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Abstract. Storm Anatol impacted the North Sea and northern
Europe on 3–4 December 1999. It brought hurricane force
winds to Denmark and northern Germany, and high winds
also in Sweden and countries around the Baltic Sea. For
many meteorological stations in Denmark, the wind speeds
were the highest on record and the storm was ranked as a
century event. The storm impacts included extensive forest
damage, fatalities, hundreds of injuries, power outages, trans-
portation interruptions, as well as storm surge flooding on the
west coast of Denmark. Strongly committed to wind energy,
Denmark lost 13 onshore wind turbines destroyed during the
storm. An important industry insurer noted that this was a
remarkably low number, considering the storm intensity and
the large number of turbines (> 3500) installed in the coun-
try. In 1999, offshore wind energy was just getting started
in Europe, and the storm provided an important test of envi-
ronmental extreme conditions impacting offshore infrastruc-
ture. This contribution takes a closer look at the regional met-
ocean conditions during the storm. A brief overview is made
of the wind field and available wave measurements from the
North Sea. An examination is made of water level measure-
ments from around the North Sea to characterize the storm
surge and identify possible meteo-tsunamis and infragrav-
ity waves. Offshore accidents are briefly discussed to assess
if there had been unusual wave strikes on shipping or plat-
forms. At the time of the storm in 1999, there was a growing
awareness in the scientific community of possible changes
in ambient sea state conditions and the increasing threat of
rogue waves. The offshore wind energy community had be-
come aware from the impact of rogue waves from damage
at the research platform FINO1 in the southern North Sea
during severe storms in 2006, 2007, 2009, and 2013. Storm
Anatol may have been another rogue wave storm at an earlier
stage of offshore wind energy development.

1 Introduction

In December 1999 Europe was hit by three major storms.
Storm Anatol (i.e. the name assigned by the Freie Univer-
sität Berlin and most-used in the literature) crossed north-
ern Denmark and southern Sweden on 3–4 December 1999
causing significant damage mainly from the intense wind
gusts and coastal surge flooding. Later in the month, Storm
Lothar and Storm Martin passed on more southerly trajec-
tories across France, resulting in even greater infrastructure
damage in highly populated areas of France, southern Ger-
many and Switzerland (Munich Re, 2002). The focus of this
contribution is Storm Anatol, as its impact area was primarily
in the North Sea and northern Europe where offshore wind
energy was expanding. The storm was important for the dam-
age it caused onshore, but it also had significant offshore im-
pacts in the south-eastern part of the North Sea.

At the time Storm Anatol occurred, wind energy was ex-
periencing rapid growth in Europe. A major driver of wind
energy was concern about global warming associated with
carbon dioxide emissions of fossil fuel. Modern wind energy
development had its roots in the early 1980s as a potential
means of overcoming the fuel crises of the 1970s that origi-
nated with conflicts in the Middle East. Environmental pol-
lution and acid rain, associated with fossil fuel combustion,
were also problems in North America and Europe through
the 1980s, and this was another driver of wind energy devel-
opment (Sahin, 2004; Danish Energy Authority, 2005). The
growth of anthropogenic carbon dioxide in the atmosphere
was known from time series measurements starting in the late
1950s, but the link to climate change, global warming and sea
level rise started appearing in the scientific literature in the
1970s. The start of the IPCC reports in the 1980s highlighted
the growing governmental and economic concern about the
problem. International agreements were made to attempt to
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limit carbon dioxide emissions, notably with the Kyoto Pro-
tocol in 1997 (Sahin, 2004). To meet the conditions of the
agreement required a significant departure from the status
quo of existing energy infrastructure (Hansen, 2009). Some
governments implemented significant policy changes to de-
velop alternative energy sources and particularly wind en-
ergy (IEA, 2001). In Europe, Denmark – a low-lying country
particularly susceptible to climate-linked sea level increase
– was foremost in the world in implementing a policy that
would result in a major restructuring of its energy industry
with an increased emphasis on wind energy (IEA, 2001). An
important element of the government strategy was the de-
velopment and export of the new wind energy technology to
support job creation in the period of decline of the country’s
maritime industry (Danish Energy Authority, 2005). To meet
the needs of its own energy supply, it was recognized that
offshore wind development would have to be an important
element of Denmark’s energy policy as onshore wind energy
sites would be fully utilized in the first decade of the 21st
century (IEA, 2005). Plans to build large scale offshore wind
farms were started in 1998. Offshore met-ocean monitoring
at the Horns Rev site commenced during the summer of 1999
in advance of the installation of the full wind farm starting in
the summer of 2002 (Neckelmann and Petersen, 2000; Som-
mer, 2003).

Part of the challenge of expanding wind energy offshore
was uncertainty about the expected environmental condi-
tions. There was ongoing debate in the scientific community
if there had been climate-linked worsening of the storm con-
ditions in north-west Europe and particularly of rogue wave
strikes. Reports of increased storminess in the North Atlantic
regions had started in the early 1980s with observations of
apparent trends in a long time series of sea state charts gener-
ated by meteorological agencies for forecast purposes (Neu,
1984; but see also Lamb, 1997, p. 214). There was a severe
storm sequence in northern Europe in January–March 1990
that was important for the insurance industry for its onshore
damage (Münchener Rück, 1993). This led to questions if
it was part of a new weather trend, possibly linked to cli-
mate change (Schmidt and von Storch, 1993; WASA Group,
1998). Part of the problem in answering the storminess trend
question was the lack of long term homogeneous datasets
relating to wind speed. Atmospheric pressure measurements
are better data to use because of consistent observational rou-
tines that extend back to the 19th century. The WASA project
was convened to gather and analyze available atmospheric
pressure data, focusing on short term pressure changes and
geostrophic wind calculations that would reveal storm trends
(Alexandersson et al., 1998; Schmith et al., 1998; WASA
Group, 1998). The atmospheric pressure datasets supported
a recent trend toward storminess starting from the 1960s, but
on longer time scales this was just part of inter-decadal vari-
ation, with high storminess conditions also in the late 19th
century. The debate of climate-linked increases in stormi-

ness continued into the 21st century, and Feser et al. (2015)
present a recent review of this large body of literature.

A different problem linked with storminess was the ap-
parent increase in rogue wave strikes. This was primarily an
issue that affected shipping and the offshore petroleum in-
dustry. Rogue waves have always been known, and the issue
was highlighted in the 1970s after several high profile cases
of ship damage. In Europe, the issue was raised again in the
1990s. In a paper directed to naval architects, Hogben (1994)
questioned whether the existing industry guidelines for ex-
treme design waves were representative of the actual sea
state encountered by ships during storms. Faulkner (2002)
also stated that ships were encountering single waves that
were several times larger than what they were designed to
withstand in their operational lifetime. For maritime engi-
neers, the understanding of extreme sea state conditions for
offshore design was encapsulated in summary maps of the
50 year return period of significant wave height based on
state of the art models (Draper, 1980; Williams, 2005, 2008).
From the 1970s, the UK Health and Safety Executive pro-
duced reports of offshore design guidelines to support North
Sea petroleum infrastructure, but these were revoked in 1998
for reasons that are unclear. Later, the section on extreme
wave heights was updated and republished, with amend-
ments indicating a possible change of wave climate for cer-
tain areas (Williams, 2005, 2008). In the late 1990s, reports
began appearing of rogue wave strikes – so-called green wa-
ter incidents – on the moored petroleum production vessels
in the North Sea and Norwegian Sea (Ersdal and Kvitrud,
2000). There were also unusual shipping accidents where
large transport ships had bridge windows broken by large
wave strikes (Gunson et al., 2001). To address the apparent
increasing incidence of ship damage by wave strikes, a Euro-
pean Commission research program called MAXWAVE ran
from 2000 to 2003 (Rosenthal, 2005). It attempted to charac-
terize the maximum size, location, and encounter probabil-
ity of rogue waves using different approaches that included
databases of ship accident reports (Toffoli et al., 2003) and
synthetic aperture radar images (Lehner et al., 2002; Lehner,
2004). Rogue waves became an issue for offshore wind en-
ergy later in the first decade of the 21st century with wave
strike damage on the FINO1 offshore meteorological mast
in the German Bight during severe winter storms in 2006,
2007, 2009, and 2013 (Neumann and Nolopp, 2007; Outzen
et al., 2008; Fischer et al., 2010; Pleskachevsky et al., 2012;
FINO1, 2014).

This contribution outlines the damage caused by Storm
Anatol with emphasis on energy infrastructure (Sect. 2) and
presents a detailed analysis of sea level records for infor-
mation on short period fluctuations that might indicate un-
usual wave phenomena of interest for offshore wind energy
(Sect. 3). The Supplement presents a full list of literature
sources for the storm, with summary tabulations of the dif-
ferent impacts and themes. This storm report follows on ear-
lier reports of Storm Britta in 2006, Storm Tilo in 2007,
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and Storm Xaver in 2013, which were also noted for their
offshore energy infrastructure impacts (Kettle, 2018, 2019,
2020).

2 Storm Anatol: Overview of development and impact

Storm Anatol passed on a trajectory across the North Sea
from Scotland to the Jutland peninsula in Denmark, and then
across southern Sweden, through the Baltic Sea, and into
Latvia (see Fig. 1; Roberts et al., 2014; XWS, 2020). The
wind and surge damage associated with winter storms in
northern Europe depends in part on the section of coastline
where they make landfall while travelling eastward. The Ger-
man scientific literature classified Storm Anatol as a “Jut-
land” type, to distinguish it from the “Skagerrak” and “Scan-
dinavian” types that follow eastward trajectories further to
the north (Kristandt et al., 2014). A consequence of this
southern trajectory is that the storm did not have the same
cold air outbreak associated with the strong northerly winds
behind the moving low pressure centre, as occurred during
Storms Britta, Tilo, and Xaver. Driven by mainly west winds,
the associated storm surge did not affect all regions of the
North Sea but impacted mainly the North Sea coasts of the
Netherlands, Germany, and southern Denmark. In the south-
west Baltic Sea, the strong west winds caused the lowest wa-
ter levels on record for some Danish stations as water was
forced offshore (Nielsen and Nielsen, 2000; Cappelen et al.,
2018a). The striking feature of Storm Anatol was the rapid
intensification of its central pressure. The low pressure centre
formed in the Atlantic Ocean west of Ireland on 2 Decem-
ber 1999, and the first indications of the storm were regis-
tered by stations in northern Ireland late on 2 December 1999
(Voldberg, 2000). The low pressure centre deepened rapidly
during its transit across southern Scotland and the North Sea,
with a pressure drop of ∼ 37 hPa in the 12 h period up to noon
on 3 December (UKMO, 2021). The rapid pressure drop
marked the storm as a particularly destructive type, known as
a meteorological “bomb” (Sanders and Gyakum, 1980). Ul-
brich et al. (2001) present a meteorological investigation of
the atmospheric structure to explain the rapid intensification
of the storm. The central pressure reached its lowest level
of 953 hPa on the eastern side of Jutland at approximately
18:00 UTC on 3 December 1999, and increased as the storm
passed across southern Sweden, the Baltic Sea and Latvia on
4 December 1999.

The temporal and spatial development of the wind field
during the storm were remarkable. The winds were at hur-
ricane strength when the storm centre crossed the Danish
North Sea coast just north of Esbjerg. Figure 1 shows the
measured wind field at regional stations on 3 December 1999
at 18:00 UTC when the winds were near their maximum
strength in southern Denmark. (Fig. S1 in the Supplement
shows a series of maps of the measured wind field at 3 h inter-
vals across the period of the storm.) An important feature of

the storm seen in Fig. 1 was that the strongest winds occurred
on the right hand side of the moving low pressure centre. This
wind speed feature was noted in literature reports (Voldberg,
2000; Cappelen et al., 2018b) and had implications for the
areas of damage in Denmark and also the locations of mar-
itime accidents in the North Sea. Offshore wave measure-
ments had a much sparser spatial coverage (Fig. S2), but the
available information indicates that the wave field was also
highest south of the storm track (Fig. S3). Maritime winds
from the Quikscat scatterometer satellite became available
to operational oceanography from the autumn of 1999, and
Fig. S4 shows the storm wind field over the North Sea at
about 19:10 UTC on 3 December 1999. This image does
not appear in the literature, and it would have been among
the first such storm overview images to be delivered from
this satellite. The image reveals patchiness and streaks that
may be associated with travelling convection cells that have
been implicated in infragravity wave strikes (Pleskachevsky
et al., 2012). DWD (2000) presents an analysis of radiosonde
winds in central Europe during the storm and highlights the
presence of unusually high wind speed jets in the upper tro-
posphere over northern Germany and Denmark. The phe-
nomenon was significant because the radiosonde time series
extended back over two decades, and the high wind speed
jets appeared to indicate a change in atmospheric circula-
tion starting from the winter of 1995–1996. In an analysis
of a later European winter storm, Fink et al. (2009) comment
that the surface gust features may be linked with downward
transport of high wind speed features aloft or with convective
downdrafts caused by evaporating rain. Figure S5 recapitu-
lates the radiosonde features of DWD (2000) using a larger
data base of information from the University of Wyoming
website.

The storm caused a lot of societal and infrastructure dam-
age. This is outlined below and summarized in a series of
maps in the Supplement for power outages (Fig. S6), dam-
aged wind turbines (Fig. S7), travel and transport interrup-
tions (Fig. S8), maritime incidents and accidents (Fig. S9),
infrastructure and dike damage (Fig. S10), fatalities and
injuries (Fig. S11), and forest damage and fallen trees
(Fig. S12). The location of greatest damage for these types of
travelling, intensifying winter storms depends on where they
culminate with the minimum pressure (Pelt, 2013; Woet-
namm Nielsen and Hansen Sass, 2003; RMS, 2014). Den-
mark was impacted worst by the storm, and Danish litera-
ture refers to it as “Danmarks Århundredets orkan” or “De-
cemberorkanen” (Vedin and Alexandersson, 1999; Voldberg,
2000; Pelt, 2013). The storm was categorized as a 100 year
event in that country. Hurricane-force winds across the south-
ern part of Denmark interrupted transport networks as air-
ports and rail connections were closed. Dozens of trans-
port vehicles were overturned on the roads in the strong
gust field, contributing to the general closure of the highway
system. There was extensive building damage, and a large
crane was toppled at a shipyard at Odense (Lloyd’s Casualty
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Figure 1. Wind speed and direction at 18:00 GMT 3 December 1999 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 (Roberts et al., 2014; XWS, 2020). The location of the pressure
centre at the time of wind field is shown by a larger cross.

Week, 1999). The amount of forest damage was the equiv-
alent of two years’ harvest. Seven people were killed, and
about 800 people sustained injuries requiring medical aid.
As power lines blew down, there were power outages in large
parts of the country. Hundreds of fires were caused by fallen
power cables (Lloyd’s Casualty Week, 1999). Onshore wind
energy was impacted with 13 destroyed turbine towers in Jut-
land (Fehrmann and Fackler, 2010). There was a bad storm
surge that affected the Danish North Sea coast from Thy-
borøn southward (Cappelen et al., 2018c). The surge height
for Storm Anatol was actually at the level of the worst his-
toric regional surge in 1634, which caused serious flooding
in Ribe and resulted in extensive coastal landform changes
(Fruergaard et al., 2013; Cappelen, 2019). However, unlike
the 1634 event, the surge peak during Storm Anatol arrived
at low tide (DMI, 1999; Nielsen and Nielsen, 2000). If the
storm surge had arrived at high tide, static water levels would
have been 1–1.5 m higher, and the protection dykes would
have been overtopped (Danhostel-Ribe, 2021). Nevertheless,
the surge and wave fields caused some dike breaks and flood-
ing in the Danish Wadden Sea area. Juvre dike was breached
at a number of locations on the lee side of Rømø island
(Nielsen and Nielsen, 2000), indicating possible dynamic
wave interactions that sometimes arise in complex coastlines
with channels and islands (Murty, 1977).

Reported damage from other European countries was less
than Denmark. In the UK, there were gale conditions that pri-
marily affected the road network with fallen debris and top-
pled transport vehicles (Brugge, 1999; UKMO, 2021). There
were three fatalities in Birmingham in England when a tree

fell on a car. In Ireland, high winds were also recorded, but
no significant damage was registered (Met Eireann, 1999).
Northern Germany was impacted by high winds especially at
the North Sea coast, and there were some cases of destroyed
and damaged onshore wind turbines in the region (Caithness
Windfarm, 2018). A storm surge occurred on the North Sea
coasts of the Netherlands and Germany (DWD, 1999; RWS,
1999). For many tide gauge stations on the German coast this
was the most highly ranked event in the measurement record
after the defining storm surges of 16–17 February 1962 and
3 January 1976 (Jensen et al., 2006). The combination of
high waves and surge may have caused some coastal cut-
back of up to 40 m along some shoreline areas of the Ger-
man island of Sylt (see Figs. S13 and S14). There were some
maritime accidents in the south-eastern North Sea that may
have been linked to the wave field (Fig. S9), and these are ex-
plored further below. In southern Sweden, transport networks
were interrupted as ferry services were stopped and airports
closed. There were large scale power black-outs from fallen
power lines, and also significant forest damage (Vedin and
Alexandersson, 1999; UN/ECE, 2000). In Poland, rail ser-
vices were cut on the route between Warsaw and the Baltic
Sea coast. There was also some infrastructure damage with
the toppling of a large crane at a Gydnia shipyard. There were
storm impacts as far east as Latvia and Lithuania with some
power outages as Storm Anatol left the Baltic domain. The
largest loss of life in a single incident across the whole storm
period occurred when a fishing vessel was capsized by a large
wave while entering the Latvian port of Liepaja before dawn
on 4 December 1999. There were 6 fatalities. High winds
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may have contributed to the crash of a transport aircraft from
a Moscow airport on 5 December 1999 02:00 UTC (Lloyd’s
Casualty Week, 1999).

3 Methods

Water level data from tide gauges around the North Sea are
analysed to trace the progress of the storm surge and to in-
vestigate the short period component of water level varia-
tion that may be linked with meteo-tsunamis or infragravity
waves. In general, for stations around the North Sea, water
level variations are dominated by the tidal component, which
propagates counter-clockwise along the coast starting from
Scotland. The tide must be modelled and subtracted from the
measured water level time series to isolate the surge resid-
ual, 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 external surge entering the North Sea
over Scotland, and from the rise of water under the storm
low pressure area (i.e., inverted barometer effect).

The data to investigate the surge originate from the na-
tional water level monitoring agencies of the UK, France,
the Netherlands, Germany, Denmark, and Norway. The data
have been downloaded from public websites, except for the
data from Germany, which were emailed by Wilfried Wiech-
mann of the Bundesanstalt für Gewässerkunde (BAFG). The
water level recorders of most of the national authorities are
at locations that show tidal variations. For the Netherlands
and Germany, the water level data of the national authorities
includes both coastal and inland sites, and the stations for the
current project were selected on the basis if they showed a
tidal signal. Two additional data sets were obtained from the
online Global Extreme Sea Level Analysis (GESLA) data
base for France. The source and key characteristics for the
data sets are shown in Table S2 in the Supplement. The wa-
ter level data from the various agencies had different tempo-
ral resolutions: UK 15 min, the Netherlands 10 min, France
1 h, Germany 1 min, Denmark 15 min, and Norway 10 min.
The 1 min data set from Germany was averaged onto a stan-
dard 10 min grid. Data sets with time discretization of 10,
15, or 60 min were used without modification. Preliminary
checks were made to ensure that there were no data gaps
or data irregularities across the 13 d period (from the start
of 24 November 1999 to the start of 7 December 1999) en-
compassing the storm period. The Danish datasets had some
short gaps of mostly 15–30 min duration (but up to 1.5 h for
the case of Ballum). These gaps were linearly interpolated so
that complete data arrays were available for the spectral anal-
ysis, described below. Altogether, 89 stations were included
in the analysis after this quality control, and these are shown
on the maps in Figs. 2 and 3.

A spectral analysis technique was used to separate the wa-
ter level time series into different components correspond-

Figure 2. Location of tide gauges analyzed in this study and of
North Sea maritime incidents that were reported over the period
26 November–5 December 1999. For presentation clarity, the in-
formation in the inset box covering the south eastern North Sea is
shown in Fig. 3. The abbreviation codes for the tide gauges and
maritime incidents are explained in Tables S2 and S3.

ing to the long period (mostly storm surge), short period
(mostly harbour seiche or meteo-tsunami), and tidal (diurnal
plus semidiurnal, combined) contributions. The analysis fol-
lows similar tide gauge studies of Gönnert et al. (2004) and
Kettle (2018, 2019, 2020). A discrete Fourier transform was
used to convert the detrended time series data into a power
spectrum (Stull, 1988), similar to the example for Lerwick
in Fig. 4. (Other power spectra for stations along the east
coast of the UK are shown in Fig. S15). The spectral plots
were used to empirically assess the frequency thresholds for
the different water level components. Figure 4 shows the nar-
row bands that were used to clip out the diurnal (∼ 24 h) and
semidiurnal (∼ 12 h) tidal components from the long-period
water level reconstruction. The 0.2 d 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 meteo-tsunami signals in water level
data showing a strong tidal component (Monserrat et al.,
2006; Pattiaratchi and Wijeratne, 2015). For many cases in
this North Sea storm analysis, the short period reconstruc-
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tions showed evidence of large oscillations or noise at certain
times with some spatial coherence among stations.

An unexpected problem arose with the disagreement be-
tween surge water levels calculated with the spectral analysis
of tide gauge data and literature reports of water levels and
skew surge heights. The literature reports were biased higher
than the results of the present analysis. The tide gauge data
sets are referenced to the long-term mean sea level as the zero
level, or for the case of Germany to another reference height
that can be linked to sea level. This reported long-term mean
sea level is several decimetres to a metre higher than the 13 d
mean of the water level calculated as part of the spectral anal-
ysis of the data. The bias for the tide gauge datasets is similar
within each country collection, so that the levelling proce-
dure for the collection of UK stations appears roughly self-
consistent but different from Denmark, etc. (Fig. S16). At
an earlier stage of scientific understanding, Rossiter (1958)
noted a similar feature in a number of North Sea tide gauge
data sets from different national sources. This was expected
in the period before the survey inter-comparison of reference
benchmark levels across the region. To overcome the prob-
lem of tide gauge zero level inconsistencies, Rossiter (1958)
performed an ad hoc levelling procedure for a collection of
North Sea tide gauge stations by comparing the measured
water levels around the North Sea during low wind peri-
ods. Kettle (2020) overcame the apparent bias problem by
adjusting his modelled water levels upwards by the amount
of apparent bias to achieve agreement with the literature re-
ports. For the present analysis of Storm Anatol, the opposite
strategy was used, and the literature reports were adjusted
downward by the mean bias calculated for each country’s
tide gauge collection. Most of the German literature reports
give the skew surge concept as the height above average high
water, and a second correction was applied in these cases to
estimate the skew surge as the height above the closest high
water level. Figure S17 shows how the literature reports for
different sites around the North Sea were adjusted.

A short database of maritime incidents was compiled to
compare with the largest events in the short period recon-
struction of the water level time series (i.e., with charac-
teristic periods < 0.2 d). These were gathered mostly from
Lloyd’s Casualty Week (1999), and supplemented with the
casualty lists presented in Cargolaw (2019) and with in-
formation by email contact from the Netherlands KNRM
service. One North Sea wave rider buoy operated by the
Danish Coastal Authority at Fjaltring indicated remarkable
maximum wave heights at different times during the storm
(Fig. S3). There were also wave-related incidents resulting
in the capsize of the lightship Elbe and a power outage at the
offshore meteorological mast at Horns Rev. Most the mar-
itime incidents could be located precisely in latitude and lon-
gitude, and fairly precisely in time with a few exceptions
where only the day of the incident is given. Altogether, 25
offshore incidents and wave events were identified in the

Figure 3. 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 S2 and S3.

Figure 4. Sample spectrum of the 13 day time series of water level
for Lerwick. The 0.2 d threshold separating the short period and
long period components of the time series reconstructions is shown,
as well as the thresholds defining the diurnal and semidiurnal com-
ponents that were used to de-tide the time series. The uncertainty in
the spectrum (light blue line) is calculated as the standard deviation
of three spectra derived from re-sampling the time series at every
third point.
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North Sea. The location of these is shown in Figs. 2 and 3
with additional information in Table S3 and Fig. S9.

4 Results

The results of the water level analysis are shown in Fig. 5
for the complete set of tide gauge stations. The time series
are arranged in order of counter-clockwise placement around
the North Sea starting from Lerwick in Scotland with vertical
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,
the Netherlands, Germany, and Denmark in succession. This
produces an arrangement of temporal events that is different
from what may be expected if met-ocean phenomena were
being transported with the wind field. For some phenomena –
such as wind waves and surge peak – the wind field may have
a dominant influence. This competing influence between the
tide/external surge and wind may be important for interpret-
ing some features of the water levels in the southeast cor-
ner of the North Sea. The panel in Fig. 5a shows the origi-
nal time series with the maximum water levels shown by red
plus symbols. The long period component of the time series
is shown in the second panel (Fig. 5b), also with the maxi-
mum levels shown by red plus symbols. This panel reveals
the presence of an external surge starting from Scotland and
travelling southward. The external surge is not mentioned in
the available literature about the storm, but was probably a
contributing factor for the closure of the Thames Barrier for
this event (Environment Agency, 2018). 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 short period component of the water level measure-
ments is shown in Fig. 5d. Many stations show oscillations,
although the zero crossing periods vary. For some stations,
the oscillation period is so short that the time series resem-
bles noise. Short period oscillations are common in coastal
water level records where they are known as harbour se-
iches (Pugh, 1987). The seiche ringing phenomenon may
continue for hours or days, and in high amplitude cases, it
may be identified as a meteo-tsunami (Pattiaratchi and Wi-
jeratne, 2015). For the present storm, there appears to be a
spatial clustering of certain groups of stations based on the
short period behaviour. In particular, several neighboring sta-
tions on the northwest coast of Denmark show a sudden onset
of oscillations, as if the seiche oscillations are initiated sud-
denly by a single forcing event. For each station, a statistical
analysis of the oscillations was conducted following the con-
ventions used for high resolution recordings of wind waves.
The sequence of oscillations was separated according to the
zero-crossing times and assessment was made of the zero-
crossing wave period, minimum/maximum amplitude, and
oscillation range. The maximum oscillation range was identi-

fied, and the stations were ranked according to this value. The
maximum range was about 66 cm for Bremen Grosse Weser-
brücke in Germany in the late afternoon of 4 December 1999.
Ten stations had maximum ranges greater than 50 cm during
the 2 d storm period. These are located along the coast of
Germany and Denmark, and the maximum oscillation events
occur mostly between noon and early evening on 3 Decem-
ber 1999. Table S4 gives a complete list of maximum oscil-
lations for all stations around the North Sea, and Fig. S18
presents the maximum amplitude versus distance around the
North Sea from Lerwick, highlighting its spatial character-
istics. Care must be taken in comparing stations around the
North Sea as the data discretization conventions differ among
countries, and the one hour discretization of the two French
stations would not show the sudden onset of a short period
event like the other stations.

The highest skew surge for tide gauge stations around the
North Sea is shown in Fig. 6 for the results of the present
analysis and the corrected literature reports. Skew surge is
the most common way that storm water levels are presented
in the media, and it denotes the difference between the max-
imum measured water level and model predictions of the
expected high tide. There are large differences in the skew
surge values around the North Sea, with stations in the Ger-
man Bight and southern Denmark approaching about 2.5–
3 m in some instances. The original tide gauge data for Ger-
many, which were recorded at one minute intervals, give an
indication of shorter period dynamical features that may be
masked by the longer sampling intervals of normal tide gauge
records. Figures S19 and S20 show that the range of water
levels over 10 min intervals exceeded 50 cm for four stations.
One station – Bake-Z – registered a 10 min range of water
levels that appears to have reached almost 1.7 m over a pe-
riod of hours. Because the values were significantly higher
than neighbouring stations, the registered data might be er-
roneous (Fig. S21). On the other hand, the digital data are
partially supported by an unusual accident nearby where an
unmanned light vessel capsized and sank.

The significance of the skew surge levels shown in Fig. 6
is placed in a historical context by expressing absolute water
levels in terms of their return period of recurrence. This re-
quires 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. The return pe-
riods of water level for Storm Anatol are shown in Fig. 7.
This map has been constructed from different sources that
are given in Table S5. For Esbjerg in Denmark, water levels
during Storm Anatol exceeded the level of a 100-year event
with no higher flood in the instrument measurement record
at the time of occurrence (Ditlevsen et al., 2018). Coastal de-
fence structures in Denmark are designed to a 100 year return
period standard (Gönnert et al., 2012, p. 123), and contem-
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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 Maløy in Norway at the bottom.

porary accounts indicate that water levels were close to the
overtopping thresholds (Danhostel-Ribe, 2021).

Figure 8 shows the crests of the tidal wave and storm surge
plotted on axes of time versus counter-clockwise distance
around the North Sea (see also Fig. S22 for a simplified graph
of this information). This presentation format was used by
Pugh (1987) to highlight the relative timing of the surge and
tide peaks, and is based on the fact that these Kelvin waves
travel counter-clockwise along the coast of the North Sea.
For Storm Anatol, Fig. 8 indicates that the storm surge peak

was associated with three or four different tidal cycles during
its movement around the North Sea. Along the east coast of
Scotland and England north of East Anglia, the surge max-
imum was approximately in phase with the travelling tidal
minimum, and it had the characteristics of a travelling ex-
ternal surge. Along the North Sea coasts of southeast Eng-
land and the southern Netherlands, the timing of the surge
maximum appeared to slow that so that it occurred close to
the time of high water of the preceding tidal cycle. In the
German Bight and southern Denmark, the strong wind forc-
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Figure 6. Skew surge during Storm Anatol on 3–4 December 1999.
The values are calculated from tide gauge records and arranged by
counter-clockwise distance around the North Sea starting from Ler-
wick in Scotland. Literature reports are included for comparison.

Figure 7. Return period of maximum water level during Storm Ana-
tol 3–4 December 1999, as calculated from literature summary re-
sults.

ing appeared to induce a wind-driven surge maximum in the
early evening of 3 December 1999, which had an earlier ar-
rival time compared to the external surge propagating from
England. In the Danish Wadden Sea area, the timing of the
surge maximum occurred during tidal low water in the af-
ternoon of 3 December 1999. The slope of the surge peak
in Fig. 8 gives the appearance that the surge may have been
travelling westward (opposite to the expected eastward prop-
agation direction of a Kelvin wave) in the German Bight area,
although this may be an artefact of the spatial development
of the wind field across the region. The apparent travelling
characteristics of the surge peak for Storm Anatol are differ-
ent compared with previous winter storms reviewed by Ket-
tle (2018, 2019, 2020).

The timing of the extreme short period oscillations and
maritime incidents/accidents are plotted on the same axes of
time versus counter-clockwise coastal distance around the
North Sea also in Fig. 8 (see also Fig. S23 for a simpli-
fied graph of this information). The figure shows the tim-
ing of short period up-crossing oscillations with the highest
and second highest range for each of the 89 stations around
the North Sea. In southeast England and most of the Dutch
coast, the highest oscillations occurred on 4 December, ap-
proximately 12 h after main storm surge had passed through.
For the North Sea coasts of Germany and the Danish Wadden
Sea, the extreme oscillations are found in close association
with the storm surge. Most of the reported shipping accidents
took place along a section of the North Sea coast between the
Netherlands and Denmark. They occurred mostly in the 36 h
period between the start of 3 December to noon on 4 Decem-
ber with a cluster of incidents in the interval 12:00–24:00 on
3 December 1999. The record of the Fjaltring waverider buoy
is noteworthy, as it appears to register a series of anomalous
maximum wave heights at about the same time that neigh-
bouring tide gauges recorded the maximum surge and high-
est short period oscillations.

5 Conclusion

Storm Anatol had serious impacts on societal and energy in-
frastructure, and there were ramifications to introduce mea-
sures to reduce the impact of future storms. Large scale dam-
age to the electrical power line network in Denmark led to
power outages that lasted up to a week after the storm for
some areas. Electricity transmission infrastructure was mod-
ified in the following decade to move power cables under-
ground where they would be less susceptible to wind-related
damage. It improved the resilience of the power network, and
as a consequence there were no significant power outages in
Denmark during the severe storms of 2013 (Danish Energy
Agency, 2015).

The storm also forced improvements in weather forecast-
ing procedures by meteorological authorities. The rapid de-
velopment of the hurricane in just 24 h represented a chal-
lenge to forecasters with respect to long-term warning and
skill in predicting the storm trajectory for surge prediction
(DMI, 1999; Nielsen and Nielsen, 2000; Voldberg, 2000).
At the time of the storm, ECMWF was engaged in an on-
going reanalysis project to develop a consistent global mete-
orological overview for the second half of the 20th century.
The activity was important for climate assessments. How-
ever, efforts were also made to test the reanalysis scheme
with historic storms to assess the ensemble model forecast-
ing skill on longer time scales relevant for storm warning
(Jung et al., 2003). Storm Anatol was identified as an im-
portant test, and improved ensemble models showed how the
storm could be predicted several days in advance (Buizza and
Hollingsworth, 2000/01, 2002).

https://doi.org/10.5194/adgeo-56-141-2021 Adv. Geosci., 56, 141–153, 2021



150 A. J. Kettle: Storm Anatol over Europe in December 1999

Figure 8. Summary of the progression of the tidal crests and storm surge peak around the North Sea on 3–4 December 1999, 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 data are plotted on axes of time versus counter-clockwise distance around the North Sea starting from Lerwick in
Scotland.

For the wind energy industry, damage from Storm Ana-
tol was not as bad as expected. The total number of onshore
turbines damaged and destroyed was only about 20 of the
thousands in operation in Denmark and northern Germany.
Commenting on the prospects of future offshore wind en-
ergy, insurance industry sources were guardedly optimistic.
Case studies had revealed that tropical cyclones in India and
the Atlantic could cause large damage to coastal wind farms
that was far greater than the damage caused by Storm Ana-
tol to onshore wind energy in northern Europe. On the other
hand, it was pointed out that the proposed location of wind
farms in the North Sea was on the track of the worst his-
toric winter storms so that extreme met-ocean loading would
be expected (Fehrmann and Fackler, 2010). Another insur-
ance authority highlighted that there was reluctance of the
insurance industry to engage with the offshore sector be-
cause of the high uncertainty of how infrastructure responds
to extreme met-ocean loading (Berz, 1984). Pointedly, the
situation was framed in terms of Murphy’s Law rather than
the conventional analysis of extreme value theory, leading
to the implication that the wind and wave conditions for the
worst offshore storms may not be well understood. Except
for one brief reference to a wave event on a ship (HSE,
2002), rogue waves were not explicitly mentioned in liter-
ature reports for Storm Anatol. However, some of the mar-
itime accidents were consistent with large wave strikes, and
a wave buoy off the Danish west coast registered unusually
high waves at certain times during the storm period.

Climate change and the link with increasing storminess
was brought up in relation to the storm events of Decem-
ber 1999. Storm Anatol represents the largest insured loss
ever for Denmark, and the Danish insurance industry expe-
rienced solvency problems in dealing with the compensa-
tion claims after the event. Although the industry had expe-
rienced comparable severe storms in early 1990, the repeti-
tion of events only 9 years later was felt unlikely, and insur-
ance rates were assessed optimistically on shorter intervals
of a few years. The storm events of 1999 led to significant
developments and procedural changes in the insurance sec-
tor to protect against future problems (Tatge, 2009). Even
though scientists stated that individual storm events could not
be linked with climate change (Ulbrich et al., 2001), the in-
surance industry only needed the second episode of severe
storms of December 1999 as a call to action for changing
storm patterns (Air Worldwide, 2019).

Data availability. The water level data for this study were mea-
sured by the national tide gauge networks of the UK, France,
the Netherlands, Germany, Denmark, and Norway. The data were
downloaded from publicly accessible websites maintained by the
national authorities, except for France (datasets obtained through
the GESLA online archive) and Germany (datasets sent by Wil-
fried Wiechmann of the Federal Institute of Hydrology in Ger-
many). Further information on the URL internet addresses is given
in Table S2 of the Supplement.
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