Assessing and Reducing the
Uncertainty in Regional Wave and
Coupled Wave-Atmosphere Models

during Extreme Events

Dissertation
zur Erlangung des Doktorgrades der Naturwissenschaften
an der Fakultat fiir Mathematik, Informatik und Naturwissenschaften

Fachbereich Geowissenschaften der Universitat Hamburg

vorgelegt von
Anne Jasmin Wiese

aus Liibeck

Hamburg, 2020



Als Dissertation angenommen am Fachbereich Geowissenschaften

Tag der Disputation:
Gutachter/Gutachterinnen:

Vorsitzender des Fachpromotionsausschusses
Geowissenschaften:

Dekan der Fakultat MIN:

09.12.2020

Dr. Joanna Staneva

Prof. Dr. Corinna Schrum

Prof. Dr. Dirk Gajewski

Prof. Dr. Heinrich Graener



Regional wave and coupled wave-atmosphere models during extreme events

Abstract

Large waves during heavy weather can threaten the safety of vessels out on the ocean,
therefore, for all activities conducted at sea, good knowledge about weather and wave
conditions is inevitable for the safety of humans at sea. However, the uncertainties in
atmosphere and wave models are large during those extreme events. This study discloses
possible paths for operational forecast but also for hindcast and climate studies to improve

and reduce uncertainties.

The thesis starts with showing the importance of high-quality and high temporal resolved
wind forcing to the wave model. When using the wave model on the regional scale in
the North Sea, hourly wind forcing is necessary for the wave model in order to have a
chance to properly depict the extreme events. With the coarser temporal resolution of six
hours of the wind forcing, the peak in wind speed can be missed, since the peak can occur
in between update times. This circumstance leads to underestimation of the significant
wave height of the wave model with the majority of the wind forcing data. Thus, an
hourly temporal resolution proved to be a key factor for simulating extreme events with
the wave model in this study. Furthermore, the quality of the newly available Sentinel-3A
satellite data is assessed in comparison with older satellite missions, namely Jason-2 and
CryoSat-2. The focus is on the coastal zone, where the data quality of satellites tends to
change for the worse. The data quality has been improved for Sentinel-3A compared to
the other two, especially in the coastal zone. Still the data quality is not accurate enough
compared to in situ observations to strictly force the wave model to the data measured by
Sentinel-3A, but the data can be used to guide the model towards an improved best-guess

wave field.

This is then followed by studies about the impacts waves can have on the atmosphere in
a coupled wave-atmosphere model. The results support the finding of an underestimation
of the roughness length over the ocean by the atmospheric model compared to the one
calculated by the wave model. The enhanced roughness results in a reduction of 10m
wind speed and significant wave height, leading to better agreement with observational
data. Also it is shown, that the differences between the coupled simulation, in which the
roughness length is calculated by the wave model, and the reference simulation, in which
the roughness length is calculated within the atmospheric model, can spread within the

planetary boundary layer.

il



The question of uncertainties of coupled and reference simulations as well as the signifi-
cance of differences between them is then examined in the third part of the thesis using
ensemble simulations. The analysis conducted in this thesis shows that the differences
between coupled and reference ensemble are significant during the majority of the time.
Large differences in 10 m wind speed and significant wave height occur at the same time
as peaks in 10m wind speed, hence during extreme events. For the majority of these
events the differences are larger than the internal variability and, therefore, can be clearly
differentiated from one another. Furthermore, it is shown that the internal variability
in the atmospheric model can be reduced when coupling the wave model to it. When
using spectral nudging or different boundary conditions in the atmospheric model, the
differences between coupled and reference ensemble in 10m wind speed and significant
wave height are very similar, while the differences in mean sea level pressure are more

sensitive and can show some deviations from one another.

Thus, this thesis exposes possible paths to reduce the uncertainty in wave and atmosphere
model results. First, the necessity of high-quality and high temporal resolved wind fields
for the regional wave model during extreme events is shown. Second, the coupling between
the wave and atmosphere model reduces the uncertainty in both models and enhances the

accordance with observational data.
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Zusammenfassung

Hohe Wellen bei schwerem Wetter gefahrden die Sicherheit von Schiffen auf See mafige-
blich. Daher ist fiir alle Aktivitaten auf dem Wasser eine gute Kenntnis der Wetter-
und Wellenbedingungen fiir die Sicherheit der Menschen auf See unumganglich. Die Un-
sicherheiten in den Atmosphéren- und Wellenmodellen sind jedoch bei Extremereignissen
ausgepragt. Diese Studie zeigt mogliche Wege fiir die Reduktion der Unsicherheiten und
die Verbesserung operationeller Vorhersagen, aber auch von Hindcast- und Klimastudien,

auf.

Zu Beginn dieser Arbeit wird die Wichtigkeit von qualitativ hohem und zeitlich hoch
aufgelostem Windantrieb fiir das regionale Wellenmodell gezeigt. Bei der Nutzung des
Wellenmodells auf der regionalen Skala in der Nordsee sind stiindliche Windfelder notig,
damit das Wellenmodell die Moglichkeit hat, Extremereignisse korrekt abzubilden. Mit
einer groberen zeitlichen Auflosung des Windes von sechs Stunden kann es sein, dass
das Maximum in der Windgeschwindigkeit zwischen den Aktualisierungszeitpunkten liegt
und somit nicht abgebildet wird. Dies fithrt mit der Mehrzahl der Winddaten zu einer
Unterschatzung der signifikanten Wellenhohe in dem Wellenmodell. Somit erweist sich in
dieser Studie eine stiindliche zeitliche Auflésung als ein Schliisselfaktor fiir die Simulation
von Extremereignissen mit dem Wellenmodell. Dariiber hinaus wird die Qualitat der
neu verfiighbaren Sentinel-3A-Satellitendaten im Vergleich zu &lteren Satellitenmissionen
wie Jason-2 und CryoSat-2 bewertet. Der Schwerpunkt liegt dabei auf dem Kiistenbe-
reich, in dem sich die Datenqualitat der Satelliten tendenziell verschlechtert. Es konnte
gezeigt werden, dass die Qualitdt der Daten von Sentinel-3A verglichen mit den beiden
alteren Satelliten verbessert wurde. Dies trifft insbesondere auf den Kiistenbereich zu.
Die Datenqualitat ist im Vergleich zu in-situ-Messungen allerdings immer noch nicht
genau genug, um das Wellenmodell strikt an die von Sentinel-3A gemessenen Daten zu
zwingen. Die Daten sind dennoch niitzlich, um das Best-Guess-Wellenfeld an in-situ-

Daten anzunahern.

Im néchsten Schritt folgen Studien tiber die Auswirkungen, die die Wellen in einem gekop-
pelten Wellen-Atmospharen-Modell auf die Atmosphéare haben kénnen. Die Ergebnisse
unterstiitzen die Erkenntnis einer Unterschatzung der Rauhigkeitslange tiber dem Ozean
durch das Atmospharenmodell im Vergleich zu der durch das Wellenmodell berechneten.

Diese erhohte Rauigkeit fiihrt zu einer Verringerung der 10 m Windgeschwindigkeit und



der signifikanten Wellenhohe, wodurch eine verbesserte Ubereinstimmung mit Beobach-
tungsdaten erzielt wird. Aulerdem wird gezeigt, dass sich die Unterschiede zwischen der
gekoppelten Simulation, bei der die Rauhigkeitslinge durch das Wellenmodell berech-
net wird, und der Referenzsimulation, bei der die Rauhigkeitslange innerhalb des atmo-

sphérischen Modells berechnet wird, in der planetaren Grenzschicht ausbreiten konnen.

In dem dritten Teil der Arbeit wird die Frage der Unsicherheiten von und der Signifikanz
der Unterschiede zwischen gekoppelten und Referenzsimulationen anhand von Ensemble-
simulationen untersucht. Die in dieser Arbeit durchgefiihrte Analyse zeigt, dass die Unter-
schiede zwischen gekoppeltem und Referenzensemble die meiste Zeit iiber signifikant sind.
Grofe Unterschiede in der 10 m Windgeschwindigkeit und der signifikanten Wellenhohe
treten zur gleichen Zeit wie Spitzen in der 10 m Windgeschwindigkeit und somit bei Ex-
tremereignissen auf. Die Unterschiede sind bei der Mehrheit dieser Ereignisse grofier als
die interne Variabilitat und somit klar voneinander unterscheidbar. Dariiber hinaus wird
gezeigt, dass die interne Variabilitdt in dem Atmospharenmodell reduziert werden kann,
wenn dieses mit dem Wellenmodell gekoppelt wird. Selbst wenn spektrales Nudging oder
unterschiedliche Randbedingungen in dem atmospharischen Modell verwendet werden,
sind die Unterschiede zwischen dem gekoppelten und dem Referenzensemble in der 10 m
Windgeschwindigkeit und der signifikanten Wellenhohe sehr ahnlich. Die Unterschiede in

dem Luftdruck hingegen konnen voneinander abweichen.

Diese Dissertation zeigt daher Moglichkeiten auf, wie die Unsicherheit in den Ergebnis-
sen von Wellen- und Atmosphirenmodellen reduziert werden kann. Erstens wird die
Bedeutung von qualitativ hohen und zeitlich hoch aufgelosten Windfeldern fiir das re-
gionale Wellenmodell bei Extremereignissen dargestellt. Zweitens reduziert die Kopplung
zwischen dem Wellen- und Atmospharenmodell die Unsicherheit in beiden Modellen und

verbessert die Ubereinstimmung mit Beobachtungsdaten.
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1 Introduction

Wind-generated waves are present at nearly all times on the ocean surface. Especially
high waves can be a risk for the safety of humans at sea. Therefore, a good knowledge of

the wind-generated waves, hereafter called waves, is important for all operations at sea.

The requirement to provide ship’s captains with weather information is written down in
the International Convention for the Safety of Life at Sea (SOLAS) by the International
Maritime Organization (IMO) (SOLAS, 1974, as amended). To incorporate weather in-
formation into the ship’s navigation is particularly important to avoid heavy weather
threatening the safety of the vessel, but can also minimize the fuel consumption of the
vessels. This saves costs for shipping companies and reduces the impact on the climate
(Pacheco and Guedes Soares, 2007; Avgouleas and Sclavounos, 2014). Hence, high fore-
cast quality is an essential prerequisite for efficient route planning. Also, for search and
rescue operations precise weather and wave along with current information are key for
the success of the search (Breivik and Allen, 2008; Breivik et al., 2013).

Moreover, the renewable energy sector is moving more and more offshore. Vessels going
out to the platforms usually have strict regulations about maximum wind and waves
that they are allowed to operate under (Gintautas et al., 2016), which makes precise
forecasts inevitable. For the energy sector also precise hindcast and climate studies with
low uncertainties are of great relevance, when planning new sites and estimating the
weather and wave conditions at the intended location (Larsén et al., 2019). Furthermore,
for the wind power forecast, low uncertainties in the model providing wind data are
required, as wind turbines have exact limits for storm events when to go from full power
production to zero (Cutululis et al., 2011). Another sector requiring precise forecasts,
hindcasts and climate studies of weather and waves is the coastal protection, including
dykes and harbour activities (Staneva et al., 2014; Gautier and Caires, 2015).

These sectors of navigation, offshore energy and coastal protection have the need for
accurate forecasts but also hindcast and climate studies with low uncertainties regarding
weather and waves on the ocean (Staneva et al., 2014). However, there are limitations in
the model systems due to uncertainties in initial conditions and necessary approximations
in the models (Ehrendorfer, 1997; ECMWF, 2020). For the sectors mentioned above, these
limitations become visible especially during extreme events with high wind speeds and

large waves.



1 Introduction

Historically, the need for wave forecasts became evident also for naval operations and
landings (Ardhuin and Orfila, 2018). Sverdrup and Munk (1947) made considerable con-
tributions to the fundamentals of understanding waves at the ocean surface and their
forecast. Due to swell being dispersive, with long periods propagating faster than shorter
periods, the spectral modelling of the surface waves seemed natural. For that, the surface
elevations are depicted by the sum of many sinusoidal waves with various wavelengths
and periods (Ardhuin and Orfila, 2018). The first wave models postulated that the waves
suddenly stop growing, when they reach an universal saturation level, based on the satu-
ration spectrum by Phillips (1958) (ECMWEF, 2019). These first generation wave models,
though, overestimated the wind input and non-linear transfer was not considered. This
essential process of the non-linear wave-wave interaction in generating the wave spectra,
where energy is transported from the shorter waves to the longer waves (Ardhuin and
Orfila, 2018), was theoretically shown by Hasselmann (1962) and experimentally veri-
fied 11 years later by Hasselmann et al. (1973). Hasselmann et al. (1973) findings along
with direct measurements of the wind input to the waves (Snyder et al., 1981; Hasselmann
et al., 1986) resulted in the development of the second generation wave models (ECMWF,
2019). These models, though, had deficits with the treatment of wind sea and swell, es-
pecially during rapidly changing wind fields. Aiming at improving the wave models the
WAM Group was formed (WAMDI Group, 1988) and developed the third generation wave
model WAM, which has advanced since then and is still in use today. Through integration
of the energy balance equation the wave spectrum is calculated. The source terms of the
energy balance equation consist of the wind input source function, which contains the
wave growth by the wind, the non-linear wave-wave interaction term, where the energy is
transferred from shorter to longer waves, and the dissipation due to whitecapping and in
shallow areas also due to bottom friction (Komen et al., 1994; ECMWF, 2019).

Third generation wave models, like WAM, have been used and are still used for forecasting
(e.g. ECMWF, 2019; DWD, 2020). Additionally, a variety of scientific research about
improving the wave forecasts (e.g. Bidlot et al., 2002; Aouf et al., 2018; Janssen and
Bidlot, 2018) but also wave hindcasts (e.g. Romeiser, 1993; Weisse et al., 2002; de Leén
and Soares, 2008; Reistad et al., 2011) and wave climate studies (e.g. Giinther et al., 1997;
Weisse et al., 2009; Dobrynin et al., 2012; Bonaduce et al., 2019) have been conducted.

The quality of the wind input data was identified as a major source of uncertainty for the
wave model (Cavaleri and Bertotti, 2003b; Cavaleri et al., 2007; Thomas and Dwarakish,
2015; Van Vledder and Akpinar, 2015; Janssen and Bidlot, 2018). Especially in coastal
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areas, where the fetch is limited and the wind is disturbed by the coast, wind fields used to
have weaknesses due to coarse resolution of the wind data (Cavaleri and Bertotti, 2003b).
Cavaleri and Bertotti (2004) have shown that a higher spatial resolution of the wind field
results in an outcome of the wave model closer to observations. The available wind forcing
data have improved over the last years. However, still today, the wave model output can
only be as accurate as the applied wind forcing data (Nose et al., 2018). While the spatial
resolution has improved over the past years, the temporal resolution of reanalysis data
remained low, with only the most recent product increasing the temporal resolution to
an hourly resolution (Copernicus Climate Change Service (C3S), 2017; Hersbach et al.,
2020). Particularly when depicting extreme events the uncertainty in wave model output

might be reducible with this higher temporal resolution of the wind field.

Assimilating wave measurements into the model is an additional way of reducing the
uncertainty of wave model simulations (Lionello et al., 1992). This assimilation delivers
good results and is routinely used for the open ocean due to the fact that satellite data
are of good quality and swells can persist for a long time (Lionello et al., 1992; Janssen
et al., 1997, ECMWF, 2019). In the regional and coastal ocean, however, the quality
of the satellite data tend to deteriorate, resulting in systematic flagging of up to a few
tens of kilometres from the coast (Cipollini et al., 2010; Vignudelli et al., 2011; Fenoglio-
Marc et al., 2015). The deterioration is usually caused by land contamination in the
footprint of the altimeter, leading to incorrect waveform interpretations and, hence, an
incorrect significant wave height estimation. For new satellite missions, like Sentinel-
3A, the error due to land contaminations should be reduced by increasing the footprint
resolution supposedly resulting in improved data quality closer to the coast (Beneviste
and Vignudelli, 2009; Vignudelli et al., 2011). Hence, using Sentinel-3A might lead to
possibilities for improving best-guess wave fields. However, this assumption had not been
tested, since the start of the satellite mission was only one year prior to the start of this

study.

Stand-alone models for waves or the atmosphere have conceptual limitations, since they
parameterise processes that would interact with another part of the earth’s system. The
waves are right at the interface between the ocean and the atmosphere. Consequently,
the waves determine the exchange of energy, mass, heat and momentum between the two
mediums, resulting in non-linear feedback to the waves as well as the atmosphere and the
ocean (Cavaleri et al., 2012b; Staneva et al., 2014). Therefore, the path for the future is to

incorporate waves into coupled ocean-atmosphere models (Cavaleri et al., 2012b; Staneva
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et al., 2014; Schrum, 2017). Before using fully coupled earth system models, it is important
to understand the processes between each component of the system, such as waves and
atmosphere individually. The uncertainty of the model system needs to be estimated
and potentially reduced in order to improve the forecast and hindcast quality. Major
sources of uncertainty in regional models are internal model variability, here called internal
variability, model uncertainty and forcing uncertainty. The internal variability stems
from the ambiguity in initial conditions of the model (Laprise et al., 2012; Sieck, 2013;
Sanchez-Gomez and Somot, 2018; Ho-Hagemann et al., 2020). Parameterisations in the
model contribute to the model uncertainty (ECMWF, 2016; Ho-Hagemann et al., 2020).
The forcing uncertainty is introduced to the regional model through the boundary forcing
driven by global simulations (Sieck, 2013; Ho-Hagemann et al., 2020). Hence, the model
uncertainty could be reducible by coupling wave and atmosphere components, expressed in
the model being less sensitive towards initial conditions. For ocean-atmosphere coupling

the stabilising effect of the coupling has already been shown (Ho-Hagemann et al., 2020).

The idea of coupling the wave model to an atmospheric model is almost as old, as the wave
model itself, as the wind induced waves affect the overlying atmosphere (Janssen, 1989).
In the free atmosphere, the flow of air is determined by the balance between pressure
gradient and Coriolis force. Within the planetary boundary layer (PBL) friction at the
earth’s surface affects the flow of air, leading to cross-isobar flows. The higher the friction
is the more the wind direction is changed into the low pressure systems, resulting in faster
filling of them. The roughness of the ocean strongly depends on the waves (Janssen, 2004).
In many atmospheric models the roughness length over water surfaces is estimated using
the Charnock parameterisation, which calculates the roughness length dependent on the
wind speed (Charnock, 1955; Doms et al., 2013). However, this parameterisation does not
take the wave age or swell travelling into the area into account. Especially young sea states
are associated with high friction (Donelan et al., 1993; Janssen, 2004), resulting in large
changes in surface roughness (Katsafados et al., 2016; Wu et al., 2017). This increased
friction then leads to more direct flow into the low pressure system resulting in a weaker
pressure gradient. Enhanced friction, on the other hand, also leads to an enhanced heat
flux, which tends to deepen low pressure systems (Janssen, 2004). Therefore, the effect
waves can have on the atmosphere are oppositional. The dominant process, through
which the system develops, determines the effect waves have on the low pressure system.
While for lows in the extratropics the momentum flux plays the major role, leading to less
intense cyclones (Doyle, 1995; Lionello et al., 1998; Janssen et al., 2002; Janssen, 2004),

for hurricanes the temperature gradient between the water surface and the atmosphere
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can become large. Hence, the heat flux can play a role as well, leading to a deeper
hurricane due to coupling wave and atmospheric models (Bao et al., 2000; Janssen, 2004).
Therefore, for the area of interest, namely northern Europe, the major effects can be
expected in a weakening of low pressure systems. There are already a couple of studies,
where differences in surface parameters are analysed (e.g. Doyle, 1995; Lionello et al.,
1998; Bao et al., 2000; Wahle et al., 2017), but only very few of them look at differences
that might occur within the atmosphere (e.g. Janssen and Viterbo, 1996; Katsafados et al.,
2016; Janssen and Bidlot, 2018; Varlas et al., 2018).

The coupling of waves and atmosphere was introduced into the operational forecast of
the European-Centre for Medium-Range Weather Forecasts (ECMWF) in 1998. The
coupling leads to substantial improvements in various surface parameters, such as 10m
wind speed and significant wave height and has modest impact on the 1000 hPa and
500 hPa geopotential height (Janssen et al., 2002; Janssen, 2004). When analysing the
results of global ensemble simulations, the effect of the waves proved to be significant
in the storm track area in both hemispheres (Janssen and Viterbo, 1996; Janssen et al.,
2002). For regional simulations, though, the impacts of coupling on the atmosphere
have been stated to be insignificant, since large differences are in the same range as the
internal variability (Weisse et al., 2000; Weisse and Schneggenburger, 2002). One reason
for that might be the spatial resolution of the models. Janssen and Viterbo (1996) and
Wu et al. (2017) found the spatial resolution of the models to be a crucial factor for
the impacts of waves on the atmosphere. They stated that the spatial resolution of the
atmospheric model plays a major role in the magnitude of the impacts of ocean waves
on the atmosphere. Since the early 2000s the spatial resolution of regional atmospheric
models has increased and the models developed further. However, the significance of the
impacts of waves on the atmosphere using ensemble simulations has not been reassessed

using state-of-the-art high resolution regional models.

This dissertation aims at improving the depiction of extreme events in waves and atmo-
spheric models and lowering the uncertainty in model results. For the stand-alone wave
model the focus is on the effect of wind input resolution on the uncertainty of the wave
model during extreme events. Furthermore, the data quality of the satellite Sentinel-3A
is investigated and compared to older satellite missions. This is followed by an analysis,
whether Sentinel-3A data can enhance the quality of the wave model results. With mov-
ing to a coupled wave-atmosphere model, the effects of the coupling on both models can

be explored. The analyses include differences in parameters at the surface and within the
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planetary boundary layer in the atmospheric model. In the next step, the significance of
the impacts of the waves on the atmosphere compared to the internal variability in the
atmospheric model is investigated. Moreover, the impact of the coupling on the uncer-
tainties stemming from initial conditions in the atmospheric model is examined. These
questions are elaborated in the course of three papers, tackling first the wave model as
a stand-alone model and then the coupled system of waves and atmosphere. In the fol-
lowing, an overview over the three research articles is illustrated. Therein, the specific
research questions contributing to the overall aim of the thesis are formulated and an-
swered. Ultimately, conclusions and an outlook are provided, emphasising the application
of the findings and suggesting topics for further research. The complete research articles

are provided in the Appendices A, B and C.

2 Uncertainties in wave and atmosphere models during

extreme events

The research in the course of this thesis is divided into several specific research questions.
In the following these research questions along with the answers leading to the aim of
improving the depiction of extreme events in wave and atmospheric models and lowering
the uncertainty in model results are presented. The first paper evaluates the synergy of
wave modelling and satellite observations and is published in late 2018 in the journal of
”Ocean Science” (Wiese et al., 2018). The second paper published in mid 2019 in the
journal of ” Atmosphere” examines the impacts of the two-way coupling between the wave
model and the atmospheric model on the lower atmosphere over the North Sea (Wiese
et al., 2019). The third paper assesses the internal model variability of ensemble simula-
tions with a regional coupled wave-atmosphere model and is accepted for publication in

the journal of ”Frontiers in Marine Science” (Wiese et al., 2020).

2.1 Temporal resolution of wind forcing and satellite data quality

The meteorological conditions have been found to be crucial for conducting a good wave
forecast in previous studies (Cavaleri and Bertotti, 2003b; Cavaleri et al., 2007; Thomas
and Dwarakish, 2015; Van Vledder and Akpiar, 2015). Especially, on the regional scale
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accurate wind forcing data play an important role (Cavaleri and Bertotti, 2006; Van Vled-
der and Akpinar, 2015). This is already known since more than 20 years, when Cavaleri
and Bertotti (1997) suggested that the general performance of the wave model and its
performance during extreme events can be improved with a better resolution of the wind
field. Since then, a couple of studies assessed the influence mostly of spatial but also
temporal resolution of wind forcing on the wave model for different regions such as the
coastal areas around the Mediterranean Sea (Cavaleri and Bertotti, 2003a, 2004; Signell
et al., 2005; Cavaleri and Bertotti, 2006; Bolanos-Sanchez et al., 2007; de Ledn and Soares,
2008; de Ledn et al., 2012), the Caribbean Sea and the Gulf of Mexico (Appendini et al.,
2013), the Black Sea (Van Vledder and Akpinar, 2015) and the Beaufort Sea (Nose et al.,
2018) but also on the global ocean (Feng et al., 2006). However, for the area of interest in
this study, namely the North and Baltic Seas, no such analysis was found with the wind

data available at present. Therefore, the first research question addressed is:

1. Are the wave model results sensitive to wind forcing with different
temporal and spatial resolutions and is the resolution important in

the depiction of extreme events?

Besides increasing the spatial or temporal resolution of the wind input data, another way
of potentially enhancing the accuracy of a wave model is through data assimilation of
remote sensing estimates of significant wave height into a best-guess wave field (Lionello
et al., 1992; Thomas and Dwarakish, 2015). While this works well on the open ocean, the
quality of remote sensing data tends to deteriorate closer to the coast. Hence, the satellite
data are discarded up to a few tens of kilometres from the coast (Cipollini et al., 2010;
Vignudelli et al., 2011; Fenoglio-Marc et al., 2015). In February 2016 the new satellite
Sentinel-3A was launched. The difficulties in taking satellite measurements close to the
coast, like retracking at a land-sea interface, are supposed to be reduced by Sentinel-3A

(Beneviste and Vignudelli, 2009). Therefore, the two following research questions arise:

2. Is the data quality of the newly available Sentinel-3A satellite im-
proved compared to older satellite missions, especially close to the
coast?

3. Can these satellite data be used to increase the accuracy of the

best-guess wave field of the wave model?

These three questions have been answered in the paper Wiese et al. (2018) provided in

Appendix A. For the first research question on the sensitivity of the wave model towards
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the resolution of the wind forcing it can be stated that, especially for the depiction of
extreme events, a high temporal resolution of the wind forcing is a key factor. The spatial
resolution of the wind forcing seems to be less important for the North Sea and the tested

wind input data.

To come to the above conclusion the wind wave model WAM (WAMDI Group, 1988;
ECMWEF, 2019) is forced with different wind data sets. The reanalysis ERA-Interim
(Berrisford et al., 2009; Dee et al., 2011), ERA5 (ECMWF, 2017b; Copernicus Climate
Change Service (C3S), 2017) and coastDat-3 (HZG, 2017), as well as the ECMWF oper-
ational analysis/forecast (ECMWF, 2017a) and the German Weather Service (Deutscher
Wetterdienst, DWD) forecast (Reinert et al., 2018) are used as meteorological input data.
While ERA-Interim has a six hourly resolution, its successor ERAS, coastDat-3 and the
DWD forecast have hourly resolutions. The ECMWF operational analysis is done six
hourly but the dataset has been added with the ECMWF forecast to an hourly resolution
as well. To compare better between the temporal resolutions, ERA5, the DWD forecast

and the ECMWF operational analysis are used to force the model every six hours.

To evaluate the model performance with the different wind input fields the model output
is compared with in situ observations. In general, all simulations compare fairly similar
to the observations. The simulations with hourly wind forcing, however, have slightly
better statistical values than simulations with corresponding six hourly wind input data.
Under normal conditions, the model simulations with all eight wind forcings produce quite

similar results. For larger waves differences between the simulations are found.

One extreme event which occurs during the six-month study period is analysed in more
detail. The location and strength of the peak in significant wave height differ between
model simulations with different wind input data. The maximum of the peak is shifted
by around 290 km further to the east and has lower maximum significant wave heights in
model simulations forced with six hourly wind input than in corresponding simulations
with hourly wind input. The average difference between the maximum significant wave
heights in associated simulations with hourly and six hourly wind forcings is around 0.5 m,
which corresponds to 10 % of the measured significant wave height for the extreme event

analysed here.

The analysis of time series extracted from the measurements in the northern part of the
North Sea compared with the model data at the collocated locations reveals the major

drawback of too coarse temporal resolution of the wind forcing. When using six hourly
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wind input data, the peak in wind speed can just simply be missed, since one update time
is prior to the wind peak and the next after the peak. This leads to an underestimation
of significant wave height by the wave model in the majority of the cases. Also the
opposite can happen, when the update time is at the same time as the peak in wind
speed. Then, since the wind speed is kept constant the six hours around the update
time, the wind is already that high three hours prior and after the actual peak. In that
case, the significant wave height is overestimated by the simulations with six hourly wind
forcing. This illustrates the importance of hourly wind input data for the wave model in
the depiction of extreme events. However, even for simulations with hourly wind forcing,
there are a number of other factors that might play a role in the depiction of extreme
events with the wave model. These factors could be swells travelling from other parts
of the model domain into the area of the peak, the tuning of the wave model and the
depiction of the peak in wind speed in the wind data, which should match the observations

reasonably well.

The wave model produces the best and quite similar results with ERA5 and the ECMWF
operational analysis/forecast as wind forcing data, although the spatial resolution of the
ECMWTF operational analysis/forecast is much higher than of ERA5, and the DWD fore-
cast and coastDat-3 have higher spatial resolution than both ECMWF products. Conse-
quently, the temporal resolution of the wind input data seems to be more important than
the spatial resolution of the wind forcing for the area of interest. However, the differing
spatial resolutions result from different atmospheric models or model set-ups. Hence, the
differences between simulations with different wind input data cannot only be traced back

to the spatial resolution.

From the analyses above, for the first research question, it is concluded that during
extreme events, the wave model results are quite sensitive to the wind forcing. Hence,
high-quality and high temporal resolved wind data are needed to improve the ability to
depict the sea state during extreme events. Furthermore, the temporal resolution seems

to be more important than the spatial resolution.

In this study the emphasis is put on the impact of the temporal resolution of the wind
forcing data on the wave model results. Previous studies concentrated on the spatial
resolution of the wind, showing that the wave model output improves, when using a higher
spatial resolution in the wind field (Cavaleri and Bertotti, 2004, 2006). Van Vledder and

Akpmar (2015) stated that the wave model is critically sensitive to the spatial resolution



2 Uncertainties in wave and atmosphere models during extreme events

of the wind input data and less sensitive to the temporal resolution for the Black Sea. One
reason for the diverging conclusion compared to this study might be differing methodology
applied. Another reason could be that the importance of high spatial or high temporal

resolution can vary between regions.

For the general assessment of the data quality of the newly available Sentinel-3A satellite
compared to older satellite missions, the data of Sentinel-3A, CryoSat-2 and Jason-2 are
compared to in situ observations. Over the whole study area the general performance of
all satellite products is good and very similar. However, the satellites tend to slightly over-
estimate the significant wave heights measured at the in situ stations. To further estimate
the quality of Sentinel-3A, the satellite data are compared to the model simulation from
the first part of the study, which is closest to the observational data, during both, normal
and extreme conditions. The differences of data quality between Jason-2 and Sentinel-3A
become visible through calculations of the Scatter Index (SI) along the satellite tracks
within the wave models grid boxes. On the open ocean both perform very well, having a
low SI. Closer to the coast, especially in the northern part of the Baltic Sea, the Danish
Straits and the coastal areas of the southern North Sea, the SI of Sentinel-3A is better
compared to the SI of Jason-2. This finding becomes even more evident by an analysis
of the statistical values of the satellite data compared to the wave model within the first
10km of the coast. In that area, the root mean square error (RMSE) and SI could be
reduced by around 10cm and 17 %, respectively. The correlation could be increased by
5-10%. Furthermore, the statistical values within 10 km from the coast are closer to the

ones for the whole study area.

Hence, for the second research question, it can be concluded that the quality of the newly
available Sentinel-3A satellite data has substantially improved compared to older satellite
missions in coastal areas. Furthermore, no substantial differences in the Sentinel-3A data
quality for different crossing directions of the coast, fetch conditions and relative wind

and flight directions are found.

Due to that result, the third research question is raised, to check whether the satellite
data of Sentinel-3A can be used to increase the accuracy of the model’s best-guess wave
field. Empirical orthogonal functions (EOFs) (Bjornsson and Venegas, 1997) are used to
combine the ensemble of wave model outputs applied in the first part of the paper with
the satellite measurements for the extreme event analysed. The agreement of the model

ensemble with the in situ observations is already quite good, therefore, the satellite data
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could not be taken as is to incorporate them with the model results. Instead, a bias
correction of the satellite data is carried out, as well as a rather high value of observation
error is assumed. With these two adaptions the best-guess wave field comes closer to the
in situ observations than the ensemble mean. The reduction in RMSE is from 0.56 m to
0.54m and in bias from 0.11m to 0.06 m, the SI stays at 0.14.

Hence, for the third research question it can be concluded that the Sentinel-3A data can
be used to guide the wave model towards a better solution. However, the quality of the
satellite data is still not accurate enough, compared to in situ observations, to strictly

force the already quite good wave model towards the satellite observations.

Thus, the first part of the thesis shows that high-quality and high temporal resolved wind
fields enhance the depiction of significant wave height during extreme events in the wave
model. Also, the improvement of data quality of Sentinel-3A compared to older satellite
missions in the coastal areas is illustrated. However, further improvement of Sentinel-3A
data quality is needed, for being able to strictly force the wave model to the satellite

observations.

2.2 Impact of coupling between wave and atmospheric model on the

lower atmosphere

Having shown that high-quality and high temporal resolved wind fields are essential for
the wave model (Wiese et al., 2018), next the effects of coupling waves and atmosphere
are investigated. The wind induced waves at the surface of the ocean affect the overlying
atmosphere (e.g. Janssen, 1989, 1992; Doyle, 1995; Lionello et al., 1998; Bao et al., 2000;
Janssen et al., 2002; Janssen, 2004; Katsafados et al., 2016; Wahle et al., 2017). One
widely used approach for the investigation of these effects is to compare a coupled with
a reference simulation (e.g. Doyle, 1995; Katsafados et al., 2016; Wahle et al., 2017,
Wu et al., 2017; Varlas et al., 2018). In the coupled simulation the atmospheric model
receives roughness length information from the wave model. In the reference simulation
the atmospheric model uses its own parameterisation to estimate the roughness length
over the ocean surfaces. However, the majority of the studies focus on the impact of the
coupling on the surface parameters and only very few studies also consider impacts on
the higher atmosphere (Janssen and Viterbo, 1996; Katsafados et al., 2016; Janssen and
Bidlot, 2018; Varlas et al., 2018). Therefore, the following research question is raised:
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4.  Can differences between coupled and reference simulations still be
detected within and at the height of the atmospheric planetary
boundary layer (PBL) within the North Sea area?

This question is answered in the paper available in Appendix B by Wiese et al. (2019).
The conclusion is that differences between the coupled and reference simulation can be
detected within the PBL. For the analysis, a coupled system consisting of an atmospheric
model and a wave model is used. The atmopsheric model used is the Consortium for
Small-Scale Modelling (COSMO)- in Climate Mode (CLM) (COSMO-CLM), which is the
community model of the German regional climate research community (Rockel et al.,
2008; Doms and Baldauf, 2013). As the wave model the wind wave model WAM is used
(WAMDI Group, 1988; ECMWF, 2019). The atmospheric model sends the 10m wind
fields to the wave model in the coupled and reference simulation. The atmospheric model
receives the roughness length from the wave model only in the coupled simulation and

uses the Charnock parameterisation in the reference simulation.

The comparison of roughness lengths coming from the wave and atmospheric models
clearly shows that the atmospheric model underestimates the roughness length over the
ocean compared to the estimation by the wave model. Especially, for wind speeds ex-
ceeding 10m/s, the roughness length of the wave model becomes larger than the ones
calculated by the atmospheric model. This enhancement in roughness length leads to a
reduction in wind speed and, thus, to a reduction in significant wave height. The re-
sults of the coupled simulation in wind speed and significant wave height compare better
to satellite and in situ observations than the reference simulation’s results. Particularly
during extreme events the coupled simulation matches the observations better than the
reference simulation, indicating an enhancement of the ability to depict extreme events
in the coupled simulation. Similar results of the coupling enhancing the agreement with
observations have also been found by Janssen et al. (2002), Wahle et al. (2017) and Varlas
et al. (2020). Also the reduction in pressure gradient found by Janssen (2004) is present
in the results of this study.

Differences between the coupled and reference model simulation above the surface are de-
tected by analysing Hovmoller-diagrams in the centre of the North Sea. In the Hovmoller-
diagrams a vertical spreading of the differences between coupled and reference simulation

within the atmosphere can be seen. In the event analysed, these differences are associated
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with steep gradients and slight variations of the exact timing and location of the gradi-
ents, like fronts in wind speed or temperature. The vertical spreading of the differences
within the atmosphere have also been found by Varlas et al. (2018) for a cyclone in the

Mediterranean Sea.

Answering research question four it can be concluded that differences between the coupled
and reference simulation are visible within and at the height of the PBL and not solely

in surface parameters in the North Sea area.

The approach of comparing reference and coupled simulation is widely used to asses the
impacts of the coupling (e.g. Doyle, 1995; Katsafados et al., 2016; Wahle et al., 2017; Wu
et al., 2017). However, during the course of the study presented here, the question about
uncertainties in coupled and reference model simulations with respect to small variations
in initial conditions arose. This question led to the motivation of the studies presented in
the third part of the thesis.

2.3 Internal model variability of a regional coupled wave-atmosphere

model using ensemble simulations

The question about the significance of the impacts of the coupling compared to the internal
model variability, here called internal variability, of the atmospheric model resulting from
slightly disturbed initial conditions is discussed differently in the literature. Weisse et al.
(2000) and Weisse and Schneggenburger (2002) found that the impacts of coupling are
insignificant, pointing out that large differences due to coupling are in the same range
as the internal variability. Janssen and Viterbo (1996) stated a significant impact of the
sea-state dependent momentum exchange in their ensemble mean of a global model. They
suggested that the model resolution is crucial for studying the significant consequences
of waves on the atmosphere. Since the studies of Weisse et al. (2000) and Weisse and
Schneggenburger (2002) the resolution of the regional atmospheric models has improved,

leaving the following research question open:

5. How do the differences between the coupled and reference ensem-
ble compare to the internal variability using a state-of-the-art high

resolution regional coupled wave and atmosphere model?

Another point left open, when comparing ensemble simulations of coupled and reference

13



2 Uncertainties in wave and atmosphere models during extreme events

model systems, is the comparison of the internal variability between the two ensembles.
For coupled ocean-atmosphere models a stabilising effect reducing the internal variability
of the atmospheric model in coupled simulations can be found (Ho-Hagemann et al., 2020).
For coupled wave-atmosphere models the effect of coupling on the internal variability is

still open for investigation. Therefore, the next research question is:

6. What is the effect of the coupling between waves and atmosphere

on the internal variability of the atmospheric model?

One way of reducing the internal variability in atmospheric models is the use of spectral
nudging (von Storch et al., 2000; Weisse and Feser, 2003). By applying this method, the
large-scale atmospheric state is kept close to the forcing data, while the regional-scales
can develop. This, though, might reduce the effects of coupling between different models

(Ho-Hagemann et al., 2020). This leads to the following research question:

7. Are the effects of coupling between waves and atmosphere sensitive

to the use of spectral nudging in the atmospheric model?

Furthermore, regional atmospheric models need boundary conditions at their lateral
boundaries. These are usually taken from global model simulations. That the bound-
ary conditions can have an impact on the solution found by the regional model is already
known (Meifiner, 2008; Meissner et al., 2009). However, whether the boundary condi-
tions have an impact on the effects of the coupling is still a topic that needs further

investigation. This phrases the following question:

8. Are the effects of coupling between waves and atmosphere sensitive

to the choice of boundary conditions?

These four questions have been answered in Wiese et al. (2020) provided in Appendix
C. Ensemble simulations with a coupled regional high resolution atmosphere-wave model
consisting of COSMO-CLM and WAM are performed. Each ensemble consists of 10
members initialised with slightly differing initial conditions of the atmospheric model
covering January till March 2017. These months are chosen for this study, since the
effects of coupling on a regional scale are larger during high wind events, which are
usually present during this time of the year (Wahle et al., 2017; Wu et al., 2017; Wiese
et al., 2019; Varlas et al., 2020).
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The analysis shows an enhancement of roughness length within the coupled model area
in the ensemble means in the mean over the three months. This enhancement leads to a
reduction in wind speed and significant wave height as well as to a reduction in pressure
gradient. These effects are also present in previous studies (e.g. Lionello et al., 1998;
Janssen et al., 2002). Additionally, this study assesses the significance of the impacts of
the coupling on the atmosphere compared to the internal variability. The differences due
to the coupling proved to be significant during the majority of the time. The differences
between the coupled and reference ensemble of the roughness length are significant during
89 % of the study period. The differences in wind speed showed to be significant in 71 %
of the time, while the differences in significant wave height are significant even around
93 % of the time. For these variables the changes due to coupling are mostly limited to
the area coupled, while differences in MSLP spread over the whole area. The differences
in MSLP are significant in 75 % of the time, reducing to 73 % and 71 % for differences in
geopotential at 850 hPa and 500 hPa, respectively. Hence, the differences between coupled
and reference ensemble are still significant at higher layers of the atmosphere. These values
are the mean over the coupled area. They can vary for different locations. Larger numbers
are found in the North Sea area and smaller values in the Baltic Sea area. The differences
between coupled and reference simulations prove to be especially large when high wind
speeds are present. Usually the internal variability stays low during these events, with
the differences being larger than the internal variability. Thus, the effects of the coupling
can be differentiated from the internal variability of the model during extreme events.
Occasionally events occur, where the internal variability increases, which might lead to
larger internal variability than differences, but these events are outnumbered by events

with large differences between coupled and reference ensemble and low internal variability.

Therefore, for the fifth research question it is concluded that the differences between cou-
pled and reference ensemble can be stated significant during the majority of the time,
with large differences usually being larger than the internal variability. Furthermore, the
realism of the system consisting of waves and atmosphere is enhanced compared to the
stand-alone models, since again the results of the coupled system are closer to observa-
tional data than results from the reference ensemble. This improvement is particularly

visible for extremes.

Answering the sixth research question, the analysis shows that the internal variability
in the atmospheric model is reduced in the coupled ensemble compared to the reference

ensemble. The reduction in internal variability indicates a reduction in model uncertainty
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via the replacement of the wind dependent roughness length with the estimation of the
ocean surface roughness through wave parameters. This reduction can be detected in
the mean internal variability of the atmospheric model but becomes more evident during
events with large internal variability. The maximum in internal variability in wind speed
is reduced by 23 % and the 99th percentile by 11 %. In significant wave height the spread
of the ensemble is introduced through the uncertainty in wind conditions. The maximum
spread in significant wave height is reduced by 36 % and even 39 % for the 99th percentile.
The mean internal variability in wind speed and the mean spread in significant wave height

can be reduced by 7% and 26 %, respectively.

Next, the sensitivity of coupling to the application of spectral nudging in the atmospheric
model is evaluated. For the seventh research question it can be concluded that the dif-
ferences in 10m wind speed and significant wave height show very little changes in the
ensemble with spectral nudging compared to the one without spectral nudging. Since
the internal variability is reduced by the spectral nudging, the number of times with
significant differences between coupled and reference simulation increase. However, the
differences in MSLP are sensitive towards the application of spectral nudging. For MSLP,
the differences between coupled and reference ensemble tend more towards a reduction of
MSLP rather than a reduction of pressure gradient as found for the ensemble not using
spectral nudging. Also in simulations with spectral nudging the realism of the system is
enhanced by the coupling between the wave and the atmospheric models showing results

closer to observational data.

Another set of ensembles is conducted using different boundary conditions in order to asses
the sensitivity of the influences of coupling to boundary conditions answering research
question eight. These simulations have been done without spectral nudging again. The
results show that the general impact of the coupling is not sensitive towards the choice
of boundary conditions. When analysing the temporal evolution or single events, the
differences in 10 m wind speed still appear to be only little effected, while the differences
in MSLP can show some deviations, which seems to be caused by the different distribution
of MSLP due to differing boundary conditions. Nevertheless, the conclusions answering
research questions five and six are proven robust to the application of different sets of

reanalysis data at the lateral boundaries of the atmospheric model.

Thus, this study shows the possible positive effects of the wave model on the atmospheric
model. The coupled ensemble is closer to observations of 10 m wind speed and significant

wave height than the reference ensemble. Furthermore, the internal variability in the
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atmospheric model is reduced considerably. Additionally, the differences between coupled
and reference ensemble are significant most of the time, with large differences during events
with high wind speed. Significant impacts of the coupling have also been found in the
storm track area of both hemispheres by Janssen and Viterbo (1996). Weisse et al. (2000)
and Weisse and Schneggenburger (2002), however, stated that the waves impact on the
atmosphere on the regional scale is about the same magnitude as the internal variability
when large differences between coupled and reference simulation are present. These results
are contradictory to the findings in this thesis, as the large impacts of the coupling proved
to be larger than the internal variability of the atmospheric model most of the time. One
possible reason for the contradictory outcome of the studies might be the differing spatial
resolution of the models. In this thesis a finer horizontal resolution is used compared
to the one of Weisse et al. (2000) and Weisse and Schneggenburger (2002). As Janssen
and Viterbo (1996) and Wu et al. (2017) stated, the horizontal resolution is very crucial
for the magnitude of the impacts of the coupling. Like in this thesis, also Rutgersson
et al. (2010) found significant impacts of the waves on the atmosphere on a regional
scale. They, however, used long term simulations in order to assess the significance of the
impacts of the coupling. In addition to the assessment of the significance, in this thesis
it is found that the coupling of the wave model to the atmospheric model reduces the

internal variability of the latter.

3 Conclusions and Outlook

In this dissertation potentials to reduce the uncertainty in wave and atmospheric model
results, with the aim of enhancing the quality of the model output especially during
extreme events, are illustrated. For the stand-alone wave model it is shown that high
quality and high temporal resolved wind input data improve the depiction of significant
wave height during extreme events. In addition, it is demonstrated that the coupling of
waves to the atmospheric model improves the depiction of extreme events and reduces
the uncertainty in the model. A good estimation of extreme events as well as a reduction
of uncertainty is particularly important for the safety of humans at sea, but also required

for hindcast and climate studies.

Major sources of uncertainty for the wave model are the quality and resolution of the
available wind input data. In this study it is shown that an hourly temporal resolution is

necessary to depict the significant wave height during extreme events. This is important
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for both the estimation of the magnitude as well as the location of the peak. The shift
in location by approximately 290 km and the difference in magnitude of around 0.5m, in
the extreme event analysed, can make differences in the decision making of wave fore-
cast users. This study extends previous studies which illustrate the importance of high
spatial resolution to improve the wave model results and that the wave model is very
sensitive to the quality of the wind data (Cavaleri and Bertotti, 2004, 2006; Bolanos-
Sanchez et al., 2007; de Leén and Soares, 2008; Van Vledder and Akpinar, 2015). This
dissertation emphasises the necessity of hourly wind data being made available for wave
model simulations. Especially when forecasting waves with stand-alone wave models this
is fundamental for the depiction of extreme events in the area analysed. Also in hindcast
and wave climate studies an hourly resolution of wind input data is recommended for the

better depiction of extreme events.

To reduce the uncertainty in wave models, observational data can be assimilated into the
model. The technique of data assimilation is mainly used for global simulations, where
the model can benefit from the observations (Lionello et al., 1992; ECMWF, 2019). In
coastal areas, however, the quality of satellite data decreases (Fenoglio-Marc et al., 2015).
In this thesis it is found that within the first 10km from the coast the RMSE, SI and
correlation are improved by 20 %, 17 % and 5-10 %, respectively for the Sentinel-3A data
compared to older satellite products. These results make its data interesting for potential
data assimilation. Nevertheless, the Sentinel-3A data are still not accurate enough to
completely force the wave model towards the observations, but can rather be used to
guide the model into the right direction. Meanwhile a similar conclusion is made by
Schulz-Stellenfleth and Staneva (2019), showing that the smallest error is still found for
in situ measurements, while the amount of uncertainty of Sentinel-3A compares to the
uncertainty of the wave model. Additionally, attempts have been made to reduce the
uncertainty in remote sensing measurements by modifying the retracking algorithms for
the data of Sentinel-3A (Dinardo et al., 2020; Schlembach et al., 2020). This path needs
further exploration, since with lower uncertainties, remote sensing observations in coastal

areas could become useful to reduce uncertainties in regional wave model simulations.

As shown in the first part of this thesis the quality of wind data affects the accuracy of
the wave model. A strong tool to reduce the uncertainty of the atmospheric model and,
hence, the wave model, as pointed out in this dissertation is the coupling between them.
Due to the coupling the realism of the system is enhanced, coming closer to observational

data and reducing the internal variability of the atmospheric model. This reduction is
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quantified with around 7 % in the mean internal variability and even 23 % in the maximum
internal variability in wind speed for simulations only forced at the lateral boundaries.
Therefore, the coupling is advantageous for operational forecasting systems, as well as for
regional climate models. Significant wave height and wind speed are crucial parameters
for operations at sea including shipping as well as building and conducting maintenance
of offshore energy structures. These sectors can benefit from the the increased model

reliability, through the reduction in uncertainty:.

A substantial step towards fully coupled atmosphere-wave-ocean models is made by es-
timating the internal variability in the coupled atmosphere-wave system and reducing
the uncertainty via the coupling. While regional climate models have transitioned from
stand-alone models to coupled ocean-atmosphere systems, the waves are rarely incorpo-
rated (Cavaleri et al., 2012a; Schrum, 2017). The results of this thesis clearly demonstrate
the reduction in internal variability of the atmospheric model due the coupling between
waves and atmosphere, which indicates a reduction in model uncertainty due to the cou-
pling. This reduction in uncertainty can be beneficial for regional climate studies. Schrum
et al. (2003) and Ho-Hagemann et al. (2020) have shown a stabilising effect of the ocean
component on the atmospheric model. Consequently, the next major step is to couple
all three components and assess the effects regarding uncertainties and reliability of the

model system.

Additionally, the way of exchanging parameters between the components is an ongoing
research topic. This further addresses the reduction of model uncertainty in coupled
systems and enhances the description of physical processes at the interface between ocean
and atmosphere through the waves. For the calculation of the roughness length within the
wave model, different approaches exist. While this study uses the approach by Janssen
(1991) (ECMWF, 2019), other approaches, like the use of a wave boundary layer model
(Moon et al., 2004; Du et al., 2017, 2019), could be tested within the system. Since waves
are located right at the interface between the ocean and atmosphere, they determine the
momentum, heat, energy and mass fluxes between the two components (Cavaleri et al.,
2012a; Staneva et al., 2014). In this thesis, the effects of wave dependent surface roughness
on the momentum are analysed, showing differences in surface parameters but also within
the PBL, however, the effects on latent and sensible heat fluxes are not assessed. For
that assessment, an active ocean model in the coupled system is desirable, with especially
the sensible heat flux being highly dependent on the ocean surface temperature. Lately

the attempt of a more integral approach towards energy conserving models and model
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systems is made (TRR181, 2020). This further tackles the reduction of model uncertainty
but also enhances the description of the physical processes. For energy conserving transfer
between ocean and atmosphere, the waves at their interface play a crucial role. Hence,
the waves need to be paid attention and better understood of exactly how the energy
is transferred between the ocean and the atmosphere through the waves (Buckley and
Veron, 2019; TRR181:M6, 2020). Furthermore, the mass transfer between the ocean and
the atmosphere is determined by the waves in the form of sea spray and air intrusion into
the ocean, which needs to be incorporated into coupled models as well (Cavaleri et al.,
2012a; Wu et al., 2015). This again shows the need for fully coupled systems of ocean,
waves and atmosphere, as also the ocean and the waves impact each other (Breivik et al.,
2015; Staneva et al., 2016a,b). In the context of hurricane studies fully coupled systems of
ocean, waves and atmosphere have already been used and proven superior over models not
incorporating all three components (Chen et al., 2007; Olabarrieta et al., 2012; Zambon
et al., 2014; Pant and Prakash, 2020). The necessity of including waves into the coupled
model systems for hurricanes along with the studies of Wu et al. (2019) and Wu et al.
(2020) on a fully coupled system in the extratropical region makes it inevitable to asses
the waves impact within a fully coupled system in regional climate models, as well as

operational forecasting systems.

Overall, this dissertation illustrates potentials to reduce uncertainties in atmospheric and
wave model results. It is shown that high-quality and high temporal resolved wind data
are needed to improve the ability to depict the sea state during extreme events. An
additional result of this dissertation is that the data quality of the Sentinel-3A satellite
is improved compared to older satellite products and can be used to guide the wave
model towards a better solution. Nevertheless, Sentinel-3A data quality needs further
improvement to be able to enhance the accuracy of the wave model when completely
forcing it towards the satellite data. For the coupled wave-atmosphere model it is shown
that the coupling not only affects the surface parameters, but also that the differences
between coupled and reference simulations can spread vertically within the atmosphere.
Another important result presented in this dissertation is that the coupling of waves and
atmosphere reduces the uncertainty in the atmospheric model, and hence in the wave
model, by reducing the internal variability and getting closer to observational data. Also
the impacts of the coupling are found to be significant during the majority of the time
with large impacts during extreme events. Consequently, this dissertation makes one step

forward to understand processes and reduce uncertainties in earth system models.
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A Synergy of wind wave model simulations and satellite

observations during extreme events

This appendix contains a paper, which has been published in the journal of ”Ocean
Science” under the terms and conditions of the Creative Commons Attribution 4.0 License
(CC BY) (https://creativecommons.org/licenses/by/4.0/) as:

Wiese, A., Staneva, J., Schulz-Stellenfleth, J., Behrens, A., Fenoglio-Marc, L., & Bidlot,
J.-R. (2018). Synergy of wind wave model simulations and satellite observations during
extreme events. Ocean Science, 14(6), 1503-1521, https://doi.org/10.5194/0s-14-1503-
2018.

The publication has been formatted according to the format of this dissertation. The
references have been merged with the other references of the thesis to one reference list

for the whole dissertation.

The contribution of Anne Wiese and the other authors to this paper is as follows:

Anne Wiese prepared the wind data for WAM format and performed all model simula-
tions, except with ERA-Interim wind, did the analyses and wrote the paper. Anne Wiese
and Dr. Joanna Staneva conceived the work. Dr. Arno Behrens prepared the wind data
and performed the model simulation with ERA-Interim wind, provided assistance with
the set-up and application of the wave model WAM, provided scripts for the prepara-
tion of wind data to WAM format and provided Jason-2 and DWD wind data. PD Dr.
Luciana Fenoglio-Marc provided Sentinel-3A and CryoSat-2 data. Dr. Jean-Raymond
Bidlot provided the ECMWEF operational analysis/forecast and ERA5 wind and in situ
observational data. Anne Wiese was guided by Dr. Johannes Schulz-Stellenfleth on the
EOF analysis. All authors reviewed the manuscript. The manuscript was checked for

English language.
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Synergy of wind wave model simulations and

satellite observations during extreme events
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nstitute of Coastal Research, Helmholtz-Zentrum Geesthacht, Geesthacht, Germany
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3European Centre for Medium-Range Weather Forecasts, Reading, UK

(Received: 18 July 2018; Discussion started: 30 July 2018; Revised: 24 October 2018;
Accepted: 29 October 2018; Published: 7 December 2018)

In this study, the quality of wave data provided by the new Sentinel-3A satellite is evalu-
ated and the sensitivity of the wave model to wind forcing is tested. We focus on coastal
areas, where altimeter data are of lower quality and wave modelling is more complex than
for the open ocean. In the first part of the study, the sensitivity of the wave model to
wind forcing is evaluated using data with different temporal and spatial resolution, such
as ERA-Interim and ERADS reanalyses, the European Centre for Medium-Range Weather
Forecasts (ECMWF) operational analysis and short-range forecasts, German Weather
Service (DWD) forecasts and regional atmospheric model simulations (coastDat). Nu-
merical simulations show that the wave model forced using the ERA5 reanalyses and that
forced using the ECMWF operational analysis/forecast demonstrate the best capability
over the whole study period, as well as during extreme events. To further estimate the
variance of the significant wave height of ensemble members for different wind forcings,
especially during extreme events, an empirical orthogonal function (EOF) analysis is per-
formed. In the second part of the study, the satellite data of Sentinel-3A, Jason-2 and
CryoSat-2 are assessed in comparison with in situ measurements and spectral wave model
(WAM) simulations. Intercomparisons between remote sensing and in situ observations
demonstrate that the overall quality of the former is good over the North Sea and Baltic
Sea throughout the study period, although the significant wave heights estimated based
on satellite data tend to be greater than the in situ measurements by 7cm to 26 cm. The

quality of all satellite data near the coastal area decreases; however, within 10km off
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the coast, Sentinel-3A performs better than the other two satellites. Analyses in which
data from satellite tracks are separated in terms of onshore and offshore flights have been
carried out. No substantial differences are found when comparing the statistics for on-
shore and offshore flights. Moreover, no substantial differences are found between satellite
tracks under various metocean conditions. Furthermore, the satellite data quality does
not depend on the wind direction relative to the flight direction. Thus, the quality of the
data obtained by the new Sentinel-3A satellite over coastal areas is improved compared
to that of older satellites.

A.1 Introduction

Information on the state of the sea in coastal areas is of great interest, as waves are
a crucial factor for important activities conducted at sea. Therefore, an accurate wave
forecast and hindcast are very important for marine traffic, recreational activities on the
water, urban development near the coast, ecosystem restoration, renewable energies and
offshore management (Gautier and Caires, 2015; Thomas and Dwarakish, 2015). Global
ocean wave forecasts with coarser spatial resolution have already reached a remarkable
level of accuracy (Janssen and Bidlot, 2018). However, for inner basins and coastal areas,

higher resolution is required, and numerical wave models still have some deficits (Cavaleri
and Bertotti, 2003b; Van Vledder and Akpar, 2015).

In many studies, the meteorological input has already been found to be a crucial factor for
conducting good wave forecasts (Teixeira et al., 1995; Cavaleri and Bertotti, 2003b, 2004;
Cavaleri et al., 2007; Thomas and Dwarakish, 2015; Van Vledder and Akpinar, 2015). The
wind data used to force a wave model need to be very accurate since, in coastal areas,
the fetch is limited and small islands can block wave propagation. Small changes in wind
direction can lead to drastically different wave results. The wind speed is a crucial factor in
determining the significant wave height. However, peaks and extreme events are frequently
not well simulated by the wave model because the meteorological input underestimates
the wind speed (Cavaleri et al., 2007; Cavaleri, 2009). More than 20 years ago, Cavaleri
and Bertotti (1997) suggested that the general performance of the wave model as well
as its performance during extreme events can be improved by using a wind input field
with a higher spatial resolution. Since the most advanced wave models at that time were
more accurate than the meteorological ones, the quality of the wave model output was a

very good indicator of the quality of the meteorological input data. Cavaleri and Bertotti
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(2003b, 2004) analysed the accuracy of the modelled wind and wave fields of enclosed seas,
such as the Mediterranean Sea, with respect to the spatial resolution of the wind fields.
They found that the modelled surface wind speeds are almost always underestimated,
which they attributed to a lack of spatial resolution (Cavaleri and Bertotti, 2003b). When
the meteorological input data have a higher spatial resolution, the average results of
the wave model are indeed closer to the ground truth (Cavaleri and Bertotti, 2004).
However, even today, wind data inaccuracy leads to discrepancies between wave model
simulations (Thomas and Dwarakish, 2015; Van Vledder and Akpiar, 2015). Van Vledder
and Akpiar (2015) assessed the sensitivity of the wave model SWAN (Simulating Waves
Nearshore) to the spatial and temporal resolution of wind input data in the area of the
Black Sea. They concluded that the wave model results are critically sensitive to the
spatial resolution and less sensitive to the temporal resolution of the meteorological input
data. Similar analyses have been conducted both globally (Feng et al., 2006) and for
coastal areas such as that around the Mediterranean Sea (Cavaleri and Bertotti, 2003a,b,
2004; Signell et al., 2005; Bolanos-Sanchez et al., 2007; de Ledén and Soares, 2008; de Ledn
et al., 2012), the Caribbean Sea and Gulf of Mexico (Appendini et al., 2013), the Black
Sea (Van Vledder and Akpinar, 2015) and the Beaufort Sea (Nose et al., 2018) but not for
the area of interest in the present study, i.e. that around the North and Baltic seas, and
with the wind data available at present. Hence, the accuracy of the spectral wave model
WAM is assessed for both normal and extreme conditions using different meteorological
input data presently available. The sensitivity of the wave model to the meteorological
input data as well as their temporal and spatial resolution are estimated. Also the wind
data with which the wave model performs best with respect to the observations will be
determined for the later comparisons of wave model with the newly available satellite data
of Sentinel-3A.

Another way to increase the accuracy of the modelled significant wave height is by as-
similating the significant wave height measured by satellites into a first-guess wave field
(Thomas and Dwarakish, 2015). While altimeter data related to the open ocean are of
good quality and used routinely, for coastal areas, their quality tends to deteriorate, which
results in systematic discarding of up to a few tens of kilometres from the coast (Cipollini
et al., 2010; Vignudelli et al., 2011; Fenoglio-Marc et al., 2015). One issue in coastal
altimetry is land contamination in the footprint of the altimeter due to different ocean
and land surface reflectivities, leading to incorrect interpreted waveforms and therefore
incorrect significant wave heights (Cipollini et al., 2010; Vignudelli et al., 2011). Hence,

the advantage of improving the sea state by assimilating altimeter data into the wave
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model cannot be employed close to a coast, where people are interested in accurate wave
forecasting to protect and design coastal structures, e.g. dykes (Thomas and Dwarakish,
2015). The difficulties in taking satellite measurements close to a coast, e.g. retracking
at a land-sea interface, have already been reduced by CryoSat-2 and, even more so, by
Sentinel-3A (Beneviste and Vignudelli, 2009). In this paper, the quality of the newly
available Sentinel-3A data is analysed in comparison with the data from CryoSat-2 and
Jason-2, especially those related to coastal areas. Also, the data quality of the Sentinel-3A
wave measurements for onshore versus offshore flights, different metocean conditions and
relative wind and flight direction is examined. Then, the data are merged with the wave

model results to produce a best-guess wave field.

In the next section, the measured satellite and in situ data as well as the wind forcing
data and the numerical wave model used are described (Section A.2). This is followed by
an assessment of the sensitivity of the wave model to different wind input data (Section
A.3). In Section A.4, the quality of the newly available satellite data from Sentinel-3A
with respect to that of older satellites is analysed. Then, the satellite and model data are
combined to generate a best-guess wave field (Section A.5). The summary and conclusions

are given in the last section (Section A.6).

A.2 Data and model

Here, the ocean wave model WAM is forced using different meteorological input data to
evaluate the sensitivity of the model to different wind input spatial and temporal resolu-
tions. Therefore, the numerical model and wind input data used are introduced in this
section. Information regarding the in situ measurements used here is also given. Further-

more, the satellite data, especially that of the new Sentinel-3A satellite, are presented.

A.2.1 Satellite altimeter data

In this study, wave height data derived from the Jason-2, CryoSat-2 and Sentinel-3A
altimeter missions are used. Jason-2 is a classical pulse-limited altimeter operating in
low-resolution mode (LRM) that was in operation, with a revisiting time of 10 days, from
June 2008 to October 2016 (ftp://avisoftp.cnes.fr, last access: 16 November 2018).
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The CryoSat-2 satellite, launched in April 2010, is the first space-borne instrument with
synthetic aperture radar (SAR) capabilities. It can operate in one of three modes,
i.e., SAR mode, interferometric SAR (SARIn) mode and low-rate mode (LRM), fol-
lowing a geographical mask, which is regularly updated. Compared to conventional
pulse-limited (or conventional) altimetry (CA), SAR altimetry provides a better along-
trajectory resolution and a higher signal-to-noise ratio (SNR). Over the northeastern
Atlantic, CryoSat-2 operates in SAR mode. Data collected in SAR mode and processed
similarly to LRM data are called reduced SAR (RDSAR) data. We use CryoSat-2 RD-
SAR data (C2-RDSARRADS-1Hz) from the Radar Altimeter Database System (RADS)
(http://rads.tudelft.nl/rads/rads.shtml, last access: 16 November 2018) and SAR prod-
ucts from the grid processing on demand (GPOD) service at the ESA Centre for Earth Ob-
servation (ESRIN) (C2-SARGPOD-1Hz) (https://gpod.eo.esa.int, last access: 16 Novem-
ber 2018).

Sentinel-3A, launched in February 2016, is the first satellite operating entirely in SAR
mode. RDSAR products are also available. Essentially, the altimeter data are 1-D pro-
files along the ground track of the satellite, with a footprint size of 1.5km to 10km
depending on the sea state across the track. The resolution along the track of the satel-
lite is approximately 7km for 1 Hz measurements. Each track is repeated every 27 days,
with a deviation of + 1km in longitudinal direction. “Ascending” passes are from south-
southeast to north-northwest, whereas “descending” passes are from north-northeast to
south-southwest. In the present study the official Sentinel-3 SAR (S3A-SARNTC-1Hz)
and RDSAR products (S3A-RDSARNTC-1Hz) are used, which are made available di-
rectly by Copernicus (https://sentinels.copernicus.eu/, last access: 16 November 2018).
The same data are available from RADS.

Table A.1: Type and availability of the satellite data.

Satellite S Mode Period Product name
Jason-2 J2 LRM  16.04.2016 - 20.08.2017  J2-LRMAVISO-1Hz
CryoSat-2 C2 SAR 01.01.2016 - 31.12.2016  C2-SARGOPD-1Hz
CryoSat-2 C2 RDSAR 31.12.2014 - 20.08.2017 C2-RDSARRADS-1Hz
Sentinel-3A°  S3A  RDSAR 15.06.2016 - 15.11.2016 S3A-RDSARNTC-1Hz
Sentinel-3A  S3A SAR 06.04.2016 - 20.08.2017 S3A-SARRADS-1Hz
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A.2.2 In situ measurements

In situ observations have great accuracy, but their geographical distribution is highly
inhomogeneous, being mainly along coastal regions of industrialized countries. Gaps in
measurements and other types of inhomogeneities also occur frequently in in situ obser-
vational records (Bidlot et al., 2002). While remote sensing measurements can be seen
as a viable alternative to buoy observations, the shortness of the existing time series and

the poor temporal resolution pose limitations to their use in wave climate studies (Stopa,
2018).

The results of the wave model and the satellite measurements are evaluated via a com-
parison with in situ observations at 165 locations. Most of the data are from the Global
Telecommunication System (GTS), which were obtained by and are archived at the Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF) (Bidlot and Holt, 2006);
other data were gathered by the ECMWEF as part of the Joint Technical Commission
for Oceanography and Marine Meteorology (JCOMM) wave forecast verification project
(Bidlot et al., 2002). This data set was augmented with in situ wave buoy data provided
by the Federal Maritime and Hydrographic Agency (Bundesamt fiir Seeschifffahrt und
Hydrographie, BSH). Figure A.1 shows the locations of these in situ data. Moored wave
data buoys are anchored at fixed locations and regularly collect observations from differ-
ent atmospheric and oceanographic sensors. Moored buoys are usually deployed to serve
national forecasting needs, to serve maritime safety needs or to observe regional climate
patterns (http://www.jcommops.org/dbcp/platforms/types.html, last access: 16 Novem-
ber 2018). Data are usually collected by either Argos, Iridium, ORBCOMM, GOES or
METEOSAT, transmitted in real time and shared on the GTS of the World Meteoro-
logical Organisation (WMO). They are generally upgraded or serviced yearly. Over the
North Sea and Norwegian Sea, the bulk of the data come from the oil and gas industry,
kindly supplied to the meteorological community via the GTS. Generally, the data are
from instruments mounted on a platform or a rig. Note, however, that due to a lack of
metadata in the GT'S record, it is impossible to determine exactly which sensor was used.
Wave height, wind speed and wind direction measurements are available every hour. Fol-
lowing a basic visual inspection of the data, the wave height measurements are collocated
with the wave model simulations, using the grid point closest to the location of the in
situ measurements. The wind measurements, however, have to be adjusted to a height of

10m above the surface to compare the measurements with the model data. For the wind
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speed, the method used by Bidlot et al. (2002) is applied. With the steady-state neutrally
stable logarithmic vertical wind profile relation (Equation A.1), the friction velocity (ux*)
is calculated from the wind speed at the measurement height (U(z)) with the assumption
that the surface roughness (2g) can be specified by the Charnock relation (Equation A.2)
with a constant parameter («) of 0.018 and g denoting the acceleration due to gravity. x
in Equation A.1 is the von Karman constant and has a value of 0.41. After obtaining wux

via Equation A.1, the wind speed at z=10m can be calculated using the same equation.

A.2.3 Wave model WAM and meteorological input data used

The spectral wave model WAM Cycle4.6.2 is used here (WAMDI Group, 1988; Komen
et al., 1994; Staneva et al., 2017). The model runs as the shallow water version, taking
into account depth refraction and wave breaking, and is therefore suitable for coastal
applications. The 2-D wave spectra are calculated on a polar grid with 24 directional 15°
sectors and 30 frequencies logarithmically spaced from 0.042 to 0.66 Hz. A spherical grid is
used for the spatial dimensions, with ~0.06° resolution in the x-direction (east-west) and
~0.03° resolution in the y-direction (north-south). The bathymetry and the study area
are shown in Figure A.1. The forcing values at the open boundaries of the model domain
are calculated via a coarser model simulation for the whole North Atlantic driven by ERA-
Interim winds. The coarser model has a spacial resolution of 0.25° in both directions and
the same spectral resolution as the finer model described above. These forcing values are

used for all model simulations conducted within this study.

To estimate the sensitivity of the wave model to the temporal and spatial resolutions of the
meteorological input, different wind input data are used (Table A.2). The ERA-Interim,
ERA5 and coastDat-3 reanalyses, as well as the ECMWEF operational analysis/forecast
and the German Weather Service (Deutscher Wetterdienst, DWD) forecast, are used as
meteorological input data to force the wave model. ERA-Interim is a global reanalysis
produced by the ECMWEF (Dee et al., 2011). The temporal resolution of the output is
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Figure A.1: Bathymetry of the model area and locations of the GTS measurements. The
boxes indicate the area of the German Bight (black) and the GTS measurements in the
northern part of the North Sea used for the comparisons in Sections A.3.2.1 and A.3.2.3
(grey and white).

6 h, and the grid resolution is approximately 79 km (Berrisford et al., 2009). The data are
made available with a spatial resolution of 0.125°. The successor of ERA-Interim is ERA5
(Hersbach and Dee, 2016). The grid size of the model is reduced to 31km (0.28125°).
The output is made available on a 0.25° grid. Furthermore, very important for the wave
model simulations is that the temporal resolution of the output ERA5 is increased to an
hourly one (ECMWEF, 2017b). For both reanalysis, near-surface in situ wind data were
part of the data provided to the 4D-Var data assimilation. In addition, the ECMWEF 6 h
operational analysis is used to force the wave model. When hourly temporal resolution of
the output is needed, the first 12h of the forecast wind fields from 00:00 and 12:00 UTC
are taken, with the operational analysis at 00:00 and 12:00 UTC being used to initialize
the forecast. The horizontal resolution of the grid is ~9km (ECMWF, 2017a) and is
available on a 0.125° grid. Also, the short range forecasts by the ECMWEF have been
influenced by the data assimilation from the 4D-Var system because the assimilation is
performed over a 6 or 12h window with data that can be more recent (by a few hours)
than the start time of each forecast. Aside from the wind input provided by the ECMWF,
the hindcast coastDat-3 produced by the Helmholtz-Zentrum Geesthacht (HZG) using the
Consortium for Small-Scale Modelling Community Land Model (COSMO-CLM) (Rockel
et al., 2008; Geyer, 2014) is used to force the wave model. The coastDat-3 output has a
temporal resolution of 1h and uses a rotated grid with a spatial resolution of 0.11° (HZG,
2017), which is about 7 km in the centre of the model domain. Vertically, 40 levels up to an

altitude of 22.7km are used. As boundary conditions for the model domain, ERA-Interim
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is used. Here, no data are assimilated into the model. Another data set used to force the
wave model is the DWD forecast, which is produced using the [CON_EU numerical model
with a grid resolution of 6.5 km and an output that is available every hour (Reinert et al.,
2018). For the DWD forecast, the in situ wind data are assimilated into the analysis used
to initialize the forecast but for the forecast itself, no data are assimilated. The impact of
the temporal resolution of the wind forcing on wave simulations is evaluated in the next
section. Therefore, model experiments with 6 h wind forcing from ERA5 and the DWD
forecast are conducted, with the wind data being updated every 6h based on the hourly
output.

Table A.2: Horizontal and temporal resolutions of the meteorological input data.

Resolution
Meteo data set Horizontal Temporal
ERA-Interim 79km x 79km 6 h
ERA5 31km x 31 km 1h/6h
ECMWF operational analysis/forecast ~ 9km x 9km 6 h/1h
coastDat-3 7km x 7km 1h
DWD forecast 6.5km x 6.5km  1h/6h

A.3 Sensitivity of wave model to wind conditions

In this section, the sensitivity of the wave model to different wind input data and their
different spatial and temporal resolutions is analysed by assessing the general performance
of the wave model under different wind forcings over the entire study period (from June
to November 2016) and the entire model area. The quality of the simulated significant

wave height during an extreme event in September 2016 is analysed in detail.

A.3.1 General performance of modelled waves and winds

A.3.1.1 Significant wave height

To study the sensitivity of the wave model simulations to the wind conditions, WAM is
forced using eight different wind data sets, as described in Section A.2.3. The general
performance of WAM on all different wind data sets is similar and good compared to

the in situ observations (Figure A.2). Especially during normal conditions, the signifi-
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cant wave heights in the eight model experiments are similar. However, during extreme
events, the differences in the simulated significant wave height become more apparent.
Particularly, the WAM simulation with coastDat-3 wind forcing overestimates the large
significant wave heights (Figure A.2b). Also, the simulation with hourly wind forcing of
the DWD forecast tends to slightly overestimate the large significant wave heights (Figure
A.2g). On the other hand, WAM forced using ERA-Interim, the ECMWF operational
analysis/forecast and ERA5 wind data slightly underestimates the large significant wave
heights with respect to the measurements taken at the GTS stations (Figure A.2a, A.2c,
A.2d, A.2e and A.2f). Regarding the statistical values, the best wave model performance
is seen in the simulation forced using the hourly ECMWTF operational analysis/forecast
atmospheric data. Using the DWD forecast as wind forcing data led to a smaller bias
(Equation A.A6). However, the root mean square error (RMSE) (Equation A.A4) of
29.9cm and the scatter index (SI) (Equation A.A5) of 0.191 are the lowest, and the
correlation coefficient (CORR) (Equation A.AT7) of 0.959 is the largest for the model sim-
ulations performed using hourly ECMWEF operational analysis/forecast wind data. The
differences in the statistical values for the results of WAM with the ECMWF operational
anaylsis/forecast and ERA5 data are very small and approximately 1 order of magnitude
less than the differences in the results produced with the ERA-Interim, coastDat-3 and
DWD forecast wind forcings. Therefore, the model simulations with wind forcings of either
the ECMWEF operational analysis/forecast or ERA5 produce good results that are closer
to the GTS measurements than the simulations with the other wind forcings. Notably,
the model results corresponding to hourly wind input have better statistical values than
the corresponding simulation with 6 h wind input (compare Figure A.2c to Figure A.2d).
This once again justifies the crucial importance of using high-frequency wind forcing data

(with a minimum of 1h) for wave simulations, especially for operational purposes.
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Figure A.2: Continued on the next page.
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Figure A.2: Q-Q scatter plot for measured (GTS wave data) significant wave height as
reference (R) and modelled (WAM) significant wave heights (M) with (a) ERA-Interim,
(b) coastDat-3, (c¢) hourly and (d) 6 h ECMWTF operational analysis/forecast; (e) hourly
and (f) 6 h ERA5; and (g) hourly and (h) 6 h DWD forecast wind forcings from June to
November 2016: Q-Q plot (black crosses), 45° reference line (blue line) and least-squares
best-fit line (red line).

35



Appendix A: Synergy of wind wave model simulations and satellite observations

A.3.1.2 Wind input data

When comparing the wind speed with the in situ GTS measurements (Figure A.3), the
best statistical values are achieved by ERA5 (Figure A.3d), although all performance
is fairly similar. For this analysis, the original wind data are used; therefore, only the
ERA-Interim data are taken every 6 h, whereas all other wind data are taken every hour.
For high wind speeds, a slight underestimation of the modelled wind speed compared
to the GTS measurements still occurs. However, this underestimation reflects a large
improvement compared to the underestimation found by Cavaleri and Bertotti (2003b).
The overprediction of coastDat-3, which can be seen for high significant wave heights,
is not evident for the magnitude of the wind in the wind forcing (Figure A.3b). One
possible reason for the higher significant wave heights during extreme events might be
the wind direction, which has a bias of approximately 12° for the coastDat-3 data (not
shown here). Hence, the wind direction is shifted to the right, affecting the fetch length
in the North Sea, especially for northwesterly wind directions. For the other wind data,
the bias of the wind direction is only approximately 1° to 2°. Since the fetch in coastal
areas is limited because of the presence of land, this shift in wind direction can impact

the simulated significant wave height.

The general performance of WAM under all different wind forcings is good and fairly
similar, especially under normal conditions, where no major differences are found. During
extreme events, however, the model simulations tend to be spread out, with the coastDat-3
wind forcing overestimating and the ERA-Interim, ECMWF operational analysis/forecast
and ERAb5 wind forcings underestimating the large significant wave heights. In the wind
data, this cannot be found. The wind is only very slightly underestimated. Particularly,
the overestimation of the significant wave height with the coastDat-3 wind forcing cannot

be found in the wind data.

A.3.2 Evaluation of the ensemble during an extreme event

As described in the previous section, the modelled significant wave heights tend to spread
out during extreme events for different model experiments. Here, a more detailed analysis
of data variability during an extreme event is provided. During the study period from June
to November 2016, an extreme event occurred on 29 September 2016. The centre of the

low pressure system was located along the coast of Norway. Thus, the highest wind speeds
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Figure A.3: Q-Q scatter plot for measured (GTS wave buoys) wind speeds as reference
(R) and modelled wind speeds (M) from (a) ERA-Interim, (b) coastDat-3, (¢) ECMWF
operational analysis/forecast, (d) ERA5 and (e¢) DWD forecast from June to November
2016: Q-Q plot (black crosses), 45° reference line (blue line) and least-squares best-fit line
(red line).
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occurred in the northern part of the North Sea, and the corresponding highest significant
wave heights could be found in the northern part of the North Sea. At 11:00UTC,
the area with maximum significant wave height coincided with the locations of the GTS

measurements. Hence, this event is chosen for further analyses.

A.3.2.1 Significant wave height of each ensemble member

In Figure A.4, the wave height estimates of each ensemble member for 29 September
2016, 11:00 UTC, are shown together with the locations of the GTS measurements. The
horizontal patterns of the eight model runs for this extreme event are quite different.
The largest significant wave height is found in the model simulation with the coastDat-3
wind forcing of more than 9m (Figure A.4b). The smallest maximum significant wave
height is found for the model simulation with the 6 h ECMWF operational analysis wind
forcing (Figure A.4d). Notably, the maximum of the model simulation with 6h wind
forcing (Figure A.4a, A.4d, A.4f and A.4h) is shifted further to the east than in the model
simulations with hourly wind input (Figure A.4b, A.4c, A.4de and A.4g). Furthermore, in
the model simulations with the 6 h wind input, the maximum of the significant wave height
is smaller than that with the hourly wind input. This again emphasizes the importance

of using higher-time-frequency wind data for wave simulations over the study area.

When comparing the modelled significant wave height with the GTS measurements in
the northern part of the North Sea (55° N, 2° W to 62.5° N, 5° E, white and grey box in
Figure A.1), none of the simulations are perfectly in line with the measurements, but the
model simulation with the hourly ERA5 wind forcing has a bias of only -0.02m and an
SI of 0.144 (Figure A.4e). For the model simulation with the ERA5 wind forcing, the
RMSE is 0.56 m, which is smallest compared to that of the other model experiments.
The only simulation with a smaller SI is the run with the hourly ECMWF operational
analysis/forecast wind forcing, achieving a value of 0.139 (Figure A.4c). The bias, though,
is 0.1843 m, which is clearly larger than the bias for the model simulation with the hourly
ERA5 wind forcing. The model experiment simulation with the 6h ERA5 wind forcing
has the largest SI (0.193) as well as the largest RMSE (Figure A.4f). Compared to
the GTS measurements, the simulations with the ERA-Interim, 6 h ECMWF operational
analysis and both ERAS wind forcings underestimate the significant wave height, with the
largest underestimation (0.57 m) being made by the model simulation with the 6 h ERA5
wind forcing (Figure A.4f). The model simulations with the coastDat-3, hourly ECMWF
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Figure A.4: The significant wave height (m) of the ensemble for 29 September 2016,
11:00 UTC, as well as the GTS measurements for the model simulations with the (a) ERA-
Interim, (b) coastDat-3, (c¢) hourly and (d) 6 h ECMWEF operational analysis/forecast;
(e) hourly and (f) 6 h ERAB5; and (g) hourly and (h) 6 h DWD forecast wind forcings.

operational analysis/forecast and both DWD forecasts all overestimate the significant
wave height in the northern part of the North Sea by up to 1.28 m for the case of coastDat-3
wind forcing (Figure A.4b).

A.3.2.2 Empirical orthogonal functions

To study the variance of the significant wave height of the eight ensemble members during
the extreme event, an empirical orthogonal function (EOF) analysis of the extreme event
on 29 September 2016, 11:00 UTC, is performed. The EOF analysis is carried out as
described by Bjornsson and Venegas (1997).

Figure A.ba shows the mean of the ensemble depicted in Figure A.4. The associated
standard deviation with respect to the mean is given in Figure A.5b. Clearly, the largest
difference between the ensemble members is located in the northern part of the North
Sea. The ensemble members also differ substantially with respect to the local wave height

maximum off the coast of Iceland.

The first EOF of the significant wave height represents 56.16 % of the total variance of the
ensemble. The maximum variance is found in the area of the maximum significant wave
height in the northern part of the North Sea (Figure A.5a and A.5c). This demonstrates

40



Regional wave and coupled wave-atmosphere models during extreme events

that the largest difference between the different model simulations is the magnitude of
the significant wave height peak. In this case, the model simulation with the coastDat-3
wind forcing has the highest simulated significant wave height maximum (9.5 m), and the
model simulation with the 6 h ECMWF operational analysis wind forcing has the lowest

simulated significant wave height maximum (6.6 m).

The maximum of the second EOF of the significant wave height, which represents 19.31 %
of the total variance, is located in the northern part of the model domain near the coast
of Iceland (Figure A.5d), which overlaps the area of the second maximum significant
wave height (Figure A.5a). This shows that the model simulations also differ in terms
of the magnitude of the maximum significant wave height in the northern part of the
model domain. In this area, the significant wave height in the model simulations with the
ERA-Interim and coastDat-3 forcings is clearly larger than that in the model simulations
with the other wind forcings. These two differences are also found regarding the stan-
dard deviation of the ensemble. Combining the first two EOFs explains 75.47 % of the
total variance of the ensemble. However, with the EOF, more differences in the model

simulations can be found.

The third EOF pattern shows a dipole in the northern part of the North Sea (Figure A.5e).
This means that in the model simulations, the exact positions of the significant wave height
maximum differ. The orientation of the dipole is in the east-west direction and therefore
represents the variation of the peak location in the different model simulations in the
zonal direction. In this context, larger differences are especially found between the model
simulations with the hourly and 6h wind forcings, with a peak shift of approximately
290 km. The third EOF represents 9.98 % of the total variance.

The fourth EOF explains 7.71 % of the total variance. This EOF reveals the larger-scale
differences in the synoptic situation and, therefore, in the wind fields, which are also
reflected in the wave field. In the wind forcing data, the exact location of the centre of
the low-pressure system and, therefore, the area of light wind differs, which also leads to
different wave heights off the coast of the northern part of Norway. In addition, due to
the different strengths of the wind fields in the wind forcings, the significant wave height
west of Ireland in the Atlantic as well as off the coast of Norway is larger relative to that

east of Great Britain due to the fetch conditions (Figure A.5f).

In order to estimate the difference between the model simulations with hourly and 6-

hourly wind forcing during the whole time period, a temporal EOF over the difference
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Figure A.5: (a) The mean significant wave height (m) of the ensemble for 29 September
2016, 11:00 UTC, as well as (b) the standard deviation and the EOFs representing (c)
56.16 %, (d) 19.31 %, (e) 9.98 % and (f) 7.71 % of the total variance.
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between the model simulations with hourly and 6-hourly ERA5 wind forcings is conducted.
Here, no dominant EOF can be found, since the first EOF has an explained variance of
3.13%. This shows that the model simulations do not substantially differ during normal
conditions, which are present most of the time during the whole time period analysed.

However, as shown above the model simulations substantially differ during extreme events.

A.3.2.3 Time series of significant wave height, wind speed and wind direction

Further investigation of the magnitude in significant wave height of the respective peak
is required, since this is the largest difference between the ensemble members. Time
series extracted from the ensemble members are compared to the time series of the GTS
measurements (Figure A.6). For this analysis, the mean of the GTS measurements in the
northern part of the North Sea (55° N, 2°W to 60° N, 5° E, white box in Figure A.1) at
each time step is taken, and the standard deviation is calculated to estimate the variation
of the measurements within the considered area. The same is done for the significant wave
height of each ensemble member at the locations of the GTS measurements. Here, only
the southern part of the in situ measurements in the northern part of the North Sea is
taken (only white box in Figure A.1 and not grey and white as in Section A.3.2.1), as the
time series of the northern and southern parts differ due to the centre of the low-pressure
system passing only over the northern part of the in situ measurements. Therefore, the

mean is taken for in situ measurements with similar temporal behaviours.

Figure A.6a depicts the spread of the simulated significant wave heights between the exper-
iments with different wind forcings. During the extreme event, the maximum significant
wave height varies between 4.7 m for the simulation with the 6 h ERA5 wind forcing and
6.9m for the simulation with the coastDat-3 wind forcing. The observed significant wave
height from the GTS measurements lies in between the two extremes at 5.3 m. Therefore,
coastDat-3 overestimates the significant wave height by approximately 1.6 m. During this
extreme event, the overestimation is mainly due to coastDat-3 overestimating the wind
speed at that time (Figure A.6b). Also, in coastDat-3, the wind direction is shifted in
the clockwise direction by approximately 12° for the majority of time during this extreme
event (Figure A.6¢). This impact is likely to be small compared to the overestimation of
the wind speed, as the fetch is rather limited with respect to the wind directions between
south and west-northwest. The wind direction in other areas may affect the significant

wave height in this area, though, due to swells travelling into the analysed area. For
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coastDat-3, the area affected by high wind speeds and, therefore, also by high significant
wave heights is larger than that for the other wind forcings (Figure A.4b). This might
also contribute to the high significant wave height shown in Figure A.6a, as the values

averaged in this analysis cover the northern part of the North Sea.

The model experiment with the 6 h ERA5 wind forcing yields the lowest significant wave
heights for 29 September 2016 (Figure A.6a). In this simulation, the peak is underesti-
mated by approximately 0.6 m. This underestimation of the significant wave height is also
due to the underestimation of the wind speed (Figure A.6b). Since WAM receives the
wind data only every 6h, the wind speed peak is missed in the wind forcing; therefore,
the peak in terms of the significant wave height is omitted. This problem can also be seen
for the model simulations with the ERA-Interim and 6 h ECMWF operational analysis
wind forcing. Although the wind speed of the hourly DWD forecast and ECMWF opera-
tional analysis/forecast matches the observed wind speed very well (Figure A.6b), WAM
overestimates the peak in the significant wave height (Figure A.6a). This might indicate
that WAM needs to be further tuned regarding the significant wave height during extreme
events. Another possible reason for this overestimation could be the swells travelling into
the area. To clearly conclude either reason, more extreme events need to be analysed.
For this extreme event, WAM simulates the maximum significant wave height 2 h earlier,

even though the timing of the wind speed peak fits well for the two wind forcings.

The peak in the observed significant wave height is best illustrated by the model simulation
with the hourly ERA5 wind forcing (Figure A.6a). The maximum significant wave height
differs by only approximately 0.01 m. However, in this run, similar to the simulations with
the coastDat-3 data, hourly DWD forecast and hourly ECMWF operational analysis, the
simulated peak in the significant wave height occurs 2h earlier than the observed peak.
The model simulation with the 6 h DWD forecast wind forcing slightly overestimates the
observed peak (Figure A.6a), although the maximum wind speed is below the maximum
observed wind speed (Figure A.6b). The duration of the peak for all model simulations
with the 6h wind forcing in terms of the significant wave height is longer than that for
the model simulations with hourly wind forcing. Here, duration of the peak is estimated
based on the time at which the significant wave height exceeds 99 % of the peak value.
For this significant wave height peak, the duration of the peak for the model simulations
with hourly wind forcing is 1 h, whereas for the model simulations with 6 h wind forcing,
the duration of the peak is 3-4 h.
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A few days earlier, two smaller wave height peaks occur. The first one on 27 September
2016 is overestimated by all of the model experiments, although the corresponding peak
in the wind speed is captured well by the model simulations with the hourly ERA5
and ECMWF operational analysis/forecast wind forcings. The 6 h wind forcings capture
this peak very well, but due to the wind speed being high 3h prior to and after the
peak, the simulated significant wave height is too high. The model simulation with the
hourly DWD forecast wind forcing is the most successful at reproducing the significant
wave height peak, although the estimated wind speed is lower than the observed wind
speed. The second peak, which occurred on 28 September 2016, is best matched by both
model simulations with the ECMWEF operational analysis/forecast wind forcing. Both
simulations with ERA5 wind forcings slightly underestimate the significant wave height

peak. All other simulations overestimate the significant wave height.

During normal conditions both before and after the peaks, the results of all model simu-

lations are very similar.

From the analyses above, it can be concluded that during extreme events, the wave model
results are quite sensitive to the wind forcing. Hence, high-quality wind data are needed

to improve the ability to predict the sea state.

For our area of interest, a higher temporal resolution of the wind forcing is more important
than a higher spatial resolution. Although the spatial resolution of the DWD forecast and
coastDat-3 is higher than that for ERA5 and the ECMWF operational analysis, the wave
model simulations using the latter two increase the model capabilities. However, clearly
better results can be found via model simulations with hourly wind forcing than via those
with 6 h wind forcing. This conclusion differs from that of the study on the Black Sea
by Van Vledder and Akpmar (2015). Notably, the different spatial resolutions tested
are produced by different atmospheric models or model setups, which can also lead to
differences. Therefore, the differences cannot only be traced back to the different spatial
resolutions. In our study, wave model simulations with the hourly ECMWEF operational
analysis/forecast as well as the hourly ERA5 wind forcing produce results more similar
to the observations made during the extreme event at the end of September 2016 than
model simulations with the other wind forcings. Also, the statistical values for the entire
study period and over the study area are better for the model simulations forced with
hourly ERA5 and ECMWEF operational analysis/forecast than for the model simulations
with the six other wind data sets. Under normal conditions, the model simulations with

all eight wind forcings produce fairly similar results.
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A.4 Comparison of satellite data

In this section, the quality of the newly available Sentinel-3A satellite data is assessed
and compared to that of older satellite data. The focus in this study is on coastal areas,
where the quality of both the satellite and the model data tends to deteriorate. Also, the
quality of the Sentinel-3A data is analysed based on the relative orientation of the coastline
and satellite heading, varying metocean conditions, and the wind direction relative to the
satellite flight direction. In this section, when comparing satellite data with the simulated
significant wave height, the model simulation with the ERA5 wind forcing is used, as this
simulation, along with that with the ECMWEF operational analysis/forecast wind forcing,
produced the best results during both extreme events and normal conditions (Section
A3).

A.4.1 General quality of measured significant wave height

To estimate the overall performance of the different satellite products during the entire
study period and over the study area, scatter plots of the in situ measurements versus
remote sensing measurements are analysed (Figure A.7). For these comparisons, the
satellite data are allowed to have a maximum spatial distance of 20 km and a maximum
time gap of 30 min with respect to the in situ measurements (Fenoglio-Marc et al., 2015).
The general performance of all five satellite products is good and very similar. The
correlation between all products varies by only 3% with values ranging from 94 % to
97%. The SI is the largest for the CryoSat-2 RDSAR product, being approximately
0.22. For the SAR products of Sentinel-3A and CryoSat-2 as well as for Jason-2, the
SI is approximately 0.17. However, the satellites tend to overestimate the significant
wave height of in situ measurements, especially Sentinel-3A SAR and both CryoSat-2
products, with biases of up to 26cm. The smallest bias (only 6cm) is found for the

Jason-2 measurements.

A.4.2 Scatter index along the satellite track

To analyse the spatial distribution of the quality of the satellite data, the SI between
the modelled and measured significant wave heights along the satellite tracks within each

grid box is calculated for Jason-2 and Sentinel-3A SAR (Figure A.8). Since very few data

47



Appendix A: Synergy of wind wave model simulations and satellite observations

10 10 2000
Entries = 3660 1800 Entries = 3341
9 'Mean R = 1.7594 (m) 9 MeanR =1.7017 (m) 1800
—~  [Mean M = 1.96 (m) c Mean M = 1.74 (m)
£ 8stdR=1.00(m) 1600 = 8lstqr = 1.01 (m) 1600
w7 StdM =1.11 (m) 1400 I 7 Std M = 0.958 (m) 1400
T RMSE = 0.36 (m) : o RMSE = 0.319 (m)
x 6SI=0169 i 1200 < 6S!1=0.186 S 1200
< Bias = 0.202 (m) .. /#* 0 Bias = 0.0417 (m) 4
% 5 [CORR=0.964 4 1000 2 5[CORR=10.95 Y4 1000
a4 A goo I 4 i -
) =i B
-% 3. i 600 2 3 . 4 600
@2 400 £ 2 ' 400
v 0 ‘
1 s —y=11x 200 LT ——vy = 0.99x 200
0 e, i i 1 ; ; i B i 0 ¥y L L L . . . L .
0o 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
GTS Hs (m) GTS Hs (m)
(a) (b)
10 10
Entries = 3624 Entries = 3826 1800
9 [Mean R = 1.514 (m) 2000 9 [Mean R = 1.5823 (m)
- Mean M = 1.63 (m) ’é‘ Mean M = 1.85 (m) 1600
£ 8/stdR =0.955 m) £ 8i5tdR=0.997 (m)
= 5 |StdM=0.979 (m) v 5 |StdM=1(m) 1400
2 7 [RMSE = 0.281 (m) 1500 T RMSE = 0.432 (m)
6 1Sl =0.168  @|SI=0.216 1200
" |Bias=0.119 (m) X [Bias = 0.264 (m) -
U3 5 [CORR = 0.966 9 5[CORR = 0.942 1000
o 4 000 T, 800
© o
QS 3 A} 3 600
> 9 '
O 2 500 > 2 400
U -
Lo ——y=11x 107 ——y=1.1x 200
0 i i i L i i i i i 0 " RN i i L " i i i i
0o 1 2 3 4 5 6 7 8 9 10 0o 1 2 3 4 5 6 7 8 9 10
GTS Hs (m) GTS Hs (m)
(c) (d)
10 3000
Entries = 5712
9 [Mean R = 1.7419 (m)
Mean M = 1.81 (m) 2500
8 std R = 1.09 (m)
— 7|StdM =104 (m)
€ ' [RMSE = 0.294 (m) 2000
~ 6/51=0.165
T Bias = 0.0649 (m)
~ 5 [CORR =0.965 1500
S 4r
& 5| 1000
2 500
1 } —vy =1x
0 A0 ¢ . L L L L . . ,
0 1 2 3 4 5 6 7 8 9 10
GTS Hs (m)
(e)

Figure A.7: Q-Q scatter plots of measured significant wave height — in situ GTS (R) vs.
remote sensing data (M) of (a) Sentinel-3A SAR, (b) Sentinel-3A RDSAR, (c¢) CryoSat-2
SAR, (d) CryoSat-2 RDSAR and (e) Jason-2 from June to November 2016: Q-Q plot
(black crosses), 45° reference line (blue line) and least-squares best-fit line (red line).
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exist within each grid box during the study period, for this analysis, the study period is
extended to the end of August 2017 to achieve a more robust SI result. For both satellites,
the SI is small over the open ocean and becomes larger closer to the coast. Notably, in
coastal areas, the SI for Sentinel-3A SAR is smaller than that for Jason-2. Especially
in the northern part of the Baltic Sea, the Danish Straits and along the coastal areas
of the southern North Sea, the SI is reduced for Sentinel-3A SAR compared to that for
Jason-2. This clearly indicates that Sentinel-3A SAR performs better over coastal areas

than Jason-2.
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Figure A.8: Scatter index between satellite and modelled significant wave heights along
the satellite tracks for (a) Jason-2 and (b) Sentinel-3A SAR.

To quantify this, the statistical values within the first 10 km off the coast are calculated for
all three different satellites (Table A.3). In some earlier studies, this area was neglected
due to the deteriorating quality of the satellite data (Fenoglio-Marc et al., 2015). For
Sentinel-3A, the RMSE is reduced by approximately 0.1 m and the SI is reduced by
0.17 compared to the values for the other two satellites. The bias is reduced by 0.08 m
compared to that for Jason-2 and 0.16 m compared to that for CryoSat-2. The correlation
for Sentinel-3A is increased by 10 % compared to that for Jason-2 and 5% compared to
that for CryoSat-2. Furthermore, the statistics of Sentinel-3A within the first 10 km are
closer to those over the whole study area, which is not the case for the other two satellites
(Table A.3; see Figure A.7). This indicates that the quality of the data of Sentinel-3A
over coastal areas is closer to that over the open ocean compared to the data quality of
CryoSat-2 and Jason-2.
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Table A.3: Comparison of the data quality within the first 10 km off the coast for all
three satellites.

Entries RMSE (m) SI  Bias (m) Correlation

Jason-2 1076 0.5219 0.4977  0.2461 0.8075
CryoSat-2 RDSAR 1360 0.4860 0.4957  0.3334 0.8548
Sentinel-3A SAR 4192 0.3985 0.3324 0.1682 0.9138

A.4.3 Comparison of data quality for onshore and offshore flights

Due to the way satellite altimeter data are processed, the data quality can deteriorate
in the vicinity of coastlines, particularly for passes from land to ocean. To test how
much the satellite measurements over the study area are affected by this problem, the
flights are separated into onshore and offshore flights, with onshore flights passing from
the ocean to the shore and offshore flights passing from the shore to the ocean. For the
analysis here, again, only measurements within the first 10km off the coast are taken.
When comparing the statistical values for Sentinel-3A SAR for both onshore and offshore
flights, no substantial differences are found, and the statistical values are very similar
(Table A.4). Therefore, the transition from land to water does not influence the quality

of the satellite observations over our study area.

Table A.4: Comparison of the data quality, organized by onshore and offshore flights,
for Sentinel-3A SAR. Only measurements taken within the first 10 km off the coast are
used.

Entries RMSE (m) SI  Bias (m) Correlation
onshore 1694 0.3877 0.3244  0.1666 0.9151
offshore 2151 0.3981 0.3219 0.1695 0.9195

A.4.4 Comparison of data quality for long- and short-fetch conditions

Another assessment of the quality of the data measured by the satellites can be carried out
by analysing their quality in terms of the fetch conditions. To test this, Sentinel-3A SAR
data within the German Bight (53.23° N, 6° E to 55.62° N, 9.2° E, black box in Figure A.1)
are split into two groups: that for long-fetch situations and that for short-fetch situations.

Long-fetch situations within the German Bight are characterized by northwesterly winds,
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while short-fetch conditions occur for southeasterly winds. The analyses demonstrate
that the data quality for both situations is very similar (Table A.5). The SI and the
correlation have better values for long-fetch situations. The correlation between modelled
and measured significant wave heights for long-fetch situations is 98 %, being 4 % larger
than that for short-fetch situations. The SI for long-fetch situations is 0.09. The SI
for short-fetch situations is approximately twice as large, i.e. 0.19. The RMSE and the
bias, though, are better under short-fetch conditions. The RMSE, which is 21.6 cm for
short-fetch situations, is approximately 16 cm smaller under short-fetch conditions than
under long-fetch conditions. The bias under short-fetch conditions is only 0.7 cm. This
is due to the over- and underestimation of the measured data essentially cancelling each
other. Under long-fetch conditions, this is not the case, as the bias amounts to 33 cm.
When analysing all directions, the statistical values lie between those under long- and
short-fetch conditions. Hence, it can be concluded that the satellite measurements do not

yield clearly better results for any of the conditions.

Table A.5: Comparison of the data quality, organized by long- and short-fetch situations
within the German Bight, for Sentinel-3A SAR.

Entries RMSE (m) SI  Bias (m) Correlation

Long fetch (NW) 143 0.3796  0.0943  0.3299 0.9809
Short fetch (SW) 86 02164  0.1854  0.0065 0.9411
All directions 993 02763 0.1658  0.1660 0.9524

A.4.5 Comparison of data quality for different relative wind and flight directions

In previous studies, e.g. Chelton and Freilich (2005), a dependency of the data quality on
the wind and wave direction relative to the movement of a satellite was found, as satellites
move while measuring the wind and wave conditions. Therefore, in this analysis, the
measured significant wave height data are separated in terms of the wind direction relative
to the satellite track. A slightly smaller RMSE, SI and bias can be found in situations
where the wind comes from the direction opposite that of satellite motion (Table A.6).
The best correlation, though, is achieved under cross-wind conditions, having a value of
96.7%. Since the differences between all situations are quite small, i.e. 1.3% for the
correlation, 6 cm for the bias, 0.009 for the SI and 6.6 cm for the RMSE, the difference in

the statistical values for all three situations cannot be regarded as substantial. Therefore,
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it can be concluded that the quality of the Sentinel-3A measurements does not depend

on the wind direction relative to the satellite flight direction.

Table A.6: Comparison of the data quality, organized by the wind direction relative to
the satellite flight direction, for Sentinel-3A SAR.

Entries RMSE (m) SI  Bias (m) Correlation

Along wind 7366 0.4396 0.1643  0.2794 0.9645
Opposing wind 6257 0.3757 0.1553 0.2254 0.9544
Cross wind 14940 0.4416 0.1625  0.2886 0.9673

The newly available Sentinel-3A data yield better results for coastal areas compared to the
data quality of older satellites such as Jason-2 and CryoSat-2. Especially within the first
10 km from the coast, the statistical values of Sentinel-3A are substantially better then the
ones for Jason-2 and CryoSat-2. Also, for Sentinel-3A, no substantial differences are found
regardless whether the satellites pass from land to water or vice versa. Furthermore, the
quality of the Sentinel-3A data does not differ substantially under either long- or short-
fetch conditions within the German Bight. When comparing the data quality based on
the wind direction relative to the satellite flight direction, again, no substantial differences
can be found. Therefore, the data quality is not affected by relative flight direction and

the coastline or the wind direction, as well as different metocean conditions.

A.5 Synergy of satellite data and model ensemble

To enhance the quality of the significant wave height data of the ensemble mean, the
satellite measurements and the ensemble of the modelled significant wave height are com-
bined to produce a best-guess wave field using the EOFs. A more detailed explanation
of this method, which is based on a maximum a posteriori approach, can be found in
Schulz-Stellenfleth and Stanev (2010). The technique is illustrated for the extreme event
on 29 September 2016, 11:00 UTC (Figure A.9). When comparing the ensemble mean
of the significant wave height (Figure A.5a) to the GTS measurements in the northern
part of the North Sea (55°N, 2°W to 62.5° N, 5° E, white and grey box in Figure A.1),
where the maximum in significant wave height occurs, both are found to be in very good
agreement, with an SI of 0.139, a bias of 0.11 m and an RMSE of 0.56 m. When using the
satellite data with the satellite measurement standard deviation as an observation error,

and when no bias correction is performed, the statistical values of the best-guess wave field
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in terms of the GTS measurements become worse compared to the ensemble mean. To
force the analysis to stay close to the already good ensemble mean, a rather high value of
3m is assumed for the observation errors. The significant wave height reconstructed using
the EOFs and the satellite measurements then has an SI of 0.138, a bias of 0.36 m and an
RMSE of 0.65m with respect to the GTS data (not used for the reconstructed significant
wave height). As this is still not superior to the ensemble mean, a bias correction of the
satellite measurements is carried out. The reconstructed significant wave height (Figure
A.9) then has the same SI as that before the bias correction, but the standard deviation
of the error is reduced from 0.70m to 0.65m, and the bias and RMSE are improved to
0.06 m and 0.54m, respectively. For this extreme event, the results demonstrate that a
bias correction is absolutely necessary before assimilating the satellite data into a wave
model. The analyses show that the model can be guided towards the right direction by the
satellite data but that the satellite data are still not accurate enough compared to the in

situ observations to be used to strictly force the model towards the satellite observations.
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Figure A.9: Best guess of the significant wave height of the ensemble (coloured), together
with the Sentinel-3A track (line) and the GTS measurements (dots), on 29 September 2016
at 11:00 UTC.

A.6 Summary and conclusions

In this study, the sensitivity of the wave model to wind forcing data with different spatial
and temporal resolutions is tested. The analysis shows that the general performance of
WAM for all different wind forcings is good and fairly similar. Especially during normal

conditions, no major differences can be found. During extreme events, however, the model
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simulations tend to be spread out, with the model simulation with the coastDat-3 and
DWD wind forcings tending to overestimate the significant wave height and the model
simulations with the ECMWEF operational analysis/forecast, ERA-Interim and ERA5
wind forcings tending to underestimate the high significant wave heights. The EOF
analysis shows that the largest difference between the model simulations is the magnitude
of the peak significant wave height, with a difference of 2.92m between the smallest
and largest significant wave height peaks. Also, the location of the maximum differs,
especially between the simulations with hourly and 6 h wind forcings, with approximately
290 km between the peaks. Furthermore, the larger-scale wind conditions change the wave
conditions. The analysis of the time series clearly shows that hourly wind forcing data
are needed to simulate the significant wave height peak correctly, as a 6h wind forcing
often misses the wind speed peak and, therefore, also the significant wave height peak.
The best results of the wind wave model WAM are obtained by the simulations with the
ECMWF operational analysis/forecast and ERA5 wind forcings.

Furthermore, the quality of the newly available Sentinel-3A data is assessed in comparison
with data from older satellites, i.e. Jason-2 and CryoSat-2. The general performance
is good and fairly similar between all satellite products, although all products tend to
overestimate the in situ significant wave height measured within the GTS. The analysis
of the spatial distributions of the satellite data quality reveals better results for Sentinel-
3A over coastal areas than for Jason-2. Especially within the first 10km off the coast,
these differences become apparent. In further analyses, no substantial differences between
onshore and offshore satellite flights as well as for different metocean conditions can be
found. Also, the satellite data quality does not depend on the wind direction relative to the
flight direction. Therefore, Sentinel-3A has a clear advantage over the other satellites when
utilized over coasts, exhibiting better skills than those of the other satellites compared to

the wave model.

In the last section, where the ensemble and satellite data are merged, the carrying out
of bias correction before assimilating satellite data into a wave model is shown to be
necessary. Also, for an extreme event, satellite data can be used to guide an ensemble
towards a better best-guess wave field, though it cannot be used to strictly force the
ensemble towards the satellite data, as they are not accurate enough compared to the in

situ measurements.
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Data availability

The WAM model code can be found at http://mywave.github.io/ WAM/ (WAM, 2018).

The satellite data of Jason-2 and CryoSat-2 are available as follows: Jason-2: ftp://avisoftp.cnes.fr
(Jason-2, 2018); CryoSat-2 SAR: https://gpod.eo.esa.int (CryoSat-2 SAR, 2018); CryoSat-

2 RDSAR: http://rads.tudelft.nl/rads/rads.shtml (CryoSat-2 RDSAR, 2018). The wind
forcing data used for this study are available as follows: ERA-Interim: ECMWZFdataserver;

ERAD5: https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset (ERA5, 2018);
coastDat-3: https://cera-www.dkrz.de/WDCC /ui/cerasearch/entry?acronym=coastDat-
3_.COSMO-CLM _ERAi (HZG, 2017).
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Bias:
bias = E. (A.A6)
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The Impact of the Two-Way Coupling between
Wind Wave and Atmospheric Models on the

Lower Atmosphere over the North Sea

Anne Wiese, Emil Stanev, Wolfgang Koch, Arno Behrens, Beate Geyer and

Joanna Staneva

Institute of Coastal Research, Helmholtz-Zentrum Geesthacht, 21502 Geesthacht,

Germany

(Received: 24 May 2019; Accepted: 9 July 2019; Published: 11 July 2019)

The effects of coupling between the atmospheric model of the Consortium for Small-Scale
Modelling-Climate Limited-area Modelling (CCLM) and the wind wave model (WAM)
on the lower atmosphere within the North Sea area are studied. Due to the two-way
coupling between the models, the influences of wind waves and the atmosphere on each
other can be determined. This two-way coupling between these models is enabled through
the introduction of wave-induced drag into CCLM and updated winds into WAM. As a
result of wave-induced drag, different atmospheric parameters are either directly or indi-
rectly influenced by the wave conditions. The largest differences between the coupled and
reference model simulation are found during storm events as well as in areas of steep gra-
dients in the mean sea level pressure, wind speed or temperature. In the two-way coupled
simulation, the position and strength of these gradients vary, compared to the reference
simulation, leading to differences that spread throughout the entire planetary boundary
layer and outside the coupled model area, thereby influencing the atmosphere over land
and ocean, although not coupled to the wave model. Ultimately, the results of both model
simulations are assessed against in situ and satellite measurements, with a better general

performance of the two-way coupled simulation with respect to the observations.
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B.1 Introduction

Wind induced waves at the surface of the ocean are well known to affect the overlying
atmosphere. In 1989, Janssen (1989) investigated the wave-induced stress and airflow
drag over sea waves. Three years later, Janssen reported experimental evidence of the
effects of surface waves on the airflow (Janssen, 1992). Since then, coupled atmosphere-
wave models have been utilised in many studies to analyse the effects of wind waves on
the atmosphere and vice versa. These studies addressed mainly the effects of coupling on
idealised cyclones (Doyle, 1995; Lionello et al., 1998), hurricanes (Bao et al., 2000), wind
waves (Wahle et al., 2017), atmospheric (Janssen et al., 2002) and wave forecasts (Wahle
et al., 2017) and climate (Janssen et al., 2002).

The flow of air within the free atmosphere is determined by the balance between the
pressure gradient and the Coriolis force. Closer to the surface, friction also plays a
major role in the momentum balance. This friction leads to a cross-isobar flow. As
a result, low-pressure systems fill more quickly (Janssen, 2004). Over the ocean, this
friction is dependent on the sea state. In particular, young sea states are associated
with rough airflow and high friction (Donelan et al., 1993; Janssen, 2004). Hence, the
largest changes in the surface roughness and friction velocity occur in areas of young
sea states (Katsafados et al., 2016). Consequently, this increased friction leads to more
direct airflow into the centre of the low-pressure system, and thus the system fills up
more quickly. On the other hand, enhanced friction leads to enhanced heat fluxes, which
tend to deepen low-pressure systems (Janssen, 2004). Therefore, the effects wind waves
have on the evolution of a low-pressure system are determined by the dominant processes
through which the system develops. Momentum fluxes play a major role in the devel-
opment of extratropical lows. Where an atmospheric model is coupled to a wave model,
the momentum flux affected by wind waves causes less deepening of the lows during
the model simulation (Doyle, 1995; Lionello et al., 1998; Janssen et al., 2002; Janssen,
2004). For hurricanes, however, the temperature difference between the ocean and the
atmosphere can become quite large. In this case, the heat flux can also play a major
role in the development of the low. Bao et al. (2000) demonstrated that a hurricane
can become deeper due to the coupling between the atmospheric model and the wave
model. Furthermore, feedbacks between wind waves and the atmosphere create nonlin-
ear interactions within the dynamic structure of a storm or cyclone (Katsafados et al.,
2016). Katsafados et al. (2016) also found that the planetary boundary layer (PBL) is
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thicker and more turbulent due to atmosphere-wave coupling. The impact of coupling
on a single depression is also dependent on the model resolution. If the resolution is too
coarse to resolve the processes involved, the effect caused by coupling the wave model
to the atmospheric model vanishes (Janssen et al., 2002; Janssen, 2004; Wu et al., 2017).
Wu et al. (2017) also analysed the effects of different roughness length parametrisations
on the predictability of a storm, but none of the tested parametrisations could reproduce

the results of the coupled model simulation.

The two-way coupling of wave and atmospheric models was introduced into the operational
forecasts of the European Centre for Medium-Range Weather Forecasts (ECMWF) in
1998. This led to substantial improvements in various surface parameters, such as the
10 m wind speed and the significant wave height, and had modest impacts on the 1000 hPa
and 500 hPa geopotential heights (Janssen et al., 2002; Janssen, 2004).

This two-way coupling also affects the climate across the troposphere. Janssen and
Viterbo (1996) and Janssen et al. (2002) found significant impacts in the storm track
area in both hemispheres, although the effect is more pronounced in the Southern Hemi-
sphere. This discrepancy was attributed to the larger water surfaces surrounding the
Antarctic continent and the less precise forecasts for the Southern Ocean due to the
lack of observational data there (Janssen and Viterbo, 1996). These findings show that
the effects of local wind waves produce teleconnections in the large-scale atmospheric
system. Furthermore, the wind wave climate itself is affected by the coupling of wave
and atmospheric models (Babanin et al., 2012). Weisse et al. (2000) and Weisse and
Schneggenburger (2002) investigated the sensitivity of a regional atmospheric model to
sea-state dependent roughness regarding the mean sea level pressure in the region of the
North Atlantic Ocean. They, on the other hand, found no significant impact on the mean

sea level pressure, when introducing wave-depended roughness to the atmospheric model.

The above mentioned studies focused on the impacts of the coupling between atmospheric
and wave models close to the surface, whereas they paid little attention to differences that
occur above the surface layer. Therefore, the present study further investigates under
which conditions the coupling lead to differences in the atmospheric parameters within
and at the height of the atmospheric boundary layer. The models and measurement data
used for the analysis are described in the next section (Section B.2). This is followed by
an analysis of the general differences between the reference simulation and the coupled

model simulation regarding the roughness length, 10 m wind speed and significant wave
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height (Section B.3). In Section B.4, an event with large changes close to the boundary
layer height is identified and analysed in more detail. This is followed by a discussion
of the results (Section B.5). Finally, a summary and the conclusions of this analyses are

given in Section B.6.

B.2 Numerical Models, Model Set-Up and Measurement Data

B.2.1 Numerical Models

B.2.1.1 Atmospheric Model CCLM

This study employs the atmospheric model known as Consortium for Small-Scale Mod-
elling (COSMO)-Climate Limited-area Modelling (CLM) Community (CCLM) version
4.8 (Rockel et al., 2008), a non-hydrostatic regional climate model developed and ap-
plied by the CLM Community (CLM-Community, 2019) on the basis of the numerical
weather prediction model COSMO (COSMO, 2019). CCLM is based on the primitive
equations that describe compressible flow in a moist atmosphere and uses the primitive
momentum equations. The continuity equation is replaced by a prognostic equation for
pressure perturbations from a reference state, which represents a time-independent dry
atmosphere at rest. This atmosphere is prescribed as being horizontally homogeneous,

vertically stratified and in hydrostatic balance.

The model domain of CCLM covers Northern Europe with a spatial resolution of 0.1°.
In the vertical direction, 40 grid levels are used. The initial and boundary conditions are
taken from 6-hourly ECMWEF Re-analysis (ERA)-Interim analysis data (Berrisford et al.,
2009; Dee et al., 2011).

B.2.1.2 Wave Model WAM

Here, the wind wave model (WAM) Cycle 4.5.4 is used (WAMDI Group, 1988; Komen
et al., 1994; Wahle et al., 2017). In this version, depth refraction and wave breaking
are taken into account. Consequently, this model set-up is suitable for shallow water

applications. The directional resolution of the model is 15°. The model uses 30 frequencies
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logarithmically spaced from 0.04 to 0.66 Hz. The model domain covers the North Sea
and has a spatial resolution of approximately 5 km (Figure B.1). The values at the
open boundaries of the model domain are taken from the European WAM (EWAM), the
regional model of the Deutscher Wetterdienst (DWD).

B.2.1.3 Coupling between CCLM and WAM

The OASIS3-MCT version 2.0 coupler is used to couple the CCLM and WAM (Wahle
et al., 2017). The fields that are exchanged in this study are the wind components as
well as the roughness length. In the one-way coupled model simulation (hereafter called
the reference model simulation), WAM receives the wind components from CCLM, and
CCLM uses the Charnock parametrisation to calculate the roughness length over water
surfaces (COSMO, 2019). In the two-way coupled model simulation (hereafter known as
the coupled model simulation), WAM still receives the wind components from CCLM and
additionally sends the roughness length calculated directly from the wind wave field back
to CCLM. In order to determine the effects of the coupling of the wind wave model and
the atmospheric model, the results of the two model simulations are compared. This is
illustrated through the differences between the model simulations (reference and coupled)

close to the surface but also in higher parts of the atmosphere.

200

70°N
180

160

140

65°N [\

m)

100

60°N

80

Bathymetry (

60

55°N
40

(o]
50°N 20

12°w 0° 12°E  24°E  36°E

Figure B.1: Bathymetry of the wave model WAM (shaded) and area of the atmospheric
model CCLM (box).

63



Appendix B: Impact of coupling between waves and atmosphere on the lower atmosphere

B.2.2 Measurement Data

To determine whether the two-way coupling improves the model results, the simulations
are compared with observational data. For this purpose, in situ measurements within the
North Sea from the Global Telecommunication System (GTS) and satellite measurements

from Sentinel-3A are chosen. The two data sets are described in the following sections.

B.2.2.1 In Situ Measurements

Most of the in situ measurement data of the significant wave height and wind speed used
in this study are from the GTS. The data are obtained from and archived at the ECMWF
(Bidlot and Holt, 2006). Alternatively, the data are gathered by the ECMWEF as part of
the Joint Technical Commission for Oceanography and Marine Meteorology (JCOMM)
wave forecast verification project (Bidlot et al., 2002). The data are recorded either by
moored wave data buoys, anchored at fixed locations to serve national forecasting needs,
or by instruments mounted on platforms or rigs of the oil and gas industry. These data
have been kindly provided to the meteorological community. As in Wiese et al. (2018),
the wave height measurements are collocated with the model data using the closest grid
point to the location of the in situ measurement and the wind speed measurements are
interpolated to a height of 10 m above the surface and then collocated with the model
using the closest grid point to the location of the observation. The locations of the in situ

measurements are depicted in Figure B.2.

B.2.2.2 Satellite Data

The significant wave height and wind speed observations from the Sentinel-3A satellite
are used to compare the model results with satellite measurements. Sentinel-3A, which
was launched in February 2016, is the first satellite that operates entirely in synthetic
aperture radar (SAR) mode (ESA, 2015). The revisit time of Sentinel-3A is 27 days.
The data acquired by Sentinel-3A are retrieved from 1D profiles along the ground track
of the satellite. The footprint size is between 1.5 and 10 km depending on the sea state
across the track. The along-track resolution of Sentinel-3A is approximately 7 km for 1 Hz

measurements. Figure B.2 shows the locations of the satellite measurements. Because
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the quality of the data from Sentinel-3A is better than that of data from other satellites,
especially close to the coast, the data from this satellite are chosen for comparisons with
the model results (Wiese et al., 2018). The satellite data are collocated according to the

nearest model grid point and the closest time with a maximum time lag of 30 min.
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Figure B.2: Locations of the in situ measurements (magenta dots) and the satellite
measurements (grey tracks). The southerly box indicates the area of the in situ measure-
ments used for the comparisons in Section B.3. The northerly box indicated the area of
the Hovmoller diagrams in Section B.4.1.

B.3 General Impacts of the Wave-Atmosphere Coupling

In the coupled model simulation, the roughness length calculated by WAM is passed
to CCLM to ensure a roughness length over the ocean that is more precise than the
parametrised roughness length used within the reference model simulation. Figure B.3
shows the dependency of the roughness length on the wind speed (Figure B.3a) and
the friction velocity (Figure B.3b). Clearly, the roughness length in the reference model
simulation is underestimated compared with that in the coupled model simulation. In
particular, at wind speeds exceeding 10m s~!, the roughness length of the wave model
becomes substantially larger than the parametrised roughness length. Additionally, the
least-squares best-fit lines through the roughness lengths of the coupled model simula-
tion show that the parametrised roughness length in CCLM is too small, especially at
high wind speeds. The colour of the roughness lengths of WAM in Figure B.3 indicates

the corresponding wave age. These results illustrate that a young sea state creates a
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large surface roughness, as was also found by Janssen et al. (2002); Janssen (2004) and
Katsafados et al. (2016). For wind speeds below approximately 15m s™!, the largest
roughness lengths are due to swell with large wave ages. However, this effect cannot
be captured by parametrisations in the stand-alone atmospheric model (Cavaleri et al.,
2012a). The roughness length for areas covered by sea ice is set to 0.001 by CCLM, as
shown by the black lines in Figure B.3.
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Figure B.3: Scatter plots of the (a) wind speed (ff) and (b) friction velocity (u.) against
the roughness length (zg) for the reference model simulation (black dots) and the coupled
model simulation (coloured dots). The red lines indicate the least-squares best-fit lines of
the roughness lengths calculated by WAM. Values of 0.001 represent the roughness length
of sea ice.

The wind speed and significant wave height are the most obvious parameters influenced
by the coupling between the atmospheric model and wind wave model, since the wind
is exchanged between the models and directly influences the significant wave height and,
the other way round, the wave height directly influences the roughness length given back
to the atmospheric model. Hence, the general influences of the two-way coupling on
the wind speed and significant wave height are investigated. In Figure B.4, the wind
speeds modelled with both the reference model simulation (Figure B.4a) and the coupled
model simulation (Figure B.4b) are compared with the wind speeds measured by the
Sentinel-3A satellite. The reference model overestimates the wind speeds exceeding ap-
proximately 7ms™! (Figure B.4a). Below 7ms™!, CCLM underestimates the Sentinel-3A
wind speeds. In the coupled model simulation, the overestimation of wind speed above

1

approximately 7ms™" is reduced compared to the reference simulation. Furthermore, for
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high wind speeds (exceeding 15m s™!), the overestimation is eliminated entirely (Figure
B.4b). However, at wind speeds below 7ms™!, the coupled model simulation tends to
produce a slightly larger underestimation than the reference model simulation. According
to the statistical values calculated between the measured and modelled wind speeds, the
results of the coupled model simulations are closer to the measurements than the results

of the reference model simulation (Table B.1).
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Figure B.4: Q-Q scatter plots for the measured (Sentinel-3A) wind speeds and modelled
wind speeds with the (a) reference and (b) coupled model simulations for January 2017.
The Q-Q plot is shown as black crosses, the 45° reference line is denoted by the blue line,
and the least-squares best-fit line is the red line.

In the coupled model simulation, the significant wave height is influenced by changes in the
wind speed, resulting in nonlinear feedback in both the atmospheric model and the wave
model. The modelled significant wave heights below 4 m in both model simulations are in
good agreement with the satellite measurements (Figure B.5). In contrast, significant wave
heights between 4 m and 7 m are overestimated by the reference model simulation, whereas
larger significant wave heights are represented quite well by the reference model (Figure
B.5a). In the coupled model simulation, the significant wave height is depicted very well
until the significant wave height reaches 6 m, while larger significant wave heights tend to
be underestimated by the coupled model simulation relative to the satellite measurements
during January 2017 (Figure B.5b). Regarding the root mean square error, the scatter
index and the correlation, the statistical parameters are improved for the coupled model

simulation compared with those for the reference model simulation (Table B.1).
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Figure B.5: Q-Q scatter plots for the measured (Sentinel-3A) significant wave heights and
modelled significant wave heights with the (a) reference and (b) coupled model simulations
for January 2017. The Q-Q plot is shown as black crosses, the 45° reference line is denoted
by the blue line, and the least-squares best-fit line is the red line.

Table B.1: Statistical values of the comparison between the wind speeds (ff) and sig-
nificant wave heights (hs) measured by Sentinel-3A and the modelled wind speeds and
significant wave heights.

fr hs

Reference Coupled Reference Coupled
Entries 3286 3284
Mean (Sentinel-3A) 8.85 m s~! 2.28 m
Mean (Model) 9.0oms!  877Tms! 2.25 m 2.14 m
Standard Deviation (Sentinel-3A) 3.82ms! 1.38 m
Standard Deviation (Model) 4.35m s™! 413 ms™! 1.49 m 1.35 m
Root Mean Square Error 1.94 m s ! 1.81 m s ! 0.49 m 0.45 m
Scatter Index 0.218 0.204 0.213 0.188
Bias 0.199mst —0.082ms!t —0.029m —0.136 m
Correlation 0.896 0.899 0.945 0.951

The largest differences both in the wind speed and in the significant wave height occur
during extreme events with large wind speeds and significant wave heights (Figures B.4

and B.5). Therefore, the model results are compared with GTS measurements recorded
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during one extreme event in January 2017 by buoys located off the coast of England
(53°N,0°E to 54° N, 3° E). For this comparison, the measurements acquired at the same
time from the seven buoys within that small area (see the black box in Figure B.2) are
averaged. The results of the models collocated with the buoys are then averaged as well.
As shown in Figure B.6, the results of the coupled model simulation are closer to the
observations than are the results of the reference model simulation. In particular, under
the high wind speeds and large significant wave heights observed on the 11th/12th and
13th/14th of January 2017, the coupled model performs substantially better than the
reference model. During these periods, the results of the reference model simulation are
outside the standard deviation range of the GTS measurements, while the results of the
coupled model simulation are well within the range of standard deviations. During the
calm conditions after the storm, both model simulations produce rather similar results

that are close to the measurements (Figure B.6).
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Figure B.6: Time series of GTS measurements versus the simulated results of the (a)
wind speed (m s7!) and (b) significant wave height (m) off the coast of England (53° N, 0° E
to 54° N, 3° E).

These findings illustrate that the overall agreement between the coupled model simulation
and the observational data are better than the agreement between the reference model
simulation and the observational data. This result is especially valid during extreme
events. During calm conditions, the results of both model simulations are quite simi-
lar. The discrepancies in these model performances result from the underestimation of
the roughness lengths by the CCLM parametrisation compared to the roughness lengths
calculated by WAM. This underestimation is larger at higher wind speeds, which causes

larger differences for extreme events.
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B.4 Impact of the Two-Way Coupling of the Models on Processes
within the PBL and Higher Layers of the Atmosphere

B.4.1 Temporal Variability within the PBL

Hovmoller diagrams are generated to determine the events corresponding to large effects
within the PBL due to the coupling between CCLM and WAM. Figure B.7 presents the
Hovmoller diagrams for an area of 1° by 1° in the middle of the North Sea (symmetric
around the point 56.5°N, 2.5°E, Figure B.2) for January 2017. On 16 January 2017, an
event can be observed that is associated with large differences in the pressure, temperature
and wind speed close to the PBL height. A second event can be observed on 24 January
2017 with a recognizable temperature change. Both events are associated with quickly
rising temperatures along warm fronts (Figure B.7e). Additionally, during these events,
the wind speed is relatively low (Figure B.7c), and the surface pressure exceeds 1010 hPa
(Figure B.7a). To analyse these changes close to the PBL height, the time period between
11 January and the event on 16 January 2017 is investigated in more detail because the
largest changes in all three parameters occur during this period. Additionally, on 13
January 2017, an event emerges that is characterised by pressure changes throughout the

atmosphere.

B.4.2 Synoptic Situation

First, the synoptic situation during the time period from 11 to 16 January 2017 is discussed
using the mean sea level pressure (MSLP) results from the reference model simulation.
On 11 January 2017, the centre of the low-pressure system is located between Iceland
and Norway, and a secondary low-pressure system is located over the southern coast of
Norway close to Oslo (Figure B.8a). The associated pressure gradient across the North
Sea is quite steep, causing high northwesterly winds in the North Sea area. The secondary
low moves northeastwards with increasing pressure in the centre and eventually vanishes
over Norway. The main low-pressure system moves towards the coast of Norway, after
which it moves south along the coast and crosses the North Sea with a convergence zone
evolving from the centre to the British coast (Figure B.8b). During this storm period,
the wind speeds and significant wave heights are quite large. On 13 January 2017 at
9:00 p.m. UTC, the centre of the low-pressure system hits the East Frisian Islands along
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Figure B.7: Hovmoller diagrams (a,c,e) of the results from the reference model simulation
and (b,d,f) of the differences between the reference and coupled model simulations in
the North Sea for January 2017 for the (a,b) air pressure, (c,d) wind speed and (e,f)
temperature. The black lines indicate the planetary boundary layer (PBL) height in the
reference model simulation, and the grey lines indicate the PBL height in the coupled
model simulation.
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the German coast, after which it moves further southeastwards and fills up. After this
low-pressure system moves out of the area, a high-pressure system develops over the North
Sea (Figure B.8c) in association with low wind speeds and low significant wave heights

throughout that area.
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Figure B.8: Mean sea level pressure (MSLP) on (a) 11 January 2017 at 12:00 p.m. UTC;
(b) 13 January 2017 at 12:00 p.m. UTC; and (c) 16 January 2017 at 6:00 a.m. UTC.

B.4.3 Tracks of the Low-Pressure System

Next, the tracks of the low-pressure system in the reference and coupled model simulations
are compared (Figure B.9). The track of the low-pressure system is defined as the path of
the minimum MSLP with time. The tracks in both model simulations are quite similar.

The largest difference occurs when the system approaches the Norwegian coast. The

72



Regional wave and coupled wave-atmosphere models during extreme events

core of the system is quite large, which makes the definition of the centre inaccurate.
Nevertheless, the structure of the low-pressure system is very similar in both cases. The
tracks in the reference and coupled model simulations of the low-pressure system across the
North Sea before hitting the German coast are also very similar. Therefore, the two-way
coupling between the wind wave model and the atmospheric model does not influence the
track of this low-pressure system. One possible reason for this might be that the coupled
area in this set-up is too small, with the low pressure system moving across that area quite
fast. Therefore, the time the low pressure system has to adjust to the changed roughness
length might be too short to develop a different track, as this was found by other studies
(Janssen et al., 2002).
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Figure B.9: Track of the low-pressure system from 11 January 2017 to 15 January 2017
for the reference model simulation (blue) and the coupled model simulation (red).

B.4.4 Impact on the Roughness Length

The parameter within the atmospheric model that is directly changed by the coupling
with the wind wave model is the roughness length. In the coupled model simulation, the
roughness length is calculated in the wind wave model and then passed to the atmospheric
model, whereas in the reference model simulation, the roughness length is calculated using
the Charnock parametrisation (COSMO, 2019).

On 11 January 2017 at 12:00 p.m. UTC, the roughness length in the coupled model
simulation is enhanced compared to that in the reference model simulation (Figure B.10a).
When the low-pressure system moves across the North Sea, the roughness lengths are

also enhanced west of the convergence zone (Figure B.10b). These enhancements are
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associated with high wind speeds and large significant wave heights. On 16 January 2017
at 6:00 am. UTC, when the high-pressure system is located over the North Sea, these
differences in the roughness length vanish (Figure B.10c).
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Figure B.10: Absolute values of the roughness length in the reference model simulation
(contours) and the differences in the roughness length between the coupled and reference
model simulations (coloured) on (a) 11 January 2017 at 12:00 p.m. UTC; (b) 13 January
2017 at 12:00 p.m. UTC; and (c) 16 January 2017 at 6:00 a.m. UTC.

B.4.5 Impact on the Mean Sea Level Pressure

The differences in the roughness length discussed in the previous section (Section B.4.4)
lead to differences in the MSLP because the roughness length determines the direction

of airflow into the low-pressure system (Janssen, 2004). Due to the enhanced surface
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roughness on 11 January 2017 at 12:00 p.m. UTC (Figure B.10a), the airflow moves more
directly into the low-pressure system, allowing the low-pressure system to fill up faster.
Therefore, the pressure increases in the centre of the low-pressure system and decreases

around the outside, letting the gradient across the North Sea decrease (Figure B.11a).
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Figure B.11: Absolute values of the MSLP in the reference model simulation (contours)
and the differences in the MSLP between the coupled and reference model simulations
(coloured) on (a) 11 January 2017 at 12:00 p.m. UTC; (b) 13 January 2017 at 12:00 p.m.
UTC; and (c) 16 January 2017 at 6:00 a.m. UTC.

Two days later, the largest changes in the MSLP can be found in the area of the con-
vergence zone (Figure B.11b) because the exact position of the convergence zone varies
between the reference and coupled model simulations. This convergence zone moves far-
ther to the east in the coupled model simulation. This effect can also be seen in the
Hovmoller diagrams (Figure B.7). At this time, a steep increase in the pressure can be

detected throughout the entire atmosphere (Figure B.7a). Because the convergence zone
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enters the investigated area earlier in the coupled model simulation, due to the shift to-
wards the east, the pressure is increased throughout the entire atmosphere in the coupled
model simulation (Figure B.7b). On 16 January 2017 at 6:00 a.m. UTC, the high-pressure

system is located over the North Sea.

B.4.6 Impact on the 10 m Wind Speed

On 11 January 2017 at 12:00 p.m. UTC, the wind speed is also reduced due to the

two-way coupling between the atmosphere and the wind waves (Figure B.12a). This is
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Figure B.12: Absolute values of the 10 m wind speed in the reference model simulation
(contours) and the differences in the 10 m wind speed between the coupled and reference
model simulations (coloured) on (a) 11 January 2017 at 12:00 p.m. UTC; (b) 13 January
2017 at 12:00 p.m. UTC; and (c¢) 16 January 2017 at 6:00 a.m. UTC.
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mainly due to the enhanced surface roughness (Figure B.10a) of the ocean surface because
enhanced friction reduces the wind speed close to the surface. In addition, the reduced
pressure gradient (Figure B.11a) contributes to a reduced wind speed within the North
Sea area. Two days later, the largest impacts on the wind speed are observed along the
convergence zone (Figure B.12b). Slightly east of the convergence zone, the wind speed
is enhanced. This corresponds to the shift of the convergence zone towards the east, as
seen in the MSLP (Figure B.11b). West of the convergence zone, where high wind speeds
occur, the wind speed is again reduced due to the enhanced surface roughness. Due to
the small pressure gradient across the North Sea on 16 January 2017 at 6:00 a.m. UTC
(Figure B.8c¢), the wind speed is considerably low (Figure B.12c).

B.4.7 Impact on the Significant Wave Height

The significant wave height is reduced on 11 January 2017 at 12:00 p.m. UTC (Figure
B.13a). This reduction is due to the wind speed being reduced (Figure B.12a), as the
wind speed is passed from the atmospheric model to the wind wave model and therefore
directly influences the significant wave height. This reduction reaches up to 1.4m. The
same can be seen two days later, when the significant wave height is reduced by up to 2.3 m
west of the convergence zone, where significant wave heights reaching 10.5m occur. On
16 January 2017 at 6:00 a.m. UTC, these changes in the significant wave height vanish,
as the significant wave height is quite small during that time (Figure B.13¢) due to low

wind speeds.

B.4.8 Impact on the Temperature at the 850 hPa Geopotential Height

On 16 January 2017 at 6:00 a.m. UTC, a warm front is located across the North Sea,
which can be clearly seen in the map of the temperature at the 850 hPa geopotential
height (Figure B.14). The position and strength of this front differs between the coupled
and reference model simulations. This explains the changes close to the PBL height seen
in the Hovmoller diagrams (Figure B.7). These changes also extend outside the coupled

model area.
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Figure B.13: Absolute values of the significant wave height in the reference model sim-
ulation (contours) and the differences in the significant wave height between the coupled
and reference model simulations (coloured) on (a) 11 January 2017 at 12:00 p.m. UTC;
(b) 13 January 2017 at 12:00 p.m. UTC; and (c) 16 January 2017 at 6:00 a.m. UTC.

B.5 Discussion

In this study, we depicted the differences between single run experiments of one-way and
two-way coupled model simulations, showing that the differences between coupled and
reference simulation can still be detected at the height of the PBL for the event studied.
One approach to test the significance of the findings is using ensemble simulations. The
significance of the role of sea state dependent roughness for the performance of coupled
wave-atmospheric models has been differently estimated in several previous publications
(Janssen and Viterbo, 1996; Weisse et al., 2000). The opinions range widely. Janssen

and Viterbo (1996) reported a significant impact of the sea-state dependent momentum
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Figure B.14: Absolute values of the temperature (°C) at the 850 hPa geopotential height
in the reference model simulation (contours) and the differences in the temperature (K)

between the coupled and reference model simulations (shaded) on 16 January 2017 at
6:00 a.m. UTC.

exchange in their ensemble mean of a global model using 15 ensemble members and a
horizontal resolution of around 200 km. Furthermore, they showed that the effects of
waves are propagating up to the higher levels in the atmosphere. On the contrary, Weisse
et al. (2000) and Weisse and Schneggenburger (2002), who analysed the sea level pressure
over the North Atlantic, claimed that the effects of wind waves in the coupled model are
weaker than the natural variability and can not easily be discerned. In their analysis they
used an ensemble of six members with a horizontal resolution of 0.5°, but did not analyse

the propagation of signals in the atmospheric boundary layer and above.

Although the ensemble approach proved useful to compare the significance of effects re-
sulting from using new parametrisation against the natural variability, there are a number
of studies which do not use this approach (Katsafados et al., 2016; Wu et al., 2017). Our
study is one such example. We use a much finer resolution with the aim to illustrate situ-
ations under which the sea-state dependent momentum transfer would lead to substantial
effects in both models. Our conclusions of the importance of sea state depended momen-
tum exchange, in order to come closer to observational data, are more in line with these
of Janssen and Viterbo (1996). As Janssen and Viterbo (1996) found, the spatial resolu-
tion on a global scale is crucial for the significance of the effects of coupling, this might
be similar on the regional scale, as our resolution is much finer, than the one of Weisse
et al. (2000) and Weisse and Schneggenburger (2002). This needs further investigation in
future studies. Knowing that the natural variability is strongly dependent on some other

processes, which we did not address here, we will mention below some important issues
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first to address. Ome of these is to improve the model formulation of the atmospheric
boundary layer. Another problem, when addressing the sea state dependent momentum
exchange, would be to consider the coupled system of currents, waves and atmosphere.
When addressing these issues in further studies, a deeper analysis with using model en-
sembles will be presented. Since the coupled model area in this study is rather small, the
dependency of the changes found in this study on the size of the model domain, as well
as different boundary conditions or different parametrisations of the roughness length,

would be of interest.

B.6 Summary and Conclusions

In this study, the effects of coupling between an atmospheric model and a wind wave
model, especially those on the PBL, are analysed. This coupling is enabled through the
introduction of wave-induced drag in the atmospheric model and updated winds in the

wind wave model.

The general performance of the coupled model system is better compared to the reference
simulations with respect to observational data. The improvements in the coupled model
system occur especially during extreme events because the influence of the enhanced
surface roughness due to the coupling being largest at high wind speeds. During conditions
of low wind speeds, both simulations are quite similar because the surface roughnesses
calculated by WAM do not differ substantially from the surface roughnesses calculated
by the parametrisation provided in CCLM.

Through the analysis of one event that affects the entire PBL, it becomes clear that the
reference and coupled model simulation differ, especially along steep gradients, such as
convergence zones and fronts. These differences are still present, when the significant wave
height is already very small, and, therefore, the roughness length and variations in the
roughness length are very small either. The differences between the reference and coupled
simulation further extend outside the coupled model area over land and over uncoupled

water surfaces.

This study demonstrates that the coupling between an atmospheric model and a wind
wave model is necessary to obtain model results of wind speed and significant wave height

closer to observational data with a better estimation of the roughness lengths over the
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oceans, also accounting for different wave conditions at similar wind speeds, following the
conclusions from Janssen and Viterbo (1996), Janssen et al. (2002) and Wu et al. (2017).
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Ensemble simulations are performed to quantify the internal variability of both regional
atmospheric models and wave-atmosphere coupled model systems. Studies have shown
that the internal variability in atmospheric models (e.g., wind or pressure fields) is in-
creased during extreme events, such as storms. Comparing the magnitude of the internal
variability of the atmospheric model with the internal variability of the coupled model
system reveals that the internal variability can be reduced by coupling a wave model to
the atmospheric model. While this effect is most evident during extreme events, it is still
present in a general assessment of the mean internal variability during the whole study
period. Furthermore, the role of this wave-atmosphere coupling can be distinguished from
that of the internal variability of the atmospheric model since the impact of the wave-
atmosphere interaction is larger than the internal variability. This is shown to be robust
to different boundary conditions. One method to reduce the internal variability of the
atmospheric model is to apply spectral nudging, the role of which in both the stand-alone
atmospheric model and the coupled wave-atmosphere system is evaluated. Our analyses
show that spectral nudging in both coupled and stand-alone ensemble simulations keeps
the internal variability low, while the impact of the wave-atmosphere interaction remains
approximately the same as in simulations without spectral nudging, especially for the
wind speed and significant wave height. This study shows that in operational and climate
research systems, the internal variability of the atmospheric model is reduced when the

ocean waves and atmosphere are coupled. Clear influences of the wave-atmosphere inter-
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action on both of these earth system components can be detected and differentiated from
the internal model variability. Furthermore, the wave-atmosphere coupling has a positive

effect on the agreement of the model results with both satellite and in situ observations.

C.1 Introduction

Air-sea interaction processes and the feedbacks of their interdependence must be better
understood to further improve both the operational and the climate research capabilities
of model systems. On the one hand, improving operational forecasts is particularly im-
portant for all human activities at sea, such as maintaining and installing offshore wind
farms, ship routing, and recreational activities (Gautier and Caires, 2015; Thomas and
Dwarakish, 2015). On the other hand, precise and low-uncertainty climate projections
are crucial for coastal protection and offshore activities, which are highly vulnerable to
extreme weather events and waves (Quante and Colijn, 2016). One approach for reduc-
ing these model uncertainties is the coupling of different earth system elements. In this
context, the exchange processes near the ocean surface are described more realistically by
considering two-way fully coupled sea surface waves and atmospheric components. Using
stand-alone models of the atmosphere, the roughness length of the water surface is usually
parameterised as a function of wind speed (e.g., Lionello et al., 1998; Doms et al., 2013;
Wu et al., 2017). When waves interact with the atmosphere, wave models estimate the
sea surface roughness using wave parameters, which can account for influencing factors,
such as swells and wave age (e.g., Janssen et al., 2002; Wu et al., 2017; ECMWEF, 2019).
The linkage between waves and atmospheric components can lead to increased roughness
lengths over the ocean surface (e.g., Lionello et al., 1998; Cavaleri et al., 2012a; Katsafa-
dos et al., 2016; Wu et al., 2017). This increase in roughness then affects the overlying
atmosphere, resulting in diminished wind speeds and significant wave heights. For extra-
tropical lows, an increased roughness length weakens low-pressure systems, which Doyle
(1995) and Lionello et al. (1998) have shown for idealised cases. Doyle (1995) employed an
idealised cyclone to study the responses of the boundary-layer, mesoscale and synoptic-
scale environment associated with marine cyclogenesis to the sea state. They found that
the boundary-layer structure is influenced by ocean waves in the vicinity of a marine cy-
clone, reducing the wind speed by as much as 12 % in coupled simulations as a result of
high surface roughness due to young waves along the warm front and behind the cyclone.

Furthermore, in coupled simulations, they detected an increase in pressure at the centre
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of the low. Lionello et al. (1998) found similar effects of the two-way coupling between
waves and atmosphere and tested the sensitivity of the wave-atmosphere interaction to
the cyclone intensity and horizontal model resolution. They stated that the impact of
waves on cyclogenesis depends on the storm intensity and is proportionally larger for
extreme storms since intense and continuously changing winds maintain young waves.
Furthermore, the influence on the increase in the minimum pressure is enhanced with
increasing model resolution, which the authors lead back to a more detailed description

of the cyclone centre.

In addition to studies on idealised cyclones, researchers have previously studied realistic
cases in the North Atlantic (Perrie and Zhang, 2001; Janssen et al., 2002; Wu et al., 2017),
the North Sea (Wahle et al., 2017; Wu et al., 2017; Wiese et al., 2019; Wu et al., 2019) and
the Mediterranean Sea (Cavaleri et al., 2012b; Varlas et al., 2018, 2020). In all these areas,
the general consequence of wave-atmosphere coupling on cyclones is very similar to that
depicted for the idealised cases described above. While Cavaleri et al. (2012b) and Varlas
et al. (2018) concentrated on the effects of the interaction between waves and atmosphere
during intense cyclone events, Varlas et al. (2020) assessed the impacts of this coupling
over the Mediterranean and Black Seas during a whole year and discovered significantly
improved forecast skills for the one-year time period due to this interaction. However,
they detected the largest improvements due to the wave-atmosphere linkage under intense
wind and sea state conditions. In the North Sea, a decline in storm intensity due to the
wave-atmosphere interaction was found to be caused by the enhanced surface roughness
due to young waves (Wu et al., 2017; Wiese et al., 2019). Since the roughness length
is often underestimated by atmospheric models, Wu et al. (2017) sought to improve the
Charnock parameterisation by increasing the Charnock parameter and adding variance to
the roughness emulating the variance in the surface roughness presented by wave models.
However, both attempts to tune the Charnock parameterisation in the atmospheric model
failed to replace the wave-atmosphere linkage under storm conditions. Having shown the
importance of waves for atmospheric responses, Wu et al. (2019) assessed the impacts of
waves in a fully coupled system considering atmospheric, waves and oceanic components
on the transfer of momentum and heat between the ocean and atmosphere and showed
significant effects on coastal areas. As coupled systems consisting of waves and atmo-
spheric components have superior forecast skills over stand-alone models, such a system
have been used at the European Centre for Medium-Range Weather Forecasts (ECMWF)

for operational wind and wave forecasting since 1998 (Janssen et al., 2002; Janssen, 2004).
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Recently, the interactions among waves and oceanic and atmospheric components have
been shown to have important impacts on predicting the power generated by offshore
wind farms (Larsén et al., 2019; Wu et al., 2020). In addition to studies on synoptic time
scales, the influences of coupling on the atmospheric and wave climates have also been
investigated. Significant impacts on the atmosphere by the wave-atmosphere linkage have
been shown on both the global scale (Janssen and Viterbo, 1996) and the regional scale
(Perrie and Zhang, 2001; Rutgersson et al., 2010). Furthermore, coupled systems showed
superior forecast skills over stand-alone models for the estimation of the wind climate for

the choice of offshore wind turbines (Larsén et al., 2019).

The increased roughness length calculated by wave models compared to atmospheric mod-
els also leads to enhanced heat flux, which is important for hurricane studies, as enhanced
heat fluxes lead to an intensification of hurricanes (Bao et al., 2000). When simulating
hurricanes, a decrease in or saturation of the roughness length at very high wind speeds
is particularly important, as this allows the hurricane to intensify further (Chen et al.,
2013; Donelan, 2018). Accordingly, Chen et al. (2007) showed the importance of waves

in a coupled atmosphere-wave-ocean model for the prediction of hurricane winds.

In the context of both operational and climate research capabilities, it is important to
examine and quantify the variability and levels of uncertainties. One source of uncertainty
in atmospheric model simulations stems from ambiguous initial conditions since the dy-
namic evolution varies among different model simulations when the models are initialised
with slightly different initial conditions. This uncertainty is usually referred to as internal
model variability, hereafter called internal variability. (Laprise et al., 2012; Sieck, 2013;
Rummukainen, 2016; Sanchez-Gomez and Somot, 2018; Ho-Hagemann et al., 2020). This
is not be confused with the internal climate variability, which is the natural variability
of the climate system (Ho-Hagemann et al., 2020). Internal variability can be estimated
from the spread of ensemble simulations using slightly varying initial conditions (e.g.,
Sieck, 2013; Ho-Hagemann et al., 2020) and is often larger on a regional scale than on
the global scale (Rummukainen, 2016). Internal variability was shown to be reduced by
the coupling between oceanic and atmospheric models, resulting in a stabilising influence
on the atmospheric model (Schrum et al., 2003; Ho-Hagemann et al., 2020). Therefore,
incorporating the effects of waves on the atmosphere might have a similar consequence of
stabilising the atmospheric model, which has not yet been investigated to the best of our

knowledge.
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In addition, the internal variability of a regional atmospheric model can be reduced by
applying spectral nudging to the model (von Storch et al., 2000; Weisse and Feser, 2003;
Schaaf et al., 2017). This method is widely used to keep the large-scale atmospheric state
close to the forcing data, while the regional scale can develop (Feser et al., 2001; Alexandru
et al., 2009; Weisse et al., 2009; Geyer, 2014). This technique is beneficial for studies
reconstructing past climates or specific events with the maximum possible precision since
reanalysis data can be used for spectral nudging under these circumstances (von Storch
et al., 2000; Weisse and Feser, 2003). However, the performance of regional climate models
using spectral nudging strongly depends on the accuracy of the global data. Moreover, in
research on the future climate, this technique might not be advantageous since the global
data contain uncertainties (Ho-Hagemann et al., 2020). This source of uncertainty, called
the forcing uncertainty, is introduced into a regional model through the boundary forcing
driven by global simulations (Sieck, 2013; Ho-Hagemann et al., 2020). Consequently, the
choice of global climate model simulations as the boundary forcing for a regional climate
model has been shown to greatly influence the regional model solution (Déqué et al.,
2007; Kjellstrom et al., 2011; Keuler et al., 2016). Moreover, previous studies have shown
that the use of both different global climate models and differing reanalysis data as the

boundary forcing can have large impacts on regional model simulations (Meifiner, 2008).

Furthermore, models contain inherent uncertainty called structural model uncertainty,
hereafter called model uncertainty, which can be explained by the parameterisations, dy-
namical core and spatial resolution of the model (Murphy et al., 2004). Since numerical
models cannot resolve processes smaller than twice their resolution, these processes have
to be parameterised as a function of resolved large-scale features. These parameterisations
lead to uncertainties in numerical models (Rummukainen, 2016). Furthermore, processes
occurring in the real atmosphere-wave system are neglected in the model system or only
insufficiently understood and for that reason not incorporated. At the interface between
atmosphere and ocean, energy and momentum are exchanged through the waves (Cavaleri
et al., 2012b). These exchanges are one example of processes that are not fully incorpo-
rated in uncoupled models, since they have to be parameterised in the absence of models
for the other components of the earths system. Hence, when coupling the two models the
model uncertainty might be reducible. By replacing the wind dependent parameterisa-
tion in the atmospheric model with the wave-atmosphere coupling a step towards a better

depiction of the real atmosphere-wave system is made.
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Previous studies on assessing the impacts of atmosphere-wave interaction relative to the
internal variability of atmospheric models, have discussed the significance of the coupling
in comparison with the extents of uncertainties with differing conclusions. For instance,
Weisse et al. (2000) and Weisse and Schneggenburger (2002) stated that the regional-scale
effects of linking the wave model to the atmospheric model on the mean sea level pressure
(MSLP) in the North Atlantic are not significant, indicating that the internal variabil-
ity is similarly large during events with large influences due to this coupling, and thus,
the impacts cannot be differentiated from the internal variability. In contrast, Janssen
and Viterbo (1996) reported a significant impact of the sea state-dependent momentum
exchange on their ensemble mean of a global model and suggested that the spatial res-
olution is crucial for studying the significant consequences of waves on the atmosphere.
Similarly, Wu et al. (2017) showed that the impacts of coupling increase with increasing
model resolution. Rutgersson et al. (2010) demonstrated significant effects of the wave-
atmosphere interaction on the regional climate but did not use an ensemble approach.
Rather, they employed longer time scales to assess the significance of this coupling. Since
the studies of Weisse et al. (2000) and Weisse and Schneggenburger (2002), the formu-
lation and resolution of regional models have been improved and refined, enabling us
to re-evaluate the sensitivity of extremes to the influences of waves and atmosphere in
regional models. Therefore, in this study, a state-of-the-art high-resolution regional wave-
atmosphere coupled model system for the North and Baltic Sea in the framework of the
Geesthacht COAstal model SysTem (GCOAST) is used to investigate the effects of the
wave-atmosphere coupling relative to the internal variability of atmospheric models, es-
pecially during extreme events, by conducting ensemble simulations. Furthermore, the
influence of the coupling on the model uncertainty is assessed, as is the sensitivity of the
impacts of coupling to the application of spectral nudging in atmospheric models, and the

choice of boundary conditions.

The structure of this paper is as follows. The numerical models, measurement data and
design of the numerical experiments are described in Section C.2. Then, the ensemble
simulations are analysed with regard to the differences between coupled and reference
simulations, and the internal variability is compared between them, as is the impact of
the coupling on the internal variability (Section C.3). This is followed by an analysis
of the sensitivity of the effects of coupling to the use of spectral nudging and different
boundary conditions (Section C.4). Furthermore, one extreme event in January 2017 is
investigated in more detail (Section C.5). Finally, a summary and conclusions along with

a discussion of the results are given (Section C.6).
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C.2 Numerical Models, Experimental Design, and Measurement
Data

C.2.1 Numerical Models

The atmospheric model used herein is the Consortium for Small-Scale Modeling (COSMO)-
Climate Mode (CLM) (CCLM) regional climate model (Rockel et al., 2008; Doms and
Baldauf, 2013). CCLM is the community model of the German regional climate research
community and has already been utilised in several studies employing coupled systems
with waves (e.g., Cavaleri et al., 2012b; Wahle et al., 2017; Li et al., 2020) or oceanic and
other earth system components (e.g., Ho-Hagemann et al., 2013, 2015; Van Pham et al.,
2014; Ho-Hagemann et al., 2017; Will et al., 2017; Kelemen et al., 2019; Ho-Hagemann
et al., 2020). CCLM is based on the primitive thermo-hydrodynamical equations describ-
ing a compressible flow in a moist atmosphere. The equations are solved on a rotated
geographical Arakawa-C grid and generalised terrain-following height coordinates. The
domain of the atmospheric model extends north to Iceland and Norway and south to
Spain and Italy. The domain is just large enough to cover the area of the wave model
(Figure C.1a), and the horizontal grid spacing is 0.0625°. A high horizontal resolution
is desirable since the impacts of the coupling increase at higher resolutions, where the

structure of cyclones is better resolved (Janssen and Viterbo, 1996; Lionello et al., 1998;
Wu et al., 2017).

The wave model utilised in this study is the third-generation WAve Model WAM (WAMDI
Group, 1988; ECMWF, 2019). WAM has also been used successfully in several studies
that assessed the wave-atmosphere coupling together with CCLM (e.g., Cavaleri et al.,
2012b; Wahle et al., 2017; Li et al., 2020). However, WAM has also been employed with
other atmospheric models, such as the ECMWEF model (e.g., Janssen and Viterbo, 1996;
Janssen et al., 2002) or the Weather Research and Forecasting (WRF') model (e.g., Wu
et al., 2017). WAM is a spectral wave model (WAMDI Group, 1988; ECMWEF, 2019)
that includes parameterisations for shallow water, depth refraction and wave breaking,
making it applicable for the area studied herein. The 2-D wave spectra are calculated
on a polar grid with 24 directional 15° sectors and 30 frequencies logarithmically spaced
from 0.042 to 0.66 Hz. For the spatial dimensions, a spherical grid is used with a 0.06°
longitudinal resolution and a 0.03° latitudinal resolution. The domain of the wave model
covers the Baltic and North Seas and the Northeast Atlantic Ocean. The model domain
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and bathymetry are shown in Figure C.1a. At the open boundaries of the model domain,
the forcing values come from simulations with a coarser model covering the whole North
Atlantic driven by ECMWEF Reanalysis Version 5 (ERA5) winds (Copernicus Climate
Change Service (C3S), 2017). The coarser model has a spatial resolution of 0.25° in both

directions and the same spectral resolution as the finer model described above.

These two models are coupled through the OASIS3-Model Coupling Toolkit (MCT) ver-
sion 2.0 (Valcke et al., 2015) with a coupling time step of 300s. In the reference simulation,
CCLM sends the 10 m wind components to WAM and applies its own parameterisation to
calculate the roughness length over the ocean using the Charnock formula (Doms et al.,

2013), and therefore, the roughness length is dependent only on wind:
_ % 2 2
2o = —max(ug, wy) (C.1)
g

In Equation C.1, the Charnock constant a. is set to 0.0123, g denotes the acceleration
due to gravity, u, is the friction velocity, and w, is the scaling velocity for free convection.

The roughness length over ice is set to a constant value of 0.001 m.

In the coupled simulation, WAM still receives the wind components but also sends the
roughness length calculated through the wave parameters to the atmospheric model.
Hence, over the ocean surface, waves are taken into account when estimating the rough-
ness length by using the wave-induced stress (7,,) for the calculation of zg (ECMWF,
2019). A

ar_ 1 (C.2)
g 1=

T

zZ0 —

The total stress (7 = u?), the acceleration due to gravity (g) and the modified Charnock

constant (& = 0.0062) are also taken to calculate the roughness length over the ocean.

C.2.2 Experimental Design

To analyse the internal variability of the atmospheric model in comparison with the in-
ternal variability of the coupled model system and the effects of the wave-atmosphere
coupling on the atmospheric model, six different ensemble simulations are carried out and
described in Table C.1. The ensembles are designed such that there is always a corre-
sponding reference and coupled simulation. The basic set of ensembles is conducted using
ERAS5 boundary conditions (Copernicus Climate Change Service (C3S), 2017), and no
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spectral nudging is applied in CCLM to allow the atmospheric model to freely develop
and to estimate the impacts of coupling on the freely evolving atmosphere. Further-
more, two sensitivity experiments are carried out: one set of ensembles is conducted with
spectral nudging, and another set of ensembles is performed using different boundary
conditions. Spectral nudging is used to ensure that the large-scale circulation and posi-
tions of low-pressure systems are approximately correct using coarser global data, such
as reanalyses (von Storch et al., 2000; Weisse and Feser, 2003). For the simulations with
spectral nudging, boundary values for the open lateral boundaries as well as for spectral
nudging are taken from ERA5 (Copernicus Climate Change Service (C3S), 2017) similar
to simulations without spectral nudging. To estimate the sensitivity of coupling to the
choice of boundary conditions and to assess the impacts of the boundary conditions of
the atmospheric model on the effects of the coupling, one set of ensembles is performed
using ERA-Interim as boundary conditions (Berrisford et al., 2009; Dee et al., 2011).

Table C.1: Experimental design.

Spectral Boundary

. 1d T ]
nudging conditions ime period

Name Coupling

ref.nsn No No ERA5 01.12.2016 - 01.04.2017
cpl.nsn Yes No ERA5 01.12.2016 - 01.04.2017
ref.sn No Yes ERAS 01.12.2016 - 01.04.2017
cpl.sn Yes Yes ERA5 01.12.2016 - 01.04.2017
ref.bc No No ERA-Interim 01.12.2016 - 01.04.2017
cpl.be Yes No ERA-Interim 01.12.2016 - 01.04.2017

In the atmospheric model, the soil moisture content needs time to adapt (Geyer, 2014).
This adaptation occurs faster closer to the surface than for deeper soil layers and depends
both on the accuracy of the initial conditions and on the regional conditions. Considering
the model domain and that the evaluation of the results is performed mainly for ocean
areas, one year of spin up is performed starting on 1 January 2016. This spin-up simulation
is conducted with the reference set-up involving spectral nudging, which is initialised with
ERA5 data. The ensemble initialisation is accomplished following Ho-Hagemann et al.
(2020) using different dates. Other studies have adopted a similar approach to assess the
internal variability of atmospheric models (Alexandru et al., 2007; Lucas-Picher et al.,
2008; Sieck, 2013). Lucas-Picher et al. (2008) further assessed other ways to disturb
the initial ensemble conditions and found that neither the source nor the magnitude of

the perturbations of initial conditions has an impact on the internal variability 15 days
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past the initialisation. Like in Sieck (2013), each experiment consists of 10 ensemble
members using restart fields from 1 to 10 December 2016 from the spin-up simulation,
as Alexandru et al. (2009) showed 10 members are required for a robust estimate of the
internal variability. All restart fields are then used to initiate the ensemble on 1 December
2016, which spans one winter season until 1 April 2017. For the study period the month
of December is then discarded as a spin up for the ensemble. This period is chosen to
account for the effects of coupling, especially during extreme events that occur during this
time of the year (Janssen et al., 2002; Wahle et al., 2017; Wu et al., 2017; Wiese et al.,
2019).

3162 65°N Y,
(¢} ) ‘
66°N 1000 ix:xixix:x:x:xixixixix e
o= GOON 19999999999 J)'.
316 £
60°N = . Q
e ‘A ]
100 g 55°N [N Ser
0 " ~ N ¥
54°N 32 2 LOO0O0000RS
28°N 10 ©® 50N R
ANANEACERACENES gan e :
42°N 3 45°N p ST CF
. N
360N : - = 2 = 0 VWWUWWW <« = %Y R —
36°W 18°w 0° 18°E 36°E 10°W  0°  10°E 20°E 30°E
(a) (b)

Figure C.1: Bathymetry of the wave model WAM (shaded) and domain of the CCLM
regional climate model (dark blue box). The area between the dark and light blue boxes
is regarded as the buffer zone and is neglected in the analysis. The four different study
areas are indicated by the grey boxes in (a): the North Sea (A), the Baltic Sea (B), the
southern Norwegian Sea (C) and the North Atlantic Ocean west of the British Isles (D).
The locations of the GTS (magenta dots) and Sentinel-3A measurements (grey lines) are
shown in (b).

C.2.3 Observations

C.2.3.1 In situ Measurements

Observations from the Global Telecommunication System (GTS) of the significant wave
height and wind speed are used to estimate the agreement between the model simulations
and observations. The data are obtained from and archived at ECMWF (Bidlot and Holt,
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2006). Moreover, data are gathered by ECMWF as part of the Joint Technical Commission
for Oceanography and Marine Meteorology (JCOMM) wave forecast verification project
(Bidlot et al., 2002). The data are recorded either by moored wave buoys anchored at
fixed locations to serve national forecasting needs or by instruments mounted on platforms
or rigs managed by the oil and gas industry. As in Wiese et al. (2018), the wave height
measurements are collocated with the model data using the closest grid point to the
location of the in situ observations. The wind speed measurements are interpolated to
a height of 10m above the surface and then collocated with the model using the closest
grid point to the location of the observation. The locations of in situ observations are

presented in Figure C.1b.

C.2.3.2 Satellite Data

The significant wave height and wind speed observations from the Sentinel-3A satellite
are used to assess the realism of the simulated wave characteristics. Sentinel-3A, which
was launched in February 2016, is the first altimeter to operate entirely in synthetic
aperture radar (SAR) mode (ESA, 2015). The revisit time of Sentinel-3A is 27 days.
The data gathered by Sentinel-3A are retrieved from 1D profiles along the ground track
of the satellite, and the footprint size is between 1.5 and 10 km depending on the sea
state across the track. The along-track resolution of Sentinel-3A is around 7 km for
1 Hz measurements. Figure C.1b shows the locations of the satellite measurements. The
satellite data are collocated with the model using the nearest model grid point and the
closest time with a maximum time lag of 30 min. The in situ and Sentinel-3A observational
data are also described in Wiese et al. (2019).

C.3 Impacts of the Wave-Atmosphere Coupling

Wind is directly influenced by the coupling through changes in the roughness length
that alter the wind speed and direction. Furthermore, the roughness length impacts the
MSLP since the roughness determines the angle of wind with respect to the isobars and
therefore drives the mass transport from higher to lower pressures (Janssen, 2004). Hence,
hourly outputs of wind speed and the MSLP are chosen for more detailed analyses in the

following.
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In addition, the effects of the internal variability in the atmospheric model and the impacts
of coupling on the significant wave height are analysed. For these analyses, four regions
are chosen with different wave conditions and storm activity characteristics: the North
Sea (A), the Baltic Sea (B), the southern Norwegian Sea (C) and the North Atlantic
Ocean west of the British Isles (D). The Baltic Sea exhibits only a very small opening to
the North Sea through the Danish Straits and is therefore classified as a closed area for
waves. As a result, the fetch conditions are limited within the Baltic Sea, especially in the
longitudinal direction. The North Sea is open to the Atlantic Ocean through the English
Channel, and swells stemming from the North Atlantic regularly enter the North Sea from
the northern opening between Scotland and Norway. The Norwegian Sea and the North
Atlantic west of Great Britain are exposed to large swells and long fetch conditions, which

are conducive to the development of large waves.

C.3.1 Differences Between Coupled and Reference Ensembles

The average synoptic situation of ref.nsn during the whole study period and the differences
between ref.nsn and cpl.nsn are analysed. For this, the mean values over the ensemble
members and over the whole study period of ref.nsn along with the differences between
the mean values over the ensemble members and the study period of cpl.nsn and ref.nsn
are depicted (Figure C.2a, C.2¢, C.2e and C.2g). In general, over the entire study period,
an increase in the roughness length leads to decreases in the wind speed, significant wave
height and pressure gradient. Moreover, while the effects of the coupling on the wind speed
and roughness length are limited to the domain coupled to the wave model, changes in the
MSLP and geopotential height extend over the whole atmospheric model domain, outside

the coupled area and over the European continent.

The mean MSLP conditions are characterised by lower pressures west of Iceland and higher
pressures over southern Europe. However, due to the wave-atmosphere coupling, this
pressure gradient is slightly reduced (Figure C.2a). This reduction can be traced directly
to the enhancement of the roughness length (Figure C.2¢) since the surface roughness
determines the ageostrophic wind component, responsible for cross-isobar mass transport.
This corresponds to the results found by Lionello et al. (1998), Janssen et al. (2002) and
Wu et al. (2017). Additionally, the wind speed at 10 m is reduced over the coupled ocean
surface (Figure C.2c), which can also be attributed directly to the enhanced surface

roughness (Figure C.2e). This similarly corresponds to several previous studies (e.g.,
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Doyle, 1995; Lionello et al., 1998; Wahle et al., 2017). While the MSLP changes spread
over the whole model area, the effect of the reduced wind speed is mostly limited to the
coupled model area. The significant wave height is accordingly reduced with the wind
speed (Figure C.2g). The largest reduction is observed between Norway, Great Britain
and Iceland. In this area, the significant wave height, wind speed and roughness length
in the reference simulation are the largest, and consequently, the roughness length is
considerably enhanced, which results in the largest wind speed and the greatest significant
wave height reduction. Smaller reductions in wind speed occur in the Bay of Biscay, the
southeastern North Sea and the Baltic Sea, especially in the northern and southern Baltic
Sea. The largest part of these small wind speed reductions can be traced to the weaker
winds and smaller significant wave heights in those areas, leading to smaller roughness
lengths and therefore smaller reductions in wind speed. This leads to a pattern featuring
the whole southern North Sea having a relatively small reduction in wind speed, but along
the British coast, the reduction in wind speed is larger than in the rest of the North Sea.
Moreover, the impacts of the coupling extend further upwards. At 850 hPa, the change
in geopotential displays a similar pattern as the change in MSLP with a reduction over
the European continent and an increase between Iceland and Scotland (Figure C.Sla).
This pattern leads to a reduced geopotential gradient since the geopotential is higher over
the southeastern part of the model domain and lower over the northwestern part. At a
height of 500 hPa, this pattern is still visible, but the increase in the geopotential between
Iceland and Scotland is larger than the decrease over the continent (Figure C.S1c), which
is contrary to the changes in the 850 hPa geopotential and MSLP. Nevertheless, this

pattern can be interpreted as a reduction in the geopotential gradient at 500 hPa.

Ensemble simulations are conducted with the aim of making conclusions about the sig-
nificance of differences between the coupled and reference simulations in comparison with
the internal variability of the models. This is carried out in order to distinguish whether
the coupling has a significant effect on the atmosphere or the impacts are within the
range of internal variability of the atmospheric model. To ascertain the significance of
these changes, for each grid cell and time step, it is determined whether cpl.nsn and
ref.nsn differ significantly from each other using a t-test with a significance interval of
95 % (Janssen and Viterbo, 1996; Weisse et al., 2000). With the results of the t-test for
each grid cell and time step, the percentage of time in each grid cell where cpl.nsn and
ref.nsn differ significantly from one another is calculated, and the results are shown in
Figure C.2b, C.2d, C.2f and C.2h. For the results presented in Table C.2, the mean values

over the different areas are calculated. This analysis reveals that cpl.nsn and ref.nsn differ
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significantly during the majority of the study period not only for parameters close to the

surface but also for parameters in higher parts of the atmosphere.

The enhancement of the roughness length is significant 89 % of the time within the whole
coupled area (Figure C.2f and Table C.2). This is also the case for the Baltic Sea, whereas
in the North Sea, the Norwegian Sea and the North Atlantic Shelf, the changes are
significant more than 90 % of the time. Regarding the wind speed, the differences between
ref.nsn and cpl.nsn are significant 71 % of the time within the whole coupled area (Figure
C.2d). Again, the Baltic Sea has the lowest value with just under 70 %, while the other
three areas have significant changes in wind speed due to the coupling for approximately
72 % of the study period. For the roughness length and wind speed, the significance of
changes decline outside the coupled area, while for the MSLP, significant changes are
observed over the entire model area (Figure C.2b). In the case of the MSLP, the changes
due to coupling are significant 75 % of the time within the whole coupled area. As before,
the Baltic Sea has the smallest value with 74.86 % out of the four areas analysed, while
the North Sea has the largest value with significant changes 80.17 % of the time due to
the coupling. The percentages of time in the Norwegian Sea and the North Atlantic west
of the British Isles range between the values in the Baltic and North Sea.

The changes in significant wave height are significant 93 % of the time within the whole
model area (Figure C.2h). In the Baltic Sea, this percentage is reduced to 80.22 %, and in
contrast to the other parameters, the North Sea has lower values than those elsewhere with

significant changes almost 90 % of the time. For the Norwegian Sea and the North Atlantic
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Figure C.2: Continued on the next page.
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Figure C.2: Mean values over 3 months of the MSLP (a), wind speed (c), roughness
length (e) and significant wave height (g). The contours reflect the values of the reference
simulation, while the colours represent the difference between the coupled (cpl.nsn) and
reference (ref.nsn) ensembles for the ensembles without spectral nudging. The percentage
of time with significant differences between the coupled and reference ensembles in the
MSLP (b), wind speed (d), roughness length (f) and significant wave height (h) are also
shown (Note the different colour bar range for (h)).

99



Appendix C: Internal model variability of a coupled wave-atmosphere model

Shelf, which are more exposed to higher significant wave heights and larger changes, the

changes are significant for approximately 93 % of the study period.

The coupling also has significant impacts higher in the atmosphere. At 850 hPa, the
changes are significant 73 % of the time (Figure C.S1b). The changes are significant for
the most time within the North Sea region and for the least amount of time in the Baltic
Sea, whereas the other two areas have values between those in the North and Baltic
Seas. The time with significant differences between cpl.nsn and ref.nsn reduces with
increasing height. At 500 hPa, the time characterised by significant differences averaged
over the whole coupled area is 70.76 % (Figure C.S1d). The longest percentage of time
with significant changes is detected in the Norwegian Sea at 76.1 %, while the percentages
in the North Sea and the North Atlantic Shelf are 73.39% and 73.49 %, respectively.
The shortest amount of time with significant changes is again found in the Baltic Sea at
68.25 %. Hence, it can be concluded changes in roughness length still lead to significant

changes higher in the atmosphere.

Table C.2: Time with significant differences between the coupled (cpl.nsn) and reference
(ref.nsn) ensembles (%).

Variable Coupled North Sea Baltic Sea Norwegian  Atlantic
area area shelf
MSLP 75.49 80.17 74.86 78.54 76.47
Wind speed 70.82 72.28 69.78 72.03 71.98
Roughness length 89.11 92.22 89.39 91.57 93.46
Significant wave height 93.22 89.99 80.22 92.81 93.42
Geopotential at 500 hPa 70.76 73.39 68.24 76.10 73.49
Geopotential at 850 hPa 72.95 78.27 72.70 76.66 74.10

C.3.1.1 Probability of Ensemble Differences

Figure C.3 shows histograms of the probability of differences between ref.nsn and the
cpl.nsn for the four study areas over the whole study period. In general, the wind speed
is reduced in cpl.nsn compared to ref.nsn since energy is needed for wave growth. These
strengthened waves subsequently enhance the surface roughness, which leads to a reduc-
tion in wind speed. However, the magnitude of this reduction varies among the four

areas.
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Figure C.3: Histogram of the difference in the wind speed between the coupled (cpl.nsn)
and reference (ref.nsn) ensembles within the North Sea (a), the Baltic Sea (b), the southern
Norwegian Sea (c) and the North Atlantic Ocean west of the British Isles (d). The blue
line indicates the mean of the distribution, and the black indicates the zero line.

The mean reductions in the wind speed within the Norwegian Sea and the North Atlantic
Ocean west of the British Isles are very similar with values of —0.64 m/s (Figure C.3c) and
—0.63m/s (Figure C.3d), respectively. In the North Sea, the mean reduction is —0.58 m/s
(Figure C.3a), while the Baltic Sea has the smallest mean reduction of —0.42m/s (Figure
C.3b). These differences can be explained by the significant wave heights in these areas
(Figure C.4). The Baltic Sea is a very sheltered area surrounded by coastline on all
sides. Therefore, the fetch is very limited, and only swells travelling north-south can
become larger. Due to mostly short fetches, the wave field cannot develop fully at higher

wind speeds, as the distance to the coast is too short. For a fully developed sea state
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Figure C.4: Histogram of the significant wave heights of the reference (refnsn) and
coupled (cpl.nsn) ensembles within the North Sea (a), the Baltic Sea (b), the southern
Norwegian Sea (c¢) and the North Atlantic Ocean west of the British Isles (d).

at a wind speed of 20m/s, a fetch well exceeding 1000 km is needed (Komen, 2002),
which is far greater than the Baltic Sea can provide in most directions. Therefore, winds
provide less energy and momentum to waves, and thus, the waves cannot reach their full
height, which results in smaller wind speed reductions. Another aspect of wave growth
important for fully developing the sea state is the wind speed and the duration of wind
speeds. Full development takes more time for high wind speeds, than low wind speeds.
The mean wind speed within the Baltic Sea being smaller than those in the other areas
(Figure C.2¢), contributes further to smaller significant wave heights and hence smaller

reductions in the roughness length and wind speeds in the Baltic Sea. The distribution
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of the significant wave height in the Baltic Sea shows a peak at 0.4m with 99 % of all
significant wave heights below 4.2m (Figure C.4b). Since the significant wave heights
are small, the roughness length is short. Hence, the wind speed changes are small when
small significant wave heights occur. In the North Sea, the significant wave heights are
larger than those in the Baltic Sea (Figure C.4a). The North Sea is open to the Atlantic
Ocean in the north and accesses the Atlantic in the west through the English Channel.
Through these openings, especially that in the north, large swells can enter the North
Sea. Furthermore, the fetch in the North Sea is larger than that in the Baltic Sea. Since
large significant wave heights occur, the impacts of the coupling are larger in the North
Sea than in the Baltic Sea. The largest impacts, however, occur in the areas that are truly
exposed to the open ocean, such as the Norwegian Sea and the North Atlantic Ocean west
of the British Isles. Significant wave heights up to 17.87m in the reference ensemble and
13.53 m in the coupled ensemble occur. Furthermore, the mean significant wave heights in
these areas are much larger at approximately 4 m compared with values of approximately
2m and 1m in the North and Baltic Seas, respectively. Since the Norwegian Sea and the
North Atlantic Ocean are subject to the largest significant wave heights (Figure C.4), the
impact of the coupling is the largest (Figure C.3). Due to the corresponding reductions
in wind speed, the significant wave heights are reduced in the coupled ensemble in all four

areas (Figure C.4).

The spreads of the distributions of the changes due to the coupling vary among the
different areas. The Norwegian Sea and the North Atlantic Ocean west of the British
Isles have the largest spreads with values of 1.11m/s and 1.01 m/s respectively, since the
significant wave heights in these areas similarly show the largest spreads. Small significant
wave heights occur during phases with low wind speeds, but very large significant wave
heights can be present during stormy periods, when waves are given sufficient time and
long fetches to develop. In the North Sea, the spread of the distribution is 0.86 m/s, while
that in the Baltic Sea is 0.71m/s. These small spreads are due to the limited wave growth
in these areas due to the fetch and water depth conditions. Thus, the largest significant
wave heights in the Norwegian Sea and the North Atlantic Shelf cannot develop in the
North and Baltic Seas. Therefore, the spreads of the significant wave height are smaller in
the North and Baltic Seas, resulting in smaller distributions of changes in the wind speed.
Therefore, the coupling has the largest impacts on the Norwegian Sea and the North
Atlantic Ocean west of the British Isles, followed by the North Sea, while the smallest

impact is found on the Baltic Sea.

103



Appendix C: Internal model variability of a coupled wave-atmosphere model

The mean MSLP difference between cpl.nsn and ref.nsn tends towards lower pressures
in the coupled ensemble than in the reference ensemble (Figure C.5). This trend is the
largest in the North Sea and might be related to the geography of the North Sea, which
is generally positioned between a low-pressure system moving through the area to the
north and a high-pressure system moving over the continent but is more influenced by
the reduction in the pressure over the continent (Figure C.2a). Since the general change
in MSLP constitutes a reduction in the pressure gradient, both reduced and enhanced

MSLPs can be found due to the coupling between the wave and atmospheric models in all
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Figure C.5: Histogram of the MSLP difference between the coupled (cpl.nsn) and ref-
erence (ref.nsn) ensembles within the North Sea (a), the Baltic Sea (b), the southern
Norwegian Sea (c) and the North Atlantic Ocean west of the British Isles (d). The blue
line indicates the mean of the distribution, and the black indicates the zero line.
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four areas. In particular, the Norwegian Sea and the North Atlantic Ocean are situated
along the border between increasing and decreasing pressure (Figure C.2a). This is further
reflected in the distribution of the MSLP differences in, where the mean is very close to
zero and the distributions are spread similarly in positive and negative sectors (Figure
C.5c and C.5d). The Baltic Sea is again the least influenced by the coupling (Figure C.5b)
since the waves are smaller in this area (Figure C.4b), influencing the winds less (Figure

C.3b).

C.3.1.2 Ensemble Spread

The standard deviation (Equation C.3) between the ensemble members is regarded as
the spread of the ensemble, which is a measure for the internal variability of the system
(Ho-Hagemann et al., 2020):

1 2
where {x1,xs,23,..., x5} are the values of each ensemble member for a given variable, T
represents the mean of the ensemble for the variable and N is the number of members of

the ensemble, which is 10 in this study.

The probabilities of the standard deviation of the ensembles of the 10 m wind speed, MSLP
and significant wave height are shown in Figure C.6. In general, the ensemble spread
in cpl.nsn is smaller than that in ref.nsn, with larger probabilities for small standard
deviations and smaller probabilities for larger standard deviations. This change is near

the mean standard deviation of both ensembles (vertical lines).

The mean of the standard deviation of wind speed in ref.nsn is 0.37m/s, and that in
cpl.nsn is 0.35m/s, which constitutes a reduction of 7.46 % (Table C.3). The reduction in
the 99th percentile is 10.53 %, but the largest reduction is found in the maximum of the
ensemble spread with 23.48 %. This shows that the spread in cpl.nsn is generally smaller
than that in ref.nsn. Hence, due to the reduction in internal variability, the uncertainty

in the coupled system is reduced compared to the reference model.

The MSLP spread in the ensembles is generally quite low (Figure C.6b) with a mean of
approximately 0.14 hPa (Table C.3). The maximum spread is reduced by 9.14 % due to
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the wave-atmosphere coupling. Therefore, although the internal MSLP variability of the
ensembles is already very low, the maximum internal variability can still be reduced due

to the coupling.

The variability of the significant wave height due to the wind speed variability is generally
quite low at 5 cm in the reference ensemble and 3 cm in the coupled ensemble (Figure C.6¢
and Table C.3). The maximum spread, however, can be quite large (up to 2.68 m in the
reference simulation). This spread is considerably reduced by 36.35 % to 1.71m due to the
coupling and the related reduction in the wind speed uncertainty within the atmospheric
model (Figure C.6a and Table C.3).
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Figure C.6: Histogram of the standard deviation of the reference (ref.nsn) and coupled
(cpl.nsn) ensembles within the North Sea for the wind speed (a), MSLP (b) and significant
wave height (c).
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In summary, coupling the wave model to the atmospheric model reduces the ensemble
spread and therefore also the internal variability of the atmospheric model. In addition,
the wave model profits from the reduction in wind speed variability with less variability

of the significant wave height.

Table C.3: Evaluation of ensemble spread.

Mean 99th percentile Maximum

ref.nsn (m/s) 0.37 1.88 8.70

Wind speed cpl.nsn (m/s) 0.35 1.68 6.66
Relative change (%) -7.46 -10.53 -23.48

ref.nsn (hPa) 0.14 0.80 4.63

MSLP cpl.nsn (hPa) 0.14 0.71 4.21
Relative change (%) -0.58 -11.75 -9.14

ref.nsn (m) 0.05 0.34 2.68

Significant wave height cpl.nsn (m) 0.03 0.21 1.71
Relative change (%) -25.56 -39.14 -36.35

C.3.2 Temporal Evolution

After generally assessing the impacts of the wave-atmosphere coupling in comparison with
the internal variability of the atmospheric model, a temporal analysis is performed. Figure
C.7 presents the average wind speed, MSLP and significant wave height in the reference
ensemble within the North Sea, which is the area the main analysis is conducted for.
Furthermore, the absolute value of the mean differences between the coupled and reference
ensembles are depicted along with the spread of the ensembles. This analysis is conducted
in order to estimate under which conditions the spread of the ensembles and, therefore,
the internal variability, as well as the effects of the coupling become large. Furthermore,
this shows whether the ensemble spread or the effects of the coupling are larger and
whether during events with high impacts by the coupling, the influence of the waves on
the atmosphere is still larger than the internal variability of the atmospheric model. The
analysis generally shows that the differences between cpl.nsn and ref.nsn are larger than
the internal variability. Thus, the effects of the coupling can be clearly differentiated from
the internal variability of the model. Furthermore, the internal variability is reduced in

cpl.nsn compared to ref.nsn, especially when the internal variability is large.

A peak in difference between cpl.nsn and ref.nsn can be detected simultaneously with the
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Figure C.7: Time series of the absolute differences in the ensemble means (black), stan-
dard deviations of the ensembles (red and blue) and values in the reference ensemble
(ref.nsn, dark blue, right y-axis) in the North Sea for the wind speed (a), MSLP (b) and
significant wave height (c).
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peak wind speed in ref.nsn (Figure C.7a). This indicates that at higher wind speeds, the
impact of the coupling between the two models is larger than that at lower wind speeds.
At high wind speeds, the sea state needs more time to reach a fully developed state, and
before that, the transfer of momentum and energy from the atmosphere to the waves
is larger than when the sea state is already fully developed. Moreover, the roughness
length is larger for young, developing waves than for old, mature waves, and thus, when
the sea state is fully developed, the roughness length becomes smaller, and less energy is
transferred from the atmosphere to the waves (Wu et al., 2017). The largest impacts of
the coupling on the wind speed and significant wave height appear on 11 January, and
the largest internal variability is identified two days later. This event is analysed in more
detail in Section C.5.

During the majority of the simulation period, the difference between cpl.nsn and ref.nsn is
larger than the internal variability (Figure C.7a), which corresponds to significant changes
by the coupling approximately 70 % of the time (Figure C.2d). This is especially the case
when the wind speed is high and when the differences between the coupled and reference
ensembles are larger. Therefore, when the coupling has large impacts on the atmosphere
by reducing the wind speed, the internal variability is still small, and the differences
between the ensemble means can be differentiated from the internal variability of the
atmospheric model and traced back as impacts of the coupling. Furthermore, events can
occur during which the internal variability becomes larger than the differences between the
ensemble means, and as a result, the ensembles cannot be differentiated from one another.
Nevertheless, only sporadic events occurred during our study period, whereas the times
when the differences between the ensemble means are larger than the ensemble spread are
dominant. Furthermore, during events with large internal variability, the uncertainty is

reduced in cpl.nsn compared to ref.nsn, which is in accordance with the results of Figure
C.6.

Since the initial and boundary conditions and the wave model set-up are identical for all
simulations, the variability of the wave model is attributable to the different winds in the
atmospheric model initiated with different initial conditions. The variability in the wave
model, however, is very small most of the time (Figure C.7c). Only in very few events
is the variability of the significant wave height increased, which is due to an increase in
the wind speed variability within the atmospheric model. Therefore, when the internal
variability for wind speed is reduced due to the coupling, the variability of the significant

wave height is reduced as well. The differences in the significant wave height between

109



Appendix C: Internal model variability of a coupled wave-atmosphere model

cpl.nsn and ref.nsn follow the curve of the significant wave height in ref.nsn in the area.
This indicates that the coupling impacts are larger for situations with large significant
wave heights and smaller for situations with small significant wave heights. The impacts
of the coupling in this case can be very clearly differentiated from the variability of the
significant wave height, which is in accordance with the differences between ref.nsn and

cpl.nsn being significant 93 % of the time (Figure C.2h).

Examining the MSLP time series reveals a similar scenario (Figure C.7b). Here, like for
the wind speed and significant wave height, the differences between cpl.nsn and ref.nsn
are larger than the internal variability of the ensembles most of the time and can be dif-
ferentiated from one another, especially when large differences between the two ensembles
are present, even though events can occur during which the internal variability and the
ensemble difference have the same magnitude or the internal variability is larger than the
differences. In addition, although events sometimes occur where the internal variability is
increased in cpl.nsn compared to ref.nsn, during events with large internal variability of
the MSLP, the uncertainty is smaller in cpl.nsn than in ref.nsn. Furthermore, the peaks
of differences between cpl.nsn and ref.nsn are not always correlated with significant wave
height peaks and hence changes in the roughness length (e.g., on 25 January 2017 and 30
March 2017). Therefore, the wave-atmosphere coupling can have impacts on the MSLP
that are not directly linked to the change in the roughness length at that location and
time, but are due to lasting effects of the coupling on the atmosphere. The findings for
the North Sea exist in the other three study areas in a similar way (Figure C.S3, C.S4
and C.S5).

While the main effects of the coupling on the wind speed and the significant wave height
are reductions, for the MSLP, increases are also common. The method used here takes
the absolute value of the mean of the difference among the areas of interest. Therefore,
increases and decreases cancel each other out, which constitutes a conservative approach
to assessing the magnitudes of the differences between the ensembles. Another approach
was tested in which the mean of the absolute differences among the areas and was found

to differ only marginally from the approach used herein.

C.3.3 Comparison With Measurements

To investigate whether the wave-atmosphere coupling improves the realism of the ob-

servations, the results of the ensemble simulations are compared with wind speed and
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significant wave height measurements. In this study, Sentinel-3A satellite measurements
are used in conjunction with in situ GTS station measurements. The combination of
satellite and in situ data is highly complementary since the satellite data have good spa-
tial coverage and the in situ data possess good temporal coverage. The general agreement
between the measurements and the ensemble means is good but can still be improved

with the wave-atmosphere coupling (Figure C.8).
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Figure C.8: Q-Q scatter plots for the measured (Sentinel-3A and GTS) (reference, R)
and modelled (M) wind speeds (a,b) and significant wave heights (c,d) with the reference
(ref.nsn) (a,c) and coupled (cpl.nsn) (b,d) ensemble model simulations. The Q-Q plot is
shown as black crosses, the 45° reference line is denoted by the blue line, and the least-
squares best-fit line is the red line. The equations for the statistical values are provided
in the Supplementary Material.
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Especially for wind speeds below 7m/s, the results of both ensembles are very similar
to the observations (Figure C.8a and C.8b). Beyond that, however, differences begin to
show. As in the times series, the most obvious differences between cpl.nsn and ref.nsn
can be detected in high wind speed areas. The wind speed in cpl.nsn is reduced compared
to that in ref.nsn, which leads to better agreement with the observations. By taking the
wave effects on the roughness length into account, the realism of the model simulations
is enhanced. The parameterisation of the roughness length in the atmospheric model
accounting for only the wind speed neglects the variety of wave states and development
phases of the sea state at similar wind speeds, which the wave model can depict (Wu
et al., 2017). This weakness of the atmospheric model becomes more apparent at higher
wind speeds. Thus, the coupling leads to an improved realism of the atmospheric model.
This weakness can likewise be detected in comparisons between the measurements and
ensemble means of the significant wave height (Figure C.8c and C.8d). These differences
begin to appear for significant wave heights above 2m and are especially large for extreme
significant wave heights. Although cpl.nsn tends to slightly underestimate large significant
wave heights, the agreement between the measurements and cpl.nsn is better than the
agreement between the observations and ref.nsn. Mainly the scatter index (SI, Equation
C.S5) in significant wave height can be reduced in the coupled ensemble compared to the
reference ensemble by 6.4 %), hence, increasing the correlation (CORR, Equation C.S7)
by 2.8 % indicating, that the scatter in the comparison between observed and modelled
significant wave height is decreased. Furthermore, the root-mean-square error (RMSE,
Equation C.S4) is reduced in the coupled ensemble by 18 cm compared to the reference

ensemble. This is to some degree also visible in the wind speed with a reduction of the

SI of 1.7% and RMSE of 0.12m/s.

C.4 Sensitivity of Coupling to the Application of Spectral Nudging
and Different Boundary Conditions in CCLM

C.4.1 Sensitivity to Spectral Nudging

In the atmospheric model, spectral nudging can be enabled to keep the large-scale at-
mospheric state close to the forcing data, while regional-scale details are permitted to
develop conditioned by the large scales. This method is used for regional and local re-

constructions or impact studies, where the representation of the exact weather situation
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is vital. Furthermore, this method suppresses the internal variability of regional mod-
els (von Storch et al., 2000; Weisse and Feser, 2003; Schaaf et al., 2017). Therefore,
simulations with spectral nudging are usually reliably closer to observations than those
without spectral nudging. On the other hand, this approach might suppress the effects
of the coupling (Ho-Hagemann et al., 2020). As shown in the previous Section C.3, the
wave-atmosphere coupling has a positive effect on freely evolving regional models forced
only at the lateral boundaries. In this section, it is investigated whether these effects can
also be detected in simulations using spectral nudging in the atmospheric model. Hence,
we perform a comparison between the effects of the coupling with and without spectral
nudging enabled in the atmospheric model. This comparison is conducted mainly for the
North Sea. The results show that the coupling has significant impacts on the atmosphere,
resulting in better agreement with observations in simulations where spectral nudging is
used, with similar impacts of the coupling on the atmosphere as in simulations without

spectral nudging.

The wind speed differences in the ensembles with and without spectral nudging are very
similar (Figure C.9a). The spread of the distribution is smaller for the ensemble with
spectral nudging (0.73m/s) than for the ensemble without spectral nudging (0.86 m/s).
This demonstrates that the most extreme coupling effects are smaller in the simulation
with spectral nudging, but the general effect is very similar to the effects in the simulation
without spectral nudging. For the MSLP, however, this influence is more pronounced than
for the other parameters (Figure C.9b). Since spectral nudging keeps the larger scales in
position, the variability of the MSLP is kept low. Therefore, the coupling tends to reduce
the MSLP rather than shift the pressure systems or reduce the pressure gradient.

The internal variability is reduced due to spectral nudging (Figure C.9¢ and C.9d) com-
pared to the internal variability of the ensemble without spectral nudging (Figure C.6a
and C.6b). This has been shown before in several studies (e.g., Weisse and Feser, 2003).
The reduction in internal variability due to the coupling, which has been demonstrated in
the previous section for simulations without spectral nudging (Section C.3.1.2), can still
be detected in the simulations with spectral nudging (Figure C.9¢ and C.9d and Table
C.S1). Therefore, the wave-atmosphere coupling reduces the internal variability even fur-
ther, which supports the supposition that introducing the wave model reduces the model

uncertainty of the atmospheric model.
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Figure C.9: Histogram of the differences between the coupled and reference ensembles in
the wind speed (a) and MSLP (b) within the North Sea, as well as the standard deviation
of the reference and coupled ensembles within the North Sea area for the wind speed (c)
and MSLP (d).

Weisse and Feser (2003) found that the internal variability appears to be small in ensem-
bles both with and without spectral nudging most of the time and is increased during some
periods only in the ensemble without spectral nudging. We detect a similar effect upon
examining the time series (Figure C.S2a, C.S2c¢ and C.S2e). Nevertheless, we discover
that the coupling effects on the wind speed (Figure C.S2a) and significant wave height
(Figure C.S2e) are almost identical most of the time in simulations with and without
spectral nudging. Therefore, although the large scales of the forcing data are kept in the

regional model, the coupling of the wave model still influences the wind and wave fields

114



Regional wave and coupled wave-atmosphere models during extreme events

similar to the situation without spectral nudging. Furthermore, as in the simulations
without spectral nudging, this coupling leads to better agreement with observations and
especially reduces the overestimation of high wind speeds and significant wave heights
(Figure C.S6). Hence, coupling the wave model to the atmospheric model enhances the

realism of the model simulations also with spectral nudging enabled.

With regard to the impacts of the coupling on the MSLP, the application of spectral
nudging in the atmospheric model has a larger impact (Figure C.9b and C.S2c¢). Here,
the differences between the coupled and reference ensembles can be differentiated from
each other. Most of the time, the impacts of the coupling are very similar, but during
events with large differences between cpl.nsn and ref.nsn, these differences become smaller
in the simulations with spectral nudging than in those without spectral nudging. Due
to spectral nudging, the large-scale atmospheric state is kept close to the forcing data.
Hence, the atmosphere has less freedom to develop, and therefore, the coupling impacts
on the MSLP are smaller in the simulations with spectral nudging than in those without
spectral nudging. Hence, spectral nudging has only a small impact on the effects of the
wave-atmosphere coupling on the wind speed and significant wave height, while the effects

of the coupling on the MSLP can be suppressed at times.

Furthermore, since the internal variability is reduced due to the inclusion of spectral
nudging but the effects of the coupling remain almost identical, the percentage of time
with significant changes due to the coupling is increased. The percentage of time that the
MSLP is significantly changed is increased from 75.49 % in the ensemble without spectral
nudging to 87.47 % in the ensemble with spectral nudging within the whole coupled model
area. The increase in the percentage for the wind speed is approximately 4 % to 74.89 %,
and that for the roughness length is approximately 2.5% to 91.65%. Additionally, in
the higher parts of the atmosphere, the percentages of time with significant changes
are similarly increased. The percentage of time with significant changes in the 850 hPa
geopotential height increases by more than 10% to 84.58 %, while that in the 500 hPa
geopotential height increases by approximately 9% to 79.03 % within the whole coupled
area. Thus, in the ensemble simulations, where spectral nudging is used, the coupling has

significant impacts on the atmosphere, resulting in better agreement with observations.

C.4.2 Sensitivity to Boundary Conditions

The boundary conditions for regional models are usually taken from global models to give

realistic values at the lateral boundaries. Here, two different sets of reanalysis data are
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used as the boundary forcing for the regional model. The boundary conditions can have
large impacts on the results of regional model simulations (Déqué et al., 2007; MeiBner,
2008; Kjellstrom et al., 2011; Keuler et al., 2016). Thus, in this study, the impacts of
two different boundary conditions, namely, ERA5 and ERA-Interim, in the atmospheric
model on the effects of the wave-atmosphere coupling are tested to assess whether the
findings in Section C.3 are robust to different boundary conditions, which is found to be

the case.

The general impact of the coupling between the atmospheric model and the wave model is
very similar with both boundary conditions, as the distributions of the differences in the
wind speed and MSLP are very similar for the ensembles with ERA5 and ERA-Interim
boundary conditions (Figure C.10a and C.10b). Also the reduction in internal variability
is still present with different boundary conditions (Figure C.10c and C.10d). Hence, the
effects of the coupling are robust to different reanalysis data used as the boundary forcing

(a more detailed analysis can be found in the Supplementary Material).

C.5 Case Study of an Extreme Event

The largest difference in the wind speed and significant wave height between cpl.nsn and
ref.nsn is observed on 11 January 2017 (Figure C.7a), and the largest internal variability
appears two days later. Therefore, this event is studied in more detail along with an

analysis of the storm tracks of this low-pressure system.

The low-pressure system that passed over the North Sea during mid-January of 2017
formed as a secondary low in the Norwegian Sea. The secondary low was cut off from the
main low-pressure system and made its way south across the North Sea, while the core of
the main low-pressure system was filled and slowly moved eastwards (Figure C.S8, C.11
and C.12).

C.5.1 Differences in and Variability of the MSLP, Wind Speed, and Significant
Wave Height

The largest difference in the wind speed between cpl.nsn and ref.nsn is observed on 11

January 2017 (Figure C.7a). At that time, the wind speed is approximately 20 m/s within
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Figure C.10: Histogram of the differences between the coupled and reference ensembles
in the wind speed (a) and MSLP (b) within the North Sea, as well as the standard
deviation of the reference and coupled ensembles within the North Sea area for the wind
speed (c) and MSLP (d).

the North and Baltic Seas. Since this wind speed is quite high, the reduction in the wind
speed is also quite large, transferring energy from the atmosphere to the developing waves.
The reduction in wind speed is fairly uniform. The internal variability is very small at
that time and only slightly larger in ref.nsn than in cpl.nsn. This is very similar in the
ensembles with spectral nudging and the changed boundary conditions (Figure C.ST7).
Due to the wave-atmosphere coupling, the pressure gradient is reduced at that time in all
three ensembles. This reduction in the gradient is due to the enhanced surface roughness,

which results in a larger ageostrophic wind component and leads to cross-isobar mass
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transport from higher to lower pressures. This results in faster filling of the pressure
system and hence a reduction in the pressure gradient. This finding is in accordance
with previous studies (Lionello et al., 1998; Janssen et al., 2002; Wu et al., 2017). The
reduction in the pressure gradient further adds to the reduction in the wind speed. The
internal variability of the MSLP is very low in all ensembles, with slightly larger values in
the reference ensembles than in the coupled ensembles (Figure C.S8). The reduction in
wind speed ultimately leads to a reduced significant wave height. Although the amount
of the wind speed reduction is fairly similar within the North and Baltic Seas and in
the region between Iceland and Scotland, the decrease in the significant wave height is
not uniform. The main attenuation of the significant wave height appears in the areas
where the significant wave height peaks in the North Sea and the region between Iceland
and Scotland. Since waves have the freedom to develop and are not limited by the fetch
or water depth, the energy and momentum from the atmosphere can be converted into
wave growth. Furthermore, the reduction in the significant wave height in the Baltic
Sea is much smaller than the reductions in the other areas due to fetch limitations. The
internal variability of the significant wave height is very low. This scenario is present in
all three ensembles, with very slight variations in the magnitude of the difference between

the coupled and reference ensembles (Figure C.S9).

The event with the largest internal variability during the study period is observed two
days later (Figure C.7). At that time, the centre of the low-pressure system is located
directly over the North Sea (Figure C.11) with a convergence zone extending from the
centre of the low-pressure system to the British coast and a wind speed front embedded in
that extending north-south over the North Sea (Figure C.S10). The overall changes in the
MSLP in both ensembles without spectral nudging again reflect a reduction in the pressure
gradient (Figure C.11a and C.11c), although other variations can also be detected. One
of them is, that the location of this convergence zone differs among the ensembles. The
internal variability is quite high in ref.nsn but is reduced in cpl.nsn (Figure C.S11d and
C.S11g). Nevertheless, this large internal variability is concentrated in the centre of the
secondary low in the North Sea, while the difference between ref.nsn and cpl.nsn spreads
out considerably over the whole area. In the ensemble with the ERA-Interim boundary
conditions, the internal variability is substantially diminished (Figure C.S11f and C.S11i).
In the ensemble with spectral nudging, the internal variability of the MSLP is very low
(Figure C.S11le and C.S11h), but the differences between cpl.sn and ref.sn are slightly
different from those between the ensembles without spectral nudging. However, a shift in

the location of the convergence zone can still be detected in the ensembles with spectral
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nudging (Figure C.11b), but instead of a reduction in the pressure gradient, the pressure
is reduced in the majority of the area. The differences when spectral nudging is enabled
are smaller than those when spectral nudging is not enabled. This shows, that the changes
in the MSLP are more sensitive towards the pressure field that is present, which differs

due to the varying boundary conditions, and the spectral nudging.

cpl.sn MSLPref,sn (hPa)

MSLP

Figure C.11: MSLP in the reference simulation on 13 January 2017 at 12 UTC (con-
tour plots) and the differences between the ensemble means of the reference and coupled
ensembles both without (a) and with spectral nudging (b), as well as with the changed
boundary conditions (c).

In wind speed a similar picture as in MSLP occurs, although the changes due to the
coupling are more similar among the three ensembles (Figure C.S10). In all cases, the
differences between the coupled and reference ensembles is a slight varying in the position
of the front, and a wind speed reduction, especially behind the front. Since in all ensembles
the coupling-induced differences are very similar, these differences can be attributed to

the wave-atmosphere coupling. Especially in the simulations with spectral nudging, the
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differences are much larger than the internal variability, which implies that the differences
are the effect of the coupling between the two models. As in MSLP the internal variability
can be reduced in the coupled simulations. The effect of the reduction in the wind speed
is directly evident in the significant wave height (Figure C.S12). In the North Sea west of
the front, the significant wave height is reduced according to the reduction in wind speed.
This effect is very similar in all three ensembles. The weaker reduction in the significant
wave height can be explained by the water depth on the Dogger Bank (Figure C.1). Since
the waves can reach only a certain height before breaking, the reduction in the significant
wave height is lower in that area than elsewhere. Furthermore, the internal variability of
the wind speed is transferred straight into the wave model. Therefore, the uncertainty in
the wave model is very similar to the uncertainty in the wind speed, although the changes

in the significant wave height are always larger than the internal variability.

C.5.2 Variability of Storm Tracks

Additionally, the tracks of the secondary low across the North Sea are analysed (Figure
C.12). A track is defined as the path of the minimum MSLP (for example, in Schrum
et al., 2003; Wu et al., 2015; Rizza et al., 2018; Ho-Hagemann et al., 2020). The analysis
in the present study shows that the variability of storm tracks can be reduced when the

wave-atmosphere coupling is enabled.

The low forms as a secondary low of the low-pressure system situated off the Norwegian
coast. In most ensemble members, the low circles around the centre of the main low before
cutting off and making its way south across the North Sea (Figure C.12a). The uncertainty
in the exact position of the centre of the low is most pronounced during the formation of
the secondary low until it starts to move southwards. Furthermore, the distances from the
tracks of individual ensemble members to the track of the ensemble mean are the largest
during the formation stage (Figure C.12¢). On 12 January at approximately noon, the
low starts to makes its way south across the North Sea. In the area of the Norwegian
Sea, the spread of cpl.nsn is reduced compared to ref.nsn, with the tracks becoming more
confined farther to the west. The distances from the tracks to the mean ensemble track
drop in cpl.nsn as soon as the low is formed and starts moving south on 12 January at
noon. The distances remain small for the remainder of the time the low travels across the
North Sea. In ref.nsn, however, the tracks spread over the whole North Sea, with larger

distances to the mean track. This further illustrates that the coupling reduces the spread
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Figure C.12: Storm track of the secondary low from 11 January until 14 January 2017 in
the simulations without (a) and with spectral nudging (b). Light lines indicate the tracks
of individual ensemble members, while the thick lines show the ensemble mean tracks.
The distances from the locations of the low of individual ensemble members to the track
of the ensemble mean (light lines) and the mean distances of the ensemble members to
the ensemble mean (thick lines) in the simulations without (c¢) and with spectral nudging
(d) are also shown.

in the simulations.

For the simulations where spectral nudging is enabled, the tracks of one ensemble are
very close together, which is eventually the goal of using spectral nudging. Nevertheless,
variations between ref.sn and cpl.sn can be detected (Figure C.12b). One difference is the
path of the low is during the formation stage, when the secondary low circles around the
centre of the main low-pressure system. This is also the area with the largest uncertainty,

as the distances from individual ensemble tracks to the track of the ensemble mean are
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the largest (Figure C.12d) since one ensemble member in each ensemble takes a different
track during the formation stage. Another difference in the tracks can be detected along
the southern tip of Norway. In cpl.sn, the tracks are shifted farther eastwards compared
to the tracks of ref.sn. This shift is present in most ensemble members, not only in the
ensemble mean. In the Norwegian Sea, where ref.nsn shows large variations, ref.sn also
exhibits some variations, albeit much smaller. During that time, the reduction in the
variability of the storm track is also visible in the distances from the individual tracks
to the ensemble mean. In general, though, the tracks are much closer together in the
simulations with spectral nudging, as the distances from individual ensemble members to
the mean track are much smaller than in the simulations without spectral nudging. This
spread of the storm tracks observed in ref.sn is reduced in cpl.sn, where the path of the

low is very similar among all ensemble members.

The above analysis shows that the variability of storm tracks is reduced due to the wave-
atmosphere coupling, and spectral nudging reduces the variations in possible storm tracks
more than the coupling. However, in simulations with spectral nudging, small changes in

storm tracks generated by the coupling are still possible.

C.6 Summary, Conclusions, and Discussion

From this study on assessing the uncertainties in ensemble simulations with a wave-
atmosphere coupled model relative to the impacts of the coupling, it can be concluded
that the ensembles of the coupled system and the reference model differ significantly
from one another during the majority of the study period but especially during extreme
events. Furthermore, the model uncertainty and hence the internal variability can be
reduced when using the coupled system compared with a stand-alone atmospheric model.
These findings are still valid when using different boundary conditions or spectral nudging

in the atmospheric model.

For most of the study period, the reference ensemble differs significantly from the coupled
ensemble with regard to surface parameters such as the roughness length, 10m wind
speed, significant wave height and MSLP but also the geopotential heights at 850 hPa
and 500 hPa, showing that the signals of waves are transported high into the atmosphere.
These differences are especially large during extreme events, while the internal variability

usually remains smaller than the impacts of the coupling, particularly in the wind speed
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and significant wave height. Hence, we can conclude that the effects of the coupling and
the internal variability of the atmospheric model in particular can be differentiated when
large differences between the coupled and reference ensembles occur. Therefore, we can
verify the significant impacts of the wave-atmosphere coupling on the atmosphere for the

global ocean found by Janssen and Viterbo (1996) for our regional model set-up.

Moreover, the internal variability of the atmospheric model can be reduced by its coupling
to the wave model. This effect can be detected particularly during events where the
internal variability increases but is likewise present in the mean over the whole period.
These findings are proven robust to the application of different sets of reanalysis data at

the lateral boundaries of the atmospheric model.

In addition, one set of ensemble simulations is performed where spectral nudging is enabled
in the atmospheric model to test the sensitivity of the coupled system to the implemen-
tation of spectral nudging in the atmospheric model. Spectral nudging seems to have
almost no influence on the effects of the coupling on the wind speed and significant wave
height during the analysed period. The differences in the MSLP, though, can deviate
between the simulations without and with spectral nudging for short time periods and
are in general smaller for simulations with spectral nudging than for simulations without
spectral nudging. In addition, the internal variability is reduced even further due to the

coupling.

From this study, it can be concluded that the wave-atmosphere coupling can be advan-
tageous to the operational and climate modelling of waves and atmospheric components.
This is especially important for all human activities on the ocean and close to the coast.
For marine traffic and the installation and maintenance of offshore energy, precise forecasts
are essential. By having significant impacts of the coupling approaching observational
data, operational models can clearly benefit from the coupling of wave and atmospheric
models, especially during events with high wind speeds. Furthermore, this coupling is
also advantageous for regional climate studies. For coastal protection, harbour and off-
shore energy planning, projections with low uncertainties are needed. The analysis of
this winter season showed that the coupling of wave and atmospheric models reduces
their uncertainties, and therefore, regional climate studies can profit from this coupling.
Since the impacts of the coupling are significant in simulations using spectral nudging in
the atmospheric model, in order to keep the large scales closer to the forcing data, for

a better local or regional reconstruction, the coupling is recommended to use, especially
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for the reconstruction of extreme events, where realistic simulation results are desired.
With the coupling of the wave model to the atmospheric model, the realism in the at-
mospheric model is increased and the model uncertainty decreased since the roughness
of ocean surfaces depends on the sea state and the development phase of the waves and
cannot be sufficiently represented by functions of wind speed only (Wu et al., 2017). This
enhanced realism leads to better agreement with observations in the simulations using

spectral nudging, as well as in simulations where no spectral nudging is used.

This study highlights the importance of the wave-atmosphere coupling, especially during
extreme events, which are greatly important for guaranteeing safety at sea, and thereby
emphasises the importance of utilising coupled atmosphere-wave models for weather pre-
diction. Another topic to assess in future research is how the impact of this coupling
behaves during other seasons of the year. The focus of this study is on the winter months,
when the largest impacts of the coupling can be expected due to high storm activity
(Janssen et al., 2002; Wahle et al., 2017; Wu et al., 2017; Wiese et al., 2019; Varlas et al.,
2020). Furthermore, assessing the model uncertainty stemming from the structure of
the model, like grid resolution and altering the model parameters within their range of
uncertainty would add to the understanding of uncertainties in the atmospheric model.
In the last couple of years, regional climate models have transitioned from stand-alone
atmospheric or ocean models to coupled ocean-atmosphere models, thereby adding value
to regional climate projections (Schrum, 2017). However, these coupled models rarely in-
corporate wave models (Schrum, 2017). Therefore, a logical next step for future research
would be to integrate a wave model into a coupled ocean-atmosphere model. The benefits
of coupling waves with oceanic components have already been shown (Breivik et al., 2015;
Staneva et al., 2016a,b). Furthermore, the exchange of heat and mass between the ocean
and atmosphere are controlled by the waves (Cavaleri et al., 2012b). Hence, the effects
of the waves on these fluxes needs to be investigated in fully coupled atmosphere-waves-
ocean systems, since they are highly dependent on all three components of the system.
Moreover, Ho-Hagemann et al. (2020) have shown the stabilising effect of the ocean on
the atmosphere. Hence, the effects of coupling all three together on the uncertainty of
the system is a point worth to investigate, when using fully coupled models including
atmosphere, waves and ocean. With each component added to the coupled system, the
depicted processes come closer to the ones occurring in the real earth system, since this
interacts on all scales transporting and exchanging energy and momentum. Still, there are
approximations in the description of the coupling and other processes within the models,

which need further analysis. Therefore, future research on the added value of coupling

124



Regional wave and coupled wave-atmosphere models during extreme events

all three components would be beneficial, as indicated by research on hurricanes (Chen
et al., 2007; Warner et al., 2010; Olabarrieta et al., 2012; Zambon et al., 2014; Pant and
Prakash, 2020) and offshore energy (Wu et al., 2020). However, further research is needed
to assess the interactions among all three components during extratropical storms. The

study by Wu et al. (2019) makes for a good starting point for research in this field.
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Further Analysis to the Sensitivity to Boundary Conditions

The general impact of the coupling between the atmospheric model and the wave model is
very similar with both boundary conditions (Figure C.10a and C.10b). The distributions
of the differences in the wind speed and MSLP are very similar for the ensembles with
ERA5 and ERA-Interim boundary conditions. The mean wind speed reduction in both
ensembles is approximately 0.57 m/s. The standard deviation is 0.86 m/s in the ensemble
with ERA5 boundary conditions, while the standard deviation is 0.90 m/s in the ensemble

using ERA-Interim boundary conditions.

The mean MSLP difference varies slightly between the two different boundary conditions,
with mean differences of —0.14 hPa using ERA5 boundary conditions and —0.07 hPa

using ERA-Interim conditions. In addition, the standard deviation is slightly smaller
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(0.39hPa) for the ensemble using ERA5 boundary conditions than that (0.47hPa) using
ERA-Interim conditions, but the overall agreement between the two distributions is quite

good.

Furthermore, the above discovery of the reduced internal variability due to the coupling is
still valid with different boundary conditions (Figure C.10c and C.10d). The reduction in
the standard deviation of the wind speed in the ensemble members is 10.95 %. Moreover,
the mean ensemble spread for the MSLP is reduced by 7.89 %.

By comparing the temporal evolution characteristics of the differences between cpl.bc and
ref.bc with those of the differences between cpl.nsn and ref.nsn during the study period, it
becomes increasingly evident that the impacts on the wind speed are very similar in both
ensembles (Figure C.S2b). Therefore, the differences in the significant wave height are also
very alike (Figure C.S2f). For the MSLP differences between the ensembles, variations
begin to appear (Figure C.S2d) with neither a prevailing reduction nor a predominant en-
hancement in the differences between cpl.bc and ref.bc relative to the differences between
cpl.nsn and ref.nsn. Therefore, the MSLP differences are more sensitive to the boundary
conditions than the wind speed differences. Since the distributions of the differences be-
tween cpl.bc and ref.bc and between cpl.nsn and ref.nsn are very similar (Figure C.10b),
the general impacts of the coupling are similar but are altered in the time series since the
solutions for the local pressure fields can differ due to the different boundary conditions,
and the changes in the MSLP due to the coupling are more sensitive to the boundary

conditions.

This analysis of the sensitivity of the coupling to boundary conditions shows that the gen-
eral impact of the coupling is very similar between the ensembles with different boundary
conditions. Moreover, the conclusions drawn for the ensemble with ERA5 boundary con-
ditions are still valid for the simulations with ERA-Interim boundary conditions. Hence,
the effects of the coupling are robust to different reanalysis data used as the boundary

forcing.
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Supplementary Tables and Figures
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Figure C.S1: Mean over three months in geopotential in 500 hPa (a) and 850hPa (c).
The contour plot shows the values of the reference simulation and the colour plot shows
the difference of the reference and coupled ensembles for the ensembles without spec-
tral nudging. The percentage of time with significant differences between coupled and
reference ensemble in geopotential in 500 hPa (b) and 850 hPa (d).

Table C.S1: Evaluation of ensemble spread in simulations with spectral nudging enabled.

mean 99th percentile maximum

ref.sn (m/s) 0.22 1.09 7.73

wind speed cplsn (m/s) 0.21 1.06 5.92
relative change (%) -3.78 -1.95 -23.39

ref.sn (hPa) 0.04 0.16 1.19

MSLP cpl.sn (hPa) 0.04 0.16 0.89
relative change (%) -0.20 -1.26 -24.94
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Figure C.S2: Time series of the absolute differences of the ensemble means (black),
standard deviation of the ensembles (red and blue) and values in the reference ensemble
(dark blue) in the North Sea area in wind speed (a,b), MSLP (c,d) and significant wave
height (e,f). The solid line denote the ensemble without spectral nudging. The dashed
lines denote the ensemble simulation with the application of spectral nudging within
CCLM (a,c,e) and the ensemble with different boundary conditions (b,d,f).
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Figure C.S3: Time series of the absolute differences of the ensemble means (black),
standard deviation of the ensembles (red and blue) and values in the reference ensemble
(dark blue) in the Baltic Sea area in wind speed (a,b), MSLP (c,d) and significant wave
height (e,f). The solid line denote the ensemble without spectral nudging. The dashed
lines denote the ensemble simulation with the application of spectral nudging within
CCLM (a,c,e) and the ensemble with different boundary conditions (b,d,f).
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Figure C.S4: Time series of the absolute differences of the ensemble means (black),
standard deviation of the ensembles (red and blue) and values in the reference ensemble
(dark blue) in the Norwegian Sea area in wind speed (a,b), MSLP (c,d) and significant
wave height (e,f). The solid line denote the ensemble without spectral nudging. The
dashed lines denote the ensemble simulation with the application of spectral nudging
within CCLM (a,c,e) and the ensemble with different boundary conditions (b,d,f).
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Figure C.S5: Time series of the absolute differences of the ensemble means (black),
standard deviation of the ensembles (red and blue) and values in the reference ensemble
(dark blue) in the area west of the British Islands in wind speed (a,b), MSLP (c,d) and
significant wave height (e,f). The solid line denote the ensemble without spectral nudging.
The dashed lines denote the ensemble simulation with the application of spectral nudging
within CCLM (a,c,e) and the ensemble with different boundary conditions (b,d,f).
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Figure C.S6: Q-Q scatter plots for the measured (Sentinel-3A and GTS) and modelled
wind speeds (a,b) and significant wave heights (c,d) with the reference (ref.sn) (a,c) and
coupled (cpl.sn) (b,d) model simulations. The Q-Q plot is shown as black crosses, the 45°
reference line is denoted by the blue line, and the least-squares best-fit line is the red line.
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Figure C.S7: Wind speed in the reference simulation on 11.01.2017 12 UTC (contour
plot in a-i). The difference between the ensemble means of the reference and the coupled
ensemble (a-c), the standard deviation of the reference ensemble (d-f) and the coupled

ensemble (g-1) for the ensembles without (a,d,g) and with spectral nudging (b,e,h), as well
as with changed boundary conditions (c,f,i).
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Figure C.S8: MSLP in the reference simulation on 11.01.2017 12 UTC (contour plot
in a-i). The difference between the ensemble means of the reference and the coupled
ensemble (a-c), the standard deviation of the reference ensemble (d-f) and the coupled

ensemble (g-1) for the ensembles without (a,d,g) and with spectral nudging (b,e;h), as well
as with changed boundary conditions (c,f,i).
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Figure C.S9: Significant wave height in the reference simulation on 11.01.2017 12 UTC
(contour plot in a-i). The difference between the ensemble means of the reference and
the coupled ensemble (a-c), the standard deviation of the reference ensemble (d-f) and
the coupled ensemble (g-i) for the ensembles without (a,d,g) and with spectral nudging
(b,e,h), as well as with changed boundary conditions (c,f}i).
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Figure C.S10: Windspeed in the reference simulation on 13.01.2017 12 UTC (contour
plot in a-i). The difference between the ensemble means of the reference and the coupled
ensemble (a-c), the standard deviation of the reference ensemble (d-f) and the coupled

ensemble (g-1) for the ensembles without (a,d,g) and with spectral nudging (b,e,h), as well
as with changed boundary conditions (c,f,i).
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Figure C.S11: MSLP in the reference simulation on 13.01.2017 12 UTC (contour plot
in a-i). The difference between the ensemble means of the reference and the coupled
ensemble (a-c), the standard deviation of the reference ensemble (d-f) and the coupled

ensemble (g-1) for the ensembles without (a,d,g) and with spectral nudging (b,eh), as well
as with changed boundary conditions (c,f,i).
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Figure C.S12: Significant wave height in the reference simulation on 13.01.2017 12 UTC
(contour plot in a-i). The difference between the ensemble means of the reference and
the coupled ensemble (a-c), the standard deviation of the reference ensemble (d-f) and
the coupled ensemble (g-i) for the ensembles without (a,d,g) and with spectral nudging
(b,e,h), as well as with changed boundary conditions (c,f}i).
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Appendix C: Internal model variability of a coupled wave-atmosphere model

Equations to Determine Statistical Values

Mean Value:
1 X
= — ; S1
R= 2; R; (C.81)
Errors:
E=M-R (C.S2)
Standard deviation of the errors:
1 N 2
Root Mean Square Error:
X
MSE = | — M; — R;)? S4
RMS ~ ;( i~ R) (C.54)
Scatter Index:
SE
Sl == (C.S5)
R
Bias:
bias = F (C.S6)
Correlation: N o B
1 M, — M R, — R
CORR—N_12< - >< ” ) (C.87)
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