial beach from a coarser material a larger amount of this material is required to
provide a required advance of the coast. An increase in the beach length leads to an increase in the costs at
the initial stage of construction. However, the relative losses of material due to storm impacts and longshore
sediment transport are reduced. This in turn decreases the cost of the beach maintenance. Therefore, the choice
of optimal characteristics of an artificial beach should express a trade-off between different interests.

Summary

1. The coastline retreat rates in the western part of the Kotlin Island identified by retrospective analysis
reach 1.2—1.6 m/year and are among the highest in the eastern part of the GoF, which should be taken into
account in forecasting the development of the coast and paleogeographic reconstructions.

2. Extensive geological nearshore and onshore studies revealed the following geological and geomorphic
features of the western KI coastal zone: 1) wide spreading of boulder-pebble benches in the nearshore indicating
significant sediment deficit, 2) very small (not more than 30 cm) thickness of the active sand layer within
longshore sand ridge system, 3) predominance of narrow (10—15 m) sand beaches, and 4) low and smooth
offshore bathymetry and onshore landscape.

3. A coupled mathematical model including models of circulation, wind waves, and sediment dynamics
was developed. Calculations of current velocities were performed using the 3D hydrodynamic model of the
eastern part of the GoF and the Neva Bay [9]. The calculation of waves was carried out using the SWAN wave
model. Changes to the coastal profiles due to storms were calculated using the CROSS-P model [4]. Initial data
for these calculations were the initial depth, sediment characteristics (average size, density, porosity), wave
parameters (height, period, angle of wave approach relative to the cross-shore direction), height of the storm
surge, wind speed, and duration of a storm.

4. The coupled model was used to determine the parameters of artificial sand nourishment as a major method
to compensate sediment deficit and to prevent the future erosion. Given the actual external forcing (atmospheric
forcing from the HIRLAM model, open boundary conditions from the HIROMB model, bathymetry and beach
topography from the geological data sets), the parameters of artificial beach profiles have been calculated to
meet the maximum storm surge and the annual volume of sand necessary for the conservation of the artificial
beach has been estimated.

5. The proposed method aimed to sustainable maintenance of sand beaches can be applied to other coastal
areas of the Baltic Sea, as well as to other seas.

Appendix 1. AMODEL OF AN ARTIFICIAL BEACH
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Profile geometry. A scheme of profiles of natural and designed beaches is given in fig. A1. The elevation z
is measured from the still water level and the horizontal distance x is counted seawards from the highest beach
point (defined as the sum of the storm surge 1 and wave run-up R heights).

A horizontal segment / corresponds to the berm width. Its variations allow displacement of the whole
designed profile seaward or landward in order to achieve its intersection with the natural profile at the closure
depth 4,. The latter limits the area of significant bed deformations.

The distance /, is a length of wave run-up. It depends on the run-up height R and the equilibrium slope f,:

0.5
T ./gd
I, =R/B,, R=PBpH,L, B, =0.12 ,,Hgg , (A1)

sB

where H and L =(g/2m)T pz are the deep-water significant wave height and length, 7 is the period of spectral
peak, H , is the breaking wave height, d, is the representative sediment grain size. The values of R and B, are
computed from the relationships presented in [30, 31].

A segment /, corresponding to the underwater part of the designed profile under storm surge conditions is
defined using Dean’s equilibrium profile [2]:

2 1/3
h=Ax*", A:2.25(wg /g) : (A2)
where £ is water depth relative to the storm surge level, w_is the grain settling velocity in water, and g is

acceleration due to gravity. The parameter A4 is of the order of 10! m'? and increases as the grain size grows.
The length of the segment is [, = (h, / A)’'* . The closure depth A, is assumed equivalent to the wave breaking

depth /,:
h,=hy, h, =[ j H}Y (gT; )”5 (A3)

where 7, = 0.8 is the breaker index, H,, is the height of 1 % cumulative exceedance in the wave ensemble
[4, 20].

The difference between coastline positions of the designed and natural profiles, X = x, — x;, defines the
advance of the shore within the artificial beach.

The volume of the material 7 per unit length of the coastline (m® m™) required for the beach construction
can be found as

4ny

profile

) I,

e Xo_wstomsurcelovel | X»

y

+-_-____"__T i

natural coastine

Fig. Al. A scheme of an artificial beach. The notations are given in the text.

Puc. Al. Cxema uckyccrBenHoro misbka. O003HaYeHUs! yKa3aHbl B TEKCTE.
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V:f(z—z')dx, (A4)
0

where z and z” are the elevations of artificial and natural profiles relative to the still level.

On very gentle coastal slopes (typical in the eastern Gulf of Finland), the closure depth %, may occur at a
long distance from the coast. This means that the designed beach would be too wide and unacceptable from the
practical viewpoint. In this case the advance of the coast X should be limited. A decrease in X leads to some
decrease in the closure depth /4,. If this reduction is not very large, it does not disturb the stability of the beach
profile.

Beach material loss. The planform of the artificial beach looks like a distribution of the shoreline in a
rectangular form of the cross-shore width X and along-shore length Y (fig. Al). Affected by the longshore
sediment transport the beach volume will decrease with time and the beach planform will change (fig. A2).

The process is described by the mass conservation law which, under certain conditions, takes a form of
a diffusion equation [2]. According to Dean’s results the material volume /(¢) within the beach boundaries in
relation to initial volume ¥ can be approximately estimated as

vy . 2 Gt 9)

LESYARS P ,G= :
v, Jn Y (h. +R)

where G is a diffusion coefficient (m?/year) and Q expresses the double maximal capacity of the bulk longshore
sediment transport (_ (m3/year). The loss of material decreases with an increase in the beach length Y and a

max
decrease in the bulk sediment transport Q__ . The latter can be reduced by using coarser sediments.
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Fig. A2. Evolution of the artificial beach shoreline. The non-dimensional time is 7 = ./G¢ /Y .

Puc. A2. DBosmonust 6eperoBoii JUHUKA UCKYCCTBEHHOTO TUIsHKA. be3pasmepHoe BpeMs paBHO  =./Gt /Y .
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Fig. 4. The map of seabed of the nearshore of the western KI.

The legend describes the surface sediment types: 1 — boulders, pebbles, gravel; 2 — boulders, pebbles, gravel, sand;
sand: 3 — unsorted, mainly coarse-grained; 4 — sand with gravel; 5 — coarse-grained sand; 6 — coarse- to medium
grained sand; 7 — silt; 8 — sandy-silty-clayey mud; 9 — longshore sand ridges; 10 — isobaths; 11 — location of
cross-shore sea-bed profiles; 12 — location of ground-penetrating radar profiles; 13 — location of profiles to be used
in modelling. A — core of sediments from drilling site KDT-15; B — samples of cross-shore sea-bed profiles.

Puc. 4. Kapra 1oHHBIX OTIIOKEHHU TIPHOPEKHON 30HKI 3armagHoil yactu 0. KoTimH.

Omnucanne THIOB MOBEPXHOCTHBIX OCAAKOB: 1 — BalyHBI, rajbKa, rpaBuil; 2 — BallyHbI, TalbKa, TPaBHH, ECOK;
MECOK: 3 — HECOPTHUPOBAHHBIN, MPEUMYILECTBEHHO KPYITHO3EPHUCTHIH; 4 — MECOK ¢ TPaBUEM; 5 — KPYIHO3EPHUCTHIH MECOK,
6 — KpYITHO- U CPETHE3EPHUCTHIH MECOK; 7 — HI; § — TMeCYaHO-MII0BATO-IIIMHUCTAS IPA3b; 9 — OeperoBbie ecYaHble TPIIbL;

10 — u3o06arsr; 11 — nonoxenne nonepedHsix npoduieit Mopckoro aua; 12 — monokeHue npoduieii reopagapa;
13 — monoxeHue npoduIieit, HCIOIb3yeMbIX IPH MOJACTUPOBAHUU. A — KepH JOHHBIX OTiaoKeHuid cranin KJT15;
B — npumeps! nonepeuHsIx npoduieii moaBogHOTo OEperoBoro CKIOHA.
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Fig. 5. A ground-penetrating radar image across the KI (GPR profile 109; see fig. 2 for the location of the profile).

Puc. 5. 300pakenne momepeqHoro paspesa octpoBa KomimH, momydeHHOE ¢ TOMOIIBIO Teopagapa
(mpodums GPR 109, cMm. MecTomonokeHue mpoduiis Ha puc. 2).
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Fig. 9. The modelled SWH using the unadjusted HIRLAM wind speed on December 26.
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Puc. 9. Paccunrtannas 3HaunTenpHas BhIcoTa BOIH (3BB) mpu ucmons30BaHNN HECKOPPEKTHPOBAHHOMN
cxopoctu Betpa HIRLAM 26 nexaOps.
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Fig. 10. The modelled SWH using the unadjusted HIRLAM wind speed on December 28.

Puc.10. Paccunrannas 3BB npu ucronp30BaHn HECKOPpEeKTHpOBaHHOH ckopocTr BeTpa HIRLAM 28 nexaOpst.
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