LONG-TERM RISE OF STORMINESS OF THE BALTIC SEA NEAR POLAND;
POSSIBLE ORIGIN AND CONSEQUENCES

Grzegorz Réynski and Zbigniew Pruszak

Long-term growth of storminess of the Baltic Searn@oland has been identified for autumn and wintenths,
particularly for January. This growth is concurrerith the increase of westerly waves in Jan., laglol Oct. A vivid
relationship between the North Atlantic Oscillatiand significant wave heightls in Jan. suggests it can be a
potential driver of storminess growth in that morftbr Feb. this relationship is unstable; other therdemonstrate
no connection toward the NAO. The wave climateanuhry also exhibits a strong 8-year cycle, véwlyi to drive
8-year variations of shoreline position, detecteevipusly at a study site. The influence of NAO nmaginifest an
unfavorable regime change in which mightier wirgiarms will be mostly occurring above freezinghe ibsence of
ice cover. Without that cover vulnerable sandy beacwill be exposed to accelerated erosion froractiand
stronger wave attack.
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INTRODUCTION

The Baltic Sea is almost a land-locked, non-tidafl ashallow basin, see Fig. 1, with the area
S= 415,000k and volumeV = 21,700k (including Kattegat), BACC, 2008. It is very dyniarand
strongly influenced by large-scale atmosphericutation, hydrological processes as well as by the
restricted water exchange through the narrow ectramea. The first reconstructions of wave climate
there were based on the parametric models, fed tayosary and homogeneous wind inputs,
Paszkiewicz, 1988, Zeidler et al., 1995. Next, shecalled ¥ generation wave models were applied,
Blomgren et al., 2001, Gayer et al., 1995 or Jimsg@l., 2002. The availability of wind fields owbe
Baltic Sea allowed for '8 generation WAM4 model to be applied, WAMDI grout988. Finally,
global meteorological re-analyses provided an idpuiong-term reconstruction of wave fields of the
whole Baltic Sea for the 1958-2001 period with higisolution and precision. The reconstruction
procedure is described by Weisseal., 2009 and presented schematically in Fig. 2. Thaputed
wave climate parameters comprise hourly estimatesigmificant wave and swell height, wave and
swell direction, wind direction and wave period.eTfeconstructed waves were validated against the
available records of actual wave measurementstheastudy site at Lubiatowo, Poland, dildewicz

and Papliska-Swerpel, 2005. The validation showed a goo@exgent between measurements and
hindcasts; the correlation coefficient betweenhimelcast and measuréu situ significant wave height
Hs equaled 0.82.

Figure 1. Study area: Baltic Sea (left) and geograp  hic coordinates of reconstruction of deepwater sign ificant
wave height near Lubiatowo, PL (right).
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The general purpose of the study was concentratédentification of the variability of storminessar
Lubiatowo between 1958 and 2001. Secondly, long-fgeriodic, hydrodynamic forcing patterns were
sought to explain peculiar long-term shoreline h@rain the form of shoreline standing waves,
identified by Raynski, 2005.

National Center for Environmental Prediction- National Center
for Atmospheric Research (NCEP-NCAR) global re-analysis

German Weather Forecast Service Regional Model (REMO)

Wave Analysis Model {(WAM) |

V

/')Resolution: atmospheric grid: 50 x 50 km, wavc:‘\\
/ grid: 9 x 9 km

Quantities: hourly significant wave and swell
height, wave and swell direction, wind direction

“and wave period. A

Figure 2. Schematic flow chart of wave climate reco  nstruction algorithm.

STUDY AREA

The Coastal Research Station (CRS) of the Institditélydro-Engineering is a facility where
geodetically referenced long-term morphodynamicadaave been collected since 1983 (shoreline
positions) and 1987 (seabed records of nearshdhgrbatry). The Station is located at Lubiatowo,
Poland, facing the southern part of the Baltic &e® Figs. 1, 3). The beach there is highly disisipa
with multiple (predominantly four) longshore barsdaa mild mean slope ofi = tana = 1-1.5% with a
median grain size dDso= 0.22mm, Fig. 4 (left). Significant seabed variapiltan be visible beyond
1,300 m offshore. Although the measurements indilatg-term beach equilibrium, the shoreline is not
a perfectly stable feature. The surveys are atththe local geodetic system, see Fig. 4 (riglt)als
measurements taken at different times and alonfgrdift lines are fully consistent. In total, the
surveyed area covers 2,600m of alongshore distaitbe27 cross-shore profiles uniformly spaced at
100 m. Enumeration of these profiles is explainedrig. 4 (right) and reflects the history of geddet
base at Lubiatowo (8 profiles were fixed first, tte@maining ones were added later). The shoreline
position data represent 16 years of measuremeigs. FSurveys started on %2Sept. 1983 and
typically have been repeated every four weeks @ps) the last survey included in this study was
carried out on ¥ Sept. 1999. This data set was extensively analyriétl multi-channel singular
spectrum analysis (MSSA), R¢ski, 2005, who detected long-term shoreline stapdiaves, one with
T = several decades and the other Witk 8 years, Fig. 6. Their presence gave inspiratoornthe
determination of hydrodynamic patterns with simip@riodic characteristics, because in the absehce o
tides wave-driven hydrodynamics is the only agéht o drive shoreline/seabed variability.

Figure 3. Beach at CRS Lubiatowo: dune erosion afte r heavy storm, photo: G. R6 zynski (left), ice barrier
preventing further dune erosion, photo: G. R6  zynski (middle), rehabilitation of dunes with stick fe nces in
spring, photo D. Piotrowska (right).
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Figure 6. Long-term shoreline standing waves: T = several decades (left) and T = 8 years (right) — numbers

denote profile lines of geodetic base.

ANALYSIS

The first exercise was the assessment of annuglticer of wave climate. To do so mean values of
deepwateiHs of the point, whose geographic coordinates aréquadn Fig. 1 (right), were computed
for all 12 calendar months. They are presentedgn Fand demonstrate a typical Baltic Sea seasonal
pattern. The most energetic are winter months wfidgy, February, November and December. For Jan.
Nov. and Dec. the averad®, gently exceeds 1 m, whereas for Feb. it fallshtljgbelow that value.
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The least active period occurs in spring/summery(Mane, July and August), whefig roughly equals
0.6 m. The remaining months represent a passage \Mriater to summer (March, April) and back
(September, October).
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Figure 7. Annual variability of wave climate near P oland expressed through mean  Hs for 12 calendar months.

The next element of the study was evaluation oftiw@ution of storminess. To that end the wholedat
was divided into two halves. One of them coveresl tilme between 1958 and 1979 and the other
accounted for the 1980-2001 period. A threshédd> 1 m was chosen and the number of hours above
that value in each month was counted for both saliée results are plotted in Fig. 8. We can
immediately see a spectacular growth of stormifi@sdan.; since the thresholdl in that month was
exceeded a little more than 5,000 hours in the éorsab-periodrs more than 8,000 hours in the latter.
A certain growth of storminess is also discernilole Feb. Oct. Nov. and Dec. For Feb. and Oct. this
change may bear some (limited) importance, whemasdov. and Dec. it looks insignificant.
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Figure 8. Number of hours for Hs > 1 m for calendar months: 1958-1979 (blue) and 19 80-2001 (red).

Further insight into potential drivers of increasgdrminess was endeavored by plotting empirical
probability density functions of wave directions foonths where non-trivial growth of storminess had
been identified (Jan., Feb., Oct.). Again a thr&shl > 1 m was choseire. the empirical distributions
correspond to stormy events. They are plotted gn i The January plot reveals an increase of waves
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coming from W in the % sub-period (1980-2001) at the expense of waves frostly the N sector.
Also NE and E waves demonstrate a slightly lowée of occurrence in Jan. Importantly, NW waves
did not change their rate of occurrence in that ttnoRor February we can see a similar increase of
westerly waves, compensated by less frequent aamees of NW waves. Also in October the growth of
westerly waves is significant, being compensateshiyvby less frequent occurrences of waves from
NW, N, NE and E.
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Figure 9. Change of wave direction during storms in Jan. (top left), Feb. (top right) and Oct. (bottom ) for
1958-1979 (blue) vs. 1980-2001 (red).

The growth of westerly waves may indicate a cogpbetween wave climate in the Baltic Sea and
global meteorological patterns over the Atlantiatetestingly, such (long-term) couplings were
identified by a number of researchers for seawatezl at several locations in the Baltic Sea ared th
North Atlantic Oscillation index (NAO). For examplehanssoet al., 2001, 2004 found an association
between the annual NAO index and the mean sea l@ Helsinki, Finland. Andersson, 2002
documented the connection of the sea level dat&tlmckholm, Sweden and the winter NAO index. A
non-trivial correlation for the atmospheric cirdida and sea level was also found for the Estonian
coast, where higher westerly wind indices, inclgdhAO effects, were found responsible for higher
sea levels, especially during winter months, Swaursaal., 2006. Andersson, 2002 and Janssen,i002
their studies on sea level variations found timesvey correlations, whose maxima occurred near the
end of time series they examined; the former fer 1825-1997 and the latter for 1890-1993. They
concluded that the growth of correlation indicats increased potential of winter NAO index
(NAOWI) for controlling the regimes of physical pesses in the Baltic Sea during winters.

To examine the NAO as a driver of increased stoessnnormalized monthly NAO indices for
Jan., Feb. and Oct., provided by National Oceanit Atmospheric Administration (NOAA) for the
1950-2006 period, were confronted with time seofemean monthi\H, for those months. The NAO —
Hs pairs for those months, are shown in Fig. 10.
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Figure 10. Time series of Hs (left) and NAO (right) for Jan. (top), Feb. (middl  e) and Oct. (bottom).

The inspection of Fig. 10 immediately shows thatoanection between the NAO ahy can exist in
October, because a clearly visible growing globathd ofHs is concurrent with a falling October NAO
trend. Hence, the growth of storminess in Octobastnbe brought about by other, not yet identified
global phenomena and processes. By contradtigheNAO pairs in Jan. and Feb. show similar global
long-term behavior (growth), so their coupling sspible. Therefore, further inspection of both time
series pairs was done by means of classical spectadysis. Fig. 11 showds — NAO periodogram
pairs, which exhibit coincidence of low-frequencghlvior — most likely similarities of long-term
trends. Moreover, the Jan. periodogramHaf exhibits a strong spectral peak with= 8 years,
corresponding to the shoreline standing wave withdame period, identified in 2005 and plotted in
Fig. 6 (right). The lack of such a peak in the ZJaglNAO periodogram shows that the NAO cannot be
accounted for this hydrodynamic cycle. Still, tlencidence of long-term trends and the presen@&: of
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year hydrodynamic oscillation in January wave ctina@vealed the necessity of further more in-depth
signal processing analysis.
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Figure 11. Periodograms of Hs (left) and NAO (right) for Jan. (top) and Feb. (bo  ttom).

The tool applied was Singular Spectrum AnalysisAS®hose details can be found at Vautatdl.,
1992 or Raynski et al, 2001. This method has proved to be a valuaklenique for the extraction of
global trends, oscillatory behavior and chaotidgrats from short and noisy time series. Fig. 12axsho
normalized to zero mean and unit standard deviggi®A-derived trends of NAO and Hs for Jan. and
Feb.
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Fig. 12 demonstrates that in January there isoagtrelationship between both trends. The NAO seems
to leadHs by about four yeargf. NAO minimum in 1967, followed bifs minimum in 1971. Then both
guantities grew consistently between 1971 and 1860tly decreased after 1990 and finally stabilized
at a relative high normalized value of about 1.HHNMAO January index indicates a likelihood of warm
(above freezing) and stormier weather — the laspogitive coupling withHs. For February the
relationship between both trends is much more probtic. The NAO trend reached its minimum in
1967, but it was not until 1976 when the minimunHgfwas achieved. After that both trends roughly
grew together until 1992. After that year howevthe NAO index began a rapid decrease, wherkas
continued to grow until 1998. Thus, the relatiopshétween both trends looks intermittent and vague.
The strong January relationship and much weakerimrieebruary are confirmed by Fig. 13, where
linear regression between long term trends is ptede high correlation coefficient of that regressin
January (R = 0.7) corresponds to a considerablgi@me in February (R = 0.43).
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Figure 13. Linear regression between NAO and  Hs for Jan. (left) and Feb. (right).

In all the strong NAO -H; connection in January and the delicate one in U&rsuggest that in
January Baltic Sea wave climate falls under cextammtrol of global meteorological patterns devehgpi
over the Atlantic Ocean. This control is not pedgsis though and already in February it begins to
disappear. After that interdependence between tA® Mind wave climate is broken off: further
research is needed to identify major drivers ofrbgiggthamic regimes in the Baltic Sea in spring,
summer and autumn.
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As was shown in Fig. 11, top left, the periodograintds for January contains a significant peak,
whose periodl' = 8 years corresponds to the shoreline standingewbhe importance of that peak is
presented in Fig. 14, where average significantenenergy in January (blue line) is presented t@geth
with SSA extracted sum of key components (red lihgan be seen that since 1975 a persistent 8-yea
(hydrodynamic) oscillation developed. It is partarly visible in wave energy plots, such as the one
Fig. 14 because of quadratic dependence betWgand wave energy. High variation of energy fluxes
is also well documented in Table 1, where we canesergy inputs in extreme years together withr thei
ratios.

Table 1. Wave energy flux extremes in Januaries

Time Max Min
between total total Max/Min Max peak energy key | Min peak energy key | Max/Min

peak peak total SSA components SSA components SSA
extremes

energy energy

- kJ/m? kJ/m? - kJ/m? kJ/m? -

1976-1980 | 54, 1.30 2.92 2.68 1.65 1.62
(max/min)
1980-1983 | g 53 1.30 4.10 3.60 1.65 2.18
(min/max)
1983-1988 | 45 1.07 4.98 3.60 1.79 2.01
(max/min)
1988-1993 | 4 5 1.07 4.26 3.43 1.79 1.92
(min/max)
1993-1996 | 4 56 0.82 5.56 3.43 1.26 2.72
(max/min)
1996-2000 | 4 44 0.82 5.41 4.04 1.26 3.21
(min/max)

The detection of 8-year oscillation in January welmmate can provide a credible explanation for
the existence of shoreline standing wave with tmaes period. First, due to the absence of tides, the
whole beach is wave-dominated, so there are nor altieers of shoreline change but wave-driven
hydrodynamics. Next, the beach exhibits long-terrabifity (equilibrium between erosion and
accretion), so the 8 — year shoreline standing waare be understood as adoption of the beach to
varying energy fluxes. Finally, this cycle occunstihe most energetic month, so substantial chainges
energy input between extreme Januaries are vezly lik remain imprinted in the shoreline evolution.

CONCLUSIONS

The analysis of long-term wave climate hindcastlmasummarized as follows:

1. Baltic Sea has been experiencing the growthtafreness in winter over the last decades. It is
particularly spectacular for January, also in Fabyuand October this growth is notable. For
November and December it is still discernible ppears barely significant — see Fig. 8.

2. Baltic Sea has been also experiencing the groitivesterly waves during extreme events in
January, February and October. This and the previonclusion point to the influence of global
meteorological patterns developing over the Attaftcean.

3. Time series of monthly indices of North Atlantiscillation were confronted with the hindcast
time series of monthly mean values of significardver height to seek potential couplings.
Divergent trajectories of the October NACHs pair revealed no such relationship can exist &t th
month. However, classical spectral analysis idietifsimilarities of low frequency behavior
(trends) in January and February in both NAO &hdThus, using Singular Spectrum Analysis
(SSA) a non-trivial coupling was identified for demy. For February though the coupling is
intermittent, weaker and appears only between b 1992. After that time it appears to have
broken off.

4. Relatively strong interdependence of NAO &hdn January and stabilization of both normalized
trends high above the average value after 1990estg@ likelihood of more frequent occurrence
of stormier and warmer weather. It is bad newssfamdy beaches of south Baltic Sea, because
warmer temperature will coincide with diminishinfjice cover that provides substantial protection
against wave action in winter. Thus, intensificataf beach erosion will become one of key issues
of coastal zone management in that region.

5. Feeble and unstable relationship of NAO Bigéth February and the lack of such couplings in othe
months indicate that sporadically the Baltic Sea ba controlled to some degree by global
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meteorological patterns developing over the AtlanBther global meteorological patterns should
be inspected in search of couplings with hydrodyinaegimes of the Baltic Sea. The prime target
is the Scandinavia Pattern (SCA), because of légive proximity to the Baltic Sea area.

6. The periodogram of Januaby contains a fairly strong component with= 8 years; it is very
likely to drive the previously identified shorelisganding waves with the same period, because in
January the beach receives the largest annual waeegy input and 8-year hydrodynamic
oscillation can and should remain imprinted in leegn shoreline evolution.

7. The presence of 8-year shoreline standing waweatso be explained as a response of the stable
beach to the variations of wave energy flux. Siigbdf the beach requires a neutral littoral drift
(no longshore gradient of sediment transport), soetain that neutral drift the beach responds
developing shoreline standing waves, whose pedamincident with the period of hydrodynamic
oscillation.
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