
Adv. Geosci., 65, 83–101, 2024
https://doi.org/10.5194/adgeo-65-83-2024
© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

Storm Daria: Societal and energy impacts in northwest
Europe on 25–26 January 1990
Anthony J. Kettle
Météo-France, Centre de Météorologie Spatiale, Avenue de Lorraine, 22300 Lannion, France

Correspondence: Anthony J. Kettle (ake3358@gmail.com)

Received: 27 June 2024 – Revised: 17 October 2024 – Accepted: 17 October 2024 – Published: 13 December 2024

Abstract. Between late January and early March of 1990
Europe was hit by a sequence of severe winter storms that
caused significant infrastructure damage and a large num-
ber fatalities. The storm sequence started with Hurricane
Daria on 25–26 January 1990, which was one of the most
serious events of the storm cluster, especially for the UK.
The low pressure centre moved in a west-northwest direc-
tion across Ireland, southern Scotland, and north of Denmark
before moving further into the Baltic. The strongest winds
south of the trajectory path caused significant damage and
disruptions in England, France, Belgium, the Netherlands,
and West Germany. Media reports highlighted building dam-
age, interrupted transportation networks, power outages, and
fatalities. There were also a series of maritime emergencies
in the Bay of Biscay, English Channel, North Sea, and Baltic
Sea. This contribution takes a closer look at Storm Daria,
presenting an overview of meteorological measurements and
the societal impacts, followed by an analysis of the North Sea
tide gauge network to understand the storm surge and possi-
ble large wave occurrences. Offshore wind energy was at the
planning stage in this early period, but onshore wind energy
was established in Denmark with demonstration projects in
other countries. The storm is an important case study of ex-
treme meteorological conditions that can impact energy in-
frastructure.

1 Introduction

In the list of severe European winter wind storms of recent
decades, Storm Daria (also called the Burn’s Day Storm)
from January 1990 and Storm Lothar from December 1999
appear near the top for the damage costs and the number of
fatalities (Swiss Re, 2018). Storm Daria appears in the first

rank for damage costs, but Storm Lothar is a close second,
and Lothar had a higher number of fatalities. Both storms
took place during an early stage of wind energy develop-
ment in Europe, and the impacts on wind energy infrastruc-
ture were not large. However, it is important to revisit storms
like these to understand their potential impact on wind energy
and offshore wind energy in particular. In spite of the damage
caused by Storm Lothar, it would not be considered a major
storm for European offshore wind energy because its trajec-
tory passed eastward across northern France and Germany,
so that its most destructive wind field occurred south of the
North Sea coast where most offshore wind infrastructure is
presently located. In contrast, the trajectory of Storm Daria
passed across Scotland and the central North Sea, and its de-
structive wind field included coastal regions in the southern
North Sea between the UK and Denmark. This storm had sig-
nificant offshore and coastal impacts in Europe, and is rele-
vant for understanding the risks for offshore wind energy.

The year 1990 was an important turning point in the pub-
lic awareness of the climate change problem. It was the year
of publication of the first report of the Intergovernmental
Panel on Climate Change (IPCC) by Houghton et al. (1990).
The IPCC had been convened in 1988 to assess the case
of anthropogenic climate warming through the emission of
greenhouse gases, primarily by fossil fuel combustion. In
the early 1980s, global average surface temperatures, which
had shown fluctuations on different time scales over the pre-
ceding century, exceeded the previous record from the mid-
1940s. There was some indication that climate warming from
atmospheric greenhouse gases had emerged from the back-
ground of cyclical climate variability. James Hansen, a se-
nior climate modeller in the NOAA government department
of the USA, made high profile statements to government pan-
els about the scientific evidence supporting climate change
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(Supran et al., 2023). Although the climate change predic-
tions from the IPCC and scientific community initially faced
opposition from the fossil fuel industry (Hansen, 2009), there
was increased government support for alternative energy pro-
grams in Europe following the first IPCC report in 1990. The
rapid growth of onshore wind energy dates from the early
1990s. Before 1990, a number of countries had small-scale
experimental wind energy programs, but only Denmark and
the US state of California had carried this forward with the
construction of thousands of wind turbines from the early
1980s to supply a significant fraction of their electricity re-
quirements (Auken, 2002). Feasibility studies for offshore
wind farms in Europe started in the early 1980s (International
Energy Agency, 1981), but the first experimental offshore
turbines were only erected in coastal areas in the early 1990s,
and Horns Rev in Denmark became the first large scale oper-
ational offshore wind farm in 2002 (Beurskens, 2014).

Storms were anticipated to increase as the effects of cli-
mate change became apparent (Hansen, 2009). This was
flagged at an early stage by several economic sectors. The
insurance industry placed special emphasis on the occur-
rence of severe weather events that crossed the threshold of
1 billion dollars (USD) of insured losses (Berz, 1998). This
started in 1984 with Hurricane Alicia in the US, and acceler-
ated in the 1990s with a number of severe storms in Europe
and the US. The trend of increasing damage costs had sev-
eral contributing factors, including population increases, the
construction of building assets in susceptible areas, as well as
the occurrence of storms of increasing severity (Berz, 1998,
1999, 2005). In Europe, a series of winter storms during the
first months of 1990 were important in defining the insur-
ance loss trend in the early period. At the time it occurred
in January 1990, winter storm Daria topped the world list
of USD 1 billion insurance loss storms. However, severe cy-
clones were also occurring in other parts of the world, and
Storm Daria was displaced from its rank 1 position first by
Japanese Typhoon Mireille in 1991 and then by Hurricane
Andrew in 1992.

The issue of maritime storms and sea state had also been
flagged by offshore industries at an earlier date. In the after-
math of the 1982 loss of the drilling rig Ocean Ranger in a
winter storm off Newfoundland, Neu (1984) made an analy-
sis of wave charts from 1970 to 1982 and found increases in
significant wave heights across the period. The results were
broadly supported by Bouws et al. (1996) using a larger num-
ber of wave charts from the Netherlands meteorological of-
fice KNMI over the period 1960 to 1988, and they suggested
a link with the North Atlantic Oscillation. Reviewing the sea
state literature based on the observational network from the
North Atlantic and North Sea, Bacon and Carter (1991) indi-
cated that the trend toward increasing storminess in the North
Atlantic could be traced back to the early 1950s. However,
WASA group (1998) highlighted that the issue of data in-
homogeneities might have introduced spurious trends in the
earlier studies, and suggested that long time series of atmo-

spheric pressure from fixed meteorological stations provided
a better metric to understand storminess patterns. Using this
data source, decadal trends of variability were highlighted,
and the heightened storminess of the 1980s and 1990s was
comparable to sea states from the late 19th century.

Linked with the worsening sea state, rogue wave strikes
on shipping and offshore infrastructure were also highlighted
in the 1990s. This led to the high profile research program
MAXWAVE (Rosenthal, 2005) in the period 2000–2003 as
well as themed conferences in 2000, 2004, and 2008 target-
ing rogue wave issues (Olagnon and Athanassoulis, 2001;
Olagnon and Prevosto, 2005, 2009). Rogue waves had al-
ways been known, but before the first continuous instru-
ment records in the 1960s (Draper, 1964), it was difficult to
characterize their frequency or dynamics. A series of rogue
wave papers appeared in the 1970s, mainly linked with ship-
ping issues (Mallory, 1974; Atkins, 1977). In the North Sea,
the Norwegian petroleum safety authority catalogued wave
strikes on the 20 m working deck of production platforms
during bad storms starting from the early 1980s (Hamre et
al., 1991), with a particularly damaging storm taking place
in December 1990 (Kvitrud, 1997). The list is notable be-
cause the platform deck heights were designed for extreme
wave strikes that should only have been taking place statisti-
cally on century time scales. When the MAXWAVE program
started in 2000, shipping accidents caused by rogue waves
were appearing regularly in the media for their damage to
passenger ships, and the loss of the ferry Estonia during a
Baltic Sea storm in September 1994 was the worst example
(Faulkner, 2002). In spite of the record of shipping damage,
research into the frequency and general size characteristics of
rogue waves has progressed slowly. As outlined by Liu and
MacHutchon (2006), the problem is the availability of raw
and uncontrolled high frequency recordings of waves. Most
rogue wave research is based on a very small number of case
studies that have been released to the scientific community,
and the Draupner wave during a North Sea storm on 1 Jan-
uary 1995 (Haver, 2005) is the best known. Large amounts
high frequency wave data have been recorded on offshore
platforms, but it is generally not available to the scientific
community. Also, processing filters for quality control are
applied that may remove the worst case waves (Christou and
Ewans, 2011), which have been documented, for example,
in offshore infrastructure damage. When raw wave record-
ings are not subject to this filtering treatment, striking exam-
ples of the physical dimensions of rogue waves are revealed,
such as the wave strike on the FINO1 research platform in the
German Bight during Storm Britta on 1 October 2006 (Herk-
lotz, 2007; Rosenthal and Lehner, 2007; Pleskachevsky et al.,
2012; Kettle, 2015). In the absence of digital wave record-
ings, researchers have taken a different approach to charac-
terize rogue waves by using proxy data, and this has included
generating lists of wave strikes on ships and beaches from
media reports (Liu, 2007; Nikolkina and Didenkulova, 2012;
O’Brien et al., 2013). The present contribution uses a differ-
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ent strategy and looks for anomalous patterns in the high-
est frequency components of tide gauge data during a severe
North Sea storm. Many tide gauges are in operation around
the North Sea, and the idea is to see if large waves, like the
FINO1 wave during Storm Britta, might generate a meteo-
tsunami or harbour seiche when hitting the coast.

This contribution reviews Storm Daria, which crossed Eu-
rope on 25–26 January 1990 causing serious damage onshore
and also significant maritime impacts. An overview of the
environmental conditions and societal impacts is presented
based on reports from the media and scientific literature, and
a complete source list is presented in the Supplement. This is
followed by a detailed analysis of the storm surge based on
tide gauge water levels and possible links with wave events
and maritime incidents. The contribution follows similar re-
ports for Storm Anatol in 1999, Storm Britta in 2006, Storms
Franz, Kyrill and Tilo in 2007, and Storm Xaver in 2013
(Kettle, 2018, 2019, 2020, 2021, 2023a, b) with modifica-
tions and new analysis to take account of the different infor-
mation available for this earlier storm.

2 Storm Daria and its societal and energy
infrastructure impacts

Storm Daria was the first of a sequence of linked storms that
travelled across the North Atlantic and into Europe between
late January and early March 1990 (McCallum and Norris,
1990). The storm sequence was linked to an unusual surface
pressure configuration with a very deep low pressure centre
over Iceland and a high pressure centre over the Azores. It re-
sembled the pressure dipole of the North Atlantic Oscillation
except it was a persistent synoptic pattern on daily weather
maps instead of an average statistical result of a noisy time
series (Pinto et al., 2009). The persistent synoptic dipole had
never been observed before (Mariners Weather Log, 1990),
and record low pressures were measured in Iceland (McCal-
lum and Norris, 1990). Storm Daria had a short, intense life
cycle, starting as a shallow low pressure area off the eastern
seaboard of North America. The low pressure centre deep-
ened rapidly during its rapid passage across the North At-
lantic Ocean and was located off the west coast of Ireland
at dawn on 25 January. The low pressure centre passed east-
ward across the centre of Ireland, then across southern Scot-
land into the central North Sea where it culminated with a
central sea level pressure below 950 hPa in the early evening
of 25 January. Its rate of progress was slower after this point
as it passed eastward into the Skagerrak north of Denmark
and then across southern Sweden into the Baltic Sea. Opera-
tional weather forecast systems at the time of the storm were
hampered by limitations in the numerical models and the
timely availability input measurements (Heming, 1990). Re-
analysis weather products only started becoming available in
the middle of the 1990s, partly to re-evaluate and understand
historic storms, including Storm Daria (Pinto et al., 2009;

Roberts et al., 2014; Lockwood et al., 2022). Figures S1.1
and S1.2 show the trajectory and development of the low
pressure centre from the PRIMAVERA database of Lock-
wood et al. (2022), and reveal that the low pressure centre
deepened at an average rate exceeding 31 hPa d−1, far above
the threshold of 24 hPa d−1 that characterizes a dangerous
meteorological bomb (Sanders and Gyakum, 1980).

Damage during the storm resulted from its incredible wind
field. High winds impacted the southwest part of the UK on
the morning of 25 January, moving across to London and the
southeast in the early afternoon. Very high winds were re-
ported in France in the mid-afternoon (Météo France, 2016).
In the Netherlands, the highest winds occurred in the evening
rush hour (NRC Handelsblad, 1990b). Figure 1 shows a map
of the measured wind speed and direction at 18:00 UTC on
25 January 1990 about the time the central pressure culmi-
nated in central North Sea and maximum wind damage was
occurring in the Netherlands. In addition to the wind mea-
surements from the meteorological station network, the map
shows offshore winds from the passive microwave SSM/I
satellite instrument (Wentz et al., 2012), revealing two high
wind areas in the southern and northern North Sea on oppo-
site sides of the low pressure centre. Figures S2.1 to S2.15
show wind speed measurements at 3 h intervals across the
period of the storm along with other offshore wind speed im-
ages from the sun-synchronous SSM/I satellite, which made
morning and evening passes over north-western Europe dur-
ing the period. The images reveal different stages in the storm
life cycle, starting with the high wind field southwest of UK
on the morning of 25 January (Fig. S2.3). It includes a snap-
shot of the high wind field in the south-eastern North Sea on
the morning of 26 January (Fig. S2.10) when Denmark expe-
rienced a storm surge along its west coast and onshore wind
damage. Literature from the period emphasized the contribu-
tion of visible and infrared satellite images to understand the
structure and development of the storm (Mariners Weather
Log, 1990; McCallum, 1990; Meteorological Office, 1990).
The first wind scatterometers were launched later in the
decade, and the important QuikSCAT scatterometer only be-
came available from 1999. The SSM/I passive microwave
wind speed measurements were available from 1987, but do
not appear to have been used operationally initially. How-
ever, later reports emphasized their importance for offshore
wind resource assessment as wind farms were being con-
structed in the North Sea (Hasager et al., 2007a, b).

Radiosonde data give information about the vertical pro-
file structure of wind speed, temperature, and moisture. One
month of radiosonde data for stations in Europe (Fig. S3.1)
was downloaded from the University of Wyoming (2023)
archive for January 1990. Data sections were plotted across
the period of the storm. Time series of vertical profiles of
wind speed for two stations in the southern UK are shown
in Fig. S3.2 for Cambourne and Fig. S3.3 for Crawley. These
stations featured in a review analysis of the storm by Hewson
and Neu (2015), and they are located at approximately the
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Figure 1. Wind speed and direction for Storm Daria at 18:00 UTC, 25 January 1990 from selected stations of the USAF data set at approx-
imately the time of maximum wind damage in the Netherlands. The trajectory of the low pressure centre is indicated by the black line with
red crosses at 3 h intervals (Roberts et al., 2014). The location of the pressure centre at the time of wind field is shown by a larger cross
in the North Sea near Scotland. SSM/I sea surface wind speeds (Wentz et al., 2012) are shown for a satellite overpass at about 18:36 UTC
or ∼ 36 min after the synoptic station reports. The satellite data indicate suggests that there was a ring of high wind speeds around the low
pressure centre at this time, both in the southern North Sea (eastward) and in the northern North Sea (westward).

latitude of highest upper air winds, as revealed in the latitude-
height profiles of Figs. S3.4–S3.6. The time series informa-
tion for these two stations shows that Storm Daria had the
highest upper air winds of the month, although there were
other storm periods on 17 January, 28 January, and 31 Jan-
uary that were also reported in the media.

Metrics of convective activity were analyzed to understand
the origin of the remarkable surface gusts in north-western
Europe and the tornadoes that were registered in the Nether-
lands and Germany (European Severe Weather Database,
2023). Convective Available Potential Energy (CAPE) was
extracted from the radiosonde database along with the asso-
ciated quantities of the level of free convection and the equi-
librium level (Johns et al., 1993). Additionally, the severe
weather threat (SWEAT) index was extracted (Miller, 1972).
These are composite quantities derived from radiosonde pro-
file measurements that give information about thermody-
namic stability. They have been used as diagnostic quantities
to understand when severe convection and tornadoes may be
expected, especially during summer time conditions in the
central United States. The physical principles have applica-
bility also to extreme wind regimes in cold climates where

high vertical wind shear compensates for the low moisture
content of the atmosphere with the potential to generate a
winter-time tornado (Johns et al., 1993). Maps of CAPE be-
tween 12:00 UTC, 25 January and 12:00 UTC, 26 January
are shown in Figs. S3.7–S3.9, highlighting positive values
around the North Sea area that increase during the 24 h in-
terval. The values of CAPE are low, but the positive value
threshold must be reached for tornadoes to occur, and the
recorded tornado cases during the storm occurred near sta-
tions registering positive CAPE values. The SWEAT index,
shown in maps in Figs. S3.10–S3.12, incorporates metrics
of vertical wind shear, and reveals that the tornado threat in
northwest Europe during Storm Daria was comparable with
the atmospheric state during bad summertime tornado situa-
tions in the central US. However, unlike the deep convection
systems linked with summer-time tornado outbreaks, the val-
ues of the level of free convection and equilibrium level dur-
ing Storm Daria (shown in Figs. S3.2–S3.9) reveal that at-
mospheric convection in the areas around the North Sea was
actually quite shallow. The Forschungsplattform Nordsee far
offshore in the southern North Sea was in operation from
1976–1993 (Dolezalek, 1992), and it gives a vantage point
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of what was happening in the lower atmosphere over the sea
surface during the storm. The time series data in Fig. S4.1
reveal that the high storm winds occurred with a shallow bro-
ken cloud field, possibly linked to convection cells forced by
high sea surface temperatures in an unstable boundary layer.

The winds from Storm Daria generated a high wave field
in the North Sea and particularly in the Atlantic Ocean west
and southwest of the UK. Some wave recorders were in oper-
ation in the North Sea in 1990 (Figs. S5.1 and S5.2), although
they were not as numerous as they would become later in
the decade, and technical solutions were still being devel-
oped to permit long offshore deployments (Joosten, 2013).
The time series data for significant wave height in the North
Sea for January and February 1990 are shown in Fig. S5.3.
The data reveal that Storm Daria was one of two significant
offshore storms during the period, and that Storm Vivian at
the end of February was comparable in strength. The wave
field for severe European winter storms is often registered at
seismic stations through action of waves breaking at or near
the coasts. The strength of the associated seismic noise sig-
nal depends on different factors, including the distance of the
storm, and Storm Daria was noted to have an unexpectedly
low signature in a seismic listening station in north Wales
(Darbyshire, 1998). Several minor earthquakes were regis-
tered in the UK during the 2 d period of the storm with the
strongest at 13:42 UTC on 26 January at the island of Colon-
say off the west coast of Scotland (British Geological Survey,
2024).

The wave field contributed to significant erosion at cer-
tain locations along North Sea coast. Coastal cutback was re-
ported along sections of the Netherlands coast (RWS, 1990;
Dorland et al., 1999). On the German coast, a dyke was dam-
aged, forcing the evacuation of the village of Dagebüll (Lan-
desregierung Schleswig-Holstein, 2023), and coastal flood-
ing was also reported in Denmark (Lloyds Weekly Casu-
alty Returns, 1990a). There were literature reports of large
land losses from the island of Sylt (Deutschen Wetterdi-
enst, 1990; Franke, 1990), and coastal survey data across the
storm period in the first three months of 1990 reveals over
100 m of coastal cutback from the southern tip of the island
(Fig. S6.1).

The wave field was also dangerous for shipping, and a
series of maritime accidents occurred in north-western Eu-
rope with particularly serious cases off the Atlantic coasts
of France and the UK. Figure S7.1 shows the locations
of offshore shipping events from reports in Lloyds Weekly
Casualty Returns (1990a, b) with additional information in
Mariners Weather Log (1990) and newspaper reports. The
Celtic Navigator experienced a shift of its deck cargo of tim-
ber off Lands End, leading to a 40° list that was eventually
corrected by jettisoning the deck cargo. In the northern Bay
of Biscay, the Iran Abad also experienced a cargo shift of
steel and manufactured products that caused hull damage and
required the vessel to take shelter in Brest. In the same area,
Rio Santa Rosa experienced similar damage when a spare

anchor broke loose and was lost overboard. Nearby, the con-
tainer vessel ACT 7 lost three containers overboard. Further
south in the Bay of Biscay, the Boqueron experienced a cargo
shift and leak from a large swell. This necessitated a crew
evacuation and the grounding of the vessel near Cape Quin-
tres on the Spanish coast (Wubs and Waaldijk, 1990). The
sea state was bad, but there are indications that some of the
shipping damage in the Atlantic sector was due to rogue
wave strikes causing window damage. The wooden trawler
La Fayette sent a radio report of a broken porthole before
vanishing with its crew of five, and the Santyand reported a
broken bridge window with saltwater damage to its radio and
navigation systems. Fatalities were reported with the capsize
of the catamaran sloop Revolution off Granville in the west-
ern English Channel and Jotun in the western Baltic. In the
eastern section of the English Channel, the River Adada ex-
perienced steering problems. In the North Sea, the highest
profile incident in the newspapers was a machinery break-
down of the Soviet cargo vessel Briz off the Netherlands
coast, leading to the evacuation of its large crew. Also in the
southern North Sea, the harbour tug Impulsion capsized off
Lowestoft after being hit by the disabled ship that it was tow-
ing during storm winds, and Dover Star lost its steering. Fur-
ther north, the platform Hunter parted its tow wire to the tug
Viking Troll and started drifting, and the support vessel Sea
Girl reported steering problems nearby.

Storm Daria also had notable societal and economic im-
pacts, and Fig. 2 outlines the energy interruptions. There
were widespread electrical power outages in the UK, north-
ern France, the Netherlands, Belgium, and West Germany,
due mostly to power lines blown down but also to collapsed
masts in some places. In the UK, a million customers were
reported to have lost electrical power at the height of the
storm in a band across southern England and Wales from
Cornwall to Kent (Herald Express, 1990). Southwestern Eng-
land was particularly badly hit, and SWEB News (1990) re-
ported that a maximum of 400 000 customers (or 30 % of
the total) were off grid during the first day. The full network
damage took about a week to repair even with extra work-
ers flown in from other parts of the UK and support from
military units, and field work was complicated by additional
storm events. Large scale power cuts were also reported in
northern France for hundreds of thousands of people (Belfast
Telegraph, 1990; Lloyds Weekly Casualty Returns, 1990b).
In Belgium normal electricity distribution was cut by at least
10 % because of broken power lines (Lloyds Weekly Casu-
alty Returns, 1990a). In Denmark, some power outages were
registered in southern Jutland in Denmark (Lloyds Weekly
Casualty Returns, 1990a), but large scale electrical blackouts
did not occur as would be the case during Storm Anatol on
3 December 1999 and Storm Erwin on 8 January 2005 (Dan-
ish Energy Agency, 2016). Nuclear stations were impacted
during Storm Daria, with a collapsed cooling tower at Paleul
on the French Channel coast (Milwauki Journal, 1990; NRC
Handelsblad, 1990a), and well as power supply interruptions
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Figure 2. Thematic map of power outages, energy infrastructure damage, and wind turbine incidents that were reported in the literature
for Storm Daria 25–26 January 1990. The trajectory of the low pressure centre is given by the thick red line. Blue boxes delimit countries
and larger regions with a printed summary of energy impacts. Red boxes smaller regions (English counties, French departements, etc.) with
energy impacts. Three cases of problems at nuclear power plants are also indicated.

at Gravelines in France and at Kalkar in Germany (Wet-
teronline, 2022). About 10 % of the ∼ 2700 wind turbines
in Denmark experienced some sort of interruption during the
storm. This was mostly reported as production losses as wind
speeds crossed the 25 m s−1 shutdown threshold (Grøning et
al., 1990), but there were also cases of machinery damage
including complete turbine destruction (Jensen and Winther-
Jensen, 1990; see also Fig. S9.1). Heipertz and Nickel (2008)
reported that natural gas production was impaired, and a gas
drilling tower collapsed in West Germany (Lloyds Weekly
Casualty Returns, 1990a).

In addition to energy supply and distribution networks, the
storm had major impacts on transport infrastructure, the built
environment, and forestry. These are summarized in Sect. S8
with a series of thematic maps. Figure S8.2 outlines flight
diversions and airport interruptions. At Lulsgate airport in
Bristol a mid-sized passenger transport aircraft was flipped
onto its back, and at Heathrow airport a Boeing 747 jumbo
jet was pushed off a taxi way by the strength of the wind.
Figure S8.3 shows interruptions to ferry services during the
storm, with impacts to services across the Irish Sea, English
Channel, North Sea, and Baltic Sea. Some of the interrup-
tions arose from serious offshore events with a case where

a ferry (Chartres) lost power in the English Channel and in-
curred further damage while docking in Dieppe. The North
Sea ferry St. Nicolas, which set out from Harwich for Hoek
van Holland, had to return to its port of origin after weath-
ering the storm at sea for 10 h. The ferry from Hamburg to
Harwich waited out the storm for 24 h off the Essex coast.
Figure S8.4 presents some of the impacts to the railway sys-
tems, highlighting severe disruptions in England as almost all
London train stations were closed, as well as the almost com-
plete shutdown of the Netherlands rail system. Figure S8.5
outlines some of the road transport interruptions, and there
were a number of motorways in southern England, Belgium,
and the Netherlands closed by the overturning of high-sided
transport vehicles, often with multiple instances on a given
roadway. There were numerous cases of small roads across
southern England closed by fallen trees, and the traffic sit-
uation in London was particularly bad with bridges across
the Thames closed. In Scotland and Northern Ireland, differ-
ent road problems were encountered with blockages due to
snow accumulations. Figure S8.6 displays some of the build-
ing damage during the storm winds, with media emphasis on
high profile cases like de-roofed train stations and sports sta-
diums, damaged airport buildings, a church tower collapse,
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and large-scale destruction of commercial greenhouses in the
Netherlands. Radio and television masts were blown down in
some areas, affecting communications, and there were multi-
ple reports of toppled cranes. Figure S8.7 shows forest dam-
age across the storm period in the first three months of 1990
from the tabulated lists of Gardiner (2010a). The multiple
storms during the period caused damage across western and
central Europe, but each storm had a different regional im-
pact, and Storm Daria would have been responsible for the
greatest forest damage in the UK, Belgium, the Netherlands,
and Denmark. For intercomparison and damage assessment,
the industry reports forest damage as a fraction of its growing
stock or its annual harvest, and the UK had windfall losses
that reached 75 % of the annual harvest. In the Netherlands,
windfall losses were lower at 23 % of the annual harvest.
This had significant follow-on impacts for fluctuating prices
on the timber markets as the damage was cleared (Dorland
et al., 1999), and timber market depressions were also noted
for Germany and Switzerland (Gardiner, 2010b). Figure S8.8
shows a map of the fatalities and some of the injuries that oc-
curred during the storm. The fatalities were mostly due to
traffic accidents linked with trees blown over in the strong
winds, and the map highlights how the events were clustered
in a narrow band across southern England, Belgium and the
Netherlands. In the UK, numerical weather prediction mod-
els had forecast the storm 5 d in advance (McCallum, 1990),
but the large number of fatalities occurred because the storm
hit during a working day (Buller, 1993).

3 Methods

Tide gauge data from stations around the North Sea are anal-
ysed to trace the progress of water level fluctuations on dif-
ferent time scales, ranging from the tide to the longer period
storm surge and short period seiches. High resolution tide
gauge water level data in the North Sea will typically con-
tain a number frequency components comprising a dominant
semi-diurnal tide (∼ 12 h), a longer period surge component
(on the order of days), and a shorter period seiche compo-
nent (on the order of minutes or 10s of minutes). The tide
must be modelled and subtracted from the measured water
level time series to isolate the surge residual. The surge resid-
ual originates from high winds forcing water onto a coast,
from the possible effect of a travelling external surge enter-
ing the North Sea north of Scotland, and from the rise of wa-
ter under the storm low pressure area (i.e., inverted barome-
ter effect). Wind waves breaking on the coast can also aug-
ment storm surge water levels (US Army Corps of Engineers,
1984; Pugh, 1987). Likewise, meteotsunamis (Monserrat et
al., 2006; RWS, 2014; Pattiaratchi and Wijeratne, 2015) and
harbor seiches (Pugh, 1987; de Jong and Battjes, 2004) may
be important in the short period component of tide gauge data
in certain instances.

Tide gauge data sets were obtained from the national mon-
itoring agencies for countries around the North Sea. Most
data were downloaded from online Internet sites for the
UK (BODC, 2024), the Netherlands (RWS, 2024), Denmark
(Kystdirektoratet, 2024), and Norway (Kartverket, 2024).
Data sets for Belgium, Germany, and two stations in Den-
mark were obtained by email contacts. Studies of older storm
surge events have identified a problem of lost data archives
(Wadey et al., 2015), but 1990 was within the recent period
when digital archives were available. A strategy was adopted
to obtain data from all possible water level measurements
for January 1990 showing a tidal signal, and then perform a
preliminary analysis to eliminate time series that were mal-
functioning or had extended data gaps. A few stations for
Denmark had short data gaps, and these were linearly inter-
polated. The Havneby station had the worst data gap of 5 h
on the afternoon of 26 January 1990. The source and key
characteristics for the data sets are shown in Table S10.1.
Table S10.2 shows a list of stations that were rejected be-
cause they showed unusual trends or had extended data gaps,
and several stations in Denmark (Esbjerg, Ribe, Thorsminde
Havet) failed near the height of the storm surge. Altogether,
103 stations were used in the analysis after the quality con-
trol steps, and these are shown in the maps of Figs. 3 and
4. There was a high spatial density of stations, particularly
along the coasts of the Netherlands and Germany.

For the high resolution tide gauge time series of the UK,
the Netherlands, Denmark, and Norway, data preparation is
the same as for previous storm studies (Kettle, 2018, 2019,
2020, 2021, 2023a, b). A 16 d data segment from 14–29 Jan-
uary 1990 (inclusive) was extracted from the longer source
data files with the dates chosen to include the 2 d period of
Storm Daria 25–26 January 1990, plus an earlier storm on
18 January 1990 that was mentioned in the literature for the
North Sea Ekofisk platform (Rambøll, 1999). The data dis-
cretization for the different national authorities was either
10 min for the Netherlands and Norway, 15 and 30 min for
Denmark, or 60 min for the UK and the German station of
Cuxhaven. A discrete Fourier transform was conducted to
translate the time series data for a single station into the spec-
tral domain (Stull, 1988; Gönnert et al., 2004). The spectral
plot was inspected visually to assess the frequency thresh-
olds for the different water level components: long period
(mostly storm surge), short period (mostly harbour seiche
or meteotsunami), and tidal (diurnal plus semidiurnal, com-
bined). Figure S11.1 graphically shows the frequency thresh-
olds that were used to define the spectral components for a
sample station at Delfzijl in the northern Netherlands; the
same thresholds were used for all the stations. The 0.2 d (or
4.8 h) threshold was chosen to separate the long-period and
short-period reconstructions, and this is similar to previous
studies that have aimed to isolate meteotsunami signals in
water level data showing a strong tidal component (Monser-
rat et al., 2006; Pattiaratchi and Wijeratne, 2015; Zemunik et
al., 2021). For the present study, caution should be exercised
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Figure 3. Location of tide gauges analyzed in this study and of North Sea maritime incidents that were reported over the 2 d period 25–
26 January 1990. For presentation clarity, the information in the inset box covering the south-eastern North Sea is shown in Fig. 4. The
abbreviation codes for the tide gauges and maritime incidents are explained in Tables S10.1 and S13.1.

in interpreting time series with the longer time discretiza-
tions of 1 h, as meteotsunami signals would not be clearly
resolved.

The spectral analysis procedure had to be modified for the
data from Belgium and Germany (except for Cuxhaven) be-
cause high resolution data (i.e., 1–60 min recording intervals)
were not available. National sea level monitoring agencies
over the past half century have responded to technological
advances in instrumentation and data storage by increasing
the temporal resolution of water level data. In the pre-digital
period, time series of tide gauge data were archived at lower
resolution, consisting of sequential series of high and low
water levels (i.e., data at approximately 6 h intervals), which
was about the limit of what could be processed by hand for
summary statistics. Germany and Belgium were still using
this protocol in 1990, and Germany only shifted to higher
resolution recordings late in the 1990s. The tide gauge anal-
ysis for Storm Daria thus had to accommodate these lower

resolution data sets, in addition to the normal higher resolu-
tion time series available since the late 1990s. The low reso-
lution time series data from the North Sea have a saw tooth
pattern from the dominant semidiurnal tide, but are modu-
lated on longer time scales by storm surge effects and also
monthly/semi-monthly tides. Closer examination of the data
reveals that the two daily tidal peaks are not the same because
of additional effect of the diurnal tide. It was not possible to
isolate a short period component (i.e., < 4.8 h) from these
coarse resolution data. The challenge was rather to separate
the multi-day surge signal from the shorter period semidi-
urnal and diurnal tides, and the longer period semi-monthly
and monthly signals. The strategy to achieve this was to con-
duct the same discrete Fourier transform analysis as for the
high resolution data but to use different spectral cut-off fre-
quencies to remove the semidiurnal and diurnal tides (i.e.,
periods < 1.2 d) and semi-monthly and monthly tides (i.e.,
periods > 12 d), leaving the storm surge signal in the spectral
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Figure 4. Location of tide gauges and maritime incidents along the
North Sea coasts of Belgium, the Netherlands, Germany, and south-
ern Denmark. The abbreviation codes for the tide gauges and mar-
itime incidents are explained in Tables S10.1 and S13.1.

gap of 1.2 to 12 d. The analysis assumes that the data were
regularly spaced in time, which was approximately true for
these data. The low temporal resolution of the data permitted
longer time series to be used with the discrete Fourier analy-
sis. The full length of the available data sets were used in the
analysis, which was 3 months for Germany and 12 months
for Belgium.

There is a potential tide gauge levelling problem that was
identified in Kettle (2021, 2023a, b). It originates from the
observation that the average levels of most of the downloaded
data sets (except for Belgium) were a few tens of centimetres
above the official sea levels, and could not be resolved with
the water level variations expected on a monthly or seasonal
basis (Fig. S12.1). The pattern of offsets observed for Storm
Daria in 1990 is similar to the analysis of storms after 1999,
but the sea levels in 1990 were 5–10 cm lower than in 2007
(Kettle, 2023b), for example. To make the sea level data from
this analysis comparable with literature reports, values of
skew surge and true surge are adjusted upward by the amount
of their apparent sea level inconsistency. Figures S12.2 and
S12.3 illustrate the impact of these corrections for the maxi-
mum true surge and skew surge in comparison with literature
values.

A short database of maritime incidents in the North Sea
area was compiled (Table S13.1) to compare with the largest
oscillations in the short period reconstruction of the water
level time series. These were gathered mostly from Lloyd’s

Weekly Casualty Returns (1990a, b), and supplemented with
reports from Mariners Weather Log (1990). Some of the off-
shore incidents have been outlined above, but there were also
many cases of mooring line or anchor failures in or near
ports, as well as insurance team inspections in the days fol-
lowing the storm. Storm damage was identified or implied,
but these other reports typically did not have much time in-
formation, sometimes not even a date. In addition to the mar-
itime accident reports, information was drawn from the time
series of wave statistics available in the North Sea area. Al-
though there were not as many wave records available in
1990, a significant number of time series records were gath-
ered mostly from the southern North Sea (Fig. S5.2). Most of
these were part of a network operated by Rijkswaterstaat off
the coast of the Netherlands, but other national agencies of-
ten had at least one in operation. Information for the time of
maximum values of significant and maximum wave height
during the 2 d period of the storm were extracted and ap-
pended to list of shipping incidents for comparison with fea-
tures in the tide gauge data. Kettle (2023b) presents more
information about the features of North Sea wave data.

4 Results

An overview of the results is shown in Fig. 5 as a cascade
diagram of time series for the tide gauge stations around the
North Sea. The first panel (Fig. 5a) of the diagram shows
the original data as received from source authorities after
being detrended with a straight line. The subsequent panels
show the water level information divided according to the
different time scales from the spectral separation procedure:
long period component (Fig. 5b), tidal component (diurnal
plus semidiurnal; Fig. 5c), and high frequency component
(Fig. 5d).

In presenting the time series data, the tide gauge stations
are arranged counter-clockwise around the North Sea start-
ing with Lerwick in Scotland at the top and ending with
Maløy in Norway at the bottom. It contrasts with the me-
teorological convention of presenting storm spatio-temporal
information along the path of westerly winds or the low
pressure trajectory. The different presentation convention for
storm surges was established in the earliest North Sea in-
vestigations from the late 1940s (Corkan, 1950). The tides
in the North Sea travel counter-clockwise around the basin
as coastally-trapped Kelvin waves, entering the North Sea
north of Scotland. The surges for certain storms also follow
this behaviour, and these external surges have the potential to
augment coastal surge flooding. Because storm surge flood-
ing is dependent on the state of the tide, instrumental water
level recordings are arranged according to counter-clockwise
placement around the basin, and this forms a type of diag-
nostic to understand water level dynamics during the storm.
Because the tidal propagation speed along the shoreline is ap-
proximately constant around the North Sea, it permits a fur-
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Figure 5. Time series of the (a) original water level data, and reconstructions of the (b) long period, (c) diurnal plus semi-diurnal tide, and
(d) short period components of the original time series. The station identifications are given by two letter codes along the right hand side
of the fourth panel. The stations have been vertically offset according to their relative arrangement counter-clockwise around the North Sea,
starting from Lerwick in Scotland at the top and ending with Maløy in Norway at the bottom. In the first two panels, red vertical crosses
indicate the maximum of the data segment shown. In the last panel, diamonds mark the time of events at the closest tide gauge station: green
for maritime incidents, blue for maximum significant wave height and red for maximum wave height.

ther quantification of the diagnostic, which is explored fur-
ther below.

Presenting station data in this manner allows the fluctu-
ation features in the time series in Fig. 5a to be followed

from one station to the next, with forward offsets in time. The
highest levels of each series are shown by red plus symbols,
and these assist in tracking the progression of water level fea-
tures. The most prominent features in the source data are
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Figure 6. Map of skew surge for tide gauge stations around the
North Sea during Storm Daria 25–26 January 1990.

the repeated peaks of the semi-diurnal tide, at intervals ap-
proximately every 12 h. The tidal signal is shown isolated in
Fig. 5c. The 12 h repeat time is shown clearly, even in the
low resolution data sets of Belgium and Germany, where it
appears with a saw-tooth pattern. The panel also highlights
how the tidal amplitude varies at different locations around
the North Sea with eastern England and the German Bight
having a high tidal range, and northern Denmark having a
low tidal range. For the storm surge warning services of the
Netherlands and Germany, for example, the coastal flooding
potential is closely linked to the times of the high tide (Jensen
and Müller-Navarra, 2008).

The storm surge signal in Fig. 5b appears clearly when the
tide is spectrally removed from the source data. Stations es-
pecially in the southern and western parts of the North Sea
show the broad peak of the storm surge wave with a duration
on the order of 1 d (RWS, 2014; Gönnert and Buß, 2009).
Stations along the coast of the Netherlands show a sharp rise
initially followed by a slower decrease of the water level.
Water levels for tide gauge stations in the German Bight and
the southern part of the Danish west coast indicate that the
rates of water level rise and decrease were about the same.
(Surge patterns for the German tide gauge stations could be
resolved in spite of the low temporal resolution of the source
data sets). Following the red plus symbols on the time series
curves, the progression of the surge peak can be followed
from one station to the next, moving north-eastward along
coast of the Netherlands, Germany, and finally Denmark. The
highest surge water levels were in the eastern part of German
Bight and southern part of west coast of Denmark, where
some coastal flooding was reported. In the northern part of
Danish west coast the surge level was negligible. Likewise,

Figure 7. Skew surge during storm Storm Daria on 25–26 Jan-
uary 1990. The values are calculated from tide gauge records and ar-
ranged by counter-clockwise distance around the North Sea starting
from Lerwick in Scotland. Literature reports are included for com-
parison. Note that the skew surge convention for German sources is
to subtract the measured maximum water level from the long term
average high tide level.

along the east coast of Scotland and England, the strong
winds were mostly offshore, and high surge levels did not
develop.

The spatial distribution of maximum water level during the
storm is shown in Fig. 6 as a map of the skew surge around
the North Sea. The skew surge is calculated as the differ-
ence between the measured water level and nearest high tide.
It is a measure of the height that the water level attained
over the expected high tide level. It is a more effective repre-
sentation of the coastal flooding threat than the surge resid-
ual shown in Fig. 5b, since a surge maximum can occur at
tidal low water and not represent a flooding threat. In Fig. 6,
the highest skew surge occurred along the North Sea coast
of Schleswig-Holstein in Germany and southern Jutland in
Denmark with maximum levels that exceeded 2.5 m at cer-
tain stations. Skew surge levels along the coast of the Nether-
lands were lower, and ranged from under 0.6 m in the south to
about 1.2 m in the north. Skew surge levels along the coasts
of eastern Scotland and England were all lower than 1 m.
Likewise, skew surge levels in northern Denmark and Nor-
way, were also lower than 1 m, and these areas were on the
north side of the low pressure trajectory. There is agreement
with the literature reports of the skew surge levels (Figs. 7,
S12.3) after a correction is made to account for differences
in mean sea level on a station by station basis (Fig. S12.1).

In coastal engineering studies, storm surge water level re-
ports are difficult to assess in isolation, unless they are placed
in the context of water levels from past storms. This espe-
cially true in the North Sea where different coastal regions
have different tidal range characteristics, and also different
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Figure 8. Return period of maximum water level during Storm Daria on 25–26 January 1990, as calculated from literature summary results.
There are literature reports of high water levels at certain tide gauges in the Bristol Channel (Gao, 2017) and along the French Channel coast
(Météo France, 2016). The associated return periods for these locations are not given in the original sources, but information in Simon (2008)
suggests that the return periods for water levels along the French Channel coast may have been high. Cases of coastal damage and flooding
along the North Sea are also labelled.

characteristic surge levels during historic storms. Coastal en-
gineering structures take these differences into account, and
there is only a flooding threat if a storm surge water level
greatly exceeds historic values. One way to assess the seri-
ousness of a storm water level at a particular location is to
give it a rank with respect to previous storm levels, and many
national monitoring authorities generate ranked storm surge
lists (Ditlevsen et al., 2018; RWS, 1990; NTSLF, 2024). This
gives an accurate idea of seriousness of a storm surge for tide
gauges with long data records, but is less good for newer tide
gauge stations that may not include important storms of the
20th century. Ranked storm surge lists can be used to work
out the return period of the exceedances of storm surge water
levels. For less serious storms, this can be calculated as the
ratio of the measurement time interval divided by the num-
ber of storm urges above a threshold level. For more serious
storms where the coastal flooding levels are unprecedented,
statistical extrapolation methods are used to work out the re-
turn period (Ditlevsen et al., 2018). The return periods of the
water levels for Storm Daria are shown in Fig. 8 on a re-
gional map, and Supplement Table S15.1 gives information
on the literature source material. Several stations in southern
Denmark had water levels that reached the level of a 50 year
return period event (Hvide Sand, Esbjerg, and Thorsminde).
The German station of List near the Danish border also regis-
tered a high return period of about 20 years, consistent with
the coastal cutback damage at Sylt outlined above. For sta-
tions along the coast of the Netherlands, the storm surge
event was less serious with return periods of a couple of years

or less, but some coastal damage still occurred. For the UK,
the return periods of water levels for stations along the North
Sea coast were not high. However, on the west coast of the
UK, the strong winds were blowing onshore, and the high-
est water level at Holyhead in Wales exceeded the level of
a 5 year event. Several stations were highlighted in the liter-
ature for unusually high surge levels (Avonmouth and Ilfra-
combe in the Bristol Channel; Gao, 2017) or skew surge lev-
els (Le Havre and Boulogne in the English Channel; Météo
France, 2016). The associated return periods were not pre-
sented, but they may have been significant, especially for the
cases along the French coast (Simon, 2008).

Time series of the short period component of the water
level signal are shown in Fig. 5d. The low resolution data sets
for Belgium and Germany could not be used here, and even
the 1 h time series data for the United Kingdom and German
station of Cuxhaven should be interpreted with caution as
they would not have been able to capture short period fea-
tures in the same manner as the 10 min resolution data of the
Netherlands, for example. The range of water levels in this
panel is small compared with long period (surge) and tidal
components, with maximum values on the order of tens of
centimetres. However, the panel is presented to identify pos-
sible harbour seiches or meteotsunamis that are excited by
transient atmospheric phenomena or possibly large waves. In
interpreting these time series, it is most important to identify
the maximum oscillations, taking account of their time of oc-
currence, amplitude, and apparent frequency characteristics.
For example, the largest amplitude features along the Dutch
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Figure 9. Map of maximum amplitude of highest short period os-
cillation during Storm Daria on 25–26 January 1990.

coast occur during the early afternoon of 25 January 1990
starting in the southern part of the country near border with
Belgium. It comprises a set of 2–3 successive oscillations
with a characteristic period in the range 3–4 h (see also Ta-
bles S16.1 and S16.2), which is in the approximate range of
the higher level tidal harmonics. The short period feature oc-
curs just before the surge maximum and appears to travel
north-eastward along the coast like the surge, and its progres-
sion can be traced from station to station. A second set of os-
cillations with comparable characteristics appears on 26 Jan-
uary 1990 just before noon, also travelling north-eastward
along the coast. These features are not clearly visible along
the west coast of Denmark, and the oscillations here have
small amplitudes and shorter period features < 2 h, so they
might not be directly linked with the tide.

The spatial distribution of the highest amplitude short pe-
riod features is shown on a map in Fig. 9 (see also Ta-
ble S16.2). The largest amplitude features occurred along the
southern coast of the Netherlands. Figure 10 shows another
projection of this information plotted versus coastal distance
around the North Sea, and it emphasizes how the highest am-
plitude features tended to cluster together on a short section
of coast. The spatial pattern contrasts with the maximum
surge residual and skew surge, which had their maximum
values further to the east in the region of Schleswig-Holstein
in Germany and southern Denmark.

The maritime incidents and highest significant and max-
imum wave heights during the storm are also shown in
Fig. 5d, and are plotted on the time series trace of the nearest
tide gauge station. Most of the offshore incidents occur on
the first day of the storm on 25 January 1990 between noon
and early evening. Many incidents are associated with the

Figure 10. Maximum amplitude of highest short period oscillation
during Storm Daria on 25–26 January 1990 versus coastal distance
around the North Sea starting from Lerwick in Scotland. Selected
outlier stations have been labelled.

high oscillation feature about noon that appears in many of
the tide gauge stations for the Netherlands. A few events are
shown off the coast the Netherlands about noon on 26 Jan-
uary 1990. The short period features from the tide gauge data
would not have been responsible for the maritime incidents,
having amplitudes extending only to a few decimetres. How-
ever, there might have been a passing squall or convection
system that might have excited a harbour seiche in the tide
gauge data and also caused a maritime incident or perhaps
an unusual signal in a wave recording. The possible mecha-
nism for such an meteorological event has been explored by
Pleskachevsky et al. (2012) to attempt an explanation of the
large FINO1 wave on 1 November 2006 during Storm Britta.

Figure 11 presents a summary graph that summarizes the
spatio-temporal relationship among the different quantities
derived from the tide gauge as well as the maritime inci-
dents and waves (see also Sect. S17 for simplified graphs
of this information). Plotted on axes of time versus counter-
clockwise distance around the North Sea, the successive tidal
peaks at ∼ 12 h intervals appear as diagonal lines as they
travel around the basin. The surge maximum has a similar
trend as the travelling tide, but the diagonal line showing
its progression has a temporal break or offset between the
western and eastern sides of the North Sea. There is a coher-
ent travelling surge in the eastern part of the North Sea on
25 January 1990, and this is linked with storm surge flooding
in southern Denmark. The maximum surge signal along the
east of coast of England appears as an unrelated but coher-
ent event the following day on 26 January 1990. The high-
est and second highest short period oscillation from the tide
gauge analysis are shown as vertical bars the diagram (red
and blue, respectively). Along the coast of the Netherlands,
they cluster in two groups with one group before the storm
surge in the early afternoon of 25 January 1990 and a second
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Figure 11. Summary of the progression of the tidal crests and storm surge peak around the North Sea on 25–26 January 1990, and spatial-
temporal relationship of peak-to-trough range of the highest up-crossing short period oscillations in the tide gauge record. Maritime inci-
dents/accidents and the highest significant and maximum wave heights from recorders around the North Sea are also indicated. The data are
plotted on axes of time versus counter-clockwise distance around the North Sea starting from Lerwick in Scotland. Maritime incidents are
labelled with their three letter abbreviation if the uncertainty in the time of the event is less than 12 h.

group occurring on the following day. The diagonal distri-
bution of these oscillations indicates they are travelling in a
similar manner as the tide and surge, as was noted in the in-
terpretation of Fig. 5d. The maritime incidents are plotted on
the same set of axis with different symbols used for ship-
ping accidents (squares) and wave records (diamonds). Sev-
eral maritime incidents occur in association with the surge
maximum, including the high profile case of the Briz near the
Dutch coast. The possible link between surge peak and mar-
itime incidents may be caused by the interaction of the strong
westerly winds with the tidal currents that occur in relation
to water levels. Gemmrich et al. (2009) has pointed out that
the occurrence of rogue waves in coastal regions along the
Pacific coast of Canada may be caused by how wind waves
interact with tidal currents, although the phase relation dif-
fers among stations. In the North Sea during Storm Xaver in
2013, Parsons and Frampton (2014) and Spencer et al. (2015)
noted that the peak significant wave height appears linked to

local water levels, but the exact timing relation differs from
place to place along the east coast of England. With respect
to Fig. 11, examination of case studies from other North Sea
storms may help to assess if there is a general association be-
tween storm surge peak, tidal levels, and maritime incidents.

5 Conclusions

Storm Daria is ranked among most serious European win-
ter storm events of the last half century in terms of both
economic losses and fatalities. There was a lot of damage
to power networks and societal infrastructure, and it took
several days restore power and transportation systems in the
worst instances. Forest damage was cleared over the follow-
ing months, and the windfall timber disturbed market prices
in the Netherlands and other countries over the following
year. Wind energy was less impacted by the storm as Den-
mark was the only country at the time with a large num-
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ber of onshore turbines. This would change starting from
the early 1990s when other west European countries ex-
panded wind energy, including offshore turbine demonstra-
tion projects (Pasqualetti et al., 2004). Reflecting on events in
the Netherlands, Dorland et al. (1999) points out that damage
from Storm Daria was cleared rapidly and that modern soci-
eties are resilient to windstorm events. Heipertz and Nickel
(2008) clarify the cost of the storm damage in larger eco-
nomic terms, pointing out that damage represented on the or-
der of 0.1 % of the annual Gross Domestic Product for most
of the impacted countries in north-western Europe and was
thus not a significant economic burden.

It is interesting to compare Storm Daria with later winter
storm case studies (Kettle, 2018, 2019, 2020, 2021, 2023a,
b) from the following years to assess the relative storm im-
pacts and elucidate if the storm severity may have been be-
coming worse. Storm Daria remains among the top-ranked
European winter storms of recent decades for the number
of fatalities, although the impact of surge flooding during
the 31 January–1 February 1953 storm was over an order
of magnitude worse (Steers, 1971; McRobie et al., 2005).
The maximum skew surge levels of Storm Daria were sig-
nificant but impacted a limited area in the eastern North Sea.
Higher skew surge water levels were attained during Storm
Xaver from December 2013 over a larger section of coast,
and these actually exceeded the 1953 levels at some loca-
tions (Wadey et al., 2015). However, the flooding damage
was much less because of advances in coastal engineering
protection levels. In terms of the spatial footprint of severe
winds, Storm Kyrill in 2007 was larger than Storm Daria
(Roberts et al., 2014). Storm Kyrill also had about three times
the number of reported tornadoes, and it spawned a signifi-
cant derecho that penetrated south-eastward from central Eu-
rope possibly as far as Ukraine (Gatzen et al., 2011; Kettle,
2023a). The radiosonde data from Storm Daria are interest-
ing because the maximum upper air wind speeds are much
lower than later winter storms like Storm Anatol in 1999
and Storm Kyrill in 2007 (Kettle, 2021, 2023a). The issue
of changes in Jet Stream wind speed had been flagged by the
report DWD (2000), which identified a step-change increase
of maximum upper tropospheric winds for the period 1995–
1998, based on an analysis of European radiosonde ascents
extending back to the mid-1970s. The implication of a possi-
ble climate-linked change in upper atmospheric circulation is
important (Slingo, 2019), but the DWD (2000) investigation
was never followed up.
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