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Abstract. January 2007 was a bad storm month for much
of central and northern Europe with a series of extratropi-
cal cyclones bringing high winds and precipitation to highly
populated areas between Ireland and Russia. Although Storm
Kyrill on 18–19 January 2007 was the most serious for its in-
frastructure damage and insurance costs, Storm Franz from
the preceding week on 11–12 January 2007 was actually
more serious for its maritime impacts in western Europe.
This contribution takes a closer look at Storm Franz with
an overview of its wind field and its impact on energy in-
frastructure, transportation networks and building damage.
Maritime casualties are reviewed with respect to met-ocean
conditions. The storm was notable for a series of wave-
related accidents off southeast Ireland, the English Chan-
nel, and German Bight. An analysis is carried out on wa-
ter level recorders around the North Sea to assess the storm
surge and short period oscillations that may reveal harbour
seiches or meteotsunamis. The results are compared with
wave recorders, which had a fairly good coverage across the
North Sea in 2007. The issue of wave damage to offshore in-
frastructure was highlighted in events associated with Storm
Britta on 31 October–1 November 2006. Offshore wind en-
ergy in northwest Europe was in a growth phase during this
time, and there were questions about the extreme met-ocean
conditions that could be expected in the 20 year lifetime of
an offshore wind turbine.

1 Introduction

Storm Franz (name assigned by the Free University of
Berlin) was a severe extratropical winter cyclone that im-
pacted northern Europe on 11–12 January 2007. It was part
of a storm series that passed across Europe during the month,

starting with Storm Karla on 1 January 2007 and ending
with Storm Lancelot on 20 January 2007 (Aktion Wetterpate,
2023; Kettle, 2023). Storm Kyrill on 18–19 January 2007 is
considered the worst storm of the series for the magnitude of
the damage costs and fatalities. However, it was not consid-
ered an important maritime storm mainly because its trajec-
tory across the central North Sea led to extreme winds only
in the southernmost area near the coasts of Belgium and the
Netherlands (Kettle, 2023). Storm Hanno (or Storm Per as it
is known in Norway and Sweden) on 14 January 2007 had
a more northerly trajectory and was locally more important
for Norway, Denmark, and Sweden (Air Worldwide, 2007b;
Kvamme, 2007; SMHI, 2009). Storm Lancelot on 20 Jan-
uary 2007 occurred near the height of the monthly maximum
tidal cycle and was significant for its maritime impacts in the
central and northern North Sea. Storm Franz was important
in the series because it was associated with a high North Sea
storm surge and had a number of offshore accidents and fatal
incidents.

The rise of offshore wind energy in northern Europe
has focussed attention on environmental problems that were
emerging for offshore operations. In the late 1990s, plans
were formulated to establish large offshore wind farms in
northern Europe, and this was facilitated by a knowledge
base built up from shipping and petroleum operations start-
ing in the late 1960s, and onshore wind energy from about
1980. The shipping and petroleum infrastructure was useful
to construct and assemble the large offshore components of
wind energy (e.g., DEA, 2005). However, the smaller wind
turbines in near-shore areas had a different set of problems
compared with large petroleum structures offshore. Sea salt
corrosion damage turned out to be an important factor for
turbine electrical components, and this required the replace-
ment of all the turbine nacelles of the early Horn’s Rev off-
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shore wind farm in 2004 (ModernPowerSystems, 2004). The
methods to attach wind turbines to sea floor foundations – us-
ing grout connections adopted from the petroleum industry –
were not appropriate for the met-ocean turbulence conditions
encountered and led to problems in early wind farms (Dia-
mond, 2012). Also, sea bed scour was an important problem
at most offshore wind farm sites, leading to exposed power
transmission cables in some areas (Diamond, 2012). Kurth et
al. (2022) clarify that export cable damage accounts for three
quarters of the insurance claims related to damage at offshore
wind farms. Damage from lightning strikes is a general prob-
lem for wind turbines, with at least 4 %–5 % of onshore tur-
bines being hit by lightning annually (Sorensen et al., 2001).
Extreme wind speeds are a threat to wind power, especially
in cyclone prone areas of the US and Asia (Diamond, 2012;
Rose et al., 2012), with a series of documented damage cases
from India (Winther-Jensen and Jørgensen, 1999) and east
Asia (Chen and Xu, 2016). In Europe, the potential winter
storm threat for offshore wind energy had been highlighted
by Fehrmann and Fackler (2010). However, winter storms
in Europe infrequently reach the level of a category 1 hurri-
cane. It is rare for multiple wind turbines to collapse on a sin-
gle wind farm during strong winter storms in Europe, as has
been documented for certain land falling cyclones in Asia.
Waterspouts – tornadoes over extended water bodies – may
represent a more serious threat to offshore wind farms based
on prevalence statistics from eye-witness accounts (Dotzek
et al., 2010), and the destructive impact of a tornado on a
wind farm has been documented by an impact case in the
U.S. (Wind-Watch, 2012; ErtekProjects, 2023).

In spite of the predicted problems, the accident track
record for offshore wind turbines during routine operation
in Europe outwardly appears good with only a few docu-
mented cases of major structural failures (4coffshore, 2015;
Wind Action, 2018; Ørsted, 2022; The Journal, 2022; see
also Sect. S17 in the Supplement), as opposed to construc-
tion accidents, start-up problems (Feng et al., 2010), or ship
collisions (Recharge, 2022; Electrek, 2023). Lightning strike
rates have emerged as a particular problem for offshore wind
turbines in their exposed setting, but Becerra et al. (2018)
highlight that actual strike rates on wind turbines are sev-
eral times higher than theoretical predictions. Some evidence
indicates that the North Sea during winter storms can yield
extreme waves with the capacity to damage offshore wind in-
frastructure, as demonstrated by wave strikes on the FINO1
offshore meteorological tower during storms on 2006, 2007,
2009, and 2013 (Neumann and Nolopp, 2007; Outzen et
al., 2008; Fischer et al., 2010; Pleskachevsky et al., 2012;
FINO1, 2014). In particular, the wave strike on 1 Novem-
ber 2006 caused damage up to a level just below the main
deck at 20 m above sea level, and high frequency water level
recordings appear to reveal one of the largest waves ever doc-
umented in the region (Pleskachevsky et al., 2012).

To understand the storm wave threat to offshore wind in-
frastructure, it is important to review the evidence of extreme

met-ocean conditions during past severe storms. This contri-
bution reviews Storm Franz, which crossed Europe on 11–
12 January 2007 and was known particularly for its maritime
damage. An overview of the environmental conditions and
societal impacts is presented (the Supplement gives a full
literature list), followed by a detailed analysis of the storm
surge, wave events, and maritime incidents. The contribu-
tion follows similar reports for Storm Anatol in 1999, Storm
Britta in 2006, Storms Kyrill and Tilo in 2007, and Storm
Xaver in 2013 (Kettle, 2018, 2019, 2020, 2021, 2023) with
new approaches including available wave information.

2 Storm Franz and its societal and energy
infrastructure impacts

Descriptions of the development and life history of Storm
Franz are presented in the Unwetterzentrale (2007a) and FU-
Berlin (2007) with additional information about its trajec-
tory and central pressure development from the PRIMAV-
ERA database (Lockwood et al., 2022). The storm was
tracked from the western Atlantic Ocean near Newfoundland
on 9 January 2007. It deepened rapidly during its eastward
passage toward Europe, and there were time intervals dur-
ing its development when the rate of pressure decrease ex-
ceeded 1 hPa per hour, the threshold of explosive cycloge-
nesis (Sanders and Gyakum, 1980). The storm reached its
minimum pressure of 948 hPa south of Iceland at 21:00 UTC
on 10 January 2007. The storm low pressure centre then split
into two with the main part (Franz I) following a northeast-
ward trajectory through the Norwegian Sea. A secondary low
pressure centre (Franz II) moved rapidly eastward on high
altitude wind currents (Unwetterzentrale, 2007a) and passed
through the Skagerrak, southern Sweden, and the Baltic Sea
before dissipating in Russia. The trajectories shown in this
report have been constructed from two storm tracks from the
PRIMAVERA database. Section S1 gives more information
about the trajectory and development of the central pressure
of the storm.

The high winds associated with the storm were noted
for European countries south of the path of the trajectory,
stretching from Ireland and the UK in the west to Russia
in the east and from Scotland and Denmark in the north
to Switzerland and Austria in the south. The distribution
of wind impacts indicates that the most serious gusts may
have occurred in western Europe, particularly Ireland, Wales,
and England in early 11 January 2007, and this is consis-
tent with the culmination point of the storm south of Iceland.
Reports from Germany and central Europe emphasized the
presence of hurricane gusts associated with the southward
passage of a cold front on 11 January 2007 (Unwetterzen-
trale, 2007a). Figure 1 shows a map of the surface wind field
at 06:00 UTC on 11 January 2007 at the time when many
wind-related damage incidents were occurring in England
and Wales. Figures S2.1 to S2.12 in the Supplement show
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Figure 1. Wind speed and direction for Storm Franz at 06:00 UTC,
11 January 2007 from selected stations of the USAF data set. The
trajectory of the low pressure centre is indicated by the black line
with red crosses at 3 h intervals (Lockwood et al., 2022). The lo-
cation of the pressure centre at the time of wind field is shown by
a larger cross. QuikSCAT sea surface wind speeds are shown for a
satellite overpass at about 05:05 UTC or ∼ 55 min before the syn-
optic station reports.

maps of the near surface wind at 3 h intervals between 10 Jan-
uary 2007, 21:00 UTC, and 12 January 2007, 06:00 UTC,
when the storm was passing across northern Europe. There
was one documented case of a tornado at the village of ’t
Veld on the north coast of Netherlands (ESWD, 2022), with
possible indications of a waterspout at the German island of
Borkum (Unwetterzentrale, 2007a). Reprocessed QuikSCAT
data (Fore et al., 2013) from the early morning overpass
of the satellite indicated strong south-westerly winds in the
northern and central North Sea when the low pressure centre
was moving into the southern Norwegian Sea (Figs. 1 and
S3.2). Patchiness in the spatial wind speed fields was evi-
dent in the North Sea, and this is a possible indication of the
travelling convective gust field that has been linked to rogue
waves in certain circumstances (Pleskachevsky et al., 2012).
The evening overpass of the QuikSCAT satellite on 11 Jan-
uary 2007 revealed the presence of continuing strong west
winds in the north-western and central North Sea (Fig. S3.3).

Tropospheric upper air dynamics was an important con-
sideration in understanding the impacts of the northern Eu-
ropean storms of mid-January 2007. Pinto et al. (2014) in-
dicate that the damaging low pressure systems during the
period moved in close association with upper atmospheric
wind-jets over the northeast Atlantic and western Europe as a
connected chain of features. Some of the surface gust damage
for Storm Franz (and particularly for Storm Kyrill) may have
been linked with high wind speed jets in the middle tropo-
sphere. The available European radiosonde information from
the period is summarized in Sect. S4 with Fig. S4.1 showing
a map of the available radiosonde launches. Figures S4.2–

S4.4 show time series plots of the vertical wind speed pro-
files for Valentia in southwest Ireland, Nottingham in cen-
tral England, and De Bilt in the Netherlands. The stations
are close to areas of severe damage and weather-related acci-
dent clusters during Storm Franz. They reveal the downward
penetration of high wind speed jets to 5 km altitude from
the normal Jet Stream tropopause height at 10 km during
Storm Franz on 11 January 2007 and Storm Kyrill on 18 Jan-
uary 2007. Latitude-height sections of the radiosonde wind
speed profiles on 00:00 and 12:00 UTC on 11 January 2007
and 00:00 UTC on 12 January 2007 (Figs. S4.5–S4.7) show
that the mid-tropospheric wind jets were present especially
in western Europe at 50–55◦ N.

The offshore wave field is linked to the wind field, and
a summary of wave measurements in northwest Europe is
presented in Fig. 2 with additional information in Sect. S5.
Figure 2 shows time series of significant wave height for
the period 10–20 January 2007 with panels showing stations
grouped along the coast of the UK, central North Sea and
Norwegian Sea, and the coast of mainland Europe between
Belgium and Sweden. The information is presented to high-
light the relative impact of the storms for different North Sea
regions. While Storm Kyrill generated the highest significant
wave heights in the southern North Sea along the coasts of
England, Belgium, and the Netherlands, Storm Franz gener-
ated the highest significant wave heights along the North Sea
coasts of Germany and southern Denmark, as well as off-
shore areas in the central North Sea. Storm Hanno – mainly
linked with impacts in Scandinavia – had the largest signif-
icant wave heights of the period in northern Denmark and
Sweden as well as offshore areas in the northern North Sea.

Storm Franz had important impacts on societal infrastruc-
ture. These are summarized in a series of thematic maps for
power outages and other energy related impacts (Fig. S6.1),
air transport impacts (Fig. S6.2), ferry and port interruptions
(Fig. S6.3), rail transport interruptions (Fig. S6.4), road trans-
port interruptions (Fig. S6.5), damage to buildings and mon-
uments (Fig. S6.6), and fatalities and injuries (Fig. S6.7).
Most of the information compiled in the maps has been taken
from online media and insurance reports, and the European
Severe Weather Database (ESWD, 2022) is an important
source of information particularly for central Europe. Power
outages affected thousands of people in the UK, Poland,
Czech Republic, and Austria (Air Worldwide, 2007a). Within
the UK, Wales was particularly hard hit with power cuts for
80 000 properties (BBC, 2007a, d). At the new UK offshore
wind farms in the Irish Sea and North Sea, the strong winds
from the January 2007 storms affected operations differently
with some wind farms showing an increase in power pro-
duction and one (Barrow) having downtime from high load
faults (Feng et al., 2010). The Caithness Wind Farm (2023)
database cites damage incidents for two wind turbines during
the storm period, including the collapse of a large onshore
turbine in Germany. The offshore wind energy research plat-
form FINO1, north of Borkum, experienced some damage to
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Figure 2. Time series of significant wave height in North Sea for 10–20 January 2007: (a) western side (measurements near UK coast),
(b) central (measurements at offshore platforms plus the K7 buoy west of Shetlands), (c) eastern side (measurements near the coasts of
Belgium, the Netherlands, Germany, Denmark, and Sweden). The time series have been vertically offset for clarity, and the stations in each
panel have been arranged according to latitude. The highest significant wave height of the time series is labelled in red.

a radar apparatus at the level of the main deck 20m above sea
level (Hüppop et al., 2009), and tornado activity had been
documented at nearby coastal locations. Media reports docu-
ment some disruption to the air transport network, mainly in
the British and Irish Isles (Air Worldwide, 2007a; Guardian,
2007). There were rail transport interruptions mainly in the
UK that were associated with fallen trees on the rails (BBC,
2007b), and there were two reports of cut rail links in north-
ern Germany also from fallen trees (Rheinische Post, 2007).
Some of the rail problems in the UK were due to flooding,
highlighting the large amounts of rainfall associated with
this storm. The reports of road transport problems covered
a greater area than the rail problems but still emphasized
the UK as a focus area in western Europe. Fallen trees fig-
ure prominently in media reports of road closures, although
there were several reports of road closures in Wales due to
flooding and even landslips (BBC, 2007a). High winds led

to a number of bridge closures or traffic warnings in the UK
and Denmark (BBC, 2007a, b; Belfast Telegraph, 2007; DR,
2007; Herald, 2007), and there were reports of overturned
trucks in England, Belgium and Germany. Ferry disruptions
were extensive, including interrupted connections across the
Irish Sea, English Channel, Isle of Wight, Friesland islands
of Germany, and Baltic Sea (BBC, 2007b; DR, 2007; Lloyd’s
Casualty Week, 2007a). The high storm surge led to minor
flooding at the port at Hamburg (FAZ, 2007; Ge et al., 2014),
and dune collapse was registered at several barrier islands in
the German Bight (see Fig. S7.1; NLWKN, 2007). Several
storm protection barriers were closed in Germany (NLWKN,
2007), but not in the Netherlands (RWS, 2007). Building
damage was registered between Wales in the west and Poland
and Austria in the east (BBC, 2007a; ESWD, 2022). This
was mainly associated with roofs damaged or lost by wind
gusts with a few reports of houses damaged by fallen trees.
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While there were many media reports of fallen trees causing
transport interruptions and infrastructure damage, the loss of
whole stands of forest with its resultant economic impact was
not an issue for this storm. Most of the fatalities during the
storm occurred with the sinking of two trawlers off the south-
east coast of Ireland (MCIB, 2008, 2009), and a ship steward
was washed from an underway Russian cargo vessel in the
English Channel (BBC, 2007b, c). These incidents occurred
near the beginning of the storm on the evening of 10 January
and morning of 11 January at about the time when the storm
central pressure reached its lowest point near Iceland, over
1000 km to the north.

3 Methods

Water level data from tide gauges around the North Sea are
analysed to trace the progress of the storm surge and to inves-
tigate the short period component of water level variation that
may be linked with meteo-tsunamis or infragravity waves.
The same procedure was followed as in the previous storm
investigations of Kettle (2018, 2019, 2020, 2021, 2023) with
minor modifications. Tide gauge water level data in the
North Sea will typically contain a number frequency compo-
nents comprising the semi-diurnal tide (∼ 12 h), longer pe-
riod surge component (on the order of days), and a shorter
period seiche component from harbour oscillations or me-
teotsunamis (on the order of minutes or 10s of minutes).
For most locations around the North Sea, water level vari-
ations are dominated by the tidal component, although the
tidal range depends on the section of coast. The tide must
be modelled and subtracted from the measured water level
time series to isolate the surge residual, which may be larger
than the tidal range for bad winter storms (Pugh, 1987). The
surge residual originates from high winds forcing water onto
a leeward coast, from the possible effect of a travelling exter-
nal surge entering the North Sea over Scotland, and from the
rise of water under the storm low pressure area (i.e., inverted
barometer effect). Wave setup can also augment storm surge
water levels for wind waves breaking on the coast (US Army
Corps of Engineers, 1984; Pugh, 1987).

The tide gauge data preparation is the same as for Storm
Kyrill (Kettle, 2023), and the results for both storms were
derived from the same 16 d data segment. Briefly, the data to
investigate the surge originate from the national water level
monitoring agencies of the UK, Belgium, the Netherlands,
Germany, Denmark, and Norway. The data discretization for
the different national authorities was either 1 (Germany), 5
(Belgium), 10 (Netherlands, Denmark, Norway), or 15 min
(UK). The 1 min data for Germany were averaged onto a
standard 10 min grid before analysis, but otherwise all the
other datasets were used without modification. Preliminary
checks were made to ensure that there were no extended data
gaps or data irregularities across the 16 d period (from 8–
23 January 1999, inclusive) encompassing the storm period.

A few of the time series had minor data gaps that could be
linearly interpolated, and this is described in further detail in
Kettle (2023) . The source and key characteristics for the data
sets are shown in Table S8.1 in the Supplement with a list of
rejected stations in Table S8.2. Altogether, 93 stations were
used in the analysis after the quality control steps. There was
a high spatial density of stations, particularly along the coasts
of the Netherlands and Germany.

The spectral analysis to separate the main frequency com-
ponents is the same as Kettle (2023). The procedure uses a
discrete Fourier transform to convert the detrended time se-
ries into a power spectrum (Stull, 1988) and is similar to
earlier applications of the method by Gönnert et al. (2004)
and Kettle (2018, 2019, 2020, 2021). Then the spectral plots
are used to empirically assess the frequency thresholds for
the different water level components: long period (mostly
storm surge), short period (mostly harbour seiche or me-
teotsunami), and tidal (diurnal plus semidiurnal, combined).
Figure S9.1 graphically shows the frequency thresholds that
were used to define the spectral components for a sample
station at Aberdeen. A Fourier filter was used to de-tide the
time series; i.e., the time series were reconstructed from the
spectral domain, clipping out the narrow spectral bands for
the diurnal (∼ 24 h) and semidiurnal (∼ 12 h) tidal compo-
nents. The 0.2 d (or 4.8 h) threshold was chosen to separate
the long-period and short-period reconstructions. This choice
of threshold is similar to previous studies that have aimed to
isolate meteotsunami signals in water level data showing a
strong tidal component (Monserrat et al., 2006; Pattiaratchi
and Wijeratne, 2015). However, there is some subjectivity in
the selection of this threshold, and Zemunik et al. (2021) used
a 2 h cut-off threshold to isolate a meteotsunami signal in the
high-resolution 1 min data sets in the MISELA database.

There is a potential tide gauge levelling problem that was
identified in Kettle (2021, 2023). It originates from the ob-
servation that the average levels of most of the downloaded
data sets (except for Belgium) were a few tens of centime-
tres above the official sea levels, and could not be resolved
with the water level variations expected on a monthly or sea-
sonal basis (Fig. S10.1). This issue had to be addressed to
compare the results of the present study with literature re-
ports. For the present investigation, values of skew surge and
true surge are adjusted upward by the amount of their appar-
ent sea level inconsistency to compare with literature reports.
Figures S10.2 and S10.3 illustrate the impact of these correc-
tions for the maximum true surge and skew surge in compar-
ison with literature values. Literature reports of skew surge
from Germany reference maximum water levels to the long-
term average high tide and not the high tide value nearest the
storm maximum water level. These stations are denoted with
different symbols in the skew surge graph, but no corrections
are otherwise applied.

A short database of maritime incidents in the North Sea
area was compiled to compare with the largest events in
the short period reconstruction of the water level time series
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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
11–12 January 2007. 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 S8.1 and S11.1.

(i.e., with characteristic periods < 0.2 d). These were gath-
ered mostly from Lloyd’s Casualty Week (2007a, b), and sup-
plemented by one accident investigation report (BSU, 2008).
For many of these reports, weather and wave conditions are
mentioned (Almar, CSO Orelia, Grande Portogallo, Sierra
Lara, Vindo), usually to clarify the circumstances of the in-
cident or complications in recovering a marine casualty. Al-
though most of the incidents relate to vessels that are un-
derway, some accidents are due to vessels being torn from
moorings in harbour (Eiltank 4, Maersk Wave, Vans Queen).
Sometimes, the maritime accident is attributed directly to a
point incident of an extreme weather event or a rogue wave
(JRS Canis). More often, a mechanical/electrical failure or
grounding is reported without mention of the environmental
conditions (Arctic Sea, Independent, Server), although from
the time and location, it is known that it is in the middle of
a significant storm. Most the maritime incidents could be
located precisely in latitude and longitude, and fairly pre-
cisely in time. Rarely, there is an inconsistency in the inci-
dent report (Grande Portogallo), but this did not cause prob-
lems in identifying the time and location of the event for this
storm. Altogether, 12 maritime incidents were identified in
the North Sea. The location of these is shown in Figs. 3 and
4 with additional information in Table S11.1. The JRS Ca-

Figure 4. Location of tide gauges and maritime incidents along the
North Sea coasts of the Netherlands, Germany, and southern Den-
mark. The abbreviation codes for the tide gauges and maritime in-
cidents are explained in Tables S8.1 and S11.1.

nis incident – a ship losing containers overboard during an
extreme wave event – is an interesting test of the combined
water level and wave analysis presented here. The accident
report (BSU, 2008) emphasized an unexpected ship instabil-
ity in special wave conditions, but as shown below, there may
have been unusually high waves linked to the passage of the
storm surge.

In addition to the maritime accident reports, information
was drawn from the time series of wave statistics available
in the North Sea area. Many wave recorders were in opera-
tion along the coasts of England, Belgium, the Netherlands,
Germany, Denmark, and Sweden, in addition to a series of
measurements from petroleum platforms in the central North
Sea and Norwegian Sea. Different wave measurement meth-
ods are used, including acceleration-integration techniques,
range-finding approaches using down-looking radar or laser
instruments, and side-looking radar systems whose backscat-
ter signal is calibrated. A typical site will have only one in-
strument installed, with radar instruments preferred at off-
shore platforms for operational convenience. However, the
Ekofisk petroleum complex in the central North Sea has
multiple independent wave measurement systems in opera-
tion, based on laser and radar range-finding in addition to
an acceleration-integration system: the Datawell Waverider
buoy (Magnusson, 2009a, b, 2013). The Datawell Waverider
has some recognized measurement biases, but is regarded as
a reference standard in the offshore industry (Magnusson,
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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 last 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 Stavanger 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.

2009a), and responds to the forces of the wave field in a sim-
ilar manner as an engineered structure or a ship. The raw
data output from the Datawell Waverider is a high frequency
record of water level from which the statistics of individual
waves can be generated usually over a time interval of typ-
ically 20 min, encompassing the passage of several hundred
waves. Mostly, high resolution water level time series are not
made available by measuring agencies, even though the file
sizes are not large (Magnusson, 2009b). Instead, lower res-
olution time series of wave statistics – diagnostics based on
wave height and period – are provided for Internet download,
and this has mostly been used here. Certain statistics may be
more useful in describing extreme wave events. Significant
wave height is almost universally reported and has been used
in the present study. The maximum wave height information

is often registered by wave recorders, but is not always re-
ported, and has also been used here where available.

Details of the data quality control processes are typically
not presented with wave statistics, and there have been re-
ports that some of the data cleaning procedures may be
too vigorous and removed valid data (Magnusson, 2009b).
Sometimes there are cases where wave information from an
Internet archive has small changes compared to its presen-
tation in initial reports (Matelski et al., 2014), possibly due
to data cleaning procedures before final archival. In a review
of rogue waves from one of the largest noncirculating wave
datasets, Christou and Ewans (2011) describe quality clean-
ing procedures that might have filtered out the largest doc-
umented waves in the southern North Sea (Pleskachevsky
et al., 2012). Using such a filtered data set, the assessment
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Figure 6. Skew surge during storm Storm Franz on 11–12 Jan-
uary 2007. The values are calculated from tide gauge records and
arranged by counter-clockwise distance around the North Sea start-
ing from Lerwick in Scotland. Literature reports are included for
comparison.

of the occurrence of the largest rogue waves may be biased.
For the highest sea states, consideration also has to be given
to the mounting height of downward-looking range finders.
At Ekofisk, for example, the mounting height of the LASAR
rangefinder array (Krogstad et al., 2009) would have not have
captured the full profile of the large waves that caused dam-
age to North Sea offshore platforms in 1990 (Magnusson,
2009a) and 2006 (PTIL, 2007). In spite of potential limita-
tions, 63 time series of significant wave height and 22 time
series of maximum wave height have been assembled for this
study (see Sect. S5). For each time series, the highest value in
the 2 d record for Storm Franz 11–12 January 2007 has been
identified and appended to the list of ship accidents. Finally,
several additional records of unusually high waves from the
Fanø Bugt wave recorder on the Danish west coast have been
added to the analysis. These large measured waves may be
due to an instrument measurement error. However, for cer-
tain storms the high wave records sometimes appear in more
than one Danish wave recorder (especially off northwest Jut-
land), lending some support to a valid extreme wave event.

4 Results

The results of the water level analysis are shown in Fig. 5
for the full set of the tide gauge stations. The time series
are arranged in order of counter-clockwise placement around
the North Sea starting from Lerwick in Scotland with ver-
tical offsets for presentation clarity. This arrangement was
chosen because the tides and external storm surges travel
as coastally trapped Kelvin waves, entering the North Sea
across the top of Scotland and then passing along the coasts
of England, Netherlands, Germany, and Denmark in succes-

Figure 7. Map of skew surge for tide gauge stations around the
North Sea during Storm Franz 11–12 January 2007.

sion. However, this arrangement produces an order of wa-
ter level events (storm surge and wind waves) that is differ-
ent if the high westerly winds of this storm were the causal
mechanism. This is less of a consideration for Storm Franz
compared with Storm Kyrill (Kettle, 2023), and there was a
strong external surge during Storm Franz that travelled with
the tide. Figure 5a shows the original time series with the
maximum water levels indicated. The long period compo-
nent of the time series is shown in the second panel (Fig. 5b),
also with the maximum levels indicated. There is a promi-
nent peak in the record with small forward time offsets from
station to station, taking about 20 h to travel around the full
North Sea domain. The tidal component is shown in Fig. 5c,
and it reveals that the semi-diurnal tide is prominent in most
stations with its peak about every 12 h.

The water level and modelled tide information are used
to assess the surge or water height anomaly associated with
the storm. The surge residual time series is calculated as the
measured water level minus the modelled tide. Originally,
this was the normal way to analyze a storm surge, but it has
some disadvantages. First, the maximum residual may occur
at low tide, so that its value does not immediately completely
convey information about a coastal flooding threat. Second,
because the external surge and tide travel as shallow water
waves, their propagation speed is related to water depth and
crest height. The tides speed up slightly during storm surge
conditions, and the high tide arrives sooner than expected.
This means that calculating surge as the difference between
measured water level and modelled tide could result in the
residual carrying some of the tide information, which may
appear as small ∼ 12 h oscillations. To avoid these problems,
skew surge is used, especially by the UK scientific com-
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Figure 8. Return period of maximum water level during Storm
Franz on 11–12 January 2007, as calculated from literature sum-
mary results. Surge barrier closures are indicated by text.

munity, and this is the difference between the highest mea-
sured water level and nearest modelled high tide (Environ-
ment Agency, 2019). It is a single parameter to characterize
the surge threat, so that tide phase problems associated with
tide arrival times are removed. For Storm Franz, the variation
of the skew surge around the North Sea is shown in Fig. 6.
Note that the values calculated in the present study have been
adjusted upward by the apparent difference of mean sea level
calculated from the 16 d measurement record and the official
sea level. This is to compare the results with the published
literature values, and there is good agreement between the
two sets of information. The figure shows data spikes at in-
tervals, especially in the region of the German Bight, and
the (unadjusted) skew surge values are shown on a map in
Fig. 7. This reveals that the skew surge spikes mostly occur
at the heads of estuaries and tidal rivers in the German Bight.
In comparison with the expected high tide, water levels were
∼ 0.5 m higher than normal for the UK and Belgium coasts,
0.8–1.2 m higher than for the north coast of the Netherlands,
∼ 1.4 m higher than normal for Schleswig-Holstein, and 1.5–
2 m higher than normal for the Elbe estuary and Hamburg
where flooding was reported. For the maximum surge resid-
ual during Storm Franz, Sect. S12 has information about its
distribution around the North Sea (Fig. S12.1) and a map of
its spatial distribution (Fig. S12.2).

The significance of the skew surge is placed in a histori-
cal context by expressing absolute water levels in terms of
the return period of recurrence. This requires a data base of
past storm surges or at least a report of the last time that
a given water level was exceeded. For cases where there
is no precedent of an extreme measured water level within
the measurement record, statistical extrapolation techniques
are used to derive a return period. Extreme value analy-
sis of high coastal water levels in England and Denmark
is described by Dixon and Tawn (1994) and Ditlevsen et
al. (2018), respectively. For the Netherlands, return periods

are presented without a description of the underlying theory
(RWS, 2007). The return periods of water level for Storm
Franz are shown in Fig. 8. This map has been constructed
from different literature sources and techniques that are out-
lined in Table S13.1. The measured water level maxima at
several stations in north-western Scotland and northern Den-
mark had return periods > 10 years. The highest return peri-
ods were for Kloster (32 years) and Thyborøn (30 years) in
northern Denmark.

The short period component of the water level measure-
ments is shown in Fig. 5d. Many stations show oscillations,
although the zero crossing periods vary. While most oscil-
lations appear to have periods > 1 h, for some stations in
northern Denmark the oscillation period is so short that the
time series resembles noise. This may be due to shorter pe-
riod wave phenomena that are close to the tide gauge sam-
pling interval and not linked to the tidal harmonics. For the
present storm, there appears to be a spatial clustering of cer-
tain groups of stations based on the short period behaviour.
In particular, there appears to be a series of linked oscilla-
tions in the early afternoon of 11 January 2007 starting first
in IJmuiden in the Netherlands and propagating around the
coast to Cromer in East Anglia. Visual inspection of the data
suggests that the same oscillation may also be present in most
stations between the northern Netherlands and southern Den-
mark but without a significant phase shift. For each station,
a statistical analysis of the oscillations was conducted fol-
lowing the conventions used for high resolution recordings
of wind waves. The sequence of oscillations was separated
according to the zero-crossing times, and an assessment was
made of the zero-crossing wave period, minimum/maximum
amplitude, and oscillation range. The maximum oscillation
range was identified, and the stations were ranked according
to this value. The maximum range was about 87 cm for Bre-
men Grosse Weserbrücke in Germany in early morning of
11 January 2007. Nine stations had maximum ranges greater
than 50 cm during the 2 d storm period. These are located
along the coast of Germany, the Netherlands, and England,
and the highest oscillation events occur mostly during the
first 13 h of 11 January 2007. Several stations show a signif-
icant range with a short duration period of < 2 h (Southend,
Hanstholm, Terschelling Noordzee, Ferring, and Hirtshals),
and these may be significant because they are not near the
higher tidal harmonics. Figure 9 shows the maximum ampli-
tude (i.e., displacement above zero level) of short period os-
cillations arranged by coastal distance around the North Sea.
The maximum amplitudes for most stations are < 20 cm, al-
though several stations show values > 40 cm, and these ap-
pear as spikes in the figure. Figure 10 shows the maximum
amplitude information on a map. The distribution of values
is different from the skew surge map in Fig. 7 with the high-
est values (or spikes) along the coast of the Netherlands and
southern England. Tables S14.1 and S14.2 give a complete
list of the maximum ranges and amplitudes of oscillations
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Figure 9. Maximum amplitude of highest short period oscillation
during Storm Franz on 11–12 January 2007 versus coastal distance
around the North Sea starting from Lerwick in Scotland. Selected
outlier stations have been labelled.

for all stations around the North Sea, together with ancillary
information.

The original 1 min time series data for Germany provides
additional information on possible shorter period wave phe-
nomena that may be masked in normal tide gauges with a
time discretization of 10 min. Potentially, the data may yield
evidence of meteotsunamis as for the MISELA project (Ze-
munik et al., 2021). The original water level data set for
Germany was queried for the range of water level across
10 min intervals for stations around the North Sea coast.
These ranges are shown in Fig. S15.1 as a time series and
in Fig. S15.2 as a map of maximum values for the storm pe-
riod 11–12 January 2007. Two stations show a range of wa-
ter level > 35 cm over a 10 min period: Bremen Grosse We-
serbrücke and Pinnau Sperrwerk on the Elbe River. Several
other stations show water level ranges > 20 cm, and these
include Helgoland, Wittdün in the North Friesland Islands,
as well as several stations along the Elbe River and estuary.
The values are broadly similar to Storm Kyrill on 18–19 Jan-
uary 2007.

The maritime incidents and highest significant and maxi-
mum wave heights during the storm are also shown in Fig. 5d
in association with the short period wave events of the clos-
est tide gauge. Most of the offshore incidents occur on the
first day of the storm on 11 January 2007. Several are as-
sociated with the previously-identified high oscillation fea-
ture in the early afternoon that appears in many of the tide
gauge stations between Denmark and the UK. For the UK,
Belgium, and the Netherlands, maximum values of signifi-
cant and maximum wave heights tend to occur across 11 Jan-
uary 2007, with a possible tendency to cluster just before
the high oscillation feature in the short period time series in
the early afternoon. For the Netherlands, Germany, and Den-

Figure 10. Map of maximum amplitude of highest short period os-
cillation during Storm Franz on 11–12 January 2007 versus coastal
distance around the North Sea starting from Lerwick in Scotland.

mark, there is a small cluster of wave events at the start of
12 January 2007, also with a couple of offshore incidents at
about the same time.

Figure 11 presents the key information for the surge, tides,
short-period oscillations, offshore incidents, and maximum
waves on axes of time versus distance around the North Sea
(see also Sect. S16 for simplified graphs of this informa-
tion). The storm surge peak occurred in association with two
semidiurnal tidal peaks, slipping from one tide peak to the
preceding one during its passage around the North Sea. The
surge maximum coincides with the low tide period along the
coasts of the UK and Belgium, but arrives just before the high
tide for the Netherlands, Germany, and Denmark. The high-
est oscillations in the short period time series mostly occur on
the first day of the storm on 11 January 2007 before the pas-
sage of the storm surge. The maximum wave events are found
also on the first day of the storm, but there is some clustering
in association with the storm surge peak. For the maritime
accidents and incidents, there is a cluster occurring between
the late morning and early afternoon on 11 January 2007 be-
fore the passage of the surge. This cluster contains one of the
extreme maximum wave episodes from the Fanø Bugt wave
recorder of southern Denmark. There is also a second clus-
ter in association with the storm surge peak starting at the
English coast and continuing around to the Norwegian coast.

The unusual wave-related accident of the JRS Canis at the
start of 12 January 2007 was part of this surge-linked clus-
ter and occurred at about the same time when nearby wave
recorders were also registering maximum values. Among
these wave events were two cases of extreme maximum
waves registered by the Fanø Bugt recorder (see Fig. S5.4),
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Figure 11. Summary of the progression of the tidal crests and storm surge peak around the North Sea on 11–12 January 2007, and spatial-
temporal relationship of peak-to-trough range of the highest up-crossing short period oscillations in the tide gauge record and maritime
incidents/accidents. 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.

which occurred about 1–3 h after the JRS Canis incident. Al-
though the maximum wave spikes registered at Fanø Bugt
initially appeared to indicate an instrument malfunction,
there is some support from independent measuring systems
and maritime accidents nearby. The case is broadly consis-
tent with the available literature on the link between rogue
waves and tidal water depth near the coast. Gemmrich et
al. (2009) indicated a link between rogue waves and the
semidiurnal tide in coastal areas of British Columbia, al-
though the relation to the phase of the tide was different for
different sites. In the North Sea off the coast of England,
two investigations of coastal surge flooding during Storm
Xaver on 5–6 December 2013 identified a relation between
the tide gauge water levels and significant wave height from
nearby wave recorders (Parsons, 2014; Spencer et al, 2015).
However, the highest waves did not always correspond with
the times of high water for different areas along the English
coast. Wave height might have a closer link with coastal tidal
currents, which are offset in time from tidal water levels. In-
vestigation reports for the Honeydew II and MSC Napoli ac-
cidents in the middle of January 2007 (MAIB, 2008; MCIB,
2009) included information of the relative strength and di-
rection of the winds and tidal currents. There was an impli-
cation that mismatched winds and tidal currents may have

contributed to dangerous wave conditions, although the flow
regimes for the two incidents were different. The accident
report of JRS Canis did not present tidal current information
(BSU, 2008), and the present study benefits from a larger
archive of wave data.

5 Conclusion

In the aftermath of the event, Storm Franz would not be con-
sidered one of the defining European winter storms of the
last half century, which are usually tallied in terms of so-
cietal damage and insurance loss (Roberts et al., 2014). The
storm was overshadowed a little over a week later by the pas-
sage of Storm Kyrill on 18–19 January 2007. Winter storm
websites in Germany make systematic assessments of storm
impacts, so it is possible to inter-compare them, at least for
central Europe. Maximum wind gusts for Storm Kyrill were
significantly higher than Storm Franz, and covered a larger
area (Deutsche Rück, 2007; Unwetterzentrale, 2007a, b). The
winter storm insurance losses for Storm Kyrill reached a high
rank in Europe, whereas for Storm Franz it was quickly as-
sessed that there would not be significant insurance losses
for onshore properties (Air Worldwide, 2007a). In terms
of power cuts, Storm Franz impacted tens of thousands of
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households, but Storm Kyrill affected millions of proper-
ties across Europe. There were also significant differences in
the interruptions of transport networks. For example, Storm
Kyrill led Germany to shut down its rail network for the first
time since 1945, and the rail network of the Netherlands was
also closed. By contrast, Storm Franz had just a few rail in-
terruptions in northern Germany. Regionally, it might be ar-
gued Storm Franz had a greater impact in western England
and Wales where there were a number of cases of road and
rail route closures from rainfall flooding, high winds, and
landslips. Because the trajectory of Storm Franz was further
to the north than Storm Kyrill, there might have been more
transport interruptions and bridge closures in Scotland and
Denmark due to strong winds.

However, Storm Franz had a larger number of maritime
incidents and large wave events than Storm Kyrill, and it is
therefore potentially more important for offshore wind en-
ergy. Three independent maritime accidents in extreme wave
conditions led to fatalities off southeast Ireland and the En-
glish Channel within a 12 h period at the start of Storm Franz.
In the North Sea, JRS Canis lost containers in an unexpected
wave event that has some support from measurements at a
wave buoy off southern Denmark. The MISELA project has
focussed attention on special met-ocean interactions lead-
ing to unusual longer period wave events and meteotsunamis
(Zemunik et al., 2021). The phenomena is not usually as-
sociated with the North Sea, but the available data provides
no relevant information. On the other hand, there are fairly
regular reports of wave-related damage to ships and plat-
forms, but these are not always associated with the highest
profile storms. For example, the large Scandinavian car ferry
Prinsesse Ragnhild sailing from Hirtshals in Denmark to Sta-
vanger in Norway experienced a heavy roll in strong winds
and high sea states on 14 January 2007 (i.e., Storm Hanno),
leading to 10 cars being damaged and a 10 h delay in arrival
at Stavanger (Kvamme, 2007). Several days later on 20 Jan-
uary 2007 (probably during Storm Lancelot), the same ship
was hit by a huge wave that broke some of its conference
room windows (Lloyd’s Casualty Week, 2007b; TV2, 2007)
at a height of ∼ 12–14 m above sea level (hhvferry, 2012).
The ship left service the following year. The vessel was con-
structed in 1981, but issues had been raised in the naval ar-
chitecture community in the 1990s and 2000s if the standards
of ship design were appropriate for the met-ocean conditions
actually being experienced offshore (Faulkner, 2002).
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