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Abstract. Severe storms have affected European coast lines
in the past but knowledge on changes in storminess for the
last decades is still sparse. Climate change is assumed to be
a main driving factor with the potential to induce changes
on the intensity, duration and frequency of powerful marine storms, including a long-term influence on peak wind
speeds, surges and waves. It is, therefore, important to investigate whether in the last decades changes in the magnitude
of storms, their duration and frequency could be observed.
Understanding trends in storminess in the last decades will
help to better prepare coastal managers for future events, taking into account potential changes on storm occurrence and
magnitude to improve planning of mitigation and adaptation
strategies. The purpose of this study was to focus on the evolution of extreme wind conditions, wave height and storm
surge levels in the North Sea Region, especially in the Belgian part of the North Sea (BPNS). Based on the analysis
performed it is concluded that no clear trend can be observed
for the occurrence of significant increasing extreme wind
speeds over the BPNS. Furthermore, one can conclude that
not enough scientific evidence is available to support scenarios with increased wave height or storminess.

1

Introduction

The effects of climate change on marine systems are manifold (Van den Eynde et al., 2011). This paper deals with
a number of highly relevant determinants of marine storminess and assesses the changes in the storminess character
at the Belgian coast related to the driving factors sea water level, wind and wave climate. There is no unique definition for storminess. A storm is characterised by its intensity, frequency and duration of characteristic storm properties

(MICORE, 2009). In some studies wind speed is used as the
indicator and in other studies storm surge or air surface pressure is used. Recently Haerens et al. (2011) have used five
indicators to provide a first estimate of the storm threshold
inducing significant morphological changes along the sandy
beaches in Belgium. Based on their investigations, it was
found that marine storms that cause significant morphological impact along major parts of the Belgian coast line should
be characterised by a maximum significant offshore wave
height higher than 4 m, maximum water level above +5 m
with reference to the reference level “Tweede Algemene Waterpassing” (TAW), storm duration longer than 12 h, an induced wave energy above 6.5 × 105 J m−2 and wind direction
between W and NW.
When examining climate change influence on storminess,
the use of different indicators, hence data, will undoubtedly
lead to different interpretations of storminess change. While
the most obvious and important effect of change in storminess would be the impact on coastal safety, other activities such as marine transport, harbour logistics, fisheries and
coastal tourism also could be heavily impacted. Despite the
obvious importance of storminess for safety and economy,
little is quantitatively known of changes that have occurred
in storminess because of climate (Smits et al., 2005).
Sea level rise is an important indicator of climate change in
coastal regions. It increases the likelihood of coastal erosion,
land-water salt intrusion and endangers coastal ecosystems.
Changes in mean sea level will influence the extreme water
levels, propagation and dissipation of tidal waves and storm
waves. Changes in extreme water levels are directly relevant
to the assessment of changes in coastal storminess. Changes
in sediment transport cycles will occur and, together with
the changing hydrodynamic conditions, will cause secondary
effects like the siltation of sea harbours and fair channels.
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the duration of storms can also be used
2 Methods

as an indicator9 of change in storminess due to global climate changes. Waves are important, e.g. for coastal erosion,
changes in sediment transport or for oil slick dispersion.
This paper reports on the state-of-the-art climate change
impact assessment on the marine hydrodynamic environment
of the BPNS. More specifically, it deals with wind, waves
and water level, but focuses on storm conditions and, hence,
extreme conditions for these parameters.
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Evidence of change, due to climate modifications
in wind,
4
waves and water level were analysed using statistical analysis of long time series. Historical datasets were made available by different government institutions. Mean sea level
data were obtained from the Agency of Marine and Coastal
Services (MDK) and were downloaded from the Permanent
Service for Mean Sea Level (PSMSL, http://www.pol.ac.uk/
psmsl/datainfo). Wind and wave data were obtained from the
Agency of Marine and Coastal Services and from the Hydro
Meteo Centrum Zeeland. We also used meteorological fields
www.nat-hazards-earth-syst-sci.net/12/305/2012/
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from the Norwegian Meteorological Institute. The position
of the stations that were used in the analysis are shown in
Fig. 1. The data that were used in the analysis are also summarised in Table 1.
This state-of-the-art review is based on our own analysis
and literature data. To back up this analysis, reference will be
made to recent findings in neighbouring North Sea countries.
3

Results

3.1
3.1.1

Sea level
Introduction

There is a consensus that global sea level is rising, although
local differences are possible. In Europe, increases in sea
level are measured between 0.8 and 3.0 mm per year (European Commission, 2006). This is partly due to thermal expansion (volume increase with increasing temperature) and
to the transport of melting ice on land to the sea.
More information about causes, reported changes at the
global level and evolution of sea level on a European scale
can be found in MIRA (2008). Both mean sea level and extreme water levels will rise. Changes in sea level and storminess will increase the height of storm surges and the risk of
coastal flooding. In addition, subsidence and rising of land
will alter the relative height of extreme water events measured on land.
3.1.2

Mean sea level

A time series of yearly mean sea level values at the station
Oostende (location shown in Fig. 1), with reference to TAW,
has been used to investigate how mean sea level evolved during the last 80 yr. Time series of yearly mean sea levels were
prepared from monthly and yearly values from the PSMSL,
from hourly water level values from the MDK and from high
and low water levels from the MDK. All these data were used
to construct time series of yearly mean sea levels, taking into
account data gaps and differences in reference levels.
The final time series of yearly mean sea level values is
presented on Fig. 2. Values vary between 2.172 m (observed
in 1929) and 2.357 m (observed in 2001). Even though the
year to year variability is high, it is quite clear that mean sea
level has risen over the period of interest. This is further confirmed by the fact that the mean value, equal to 2.257 m, is
well below the latest mean sea level value, equal to 2.294 m,
computed by the MDK over the period 1982.3–2000.
Using conventional linear regression, sea level rise was
computed to be 1.69 mm yr−1 , a value larger than those reported in previous studies (Van Cauwenberghe, 1995, 1999)
but very close to the value (1.70 mm yr−1 ) more recently estimated by the Intergovernmental Panel on Climate Change
(IPCC) (Bindoff et al., 2007) for the global average sea level
rise during the 20th century. Other models (piecewise linear,
www.nat-hazards-earth-syst-sci.net/12/305/2012/
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3rd order polynomial) in which the sea level rise is allowed
to vary in time (either by step or continuously) were also applied in addition to the simple linear regression model. When
using a piecewise linear regression (as proposed, e.g. by Metrevelli et al., 1980), an inflexion point was found in 1992,
with a sea level rise after 1992 equal to 4.41 mm yr−1 . This
value is close to the global average value of 4.0 mm yr−1 estimated by Holgate and Woodworth (2004) over the period
January 1993 to December 2002. Although there is no statistical indication, using the Akaike Information Criterion, that
the other models fit the data better than the simple linear regression, it can be noted that an acceleration in sea level rise
is predicted by the higher order models. An increase in sea
level rise over the last decades was put forward by Holgate
and Woodworth (2004) and by Church and White (2006). Via
a simple extrapolation of the different (linear up to 3rd order polynomial) regression lines, mean sea level in Belgium
would rise between about 0.2 and 2.0 m by 2100.
In the Netherlands, close to the Belgian part of the North
Sea, high-end climate change scenarios for flood protection
are under further investigation. Recent information (Katsman et al., 2009) estimates local sea level rises between 0.5 m
and 1.15 m or between 0.05 m and 1.25 m for 2100, depending on the adopted impact of elastic and gravity effects. For
2200 these ranges become 1.5 to 4 m and 0.5 to 4 m, respectively. Uncertainty ranges were recently given for the first
time in the United Kingdom, including uncertainty in current models and emission scenarios. They project the likely
range of absolute sea level rise around the United Kingdom
to range from 11.6 cm to 75.8 cm (the 5th percentile and the
95th percentile) by 2095 (Lowe et al., 2009).
3.1.3

Surge level

In Ullmann and Monbaliu (2010), long term measurements
(since 1925) of sea level, sea surges and wind speeds along
the Belgian coast, were analysed and related to atmospheric
circulation patterns. The sea surges were calculated by subtracting the corresponding astronomical tides from the daily
maximum sea level heights. A rising trend of 3 mm yr−1 can
be observed.
Extreme surge heights are defined in Ullmann and Monbaliu (2010) as the surge heights above the 99th percentile
of sea surge height at Oostende (period 1925–2000), which
is equal to 65 cm. Also the wintertime 99th percentile of
sea surge at Oostende shows a slight (linear) increase, with
a value of +1 mm yr−1 (p > 99 %) during the period 1925–
2000. Based on an analysis of the correlation between the
surge level at Oostende and different weather patterns (atmospheric circulation patterns over the Northern Atlantic) for
the period 1925–2000, it is shown that 70 % of the surge levels greater than 65 cm are the result of one specific weather
pattern, known as the “Atlantic Ridge” pattern. This pattern is characterised by lower atmospheric pressures over the
Baltic Sea and Scandinavia and high atmospheric pressures
Nat. Hazards Earth Syst. Sci., 12, 305–312, 2012
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Table 1. Position of the stations and data used in the analysis.
Station

Abbreviation

Type of data

Source

Period

Oostende

oost

Water elevation (m)

Agency of Marine and Coastal Services
Permanent Service for Mean Sea Level

1927–2006

Westhinder

whix

Wind speed (m s−1 )

Agency of Marine and Coastal Services

1994–2007

Brouwershavensegat 2

bhg2

Wind speed (m s−1 )

Hydro Meteo Centrum Zeeland

1980–2007

vlra

Wind speed (m s−1 )

Hydro Meteo Centrum Zeeland

1988–2007

Westhinder

whid

Wind speed (m s−1 )

Norwegian Meteorological Institute (model results)

1955–2006

Bol van Heist

bvht

Significant wave height (m)

Agency of Marine and Coastal Services

1981–2007

Brouwershavensegat 2

bhg2

Significant wave height (m)

Hydro Meteo Centrum Zeeland

1980–2007

Vlakte van de Raan

vlra

Significant wave height (m)

Hydro Meteo Centrum Zeeland

1985–2007

Scheur West

schw

Significant wave height (m)

Hydro Meteo Centrum Zeeland

1985–2007

over the Azores, resulting in a north-westerly wind over the
Belgian coast. Although the frequency of the Atlantic Ridge
weather pattern did not change over the period, it was shown
that the increase in surge levels at the Belgian coast is a result of a corresponding increase in air pressure above the
North Atlantic Ocean and the Azores (Ullmann and Monbaliu, 2010).
On the other hand, 100 yr data of storm surge variations
were analysed for different coastal stations in the North Sea
by Bijl et al. (1999). They showed that for the stations in
the southern North Sea, a considerable natural variability at
a decadal time scale exists and that there appears to be a
tendency towards a weakening in storm activity, which is,
however, not significant. In the stations in the German Bight
more variability exists with no indication of weakening of the
storm climate.
In Ullmann et al. (2009) and Ullmann and Monbaliu (2009), the long-term variability of the extreme surges
along the Belgian coast were predicted for the next century.
The predictions were, amongst others, based on 17 ensemble
runs for the sea level pressure, simulated from 1950 to 2100,
by the ECHAM/MPI-OM global climate model (Jungclaus
et al., 2006) under the A1B climate change scenario of the
IPCC Special Report on Emission Scenario (IPCC, 2001),
which were executed in the framework of the ESSENCE
project (Sterl et al., 2008). Based on a stationary sea level
pressure over the Baltic Sea in the global climate model predictions, no significant changes in the yearly 90 % surges
were expected in the 21th century. This agrees with other
studies, focusing on the Dutch coast, which foresee no significant changes in the sea surges until the end of the 21th century (Van den Hurk et al., 2007; Debenard and Roed, 2008).
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Fig. 2. Time series of yearly mean sea level MSL (TAW) at Oostende for the period 1927–2006.

3.2
3.2.1

Wind
Introduction and average values

A statistical analysis was carried out using available wind
measurements in the Belgian part of the North Sea for the
longest possible period. A first set of analysed data was measured at Westhinder by the MDK over the period 1994–2007.
A second set of measurements was obtained from the Hydro
Meteo Centrum Zeeland (http://www.hmcz.nl) for Brouwershavensegat 2 (1980–2007) and Vlakte van de Raan (1988–
2007). Furthermore, operational model wind field data for
atmospheric pressure and wind vectors were obtained from
the Norwegian Meteorological Institute (DNMI) for the period 1955 to 2006 (Reistad and Iden, 1998). A time series
for the station Westhinder was constructed using these wind
fields. The position of these measuring stations is indicated
in Fig. 1. It is clear that the measurements and the model
www.nat-hazards-earth-syst-sci.net/12/305/2012/
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stations. To avoid results being influenced by missing values, data whithin a year must be

6

uniformly spread. Therefore it is necessary that a minimum of 5 % of the data are found in at

7

least 9 months of the year. If more than 3 months contain too little data, the year was skipped

8

in the trend calculations. The results are presented in Figure 3.
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Trend in yearly frequency of occurence (%/yr/yr)

0.5
results are different sources of data and may not be consisvlra
bhg2
tent with each other. Furthermore, less variability is included
whix
0.4
whid
in the model results, which have larger time steps than the
0.3
measurements. However, the fact that the model results extend over a much longer period, convinced the authors to in0.2
clude this time series in the analysis. The results have to be
0.1
considered with the necessary precautions.
0
Parameters were averaged monthly to obtain uniform time
series. These time series were then split in a long-term trend,
-0.1
a seasonal cycle and a residue, following methods proposed
-0.2
in the NOWESP project (Visser et al., 1996). The long-term
-0.3
trend was calculated on the basis of a moving average filter
with a period of 48 months. Gaps in the monthly mean time
-0.4
0
1
2
3
4
5
6
7
8
9
10
series were interpolated, taking into account the long-term
Wind force (Bft)
9
trend and the seasonal cycle.
Figure 3: Trend in the yearly frequency of occurrence for the difference wind forces. vlra: Vlakte van de Raan;
In the long-term trend of the DNMI meteorological10foreFig. 3. Trend2;inwhix:
the Westhinder;
yearly frequency
of occurrence
11
bhg2: Brouwershavensegat
whid: Westhinder
DNMI data.for
Thethe
errordifferbars give the 95%
casts of the wind speed at Westhinder, an increase in monthly
ence in wind forces. vlra: Vlakte van de Raan; bhg2: Brouwer12
confidence interval.
mean wind speed was observed between 1955 and 1968, after
shavensegat 2; whix: Westhinder; whid: Westhinder DNMI data.
13
No clearThe
trenderror
could
be observed.
In %
general,
the occurrence
which a small decrease of monthly mean wind speed occurs.
bars
give the 95
confidence
interval.of lower wind speeds seems to
This decrease in wind speed is still more apparent since
14 the
decrease, while winds of 5 or 6 Bft seem to increase in most stations. However, most of these
period 1990–1995. However, over the entire period 15
1955–
trends are not statistically significant (95 % level), see Table 2 for significant trends.
3.2.2 Trends in changes of duration of extreme wind
2006, no clear increasing or decreasing trend is detected
in
16
Therefore, one can conclude that there is no scientific evidence of a trend in frequency of
conditions
the average wind speed. The time series at the other measur17
extreme wind conditions over the period.
ing stations are too short to give conclusive answers.
Since the emphasis of this paper is on increased storminess
On the other hand, in Siegismund and Schrum (2001)
18 data
on the BPNS, the trend in the occurrence of high wind speeds
from the NCEP/NCAR reanalysis were used to analyse wind
19
was analysed in more detail. The trends in the yearly frespeed and wind direction during the 1958–1997 period over
quencies of occurrence of difference in wind forces (in Beauthe entire North Sea. A wind speed increase of about 10 %
fort) were analysed for the four stations. To avoid results bewas found. Measurements of the cubed wind speed in Ut11
ing influenced by missing values, data within a year must be
sira (Norway) also show an increasing trend over the 1950–
uniformly spread. Therefore, it is necessary that a minimum
2000 period (OSPAR Commission, 2000). Using station data
of 5 % of the data are found in at least 9 months of the year.
for 1962–2002, Smits et al. (2005), however, concluded that
If more than 3 months contain too little data, the year was
wind speed over the Netherlands in that period decreased by
skipped in the trend calculations. The results are presented
a value of between 5 and 10 % per decade. They pointed out
in Fig. 3.
that inhomogeneity in the reanalysis data was the main cause
No clear trend could be observed. In general, the occurof the discrepancy. Regional differences could be imporrence
of lower wind speeds seems to decrease, while winds
tant, as shown by Weisse et al. (2005), using NCEP/NCAR
of
5
or
6 Bft seem to increase in most stations. However,
data to force a regional climate model for the North Atlantic
most
of
these trends are not statistically significant (95 %
Ocean. They found important regional differences with op◦
level),
see
Table 2 for significant trends. Therefore, one can
posing trends above and below 45 N.
conclude that there is no scientific evidence of a trend in freConcerning the wind direction, an increase in southquency of extreme wind conditions over the period.
western winds was found over the last decades. This is visiThe duration of the storms were also analysed. The durable in the larger increase in winds towards the north. When
tion of a storm with a certain wind force was defined as the
looking at the variation in the wind density function, as deperiod during which the wind speed is continuously above a
fined in Siegismund and Schrum (2001), an increase in frethreshold level. If two storms are less then one day apart, it
quency or in intensity of west-south-western winds was also
is assumed that the second storm is in fact the continuation
visible over decades. This agrees with the results obtained in
of the first storm and the duration of the storm is then defined
Siegismund and Schrum (2001). The analysis further showed
as the period from the start of the “first storm” until the end
that the strongest winds occur in the months of November to
of the “second storm”. In Fig. 4 the trend in the duration of
February, although no clear seasonal difference in wind dithe storms are presented, together with the 95 % confidence
rection occurred.
intervals.
No clear conclusions can be drawn with respect to the
storm duration. The duration of the storms above 6 Bft
seems to be increased, but these trends are not statistically
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Table 2. Significant trends in the yearly frequency of occurrence for the difference in wind forces. vlra: Vlakte van de Raan; bhg2:
Brouwershavensegat 2; whid: Westhinder DNMI data. R 2 : coefficient of determination.
Station

Bft

Mean
(% yr−1 )

Trend
(% yr−2 )

Confidence interval
(% yr−2 )

P-Value

R2
(%)

bhg2
vlra
whix
whid

10
0
1
1
2
4
5
10

0.0083
0.1111
1.825
3.221
11.437
24.196
21.662
0.0327

0.00162
−0.0049
0.0595
0.02090
0.03960
−0.04305
−0.05116
0.00116

0.00156
0.0047
0.0531
0.01564
0.00748
0.02741
0.03195
0.00105

0.042
0.040
0.032
0.001
0.017
0.003
0.003
0.031

17.50
23.66
37.70
12.59
10.92
16.58
17.15
8.99

significant (95 % level). The only significant increase is the
increase in the duration of storms of 7 Bft at Westhinder
(DNMI data) and in the duration of the storms of 8 Bft at
Vlakte van de Raan.
Trends in frequency of storms

2

Trend in duration of storm (hr/yr)

3.2.3

2.5
vlra
bhg2
whix
whid

1.5

1

Finally, also the number of storms, as defined above in
0.5
Sect. 3.2.2, was analysed. The analysis showed that only
a significant (95 %) increase in the number of storms of
0
8 Bft was found at Brouwershavensegat 2, while a signifi-0.5
cant (95 %) decrease in the number of storms of 6 Bft was
detected at Westhinder. At Vlakte van de Raan, no signifi-1
cant trends in the number of storms was found. The DNMI
6
7
8
9
Wind force (Bft)
model wind speed at Westhinder showed an (significant1 95 %
level) increase of storms of 8 Bft and a decrease of storms
of 4: Trend in the duration of the storms for the difference wind forces. vlra: Vlakte van de Raan; bhg2:
2
Figure
Fig. 4. Trend in the duration of the storms for the difference in
6 Bft over the period. Overall, one can again conclude
3 that
Brouwershavensegat 2; whix: Westhinder; whid: Westhinder DNMI data. The error bars give the 95%
wind forces. vlra: Vlakte van de Raan; bhg2: Brouwershavensegat
4
confidence interval.
no statistically evidence is found for trends in the frequency
2; whix: Westhinder; whid: Westhinder DNMI data. The error bars
of storms.
5
No cleargive
conclusions
be drawn interval.
with respect to the storm duration. The duration of the
the 95 %can
confidence
It is worth noting that some contradicting results can also
6
storms above 6 Bft seems to be increased, but these trends are not statistically significant
be found in literature. Via a regional climate model, Weisse
7
(95% level). The only signifant increase in the duration of storms of 7 Bft. at Westhinder
et al. (2005) reached the conclusion that there is a rising trend
Monthly means of the significant wave height were, as
8
(DNMI
data)
and in thedescribed
duration of in
the Sect.
storms 3.2.1,
of 8 Bft.calculated
at Vlakte vanand
de Raan.
in the occurrence of storms for the period 1958 to 1990
in
previously
split in
the Southern North Sea, followed by a decrease in the occura long-term trend (moving average filter over 48 months),
3.2.3 Trends in frequency of storms
rence of storms since 1990–1995. Smits et al. (2005)9 anala seasonal cycle and a residue (Visser et al., 1996). In the
ysed a number of high quality wind data in the Netherlands.
trend,
a clearas variability
with
a period
of about
10
Finally, long-term
also the number
of storms,
defined above
in 3.2.2,
was analysed.
The analysis
These results indicate a continuous reduction in the number
7
yr
is
apparent,
with
higher
waves
around
1987,
1994
and
11
showed that only a significant (95%) increase in the number of storms of 8 Bft. was found at
of storms in the Netherlands since 1962 to 2002.
2001. The period is related to the North Atlantic Oscillation
12
Brouwershavensegat 2, while a significant (95%) decrease in the number of storms of 6 Bft.
(NAO) which shows variations with periods of 17 yr, 7.7 yr
13
was detected at Westhinder. At Vlakte van de Raan, no significant trends in the number of
3.3 Waves
and 2.4 yr (Loewe and Koslowski, 1994). A clear long-term
14
storms was
found.
The significant
DNMI modelwave
wind heights
speed at Westhinder
showed
an (significant 95%
trend
in the
is, however,
not visible.
3.3.1 Introduction and significant wave height 15 level) increase of storms of 8 Bft. and a decrease of storms of 6 Bft. over the period. Overall,
Trends
of evidence
frequency
of high
waves
16
one can 3.3.2
again conclude
thatinnochanges
statistically
is found
for trends
in the frequency of
A statistical analysis of the measured wave heights in the Belstorms.
gian Part of the North Sea has also been carried out.17Wave
The trend in yearly frequency of occurrence for different sigmeasurements were made by the MDK at the Bol van18Heist
nificant
wave
heights
were results
analysed
for be
thefound
fourintime
series.
It is worth
noting that
some
contradicting
can also
literature.
Via a regional
(period 1978–2007) and by the Hydro Meteo Centrum
ZeeAlso
for
the
waves,
the
same
procedure
as
above
is
followed
19
climate model, Weisse et al. (2005) reached the conclusion that there is a rising trend in the
land at Brouwershavensegat 2 for the period 1980–2007, and
to avoid the influence of missing data. The results are pre20
occurrence of storms for the period 1958 to 1990 in the Southern North Sea, followed by a
Vlakte van de Raan and Scheur West, both for the period
sented in Fig. 5.
1985–2007. The position of these stations is shown in Fig. 1.
13
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Literature sources do not yield a clear view and do not
give information that is ready to be implemented in a climate change scenario. Based on the results presented in
this paper, there is currently not enough scientific evidence
to support a scenario with increased storminess for the Belgian coast. There are no design guidelines yet for incorporating climate change induced changes in extreme wind or
waves or changes in intensity and duration of storms. It is,
therefore, concluded that based on the results presented in
this study, not enough scientific proof is available to change
the hydraulic boundary conditions (waves and wind) in the
definition of coastal protection or management plans for the
Belgian coast.

3.5-4.0
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