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A B S T R A C T

Climate change and increased coastal urbanization are causing low-lying coastlines to become increasingly
susceptible to the threat of extreme water levels and coastal flooding. Robust decision-making on adaptation
in the coastal zone, based on reliable ocean-modelling tools, is therefore crucially contingent on accurate
assessments of current and future storm surge hazards. This accuracy relies considerably on the quality of the
wind forcing used in the ocean models. In this paper, we use a high-resolution, regional 3D ocean model (HBM)
covering the North Sea and Baltic Sea to simulate extreme water levels during three extreme storm surge events
with different dynamics and patterns, in order to assess their impacts along Denmark’s coastlines, which are
of varying levels of complexity. We demonstrate that the model is able to reproduce the observed extreme
high-water levels accurately, indicating that the system is well suited for producing simulations of present and
future projections of extreme storm surges with high resulting impacts and damage potentials. Additionally,
we quantify the level at which acknowledged deficiencies in the otherwise most suitable atmospheric forcing
data set influence the results of the storm surge simulations. We found that reducing the temporal resolution
of the forcing data – that is, replacing two out of every six time stamps with linearly interpolated values –
is preferable to using the original forcing data set when recurring noise is present in these time stamps. As a
result, for given storm surge events, and depending on the stage reached in the storm’s evolution, mean absolute
errors can be reduced by 4.5 cm. This emphasizes the importance of considering such model fluctuations when
coupling high-resolution atmosphere and ocean models.
. Introduction

Storm surges and extreme water levels can cause devastating dam-
ge to low-lying coastlines. Global estimates suggest that currently up
o 310 million people are directly or indirectly exposed to the ad-
erse effects of coastal flooding reoccurring statistically every hundred
ears (Hinkel et al., 2014). According to the Intergovernmental Panel
n Climate Change (IPCC), the frequency of high water level events
s expected to increase – for example, due to climate change-induced
ises in sea level – as are areas and people exposed to coastal haz-
rds worldwide (Oppenheimer et al., 2019; Vousdoukas et al., 2016).
owever, even assuming a stationary climate, coastal communities are
rowing increasingly vulnerable to extreme water levels as a result of
he current high rates of population growth, caused in part by increased
rbanization in coastal regions (Neumann et al., 2015; Vousdoukas
t al., 2020, 2018; Brown et al., 2018). Without investments in coastal
daptation, the expected annual damage from extreme water levels is
ikely to increase by several orders of magnitude globally (Vousdoukas
t al., 2020, 2018; Hallegatte et al., 2013) with both the current and
uture climate. Hence, according to Hinkel et al. (2014), the globally

∗ Corresponding author at: Danish Meteorological Institute, Lyngbyvej 100, 2100 København Ø, Denmark.
E-mail address: eliand@dmi.dk (E. Andrée).

projected annual damage costs may amount to as much as 10% of global
GDP by the end of the 21st century.

The recurrence periods of specific storm surge events are estimated
from the statistics of observed and/or modelled extreme water levels.
Reliable estimates of recurrence periods are important tools for a range
of applications related to impact, adaptation and risk analyses, in-
cluding adaptation decision-support and infrastructural planning (Parry
et al., 2009; Hinkel et al., 2014; Wahl et al., 2017; Thorarinsdottir
et al., 2017). To estimate the recurrence period for the (very) low-
probability, high-impact events that are of critical interest to risk
managers generally requires the use of statistical extrapolation and
extreme value theory to estimate higher-level extremes such as 100-,
1000- or 10 000-year events (Wahl et al., 2017). Various statistical
methods may be employed to estimate the recurrence period of extreme
water levels from observed or modelled water-level statistics (Arns
et al., 2015), although major drawbacks arise from the fact that water-
level gauges are not uniformly distributed in space, and they cover
short periods of time with regard to return-period statistics. Con-
versely, model data are ideally both spatially and temporally consistent
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(Haigh et al., 2014; Muis et al., 2016), in principle allowing variability
to be resolved for different time scales and spatial extents. In order
to assert the quality of the model and to gain a better understanding
of the physical mechanisms that generate extreme water levels, past
events can be numerically simulated and compared to observations on
different coastal stretches. However, observations and model output
are both associated with uncertainties, which will influence estimates
of, in particular, rare or unobserved extremes using extreme value
analysis (Haigh et al., 2014). On top of that, climate change adds a
further dimension of uncertainty (Milly et al., 2008). The accuracy of
extreme water level simulations thereby greatly affects the results of
any statistical extrapolation based on it, possibly leading to both over
and underestimation of rare extremes in water levels.

One example of an area exposed to coastal hazards from rising sea
levels is Denmark, located where the North Sea meets the Baltic Sea
in northern Europe. As in coastal areas around the world, mean sea-
level rises are dictating changes to extreme sea levels, but studies of the
North Sea indicate that climate change may also lead to local changes
in storminess, which in turn will compound the associated storm surge
and wave characteristics (Weisse et al., 2012). Vousdoukas et al. (2018)
suggest that rises in sea levels are the principal driver of increased
damage costs in Europe except in the Baltic Sea region, where this
effect is less pronounced due to land uplift, and where climate change-
induced alterations to the storm surge and wave regimes therefore are
relatively more important. For this reason, currently, Danish coastal
municipalities urgently need detailed information on storm surge for
purposes of both climate adaptation and emergency preparedness. This
includes high-quality storm surge warnings and future projections of
extreme water levels and wave heights, based on detailed modelling
of past storm surges and future changes (Madsen et al., 2019). The
Danish Climate Atlas, of which the present study forms a part, aims
to provide such climate information nationwide at scales relevant to
coastal planners and decision-makers (Thejll et al., 2020).

The North Sea–Baltic Sea transition zone (hereafter simply ‘‘tran-
sition zone’’) is characterized by its very complex bathymetry. Hence,
within this area detailed spatio-temporal modelling efforts are critically
needed to understand the physical processes leading to storm surges
and high water levels, which will inform coastal adaptation to climate
change (Parry et al., 2009; Hinkel et al., 2014; Wahl et al., 2017;
Thorarinsdottir et al., 2017). Existing hindcast studies and climate sim-
ulations within this area were carried out at moderate spatio-temporal
resolutions compared to current state-of-the-art, and are therefore only
partly able to deal with the complexity the region presents. As a
result, the accuracy of simulated water levels, especially for extreme
events (Madsen, 2009; Tian et al., 2016; Fernández-Montblanc et al.,
2020; Muis et al., 2020), has proved to be relatively low.

In the following, we evaluate the performance of the regional, two-
way nested, 3D ocean model HBM (Kleine, 1994; Berg and Poulsen,
2012; She et al., 2007) in simulating three recent major storm surge
events in the North Sea and Baltic Sea, including the model’s sensitivity
to atmospheric forcing. Major storm surge events are by definition rare,
making it crucial to understand the model’s ability to reproduce such
signature events in order to ensure confidence in the representation
of even more severe extremes, such as those found in multidecadal
transient regional climate projections (Bevacqua et al., 2019) or atmo-
spheric regional reanalysis simulations (i.e. continuous and spatially
consistent descriptions of past states of the atmosphere Dee et al.,
2014). The Danish Meteorological Institute (DMI) uses HBM oper-
ationally, typically forcing it by means of atmospheric fields from
a high-resolution numerical weather prediction (NWP) model. The
spatio-temporal resolution used for long, regional climate and reanal-
ysis simulations is generally comparable but often still coarser than
what is used for NWP. Against this background, we analyse detailed
model simulations of three recent storm surge events in the seas around
Denmark when forced by varying input from a regional reanalysis.
For this purpose, we found the UERRA (Uncertainties in Ensembles
2

of Regional Re-Analyses) HARMONIE/V1 data set (Ridal et al., 2017),
covering the European region for the period of 1961–2019, to be the
most relevant, owing to the long time period covered, the high spatial
resolution (approximately 11 km, similar to EURO-CORDEX Jacob et al.,
2014) and the high temporal resolution (hourly re-forecasts).

Meteorological discontinuities (hereafter denoted ‘‘spikes’’) are
present in the first and second hourly outputs of the UERRA analysis
cycle, which causes fluctuations in the wind speed and wind direction
to appear every six hours, in particular during turbulent wind condi-
tions (Schimanke et al., 2020). A recent study by Büchmann (2019)
investigated the response of an ocean model to the meteorological dis-
continuities that arise between two consecutive forecasts. They found
that instantaneous changes to atmospheric pressure sometimes occur
between two consecutive forecasts. Locally, this can amount to 5 hPa
r more, e.g. when the speed or location of a low-pressure system has
hanged slightly between the forecasts. In their ocean modelling, such
iscontinuities in the atmospheric forcing resulted in high-frequency,
purious waves of a few centimetres in magnitude. Other sources
f atmospheric forcing, such as regional climate projections, might
ave analogous problems, which emphasizes the need to analyse their
nfluence on predictions of water levels.

The remainder of this study proceeds as follows. Initially, we assess
ow well an atmospheric regional reanalysis product represents histori-
al wind speeds and directions for three recent storm surge events along
anish coastline. Secondly, we evaluate the performance of the HBM
xtreme water level simulations driven by the UERRA reanalysis. As
lready mentioned, for operational storm surge modelling, DMI uses
he HBM ocean model, which, during its time in use, has already been
xtensively evaluated, calibrated and improved. We use the operational
roducts as our gridded reference data, and compare our hindcast
esults with existing operational simulations, where the same storm
urge model was driven by forecasts generated by an NWP model. We
valuate both our new model system and the operational system by
omparison to observations of wind and water levels. Thirdly, we in-
estigate the response of the ocean model to the erroneous fluctuations
n the atmospheric forcing.

. Methods and data

We conducted hydrodynamic ocean model simulations for the North
ea and Baltic Sea on the western European shelf (Fig. 1) to perform
he comparison and approach the questions set out in Section 1. In the
ollowing sections, we portray the study area and the meteorological
onditions for each of three study cases, and describe the models and
ata sets used to conduct and evaluate the simulations.

.1. Study area

The North Sea is a semi-enclosed, marginal, mid-latitude shelf sea
f the North Atlantic. It is bounded to the west by the UK and to
he south and east by the northern and central European mainland.
he narrow English Channel connects the North Sea to the Atlantic in
he southwest, while to the north the connection opens wide to the
orth Atlantic and the Norwegian Sea. The average depth of the North
ea is 90m; the southern part has a maximum depth of 50m, while

in the northeastern part, the Norwegian Trench, which runs along the
Norwegian coast, reaches depths of up to 700m (Quante and Colijn,
2016). The North Sea is dominated by tidal motion, which keeps a
vertically mixed water column in being throughout the year in the
western and southern parts (Pugh, 1987). The tides propagate in a
cyclonic direction around the North Sea; along the Danish west coast,
the tidal range decreases with northward distance from the Wadden
Sea (HBM GB domain, see Fig. 1) (Otto and Zimmerman, 1990). To the
east, the North Sea is connected to the Baltic Sea via the Skagerrak and
Kattegat (Fig. 1). The connections through the Danish Straits consist
of narrow straits and shallow sills, the widest and deepest of which
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Fig. 1. (𝑎) The bathymetry (m, left logarithmic colourbar) of the model domain HBM NS–BS; black boxes indicate the two nested model domains HBM GB and HBM IDW (Table 1).
𝑏) The bathymetry (m, right linear colourbar) of the Danish coast; locations of tide gauges (crosses) and wind stations (circles) used for validating the model. (𝑐) The study area
f this paper, the North and Baltic Seas on the European continental shelf.
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as an average depth of 13m and a width of 8 km at its narrowest.
renches of depths of up to 50m, with widths of a few hundred metres,
re key passageways for deep-water inflows into the Baltic Sea, making
his a complex region to model (She et al., 2007). The straits restrict
he exchange of water between the North Sea and the Baltic Sea, and
trongly dampen high-frequency sea-level variability when entering the
altic (Samuelsson and Stigebrandt, 1996). Atmospheric pressure and
inds are the main drivers behind the difference in sea level between

he waters north and south of the straits, which predominantly governs
he exchange of water through the straits. The net freshwater supply to
he Baltic Sea, and the limited inflow of saline water, cause the Baltic’s
alinity to decrease with distance from the transition zone (Leppäranta
nd Myrberg, 2009).

.2. Storm surge events

We investigate the implications of the atmospheric forcing on the
epresentation of extreme water-level events by HBM for three major
nd recent storm surge events. These three events occurred in 1999,
005 and 2013 and caused severe flooding and extensive damage,
.g., along the Danish coast. The storms had different strengths, spa-
ial distributions and trajectories, and therefore affected the complex
anish coast with varying degrees of severity.

.2.1. Case I: the 1999 storm
On 3 December 1999, a low-pressure system called Anatol passed

ver Denmark. The system quickly intensified west of Ireland and
racked east-northeast over the UK and the North Sea. After a rapid
eepening of the low-pressure, Anatol reached a mature stage as a

ategory 1 strength hurricane over Denmark, making it the country’s o

3

ost severe recorded hurricane. When it reached the west coast of
he Jutland peninsula on the Danish mainland, the maximum 10min
ind speed at 10m height was about 38m s−1 at the Wadden Sea coast,
ith gusts reaching 51m s−1 (Nielsen and Sass, 2003), which resulted

n high water levels, especially in southwest Denmark. In the Wadden
ea, the wind-driven contribution to the water levels culminated near
ow tide, but still resulted in record water levels. If the storm surge
ad hit during high tide, the results would have been devastating. In
sbjerg (station 1) the observed water level of 381 cm was estimated
s an approximately one in thirty years event (Kystdirektoratet, 2018),
hile 10 km further south the record-breaking water level caused the
ater level gauge to stop functioning. At Hvide-Sande (station 2) the

torm surge was less severe, while Thyborøn and Hornbæk (stations 3
nd 4) were not affected (Kystdirektoratet, 2018).

.2.2. Case II: Storm Gudrun/Erwin in 2005
On 7 January 2005, a perturbation to the polar front west of

reland developed into a major windstorm known as Gudrun (or Erwin).
udrun traversed Northern Ireland and Scotland on a southwesterly

rajectory, passing over southern Norway and Finland between 7 and 9
anuary. It was judged to be one of the worst storms in forty years
n this region (Suursaar et al., 2006), and caused massive damage
o forests, social disruption and at least seventeen fatalities (SMHI,
005; Valinger and Fridman, 2011; Carpenter, 2005). The west coast
f Denmark experienced westerly winds of hurricane strength (BF 12),
hich resulted in high water levels along the entire length of the
est Jutland peninsula. Record-breaking water levels occurred in the
imfjord (Fig. 1, east of station 3), where persistent westerly winds had
lready generated higher than normal water levels prior to the passage
f the storm. Stations 2 and 3 each recorded their second highest water



E. Andrée, J. Su, M.A.D. Larsen et al. Ocean Modelling 162 (2021) 101802
levels in their observational records, while water levels at station 1
ranked within the top fifteen events (Kystdirektoratet, 2018). Station
4 did not experience extreme water levels during this event.

2.2.3. Case III: Storm Bodil/Xaver of 2013
On 5 December 2013, a low-pressure system detected off the coast

of Greenland very rapidly developed into a powerful cyclone passing
north of Scotland, and tracking east and southeast over the North Sea
towards southern Norway (Spencer et al., 2015). Known as Xaver (or
Bodil, Sven), it passed over Skagerrak towards southern Sweden. On
the Danish west coast, the wind turned northwesterly, with the 10 min
wind speed reaching 36.6m s−1 in Thorsminde (Fig. 1, between stations
2 and 3). Extreme water levels were recorded on both sides of the
North Sea (Spencer et al., 2015; Wadey et al., 2015; Dangendorf et al.,
2016). As Xaver slowly tracked towards the Baltic Sea, the Kattegat
experienced persistent northwesterly winds which reached hurricane
strength along the southern Kattegat coasts (Cappelen, 2013), resulting
in extreme water levels, especially in north-facing fjords (Stormrådet,
2013). Water levels at station 4 during this event were the most severe
ever recorded, in a data series spanning 126 years. Stations 2 and 3 had
water levels ranking among the top eight, out of 85 and 82 years of
data respectively. From the 143 years of data from station 1, this event
ranked as number fifteen.

2.3. Data sources

2.3.1. Oceanographic data
The North Sea–Baltic Sea area is characterized by a dense network

of coastal tide gauges (Quante and Colijn, 2016; The BACC II Au-
thor Team, 2015). In this study, the focus is on the four water level
gauges Esbjerg (55.47N, 8.42E) in the Danish Wadden Sea, Hvide-
Sande (56.00N, 8.11E) and Thyborøn (56.71N, 8.21E) in the eastern
North Sea, and Hornbæk (56.09N, 12.46E) in the southern Kattegat
(Fig. 1, Table 2). The stations were meticulously selected because they
represent distinct characteristic parts of our study area, are all owned
and operated by the DMI and the Danish Coastal Authority with known,
high measuring quality, have century-long data records (stations 1 and
4) and have high water statistics based on this (Coles et al., 2001;
Kystdirektoratet, 2018; Hansen, 2018). For the period from 1 January
2007 to 1 January 2018, tide-gauge data that has undergone extensive
and systematic manual quality control are available to the authors. We
consider the quality of these data sets to be consistent over time, and
therefore use this time slice as a validation period when assessing the
performance of the ocean hindcast.

2.3.2. Atmospheric data
We use observed wind speeds and wind directions to evaluate

the atmospheric forcing product near to the selected sites within our
study area (Section 2.3.1). All the wind-observation sites are fixed
stations (Vilic, 2012) located close to the coast (Fig. 1). For comparison,
we include the then operational forecast suite DMI-HIRLAM of the
Danish Meteorological Institute (DMI) (Sass et al., 2002) to obtain a
relative assessment of the agreement of our atmospheric forcing data
with observations. The HIRLAM forecast system (the High Resolution
Limited Area Model) is a numerical weather-prediction (NWP) system
developed by the international HIRLAM consortia (Undén et al., 2002).
The DMI-HIRLAM model system produced the atmospheric forcing used
for operational storm surge modelling at DMI during the study period.
DMI-HIRLAM has undergone continuous development cycles during
the study period (Yang et al., 2005; Woetmann Nielsen et al., 2010),
resulting for example in a higher spatial resolution for the more recent
events (Table 2). We use the HIRLAM data sets for comparison of
surface wind speeds and directions for the storms in 2005 and 2013
(5 and 3 km grids, respectively). For the 1999 storm, we judge that
the resolution of the operational NWP was too coarse (15 km grids) to
render it useful for validation.
4

2.4. HBM regional ocean model

We employed the regional full 3D HIROMB-BOOS Model (HBM) to
simulate the spatial and temporal development of water levels during
past storm surge events. HBM is a hydrostatic, free surface, baroclinic
ocean circulation and sea-ice model designed for efficient two-way
nesting in complex bathymetry (Kleine, 1994; She et al., 2007; Berg
and Poulsen, 2012). The model allows for both multi-decadal hindcast
simulations (Madsen et al., 2015; Tian et al., 2016) and operational
forecasting (Huess and Woge Nielsen, 2019); different versions of the
model code are currently in use for operational water level and storm
surge forecasting in several countries surrounding the Baltic Sea (Capet
et al., 2020). The model code and set-up used in the present study are
the DKSS2013 operational version launched at DMI in October 2013,
with seventeen tidal constituents and sea-level heights at the North
Sea open boundary provided by a 2D model covering the northeastern
North Atlantic (NOAMOD, She et al., 2007). The DKSS2013 version
has two finer nests, with three and six times higher resolution in the
German Bight and Inner Danish Waters respectively (Fig. 1). Table 1
summarizes the details of the model set-up. The model is well validated
for both extreme sea levels and lower frequency variability (Madsen,
2009; Fu et al., 2012; Tian et al., 2016). Our analysis is based on a
58-year hindcast experiment spanning the years 1961–2018. The spin-
up of the ocean for the hindcast experiment was conducted by repeating
the meteorological forcing of year 1961 for a total of 2.5 years. The
spin-up run is initialized at 1 July 1961 by utilizing the initial field from
the operational simulation at 1 July 2014. Hourly 2D fields and daily
average 3D fields are archived on their native grid. River run-off data
were provided by the Hydrological Predictions for the Environment
model for Europe (E-HYPE) (Donnelly et al., 2016). The simulation was
run on DMI’s high-performance computing system in a parallel mode
with eight nodes (32 CPUs per node). The integration wall-clock time
for a year is about 24 h excluding queue waiting time.

2.4.1. HBM meteorological forcing data
The HBM ocean model is driven by meteorological forcing fields

of 10m winds, 2m air temperature, mean sea-level pressure, surface
humidity and cloud cover. Table 2 summarizes the meteorological data
sets used as forcing in this study (for information regarding the HIRLAM
model, see Section 2.3.2). The atmospheric forcing data for the hindcast
simulation were obtained from an atmospheric modelling system, the
HIRLAM–ALADIN Research on Mesoscale Operational NWP in Euromed
(HARMONIE) system (Bengtsson et al., 2017) operated by the Swedish
Hydrological and Meteorological Institute (SMHI) (Dahlgren et al.,
2016). UERRA (Uncertainties in Ensembles of Regional Re-Analyses)
HARMONIE/V1 is a regional reanalysis data set for Europe covering
the period from January 1961 to July 2019 (Schimanke et al., 2020).
The model is driven by lateral boundary conditions from the global
reanalysis ERA-40 (Uppala et al., 2005) (1961 to 1979) and ERA-
Interim (Dee et al., 2011) (1979 onwards). The data set consists of
six-hourly analysis fields (00 UTC, 06 UTC, 12 UTC, 18 UTC) and
hourly re-forecasts until the start of the next analysis cycle. Thereafter
data is stored at a lower temporal resolution, with a maximum re-
forecast length of 30 h. The spatial resolution of the UERRA data set
is 11 km. A three-dimensional variational (3D-VAR) data-assimilation
scheme (treats observations as occurring at the time of analysis, rather
than as distributed over time intervals. See e.g. Courtier et al., 1998;
Gustafsson et al., 2001; Lindskog et al., 2001) assimilates the upper-
air observations, and an optimal interpolation algorithm assimilates
the surface observations. The background state is the best guess at
the time of analysis, i.e. the previous re-forecast at +6 h. The re-
forecast initialized at the time of analysis provides the best guess for
the subsequent analysis. The data are available for download from the
Climate Data Store at https://cds.climate.copernicus.eu/.

Since the analysis fields are adjusted towards observations, they do
not necessarily obey the physical laws that govern the re-forecasts. At

https://cds.climate.copernicus.eu/
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Table 1
Different models and model domains employed in this paper with different vertical levels and resolutions. NOAMOD is a 2D
surge model set up to cover the northeast Atlantic Ocean, which provides the sea-level open boundary values for the 3D
HBM model (Nest level 1). HBM is an operational storm surge forecast model (version 2013 used in this paper). The North
Sea–Baltic Sea region (NS–BS) with two-way nesting in the Inner Danish Waters (IDW) and the German Bight (GB) (Nest level
2). See Fig. 1 for reference on model domain and nested regions. T/S denotes temperature/salinity.

Models Domains Spatial res. (km) Vertical layers Open boundary conditions and values

NOAMOD 11 1 Radiation condition
HBM NS–BS 5.5 50 17 tidal constituents, T/S climatology,

Nest level 1: external surge, Nest level
2: T/S, water level

HBM IDW 0.9 52 Nest level 2: T/S, water level
HBM GB 1.9 24 Nest level 2: T/S, water level
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Table 2
Overview of atmospheric forcing data sets used in this study. The UERRA data set
was used as forcing for the simulations in the present study (see Section 2.4.1). The
numerical weather prediction (NWP) HIRLAM data sets were used for operational
storm surge modelling at DMI during the events, and is used for reference. HIRLAM
has undergone several development cycles with, e.g., increased horizontal and vertical
resolutions during the study period (see Section 2.3.2).

HIRLAM UERRA

Model DMI-HIRLAM HARMONIE/V1
Boundary forcing ECMWF ERA-40/ERA-I
Spatial resolution (km) 5 x 5 3 x 3 11 x 11

re-forecasts initialization, some spin-up time may therefore be required
before the system is once again physically consistent. In the UERRA
data set, the spin-up manifests itself as rapid fluctuations (spikes),
which appear with a six-hour period, especially during stronger wind
conditions (Schimanke et al., 2020). Fig. 2 shows an example of how
rapid fluctuations in wind speed appear in the first and second hourly
outputs in an analysis cycle during the 2005 storm (see Section 3.1). In
this figure, we subtract the preceding time stamp from each 𝑇𝑥. A large
part of the domain has a positive anomaly at 𝑇1 (+1 h since analysis)
and a negative anomaly at 𝑇2 (+2 h since analysis). For the rest of the
ime stamps (i.e. 𝑇3 to 𝑇6) these anomalies are less pronounced.

To assess the effect of these spikes in the forcing data on simu-
ated water levels, simulations were conducted using both the original
ERRA data set (UERRA1∶6), and a manipulated data set we call
ERRA3∶6. In this manipulated data set, we eliminate the first and

econd hourly outputs of each re-forecast cycle by employing linear
nterpolation. This means that each day, we only use sixteen of the
vailable 24 h of original meteorological data as forcing data for the

ocean model, while the remaining time stamps are interpolated val-
ues. Based on a preliminary case study that assessed the accuracy
of simulated water levels when forced by UERRA3∶6 and UERRA1∶6
espectively, the decision was made to employ UERRA3∶6 as forcing for
he 58-year hindcast which we call HBM3∶6. The simulations driven by

UERRA1∶6 (called HBM1∶6) are conducted for shorter time slices that
span our selected storm surge events (see Section 2.2). We initialize
these simulations from monthly archived initial fields from the hindcast
simulation based on UERRA3∶6, on the first day of the month in the
month prior to each storm. Therefore, the HBM1∶6 simulations utilize
the UERRA1∶6 forcing for a little over a month before the time when
the storm occurs.

An alternative approach to excluding the 𝑇1 and 𝑇2 outputs of each
tmospheric analysis cycle would be to replace these time stamps with
7 and 𝑇8 from the previous analysis cycle. However, this could not
e tested, since re-forecasts are stored at lower temporal resolutions at
hat distance into the analysis cycle.

.5. Data analysis

To evaluate the atmospheric data, we compare the model data to
oint observations by nearest neighbour remapping to the location of

he observation station. To evaluate the ocean model’s performance, we

5

easure the correlation between observed and simulated water levels
n 10min resolution using Pearson’s correlation coefficient (𝑟), as

𝑟 =
∑𝑛

𝑖=1(𝑥𝑖 − �̄�)(𝑦𝑖 − �̄�)
√

∑𝑛
𝑖=1(𝑥𝑖 − �̄�)2

√

∑𝑛
𝑖=1(𝑦𝑖 − �̄�)2

(1)

here 𝑥 and 𝑦 denote observed and modelled water-level anomalies,
nd 𝑛 is the sample size. To assess the similarity between the modelled
nd observed data sets, we also calculate the root mean square error
RMSE), as

𝑀𝑆𝐸 =

√

√

√

√

1
𝑛

𝑛
∑

𝑖=1
(𝑦𝑖 − 𝑥𝑖)2 (2)

ith 𝑥, 𝑦 and 𝑛 as above. The mean absolute error (MAE) is calculated
s

𝐴𝐸 = 1
𝑛

𝑛
∑

𝑖=1

|

|

𝑦𝑖 − 𝑥𝑖|| (3)

with 𝑥, 𝑦 and 𝑛 as above. The difference in MAE is obtained by
ubtracting the MAE of HBM3∶6 from those of HBM1∶6.

The peak error is calculated as the difference between the maximum
bserved water level and the maximum simulated water level within a
ime window of 6 h, centred on the time of the observed peak value.

The mean peak error is the average of the 33 highest observed water
levels at each location (corresponding to an average of three events per
year), where each sampled event was separated in time from other peak
events by at least three days, to ensure sampling of independent events.
Water-level anomalies are obtained by subtracting the mean water level
for the entire eleven-year analysed time slice (see Section 2.3.1) from
the observed and modelled water levels respectively.

Finally, to obtain a measure of how well the model system repro-
duces the shape of the observed water-level curve, we resample the
model simulations and observations from 10-minute bins to hourly
resolution and then accumulate the hourly absolute deviation, 𝛥𝑎𝑐𝑐.,
between the simulated and observed water levels over a six hour time
window centred around the hour when the peak occurs (𝑡0) as

𝛥𝑎𝑐𝑐. =
𝑡0+2
∑

𝑡=𝑡0−3

|

|

⟨𝑦𝑡⟩ − ⟨𝑥𝑡⟩|| (4)

where ⟨𝑥⟩ and ⟨𝑦⟩ denote observed and modelled hourly water-level
nomalies, respectively, and 𝑡 = 𝑡0−3 to 𝑡 = 𝑡0+2 indicate the time

window.

3. Results

3.1. Evaluation of atmospheric forcing

To assess the quality of the atmospheric forcing data, the UERRA1∶6
ata set was evaluated against observations by employing nearest-
eighbour remapping of the model data to the observational locations.
or comparison, we also extracted data from the higher resolution
perational NWP DMI-HIRLAM. The wind speeds and wind directions
or selected stations (Fig. 1) prior to, during and after the passage of the
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Fig. 2. Differences in wind speed between consecutive time stamps for the original UERRA1∶6 hourly data (𝑇1, 𝑇2, . . . occur +1 h, +2 h, etc. after the analysis). 𝑇6 occurs +6 h after
he previous analysis, and therefore coincides with the current analysis time stamp.
Fig. 3. Modelled and observed wind speeds and wind directions at selected stations during the passage of the 2005 storm. Both the UERRA1∶6 (blue) and HIRLAM (green) data
ets have hourly resolution (all time stamps included). The observations have 10min resolution. See Fig. 1 and Table 2 for reference.
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005 and 2013 storms are shown in Figs. 3 and 4. There is in general
ood agreement between each of the two different model products
nd the observations for both wind speed and wind direction. The
argest differences between the modelled and observed wind speeds are
ound at station 4, Nakkehoved fyr (southern Kattegat), for both cases.
owever, the UERRA1∶6 data set has regular and recurring episodes of

apid changes in wind speed and direction. This is especially evident in
ig. 3, where recurring spikes are seen for UERRA1∶6 with a six-hourly
eriod (see Section 2.4.1), which are not present in the observations or
IRLAM. The spatial patterns of these shifts are neither homogeneous
or consistent in time (e.g. more pronounced at stations 1 and 2,
ompare with Fig. 2).

In order to assess how the variability in the UERRA1∶6 data depends
n when in the analysis cycle the data were produced, we sampled
he data based on the number of hours into the analysis cycle. Fig. 5
hows temporally averaged standard deviations of the surface wind
peed in the UERRA1∶6 data set. The different panels show data sampled
ased on the number of hours since analysis, where 𝑇1 denotes the
irst hour (+1 h) after analysis, 𝑇 the second hour (+2 h), and so on.
2 i

6

nalyses are performed at 00:00 UTC, 06:00 UTC, 12:00 UTC and 18:00
TC, so that, e.g., panel 𝑇1 shows data for 01:00, 07:00, 13:00 and
9:00 UTC. Despite the fact that 𝑇6 are several hours into the analysis
ycle, the highest spatially averaged standard deviations (�̄�) occur in
anels 𝑇1. Averaged over the entire domain, the standard deviation
or UERRA1∶6 over time also indicates increased variability in the first
wo hours (𝑇1 and 𝑇2) after the analysis time. This can be seen by
he recurring peaks in Fig. 5 (bottom panel), coinciding with 𝑇1 and
2, which are indicated by red shading. The patterns shown in Fig. 5
highest standard deviation in 𝑇1, peaks coinciding with 𝑇1 and 𝑇2) are
lso clear for the two other cases in this study (not shown), although
he locations of the areas with high standard deviations are different
etween the cases.

To investigate the effect of spikes in the forcing data, we replace
he time stamps that are affected the most (𝑇1 and 𝑇2) with the linear
nterpolation between 𝑇6 of the previous analysis cycle and 𝑇3 of the
urrent analysis cycle. This manipulated data set therefore differs from
he original UERRA1∶6 for eight out of 24 hours every day. For the cases
n the present study, this interpolation results in a smoother wind field



E. Andrée, J. Su, M.A.D. Larsen et al. Ocean Modelling 162 (2021) 101802

s

h
c

s
m
d

Fig. 4. Modelled and observed wind speeds and wind directions at selected stations during the passage of the 2013 storm. Both the UERRA1∶6 (blue) and HIRLAM (green) data
ets have hourly resolution (all time stamps included). The observations have 10 min resolution. See Fig. 1 and Table 2 for reference.
Fig. 5. Standard deviations of wind speed for the UERRA1∶6 re-forecast data set (hourly — all time stamps included) during the 2005 storm Gudrun. 𝑇𝑥 denotes the number of
ours since the previous analysis (e.g. 𝑇1 equals one hour). The average standard deviation over the entire domain is given per number of hours since analysis. The time period
onsidered is the same as in the bottom panel, which shows the spatially averaged standard deviation over time. The first two hours after the analysis (𝑇1, 𝑇2) are shaded (bottom

panel).
and lower maximum wind speeds for UERRA3∶6 than UERRA1∶6. Fig. 6
hows the wind-forcing based on UERRA1∶6 (upper panels) and the
anipulated UERRA3∶6 data set (middle panels), for two time stamps
uring the passage of the 2005 storm. The lowest panels show the
7

difference between the UERRA1∶6 and UERRA3∶6. As can be seen in
these plots, UERRA1∶6 has a stronger northerly component in the cen-
tral North Sea, and a stronger southerly component along the west coast
of Denmark. The difference in wind speed is largest over the eastern
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Fig. 6. Surface wind conditions over the North Sea and Baltic Sea at two consecutive time stamps from the UERRA1∶6 data set (upper panels, corresponding to T1 and T2 in the
analysis cycle) and the UERRA3∶6 data set (middle panels). The lower panels show the difference between the two forcing data sets (UERRA1∶6-UERRA3∶6) at the respective time
stamps during the passage of the 2005 storm.
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North Sea, with differences as large as 9m s−1 (20–30% reduction) off
the northwestern coast of Denmark.

In the following steps in the analysis, we employ both the UERRA3∶6
nd UERRA1∶6 data sets to drive the storm surge model to test for the
nfluence of inconsistencies in the UERRA forcing data.

.2. Evaluation of simulated water levels

.2.1. Characteristics of ocean hindcast
To assess the long-term accuracy of the model system, we compared

esults from the ocean hindcast (originally spanning the time period
961–2018) to manually quality-controlled observations available be-
ween 1 January 2007 and 1 January 2018. The ocean hindcast is
enoted HBM3∶6 and was forced by the UERRA3∶6 data set (see Sec-
ion 2.4.1). For this eleven-year time slice, we calculated the correlation
oefficient (𝑟), the root mean square error (RMSE) and the mean peak
rror (Section 2.5) of the water-level anomalies. By comparing the cor-
elation and RMSE of our simulations with the ones reported by (Meier
t al., 2004; Fernández-Montblanc et al., 2020), we find that the model
ystem reproduces sea-level variability with a greater accuracy than
hat has previously been achieved for coarser-resolution, state-of-the-
rt hindcast modelling in the specific region. At all the stations there
as a strong, significant and positive correlation between the simulated
nd observed water levels (Table 3). The correlation was larger, and the
elative mean peak error smaller, on the North Sea coast than in the
8

able 3
earson’s correlation (𝑟), root mean square error (RMSE) and mean peak error of sea-

level anomalies for the transient ocean hindcast (HBM3∶6, see Section 2.4) at selected
stations compared to quality controlled observations. The time period considered is 1
January 2007 to 1 January 2018. See Section 2.5 for details.

Name 𝑟 RMSE (cm) Mean peak error (%)

1 Esbjerg 0.97 16.7 5.8
2 Hvide-Sande 0.96 13.3 11.6
3 ThyborØn 0.95 12.2 8.0
4 Hornbæk 0.94 7.9 11.5

micro-tidal southern Kattegat (station 4), except at station 2, which has
he highest mean peak error of the selected stations. In magnitude, the
est coast has larger RMSEs. However, since the variability is much
reater along the west coast than at station 4 (e.g. 67 cm observed

standard deviation at station 1, compared to 23 cm at station 4), the
RMSE relative to the variability is smaller than at station 4.

3.2.2. Event-based case studies
In addition to the long-term analyses, we use three well-known and

recent storms as case studies for assessing the accuracy of our modelling
system at extreme sea-level situations. Specifically, we investigate the
impact on the quality of the storm surge simulation when using either
an original atmospheric-forcing product or a manipulated data set,
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Fig. 7. Sea-level for selected locations during the 1999 storm (left axis). Lines show simulated water level for HBM1∶6 and HBM3∶6 (see Section 2.4.1). Shaded areas show the
difference between the HBM1∶6 and HBM3∶6 simulated output and the observed water level respectively (upper right axis). 𝛥𝑎𝑐𝑐. (lower right axis) is the accumulated, hourly
absolute deviation between HBM1∶6 or HBM3∶6 and the observed value in a 6 h time window centred over the two largest (separation >6 h) observed peak values (Eq. (4)).
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Table 4
Root mean square error (RMSE) for 48 h time slices of the simulations HBM1∶6 and
HBM3∶6 (see Section 2.4) and the then operational modelling system at DMI (HBM𝑜𝑝𝑟)
at selected stations, compared to quality controlled observations. The time periods
considered are the same as in Figs. 7–9. MAE diff. denotes the difference in mean
absolute error between HBM1∶6 and HBM3∶6. See Section 2.5 for details.

Year Station 1 Station 2 Station 3 Station 4

1999 RMSE (cm) HBM1∶6 19.2 16.7 18.4 23.3
HBM3∶6 18.8 17.4 17.0 26.4

MAE diff. (cm) 0.69 −0.77 1.46 −2.28a

2005 RMSE (cm) HBM1∶6 41.4 32.7 22.1 22.9
HBM3∶6 33.1 26.0 17.9 20.0
HBM𝑜𝑝𝑟 32.8 24.2 18.8 11.0

MAE diff. (cm) 7.42 5.38 2.55 2.84

2013 RMSE (cm) HBM1∶6 16.7 21.4 – 15.6
HBM3∶6 14.6 19.0 – 15.5
HBM𝑜𝑝𝑟 17.4 25.8 – 12.4

MAE diff. (cm) 1.70 1.22 – 0.18

aNo high water level.

where time stamps that are known to be disproportionately affected
by noise are replaced by linear interpolation (Section 2.4.1). In doing
so, we compare the temporal development of the simulated water
levels during the passage of each storm to tide-gauge observations at
specific locations, which were selected due to their wide distribution
across Denmark (Section 2.3.1). A statistical comparison of the ocean
simulations driven by UERRA1∶6 and UERRA3∶6 (denoted as HBM1∶6
nd HBM3∶6), is presented in Table 4.

A visual comparison is summarized in Figs. 7 to 9, where simulated
ater levels for each of the ocean simulations HBM1∶6 and HBM3∶6, are

hown together with the observations. To put the accuracy of our mod-
lling system into context, we also included water levels simulated by
 l

9

he then operational modelling system at DMI consisting of HBM forced
y the NWP DMI-HIRLAM, for the two cases available (2005 and 2013).
he observations are manually quality-controlled by expert judgement
hrough visual inspection, where data judged to be erroneous, such as
mplausible values or protracted periods of constant values, have been
emoved. This procedure results in some data gaps, as at station 1 in
ig. 7. The measurement frequency is also lower for the 1999 storm.
he shaded areas indicate the deviation of HBM1∶6 and HBM3∶6 from
he observed values at any given time. To arrive at a measure of how
ell the shape of the observed water-level curve is represented by the
odel system, the bottom panels for each station in Figs. 7–9, show

he accumulated hourly absolute deviation for each of the HBM1∶6 and
BM3∶6 simulations from the observed water levels (𝛥𝑎𝑐𝑐., see Eq. (4)).

The agreement between each of the ocean simulations HBM1∶6 and
BM3∶6 and the observations varies both between stations and between

torms (Figs. 7–9). HBM1∶6 generally produces higher water levels, with
arger deviations from the observations than HBM3∶6. In several cases
his upward shift of the water-level curve results in a smaller peak
rror for HBM1∶6. However, both model products fail to fully capture
he observed shape of the peaks. For the 2005 case, it is especially
oticeable how HBM1∶6 produces peaks that are too broad-shouldered
Fig. 8), which causes the accumulated deviation 𝛥𝑎𝑐𝑐. to increase.

In summary, the HBM1∶6 simulations generally display poorer agree-
ent with observations than HBM3∶6. The largest differences between
BM1∶6 and HBM3∶6 occur during the 2005 storm, where 𝛥𝑎𝑐𝑐. for
BM1∶6 is either consistently higher, or very similar, to 𝛥𝑎𝑐𝑐. for
BM3∶6. For the 1999 storm the 𝛥𝑎𝑐𝑐. for HBM1∶6 is again consistently

arger, or very similar, except for the second observed peak at station
, where HBM3∶6 simulates too small a reduction in the water level
ubsequent to the first peak.

Geographically, and for all three cases in the present study, the

argest discrepancies between the HBM1∶6 and HBM3∶6 simulations are
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Fig. 8. Sea-level for selected locations during the 2005 storm (left axis). Lines show simulated water level for HBM1∶6, HBM3∶6 and the then operational modelling system at
DMI. Shaded areas show the difference between the HBM1∶6 and HBM3∶6 simulated output and the observed water level respectively (upper right axis). 𝛥𝑎𝑐𝑐. (lower right axis) is
the accumulated, hourly absolute deviation between HBM1∶6 (HBM3∶6) and the observed value in a 6 h time window centred over the two largest (separation >6 h) observed peak
values (Eq. (4)).
seen on the west coast of Denmark. This pattern is clear in Fig. 10,
where snapshots of the distributed differences between HBM1∶6 and
HBM3∶6 are seen for all three cases during the passage of each storm.
The time stamps are selected based on displays of large and extensive
differences close to the time of the highest observed values on the west
coast. For the 2005 event, see also Fig. 6, which indicates a significantly
higher shoreward momentum transfer for UERRA1∶6 at this time. The
large differences appear because the strongest impact of the storm in
this region coincides with the interpolated time stamps. Fig. 11 shows
a zooming in of the pattern of relative differences (like Fig. 10, but
divided by HBM3∶6 values). On almost the entire west coast, HBM1∶6
simulates 10–20% higher water levels than HBM3∶6 for the 1999 case
(panel 𝑎). In the southeastern Wadden Sea the difference approaches
25%. During the 2005 storm (panel 𝑏), the water level is consistently
around 15% higher along most of the coastline, although slightly higher
values are seen south of station 3 and towards station 1. Panel 𝑐 has a
pattern with smaller differences on the west coast, mainly confined to
the Wadden Sea. The time stamp shown for the 2013 case is many hours
before the storm surge impacted the Inner Danish Waters (compare
station 4, Fig. 9). The prominent patterns seen in the transition zone
are not related to high water, but are instead because the water-level
anomalies in this region were much smaller.

4. Discussion

In this study, we initially compare the ERA-Interim based UERRA
HARMONIE/V1 regional atmospheric reanalysis (Ridal et al., 2017)
against observations to assess its suitability for driving a storm surge
model. We then compare observed and simulated water levels us-
ing the DMI-HBM ocean model driven by the reanalysis during three
recent storm surge events along Danish coastlines. Two different con-
figurations are considered: one using an unmodified version of the
10
UERRA data (HBM1∶6), and one where erroneous spikes (HBM3∶6, see
Section 2.4.1) were replaced.

4.1. Evaluation of atmospheric forcing

The six-hourly analysis fields from which the re-forecasts are ini-
tialized have a higher correlation and exhibit the lowest standard de-
viation with respect to observations when compared to the re-forecasts
(UERRA1∶6, see Section 2.4.1) and operational forecasts (HIRLAM, see
Section 2.3.2) (not shown). However, the lower temporal resolution
of the analysis fields makes them less suitable as forcing for extreme
storm surge modelling (see e.g. Dullaart et al., 2020; Muis et al., 2016),
as the wind field becomes substantially smoothed which results in
underestimates of extreme water levels.

The atmospheric UERRA1∶6 reanalysis data set generally has good
agreement with observations (Figs. 3, 4), although spurious spikes in,
for example, the wind speed in the first and second time stamps after
each analysis cycle are present. This indicates a significant departure
of the assimilated observations from the background state (𝑇6 of the
previous analysis cycle). Such fluctuations in the wind field periodically
amplify (or in some cases reduce) the wind speed and changes the
direction of the wind over affected regions (Fig. 3). The characteristics
of the spikes seem to be storm-specific; the location and severity of
the fluctuations differ between the different storms considered in this
study, with the 2005 storm showing the most pronounced patterns
(Figs. 2, 6, 5).

4.2. Evaluation of simulated water levels

The ocean hindcast HBM3∶6 (forced by UERRA3∶6) shows good
agreement between the simulated and observed water levels (Table 3).
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Fig. 9. Sea-level for selected locations during the 2013 storm (left axis). Lines show simulated water level for HBM1∶6, HBM3∶6 and the then operational modelling system at
DMI. Shaded areas show the difference between the HBM1∶6 and HBM3∶6 simulated output and the observed water level respectively (upper right axis). 𝛥𝑎𝑐𝑐. (lower right axis) is
the accumulated, hourly absolute deviation between HBM1∶6 (HBM3∶6) and the observed value in a 6 h time window centred over the two largest (separation >6 h) observed peak
values (Eq. (4)).
Fig. 10. Snapshots of differences in sea-level anomalies between the two simulations HBM1∶6 and HBM3∶6 for simulations during the storm in 1999 (𝑎), 2005 (𝑏) and 2013 (𝑐). The
time stamps are selected based on displays of large and extensive differences close to the time of the highest observed values on the west coast. The storm tracks are represented
by the location of the relative vorticity maxima (Roberts et al., 2014), with two time stamps indicated.
The spatio-temporal resolution of the HBM model yields a higher
accuracy in the complex transition zone between the North Sea and the
Baltic Sea than model systems that simulate storm surges on global or
Pan-European scales at lower resolutions (Muis et al., 2020; Fernández-
Montblanc et al., 2020). For the three storm surge events considered
here, the superior resolution results in high-quality simulations of
extreme sea-levels that are adequate for adaptation planning (Madsen
et al., 2019).

Several improvements (smaller peak errors, better phase of the
peaks) are observed when comparing to the lower resolution opera-
tional product (Operational CMOD V2, DMI) that was standard in 2005
(Fig. 8). For example, HBM3∶6 has a better phase of the peak for the
2005 case, when the operational simulation displays a negative phase
shift. For the 2013 case, the operational modelling system consists of
the same ocean model and a higher resolution atmospheric forecast
11
system (3 km grids, see Section 2.3.2). The lower spatial resolution of
the atmospheric forcing for HBM1∶6 and HBM3∶6 does not appear to
reduce the quality of the simulations, since they are very similar to the
operational simulations (Fig. 9).

4.3. Irregularities in the atmospheric forcing

In this study, we investigate two different configurations of the
atmospheric forcing; one where the unmodified (noisy) data set is
used, and another where we have effectively reduced the temporal
resolution by linearly interpolating over two out of every six time
stamps, in order to reduce the inherent noise detected in these time
stamps. Table 4 compares the RMSE and MAE for the storm surge
simulations, driven by the unmodified and interpolated forcing data
sets respectively. With one exception (station 2, 1999 case), the RMSE



E. Andrée, J. Su, M.A.D. Larsen et al. Ocean Modelling 162 (2021) 101802

l
e
r

m
W
s
s
a
w
t
(
e

a
9
(
t
2
t
r
w
o
t
m
s
i

a
s

Fig. 11. Snapshots of relative differences in sea-level anomalies. Colours indicate the difference between the two simulations HBM1∶6 and HBM3∶6, divided by HBM3∶6, for simulations
during the storm in 1999 (𝑎), 2005 (𝑏) and 2013 (𝑐). The time stamps shown are the same as in Fig. 10.
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is found to be smaller for the modified data set than for the unmodified
one for all stations that experienced extreme water levels. Station 4 also
had a higher RMSE for this case; however, this exception is of minor
importance, since the 1999 storm did not generate high water levels
at this particular station. The greatest improvements are seen for the
2005 case (see also Section 4.1). RMSE and MAE are 5.5 cm and 4.5 cm
ower respectively when averaged over the four stations during this
vent. Despite this major improvement, RMSEs for this particular event
emain relatively large.

The effect of the erroneous fluctuations in the forcing data mainly
anifested as higher peak water levels in the ocean model simulations.
hen UERRA1∶6 was used as forcing for the storm surge model, the

imulated peak water levels exceeded the observed water levels at the
tudy locations. For HBM3∶6, the simulated water levels were occasion-
lly too low, but they had a higher general agreement (lower RMSE)
ith observations than HBM1∶6 (Figs. 7–9, Table 4). Accumulation of

he hourly absolute error around the time of the peak water levels
𝛥𝑎𝑐𝑐., Figs. 7–9, bottom panels) shows that HBM3∶6 is either better or
qually skillful in reproducing the temporal development of the peak.

The interpolation of the original forcing data results in a smoother
nd weaker wind field. The reduction of the wind speed amounts to
ms−1 (20–30%) on Denmark’s northwest coast for the 2005 storm
Fig. 6). This results in a significantly lower shoreward momentum
ransfer for the interpolated data sets. The reduction is greatest for the
005 storm in terms of both the magnitude and spatial extent, affecting
he entire Danish west coast. The obvious reason is that the two
eplaced time stamps during this 2005 storm occurred simultaneously
ith the storm reaching the coasts, which was not the case for the
ther two storms (Fig. 10). The effect is more evident in Fig. 8, where
he reduced wind stress results in 30–40 cm lower water levels along
uch of the western coastline. For the 2013 storm, the area of reduced

horeward wind corresponds well with the region of lower water levels
n Fig. 10 (panel 𝑐).

The largest discrepancies between HBM1∶6 and HBM3∶6 around
Denmark are found on the west coast (Fig. 10), which saw some of
the most extreme water levels during these case events, due to the
strong westerly wind components and this coast’s exposure to the North
Sea. Additionally, the tidal range is one order of magnitude larger than
in Denmark’s more sheltered and micro-tidal inshore waters (i.e. with
an amplitude of approximately 2m vs. 0.3m). Non-linear interaction
between the atmospheric and tidal forced water-level contributions
therefore has a much stronger potential to affect the total water level
in this region (Horsburgh and Wilson, 2007), compared to Denmark’s
inshore waters.

The timing of when during the analysis cycle a storm has its largest
impact affects how much the peak water levels differ between HBM1∶6
nd HBM3∶6. During the 1999 storm, the maximum water level and
hape of the peak at station 1 are nearly identical between the two
12
simulations. For this storm, the timing of the storm passage is such
that the largest effect of the wind stress occurs later in the analysis
cycle. This means that the peak water levels are reached at a time
when the forcing has been identical for several hours before the water
level reaches its maximum. Instead, the largest difference between
the two simulations in this case is seen earlier in the same analysis
cycle (analysis at 12:00 UTC, 3 December), where a larger deviation at
stations 1–3 of HBM1∶6 from the observed water levels is present.

There is a higher degree of similarity for the HBM1∶6 and HBM3∶6
imulations for the 1999 and 2013 storms respectively than during the
005 storm. This can be expected, due to the smaller variability in each
nalysis cycle for these events (not shown). In cases where the spikes
re less prominent (typically calmer wind conditions Schimanke et al.,
020), the HBM1∶6 and HBM3∶6 simulations are very similar, despite
he reduced temporal resolution of HBM3∶6. The information lost does
ot seem to have a significant impact on the quality of the HBM3∶6
or the cases studied here. Furthermore, the good agreement with the
bservations (Table 3) confirms that the method also performs well
ver longer time periods.

We argue that more sophisticated methods of filtering the deficien-
ies in the forcing data might be able to improve the results further,
ut this was outside the scope of the present study. The use of UERRA
s forcing for regional ocean models will, however, be evaluated fur-
her in a multi-model framework by different institutes in the Baltic
ea modelling community (Leibniz Institute for Baltic Sea Research
arnemünde, 2019; Placke et al., 2018).
The present study demonstrates that the HBM ocean model is able

o satisfactorily reproduce observed water levels for extreme historical
torms while at the same time being robust against the systematic errors
hat are present in the forcing data (Table 4). That said, in most cases, a
light improvement is seen when using the corrected forcing data. This
uggests that the model is also capable of producing reasonable results
hen used for future regional climate projections, where systematic
rrors in the forcing data are common (Jacob et al., 2007; Haas et al.,
014).

Future work by the author team will employ the HBM modelling
ystem on future projections, e.g., to assess future extreme water levels
nd the associated potentially harmful impacts of storm surges on
anish coastlines.

. Conclusions

In this paper, we employ a regional ocean model to study three
xtreme storm-surge events along the complex Danish coastlines. We
valuate the simulated water levels, as well as the atmospheric regional
eanalysis that forces the ocean model, against observations. In general,
e show that the modelling system reproduces extreme water levels
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with a high level of skill in terms of both the timing and magnitude of
these events.

We investigate the effect of erroneous fluctuations in the forcing
data, associated with two out of six time stamps in each analysis
cycle, by replacing the effected time stamps with linearly interpolated
values. This interpolation resulted in a reduction of the wind speed
by, e.g., 9m s−1 (20–30%) off the northwest coast of Denmark for the
2005 storm. By replacing the first two time stamps from each analysis
cycle with linearly interpolated values, the accuracy of the simulated
water levels was improved compared to using the original data set as
forcing. Generally, the simulations driven by the interpolated data set
are either better than or equally good at reproducing the temporal
development of the extreme high water levels, with lower RMSEs
(5.5 cm than average for the 2005 storm) and lower mean absolute
errors (an average reduction of 4.5 cm for the 2005 storm). The effect
of the interpolation of forcing data largely depends on the location and
magnitude of the spikes, and at which stage in the storm’s evolution
these two replaced time stamps occur. Our model results therefore
demonstrate that removing time stamps that are disproportionately
affected by noise, and thus effectively reducing the temporal resolution
of the forcing data, was preferable to using the original forcing data set.

More sophisticated methods of filtering out the erroneous fluctua-
tions while retaining more of the original data set might have an even
larger benefit than the method used in this study.

Our study has large implications for future climate simulations of
storm surges, in the context of developing estimates of exceedance
probabilities and recurrence periods based on the model output. An-
other implication of this is that reconstructions of historical storm
surges that are lacking in observational records can become more
accurate when employing climate reanalysis.
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