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EXTREME WAVES IN THE MARGINAL
RUSSIAN SEAS: UNCERTAINTY OF
ESTIMATION AND CLIMATE VARIABILITY

ABSTRACT. An analysis of extreme
characteristics of surface wind waves in the
three marginal Russian seas (Barents, Black
and the Sea of Okhotsk) was performed
using visual wave observations. Estimates
of extreme seas, swell and significant wave
heights were computed using the initial
value distribution method and the peak
over threshold method. Due to the use of
large samples compiled for the entire seas
the differences between the two methods
are considerably smaller than those that
would be expected for grid-cell estimates.
This implies a relatively high reliability of the
results. In the Barents Sea both methods
demonstrate growing tendencies for the
extreme wind waves, while mean values
do not exhibit any significant trends. This
hints at a considerable modification of the
statistical distribution of wind wave heights
rather than on general growth of wind seas.
Some further perspectives of the analysis of
regional wind wave extremes are discussed.
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INTRODUCTION

Global information about ocean wind
waves is currently available from different
sources, namely long-term wind wave
hindcasts performed with numerical
wave models driven by reanalyses winds
[eg. Sterl and Caires 2005 Wang et

al. 2004], satellite altimetry [Young et al.
2011] and visual observations by marine
officers [e.g. Gulev et al. 2003, Gulev and
Grigorieva 2004, 2006]. Among these three
sources, the latter provides the longest
time series available with however, very
inhomogeneous coverage of observations
over global oceans. Furthermore, these
data are subject to a number of biases and
uncertainties associated with observational
errors and sampling inhomogeneity.
Careful pre-processing of these data [e.qg.
Gulev et al. 2003, Gulev and Grigorieva
2006] helps, however, to minimize these
biases and allows for the development of
homogenized regional time series. Thus for
selected well sampled regions Voluntary
Observing Ship (VOS) data provide quite
reliable information on surface wind waves
and allow for estimation of extreme waves
and their climate variability. In this context,
marginal seas give a very good prospect
of using visual VOS data, since they are
characterized by a much higher number
of samples compared to the open ocean
regions. Analysis of changing storminess
in marginal seas is highly important due to
the potentially very high impact of changes
in wind wave parameters on the operations
of marine transport carriers and off-shore
structures. In this paper we assemble VOS
visual data for the Barents, Okhotsk and
Black Seas and analyse centennial time
series of wind wave parameters with a focus
on estimation of extreme wind waves.



DATA AND METHODS

We used the latest update of the global
archive of visual wind wave data based on
the ICOADS [International Comprehensive
Ocean-Atmosphere Data Set, Worley et al.
2005] collection of marine meteorological
observations. This data set covers the period
from 1784 onwards with wave information
starting from 1880. However, the global
data coverage is provided for the period
starting from 1950. During earlier decades,
wave data are available only for the major
ship routes with spatially and temporary
varying sampling. Visual data provide
separate estimates of the wind sea and
swell only for the period after 1960. In the
decades prior to 1960, officers reported the
highest wave component. Comprehensive
description of the data processing, coding
systems, changes in data formats, ad-hoc
corrections of biases and estimates of the
uncertainties can be found in Gulev et al.
[2003]. The major biases in wind sea height
(hw), swell height (hs) and SWH, which
have been considerably reduced in the
climatology of Gulev et al. [2003] and its
latest updates [Gulev and Grigorieva 2004,
2006], were the overestimation of small wave
heights and poor separation of sea and swell
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in visual observations. Gulev et al. [2003]
also provided global estimates of random
observational errors in hw and hs, estimates
of day-night differences and estimates of
sampling uncertainties. Sampling errors were
found to be large in the poorly sampled
Southern Ocean, where they dominate over
the other error sources. Here we consider the
period starting from 1958 to 2007 for which
visual wave data are massively available.
Considering Russian Seas, sampling is not
homogeneous everywhere being reasonably
higher in the regions of the active ship traffic
and exploration of oil and gas. For example,
the total number of reports for the period
1958-2007 is 46 505 for the Black Sea, 99
119 for the Barents Sea, more than 100 000
in the Sea of Okhotsk, and only 22 503
observations for the Caspian Sea.

Fig. 1 shows changes in the number of
observations over the Barents and Black seas
during the last century. There is a drastic
increase of the reports in the Barents Sea,
after the 1960s being 5-6 times higher than
in previous decades. At the same time in
the Black sea the number of reports during
the last decades is generally similar to that
for the decades of 1920s and 1930s. The
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Fig. 1. Annual number of reports containing visual wave data over the Barents Sea (a)
and the Black Sea (b). The number of reports is shown in logarithmic scale (y-axis)
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situation in the Sea of Okhotsk is even more
remarkable than in the Barents Sea with
nearly no reports before the 1950s.

To accurately estimate wind wave extremes
from the VOS data one has to account
for inhomogeneous sampling. This makes it
difficult for the direct application of the so-
called peak over threshold (POT) method for
estimating extremes because visual datain a
given grid cell may not necessarily form the
regular time series allowing for identification
of exceedances over the thresholds. Thus,
for the further estimation of extreme wave
characteristics we first used the method
of initial value distributions (IVD) and then
adopted the POT method to the VOS data. In
the IVD method the extreme wave statistics
were estimated from the tails of distribution
functions fitted to all wave observations for
different seas. For fitting data we used the
Weibull distribution whose parameters were
estimated from the maximum likelihood
method. The choice of large domains allows
us to achieve a reasonable sampling size
for the further estimation of the Weibull
probability density function (PDF) and the
cumulative distribution function (CDF).

Alternatively, we applied for the first time
data the POT method [Caires and Sterl 2005]
to irregularly sampled VOS data. In this
method only storm peak values of wind sea,
swell and SWH were considered. For this
all VOS reports were matched to 6-hourly
time steps for every domain. In the case
where more than one report matches a
given time moment, the median value was
considered. Unsampled time steps imply the
undersampling of the monthly time series.
As in the case with altimeter data which
are also characterized by undersampling,
sparse data do not necessarily record the
biggest excedances at a point. However,
the distribution of any exceedance provides
the estimation of the probability of the
largest one. According to the experience
of application of POT to the altimeter
data (Challenor and Woolf, personal
communication) undersampling will lead to
an underestimate of the extremes by about

10-15%.Nevertheless, toavoid strongimpact of
the undersampling onto estimation of extreme
wave characteristics, we excluded from the
analysis monthly composed time series which
covered have less than 40% of month. The
first-guess thresholds were established as 50%
exceedance of the monthly time series of
wave parameter considered. Then the search
between the adjacent time moments was
applied to retain only peak values in the record.
The search was based on the consideration
of storm durations (derived from the analysis
of the regularly sampled WAM data) and on
the use of filtering procedures. Finally the
peak values identified were approximated by
the Generalized Pareto Distribution in order
to further estimate percentiles and return
values of wave parameters. Using both VD
and POT methods we estimated 90th and
99th percentiles of wave characteristics as
well as 100-year return values. Estimation was
performed for individual decades that allowed
for the further analysis of the decadal variability
of wave statistics.

RESULTS

Table 1 and Table 2 show estimates of the
99" percentile for the Barents Sea and the
Sea of Okhotsk for different wind wave
components derived using IVD along with
the confident limits. Estimates we derived for
the period from 1960 to 1999 as well as for
individual decades that allows for assessing
interdecadal variability in extreme wind
wave characteristics. In winter in the Barents
Sea 99" percentile of SWH amounts to nearly
8.8 meters with interdecadal variations
ranging from 7.2 to 9.2 meters. Over the
30-yr period estimates of the extreme SWH
show a decline in the decade of 1980s and
growth in 1990s up to 9.2 meters. Extreme
seas are ranging from 5.5 to 6.4 meters with
the 30-yr average of 99" percentile being
6.9 meters. Extreme swells are typically 10
to 15% higher compared to the extreme
wind seas and are coordinated with sea
and SWH interdecadal changes. This is not
surprising because fetches in the Barents Sea
are quite limited and most swells typically
originate from the local storm systems,



Table 1. Barents Sea Initial Value Distribution 99th, decade values

Winter season Wind sea Swell Significant wave height
1960-1969 - - -
1970-1979 6.35(1.59) 8.70(1.39) 839 (2.02)
1980-1989 546 (0.80) 6.50 (1.49) 7.20(1.37)
1990-1999 743(0.79) 7.94 (191) 9.28 (1.80)
1960-1999 6.90 (1.00) 7.34(1.71) 8.84(1.93)

Summer season Wind sea Swell Significant wave height
1960-1969 3.88(1.03) 6.75 (1.98) 745 (2.03)
1970-1979 4.27 (0.88) 5.77 (2.04) 6.57(2.32)
1980-1989 4.22(0971) 4.50(1.28) 5.27(1.26)
1990-1999 397 (0.65) 5.19(1.57) 557 (147)
1960-1999 4.01(0.80) 4.98 (1.89) 5.58(1.76)

thus, unlikely to exhibit large-scale variability
different from that demonstrated by the wind
sea as in the case of the Eastern North Atlantic
demonstrated by Gulev and Grigorieva [2006].
Summer estimates of extreme waves in the
Barents Sea are 20 to 25% smaller compared
to the winter values with climatological values
of 99" percentile being 4 meters for the wind
sea, nearly 5 meters for swell and 54 meters
for SWH. In contrast to the winter, interdecadal
changes in the extremes of different wave
components in summer are not co-ordinated
with each other. Thus, the decade of the 1970s

clearly demonstrates the highest estimates of
extremes of wind sea, while the highest values
of extreme swell and SWH were observed
in the decade of 1960s. During summer, the
impact of swell systems propagating from
remote regions is much higher compared to
winter because of the enlargement of the ice-
free areas of the Arctic Ocean.

Estimates of extreme wind wavesin the Sea of
Okhotsk (Table 2) are typically slightly smaller
compared to the Barents Sea. Climatological
winter values of the 99" percentile amount to

Table 2. Sea of Okhotsk Initial Value Distribution 99th, decade values

Winter season Wind sea Swell Significant wave height
1960-1969 6.87 (0.87) 897 (1.71) 9.87 (1.96)
1970-1979 5.70 (0.60) 8.53(1.24) 9.64 (1.68)
1980-1989 537(1.14) 6.01(1.27) 7.25(1.64)
1990-1999 4.94(0.93) 546 (1.15) 6.69 (1.42)

1960-1999 5.34(0.89) 6.61(1.29) 7.29(1.14)

Summer season Wind sea Swell Significant wave height
1960-1969 4.50(0.87) 5.30(0.99) 5.66 (1.12)
1970-1979 4.43(0.87) 541 (1.71) 6.07 (1.52)
1980-1989 3.50(0.64) 4.39(1.28) 4.96 (1.24)
1990-1999 4.40(1.17) 5.10(1.49) 6.17 (1.58)
1960-1999 3.93(0.86) 5.42(1.79) 6.21(1.67)
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5.3 meters for the wind sea, 6.6 meters
for swell and 7.3 meters for SWH.
On interdecadal time scales there is
a tendency of the slowly declining
extremes of all components which is
largely provided by the contribution
of swell. In summer, estimates of
extreme waves are smaller compared
to winter as in the case of Barents Sea.
In both winter and summer in the
Sea of Okhotsk interdecadal changes
in the extreme values of wind wave
characteristics are coordinated with
each other. This is not surprising since
the sea of Okhotsk represents semi-
enclosed basin separated from the
Pacific by the Kuril islands. Thus, sea
and swell are provided here by the
local storm systems and should go
hand in hand with each other.

To validate the reliability of the
estimatesderivedfromthelVDmethod
and to provide estimates over longer
periods we also estimated annual
maxima and analysed time series
of these maxima. Annual maxima
were estimated by taking maxima of
wave heights from the whole annual
sample. Importantly, estimating
maxima we did not account for the
waves reported with code figure
"49" corresponding to 24.5 meter
waves. In the VOS collection this code
figure occurs suspiciously frequently
implying artificial overestimation
of extremely high waves. Some
discussion of this bias is provided in
Gulev and Grigorieva [2006], although
the nature of this artefact in the
collection of visual observations is
not fully clear. Fig. 2 shows time series
of the annual maxima values for the
period from 1960 to 2005 computed
for the Barents Sea, Sea of Okhotsk
and the Black Sea.

Despite the data available starting
from the late 1950s, the decade
of the 1960s is still influenced by
inadequate sampling and large
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Fig. 2. Time series of the annual maxima SWH
(dark green bars) in the Barents Sea (a), Black Sea (b)
and the Sea of Okhotsk (c).

Light green dotted lines show annual mean SWH estimates for
the same seas. Blue straight lines show linear trends estimated
by least squares for the period when data are characterized by
adequate sampling and are free from biases associated with the
coding system changes



uncertainties associated with the changes in
observational practices and coding systems.
Thus, the statistical analysis of the time series has
been performed for the period after 1968. The
Barents Sea is characterized by the strongest
short period interannual variability of annual
maxima SWH with the highest waves ranging
between 17 and 22 meters. There is a visible
linear trend in the annual maxima implying a
growing tendency of about 2.2 meters over
35 years. In the Black Sea the decade from the
mid-1970s to the early 1980s is characterized
by the highest annual maxima, approaching
20 meters in some years. During earlier periods
and later decades the annual maxima typically
do not exceed 10 meters except for 1987-1898
and 1999-2000. In the Sea of Okhotsk starting
from the early 1970s, annual maxima wave
heights amount to 20 meters nearly every
year showing the smallest (compared to the
Black and Barents seas) interannual variability.
No statistically significant linear trends were
identified in the Black and Barents Seas.

Finally, we developed estimates of different
percentiles of wave height using the POT
method according to the guidelines provided
in Section 2. Figure 3 shows time series of 95th
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and 99th percentiles of wind sea for January
for the Barents Sea. Remarkably, POT-based
estimates of the higher order percentiles of wind
sea are somewhat higher than similar estimates
derived using the IVD method. Compared to
Table 1, deviations may amount to 0.5-1 meter,
implying 15 to 20% differences between the two
methodologies. Anotherinteresting observation
is related to the variability of extreme wind seas.
On short period interannual time scales the
mean wind sea 95th and 99th percentiles are
closely correlated with each other. However, if
we consider interdecadal time scales, the linear
trend in the mean wind sea will be slightly
negative (however not statistically significant),
while both 95th and 99th percentiles indicate
statistically significant positive trends. This hints
at the considerable change in the shape of
the probability distribution of wind waves in
this region with the mean remaining relatively
stable and waves of rare occurrences being
growing. The largest growth of about 0.7-09
meters per decade for eg. the 99th percentile
is observed during the period after 1988, when
a strong increase of the poleward deflection of
the cyclone trajectories has been reported and
the number of midlatitudinal lows in the Barents
Sea has increased [e.g. Loeptien et al. 2008].
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Fig. 3. Time series of the mean wind sea (green), 95th percentile (red) and 99th percentile (blue) for
the winter season in the Barents Sea. Straight lines show linear trends estimated by least squares
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CONCLUSIONS

The main purpose of this study was to
obtain realistic estimates of extreme wave
heights in the three marginal seas of Russia
and to analyse their interannual variability.
Quantitative estimates were computed using
IVD and POT methods which typically provide
different estimates of high order percentiles
of extreme waves. However, in our case
the differences between the two estimates
were smaller than expected. The reasons
for this may lie in the fact that we designed
estimates for the whole seas, thus using very
large samples for computing statistics. When
similar approaches are used for the small
samples (e.g. for individual grid cells) poor
sampling immediately results in very heavy
tails of statistical distributions of extreme
waves and provides large overestimation of
wave extremes computed by POT method.
Thus our results, although overall estimates
for the seas, seem to be highly reliable.

In the future, similar estimates can
be developed for specific sea regions
characterized by dense off-shore activities.
From a practical view point, it is highly
important to know precisely whether the
extreme waves occur primarily in the areas
where the major ship routes and oil platforms
are located. At the same time, we have to
stress that estimates presented here have
their own value. They are based on the visual
observations whichare collected exactlyalong
the ship routes and in the locations of the
platforms. Thus, inhomogeneous sampling
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