Journal of
Marine Science

and Engineering

Article

The Impact of Wave Model Source Terms and Coupling
Strategies to Rapidly Developing Waves across the North-West
European Shelf during Extreme Events

Nieves G. Valiente »*, Andrew Saulter !, John M. Edwards !, Huw W. Lewis ?, Juan M. Castillo Sanchez },
Diego Bruciaferri !, Christopher Bunney ! and John Siddorn 2

Citation: Valiente, N.G; Saulter, A.;
Edwards, ].M.; Lewis, HW.; Castillo
Sanchez, ].M.; Bruciaferri, D.; Bunney,
C,; Siddorn, J. The Impact of Wave
Model Source Terms and Coupling
Strategies to Rapidly Developing
Waves across the North-West
European Shelf during Extreme
Events. ]. Mar. Sci. Eng. 2021, 9, 403.
https://doi.org/10.3390/jmse9040403

Academic Editor: Liliana Rusu

Received: 10 March 2021
Accepted: 6 April 2021
Published: 9 April 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/).

1 Met Office, Fitzroy Road, Exeter EX1 3PB, UK; andrew.saulter@metoffice.gov.uk (A.S.);
john.m.edwards@metoffice.gov.uk (J.M.E.); huw.lewis@metoffice.gov.uk (H.W.L.);
juan.m.castillo@metoffice.gov.uk (J.M.C.S); diego.bruciaferri@metoffice.gov.uk (D.B.);
christopher.bunney@metoffice.gov.uk (C.B.)

2 National Oceanography Centre, Southampton SO14 3ZH, UK; john.siddorn@noc.ac.uk

* Correspondence: nieves.valiente@metoffice.gov.uk

Abstract: Prediction of severe natural hazards requires accurate forecasting systems. Recently, there
has been a tendency towards more integrated solutions, where different components of the Earth
system are coupled to explicitly represent the physical feedbacks between them. This study focuses
on rapidly developing waves under extratropical storms to understand the impact of different wave
source term parameterisations in the WAVEWATCH III (WWIII) model (5T4 and ST6) and coupling
strategies (surface roughness closure versus surface stress closure) on the accuracy of the Met Office
regional atmosphere-ocean-wave coupled research system for the north-west (NW) European shelf
(UKC4). Results of a study focused on simulations during winter 2013/14 demonstrate that ST6 al-
lows for a faster wave growth than the ST4 parameterisation but might degrade low to mid energy
wave states. The difference between ST6 and ST4 in wave growth is larger for higher wind speeds
and short fetches. The experiment with ST4 and roughness closure consistently under-predicts the
wave growth in those locations where fetch dependence is an important factor (i.e., seas at the East
(E) of Ireland and the UK for storms coming from the NW-WNW). The implementation in the wave
model of ST6 physics with the stress closure coupling strategy appears to improve growth of young
wind-seas, reducing bias in those locations where the storms are underestimated. The slower wave
growth when using surface roughness closure seems to be related to an underestimation of the mo-
mentum transfer computed by the wave model when coupling the wind speeds. For very young to
young wind seas, this can be overcome when the surface stress is computed by the atmospheric
model and directly passed to the ocean.

Keywords: coupling; wave modelling; surface drag; momentum transfer; extratropical storms

1. Introduction

Assessment of environmental conditions and operational decision making in marine
environments often requires an understanding of multiple atmospheric and ocean param-
eters. For environmental forecasting, there is a growing tendency to move towards more
integrated modelling systems (ocean-wave, atmosphere-wave or atmos-
phere-ocean-wave) that are capable of more explicitly representing the physical feedbacks
between system components than when components are run in isolation (e.g., [1-3]). Sev-
eral studies demonstrate that the coupling between an atmospheric model and a wind
wave model produces better estimates of the roughness lengths over the oceans [4-8] and,
subsequently, model estimates of wind speed and significant wave height closer to obser-
vational data. Wahle et al. [6] confirmed complementary improvements in both wave and
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wind forecasts in coastal regions of the southern North Sea by implementing two-way
coupling (with wave induced drag) between the wave and the atmosphere model. They
found that significant wave height and wind speeds were reduced by approximately 8%
and 3%, respectively, due to the extraction of energy and momentum from the atmosphere
by the waves. Varlas et al. [3] found that coupling impacts the evolution of the overall
system, with similar reductions in wind speed and wave height to those discussed by [6]
and an improvement of forecast wave height and wind speed skill of up to 20% and 5%,
respectively. Additionally, recent studies have demonstrated positive impacts on signifi-
cant wave height prediction when surface ocean currents are accounted for (e.g., [9-14])
and in the upper-ocean dynamics when using ocean-wave coupled models (e.g., [15,16]).

Extreme events are the result of an extreme weather pattern. In the case of extratrop-
ical storms, an extreme event is characterised by very strong winds and large waves, often
resulting in unusual high-water levels on the coast. All wave models struggle in extreme
events as uncertainty in both storm evolution in the atmospheric forcing and source term
parameterisations is high. Coupling should, in principle, improve the momentum flux at
the ocean-atmosphere interface through the feedback to a more realistic surface roughness
[6,17]. However, some studies have demonstrated cases where the coupling between the
ocean surface and the wind might become less efficient at transferring momentum at high
wind speeds [8-18]. Wiese et al. [8] studied the impact of two-way atmosphere-wave cou-
pling on the lower atmosphere and found that the largest differences between the coupled
and the reference model simulation occurred in areas of steep gradients in the mean sea
level pressure, wind speed or temperature during storm events. They stated that signifi-
cant wave height was predicted very well up to 6 m, whereas the upper tail tended to be
underestimated by the coupled simulation. Lewis et al. [19] demonstrated that wave-mod-
ified surface drag had a small but positive impact on sea surface temperature; however,
they found that a fully coupled atmosphere-ocean-wave simulation showed a larger bias
in the wave related fields relative to the ocean-wave system, due to changes in the char-
acteristics of the winds, with no clear improvement or even degradation in performance
across the experiments during more energetic periods. Conversely, other research using
fully coupled systems (ocean-atmosphere-wave) has demonstrated that despite being
very sensitive to the momentum flux parameterisation, the fully coupled model was the
most skilful simulation (e.g., [20]).

The exchange of momentum between the atmosphere and ocean can be achieved us-
ing wind speed-, wave age-, and/or sea state-dependent formulations (e.g., [21-24]). Most
current coupling approaches include a two-way feedback in which the near-surface wind
speed is passed to the wave model and information on the sea state is passed back to the
atmospheric model to calculate the drag (e.g., [17]). The principle behind this ‘surface
roughness closure’ coupling approach is that the best representation of form drag associ-
ated with the wave-supported stress comes from the wave model as only that system
component will have knowledge of the fetch dependence and effect of currents on the
wave field (i.e., the state of development of the waves; [25]). Conversely, observational
studies on the exchange of momentum over the ocean have found that some wind
speed-dependent formulations can match the observations well without any wave infor-
mation (e.g., COARE; [23]).

Observational studies [26,27] have shown that current coupling parameterisations
based on a sea state dependent drag (surface roughness closure) might not be realistic
enough during periods with strong winds. Consequently, enhanced friction close to the
surface might result in a negative feedback during large storms, resulting in degradation
of the wind (model stress estimates that tend to be lower than the observations; e.g., [28])
and subsequently wave fields. In order to reduce extreme drag at high winds, wave mod-
els can include limiters of the roughness length (e.g., [29]) or a direct cap on the drag co-
efficient (e.g., [19]). This limitation avoids the effect of too much drag on the lower atmos-
phere and enables more realistic (stronger) winds to be forecast in the vicinity of intense
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storms; however, it has been demonstrated that the drag not only saturates but might tail
off in high winds [23,26,30,31].

Wave model simulations can show significant sensitivity to both forcing conditions
and source term formulation [32,33]. These sensitivities are even more pronounced during
extreme events and might require different modelling approaches and/or source term in-
put and dissipation parameterisations depending on the scale, nature and severity of the
storms (e.g., [34,35]). Although both tropical (hurricanes or tropical storms) and extratrop-
ical (winter storms) cyclones can be described as deep low pressure systems that produce
and sustain high intensity winds [36]; their origin, evolution, effect on the air-sea interface
and subsequent evolution of the resultant waves are are substantially different. Indeed,
waves during tropical cyclones do not always follow the local wind [27] whereas there are
no major deviations during extratropical cyclones [37]. In other words, despite model er-
rors being strongly reduced with a more realistic reproduction of the physical system
components and their interaction, the storm characteristics will play a major role in the
skill of the wave forecast during that event.

After the quality of the forcing, the second most important factor when modelling
waves is the source term formulation [32]. The Ardhuin et al. [38] family of parameterisa-
tions for wind input and dissipation (implemented as ST4 module in WAVEWATCH III®
(WWIII)) is used extensively operationally in both global and regional model configura-
tions (e.g., Copernicus Marine Environment Monitoring Service operational ocean-wave
coupled configuration with wave model specifications as per Saulter et al. [39]; NCEP Op-
erational Global Wave Model [40] and GFSv16 wave [41]). In recent years, a new set of
source terms known as ST6 [42] has been tested for both extratropical [33,43,44] and hur-
ricane conditions [18,30,45]; proving its potential for predicting rapidly developing waves
[33,34] in a variety of conditions. Although ST6 performance has been reported both in
open sea (e.g., [43]) and coastal settings (e.g., [33]), its performance in a fully coupled sys-
tem has not been extensively analysed.

This study focuses on rapidly developing waves in extratropical storms to investigate
the sensitivity of a regional atmosphere-wave coupled system to source terms and cou-
pling strategies. Here, we analyse the effect of momentum transfer to rapidly growing
waves in both long and fetch limited conditions for km-scale simulations focused on the
north-west European shelf. This energetic region provides an exceptional setting to study
the effect of momentum transfer during extreme events as it is continuously affected by
extratropical storms, whilst the bathymetric characteristics (deep waters of the eastern
North Atlantic versus very wide and intermediate depth continental shelf seas) provide a
variety of ideal “pools” for comparing different wave source code parameterisations. This
paper is structured as follows. A brief description of the regional coupled model configu-
ration is detailed in Section 2 and the methodology is shown in Section 3. Wave growth
dependence to source term parameterisation using an idealised scenario is presented in
Section 4. Section 5 includes results regarding model performance during the storms as
well as analysis of the transfer of momentum from the atmosphere to the waves. Finally,
discussion and conclusions are presented in Sections 6 and 7, respectively.

2. The Regional Coupled Atmosphere-Ocean-Wave System (UKC4)

In recent years, scientific developments have included the introduction of coupled
systems designed to reproduce the physical interactions between atmosphere, ocean and
wave components. Lewis et al. [19] describe the basis of the km-scale regional coupled
atmosphere-ocean-wave system used in this study. The present work uses a later revision
of the modelling system, referred as UKC4 hereafter. UKC4 covers the UK and north-west
European continental shelf seas (herein NW shelf; approx. 46 N-63 N, 19 W-13 E; Figure
1) and the model grid is based on a rotated pole coordinate system with the pole origin at
longitude 177.5 degrees and latitude 37.5 degrees. The UKC4 fully coupled system in-
cludes two-way feedbacks represented between all model components [19]. The atmos-
phere component uses the Met Office Unified Model (herein UM; e.g., [46]), the shelf-seas
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ocean component uses Nucleus for European Models of the Ocean (NEMO ocean model;
[47]) and the ocean surface waves modelled using WAVEWATCH III® (WWIIL; [48]). Ex-
change of information between NEMO, WWIII and the UM is achieved using Ocean At-
mosphere Sea Ice Soil coupling libraries version 2.0 (herein, OASIS-MCT coupler; [49]).
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Figure 1. North-west (NW) shelf physical context and model domain. The NW shelf domain (black boundary) includes
atmosphere, ocean and wave components; the inner region (1.5 x 1.5 km) of the Met Office Unified Model (UM) atmos-
phere model domain is also presented (yellow boundary). In-situ observations are shown as solid dots and areas for anal-
ysis across the model domain are indicated in red. In-situ observations comprise the Joint WMO IOC Commission for
Oceanography and Marine Meteorology’s operational Wave Forecast Verification Scheme (JCOMM), Ship Synop Obser-
vations at fixed platforms (SHPSYN) and UK WAVENET and Chanel Coastal Observatory (CCO) in-situ observations for
coastal waters (WAVENET).

2.1. Met Office Unified Regional Atmosphere Model

The atmosphere component of UKC4 consists of the regional configuration RAL1 [50]
of the Met Office Unified Model (UM). This is implicitly coupled to the Joint UK Land
Environment Simulator land surface with river routing model (JULES, version 5.2;
[51,52]). In common with the other UKC4 system components, the atmosphere model do-
main covers the northwest European region. The UM system component uses a grid with
variable resolution. The grid stretches from 0.036° (~4 km) to 0.0135° (~1.5 km; inner do-
main covering UK and Ireland; yellow domain-Figure 1) and uses 70 vertical levels (model
top ~40 km). The horizontal discretization of this regular grid follows Arakawa C-grid
staggering [53] and the vertical discretization uses Charney-Phillips [54]. The atmospheric
model grid resolution is sufficient that convection is explicitly represented rather than
parameterised. Refer to Lewis et al. [17,19] for a detailed description of the UM configu-
ration.
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2.2. NEMO Regional Ocean Model

The ocean component of the UKC4 follows the Atlantic Margin Model configuration
(AMM15; [55]) and uses NEMO [47] at version 3.6. The AMM15 model domain uses a
rotated pole curvilinear grid of uniform ~1.5 km horizontal resolution across the entire
NW shelf and overlaps in its inner part with the higher resolution region of the UM. The
vertical grid uses 51 hybrid z*-s levels [56]. The model uses a non-linear free surface, an
energy conserving form of the momentum advection, and a free slip lateral momentum
boundary condition [57]. Turbulent viscosities and diffusivities are computed using the
generic length scale scheme by Umlauf et al. [58]. The tracer equation follows a Total Var-
iance Diminishing (TVD) advection scheme [59]. Tides are determined using 11 tidal con-
stituents [55,57] and included both on the open boundary conditions via a Flather radia-
tion boundary condition [60] and through the inclusion of the equilibrium tide. A detailed
description of AMM15 can be found in Tonani et al. [57].

2.3. WWIII Spectral Regional Wave Model

The wave model is based on the WAVEWATCH III spectral model [48] at version
4.18, which has been modified to enable coupling exchanges [19]. The model domain co-
vers the NW shelf and is based on a two-tier Spherical Multiple-Cell grid refinement [61]
where the coarsest (open waters) cells are resolved at approximately 3 km and coastal cells
with water depth less than 40 m are resolved at 1.5 km.

The current version of the wave model in UKC4 uses Ardhuin et al. [38] (ST4 pack-
age) to parameterise wind-wave interaction, whitecapping dissipation and swell dissipa-
tion. This package also includes some minor tuning adjustments for compatibility with
Met Office wind forecast data [39]. The wave model also uses the surf breaking parame-
terisation proposed by Battjes and Janssen [62] and JONSWAP bottom friction formula-
tion [63] to represent shallow water wave energy dissipation. These parameterisations
make the UKC4-wave configuration compatible with intermediate and relatively shallow
waters such as those across the NW shelf. Nonlinear wave-wave interactions are resolved
using the Discrete Interaction Approximation (DIA) package [64]. Conversion from wind
speed to momentum stress flux computations are included in the source term. Addition-
ally, linear wave growth (LN1; [65]) for lower winds is also implemented.

An alternative package for the input and dissipation terms recently introduced in
WWIII is the observation-based ST6 package ([30,66—70]). This family of parameterisations
includes a wind input source with sink terms due to negative wind input, whitecapping
dissipation and wave-turbulence interactions (swell dissipation). Both wind input and
whitecapping formulations are based on field observations conducted at Lake George,
while wave-turbulence dissipation and the negative input are based on laboratory exper-
iments. Additionally, a parameterisation of swell decay based on field observations is also
included. Section 3.2.1. provides a more detailed discussion of the ST4 and ST6 parame-
terisations.

3. Materials and Methods

The transfer of momentum to waves is assessed using the current research configu-
ration of the atmosphere-ocean-wave UKC4 regional model [19]. This configuration is
modified using both a different coupling strategy and an alternative parameterisation for
wave input and dissipation. The coupling of momentum across the air-sea interface is
analysed during the extreme events of 2013/14 winter, a period that represents a 1:60 year
event for the coastlines of NW of Europe due to the extreme nature of the wave conditions
[71]. Model runs encompassed the period from 30 November 2013 to 28 February 2014.

3.1. Observations and Metrics for Model Evaluation

Model experiments are evaluated using in-situ (Figure 1) and satellite altimeter wave
and wind observations. In-situ data consists of floating buoys and fixed marine platforms.
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These include: (i) 6-hourly data from the Joint WMO-IOC Commission for Oceanography
and Marine Meteorology’s operational Wave Forecast Verification Scheme [72] (hereafter
referred to as the JCOMM); hourly Daily Ship Synop Observations at fixed platforms for
the NW shelf (herein SHPSYN); and hourly UK WAVENET and Chanel Coastal Observa-
tory (CCO) in-situ observations for coastal waters comprising Waverider buoys (herein
simplified as WAVENET). The latter only includes measurements of wave statistics.
JCOMM data have been averaged over a 4 h period (+/-2 h) around the validity time
whereas no time-averaging is performed due to the potential high frequency variability
introduced by tidal effects in the SHPSYN and WAVENET in-situ data. The satellite
merged altimeter data (hereinafter MA data) include data from the JASON-2, CryoSat and
SARAL-AltiKa missions. The altimeter significant wave heights used here were aggre-
gated, quality controlled and corrected according to the calibration provided by CERSAT
[73] and super-observed to 0.3 Hz in order to represent a scale more closely aligned with
that of the in-situ observations. For a more detailed description on the observational da-
tasets refer to Saulter [74].

Simulated values x of wave and wind bulk parameters are compared against obser-
vations x,. Metrics for model evaluation include bias = n™! ¥,(x — x,), Root Mean Square
Difference RMSD =,/n"1Y(x —x,)> and Pearson correlation coefficient R =
Y(x — %) (X, — %) /\/2(x — %)? \/Z(xo —%,)%, where x =n"'Yx, x,=n"1Yx, and n is
the number of available observations.

3.2. Experimental Set-Up
3.2.1. WWIII Source Terms Parameterisations

The variance of the sea surface for irregular wind waves can be described through
the two-dimensional variance density spectra F(k,0) that is a function of the wave-
number k and the direction 6. Furthermore, wave propagation is described by

DN(k, 0) B S(k,0)
Dt T o

where D /Dt is the total derivative, N(k,8) is the model wave action density spectrum or
native WWIII wavenumber-direction spectrum (= F(k, 0)/0), S(k,0) represents the net
effect of sources and sinks for the spectrum F(k, ), and o is the intrinsic (radian) fre-
quency. The total source term S can be defined as the combination of different physical
processes that in deep water can be simplified to the wind-wave interaction term S, a
non-linear wave-wave interaction term S,,; and a dissipation term Sg;. Additionally, a
linear input term for initial wave growth S;, and the additional processes for shallow
water (wave-bottom interactions Sj,; and depth-induced breaking S;;) are included:

1)

S= Sin+ S+ Sas + Sin + Spor + Sap 2)

For this study we focus on the momentum budget between the atmosphere and the
waves. Two different source code parameterisations for inputs to wave energy via mo-
mentum stress transferred from the atmosphere are used here: ST4 [38] and ST6 [30,42,66—
70].

The family of parameterisations in ST4 uses a positive part of the wind input taken
from WAM cycle 4 with an ad hoc reduction of the wind friction velocity (u.), which is
implemented in order to allow a balance with a saturation-based dissipation that uses
different options for a cumulative term. Hence, the ST4 parameterisation reduces the in-
put to the waves at high wind speeds by including a tunable sheltering factor that de-
creases the drag coefficient at high winds as per below.

Following Janssen [75], the wind input source term Sy, (k, 6) in ST4 can be written as

Sin(k,8) = g—“% eZ7*(u,/C + z,)*cosPin (0 — 0,)oN(k,0) + Sy (k, 0) 3)

w
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Taw =

where Sg¢(k, 8) is the output source term that provides a linear damping of swells [75],
pq and p,, are the densities of air and water, 4, is a non-dimensional growth param-
eter (constant), k is von Karman’ constant, C is a positive integration constant [38], and
Din is a constant that controls the directional distribution of Sj,. Z for intermediate wa-
ter depths is

Z =log(kz,) + k/[cos(0 — 6,)(u./C + z,)] 4)

where z; is a roughness length modified by the wave-supported stress 7,,,, and z, is
a wave age tuning parameter. It is noted that although the effect of z, on wave growth
is largely undocumented, it has a significant effect on wave growth, as it shifts the wave
age of long waves. Hence z;is defined by
U, Z,
Uy = 7109 (Z) (5)
T

° vV 1- Taw/Ta (6)

where the stress 7, = uZ and z, is the height at which the wind is specified.

The reduction of u,in Equation (3) is obtained then by replacing it with the sheltering
u, (k) as

Z1=Q

kepem Sin(k,! 9)
(w)? = |u?(cosb,, sin,) — |Su|f '[ T(cos@, sin@)dk'do| . (7)
o Jo

The sheltering coefficient |S,|~1 can be used to tune the stresses limiting the wave
growth at high wind speed, which would be largely overestimated for S,, =0. The input
source term is then used to compute 7, expressed as

fmax 0275, (k',6) : , :
— (cos 8,sin8)dk’dO + T, (u,, @)(cos 6, ,sin 6,) (8)
0 0

with the stress supported by shorter waves, Ty, being a u,(a).

ST6 [30,42,66-70] is a new family of physics parameterisations for deep-water source
and sink terms that can be implemented in WWIIIL These parameterisations include a new
nonlinear wind input term that accounts for dependence of the growth on wave steepness
and airflow separation as well as for negative growth rate under opposing winds [30]. In
addition to the basic dissipation term via wave breaking, ST6 includes a new cumulative
dissipation term and a term due to production of turbulence by waves consistent with the
observed decay rate of ocean swell. Following Babanin et al. [68], the input source term
Sin(k,0) in ST6 is expressed as

Sin(k, 8) = 2 ay (e, IN(k, 6) ©)

Pw

with the spectral wave growth y(k, 0) as
y(k,8) = G/B,(K)W?(k, 6) (10)

and the sheltering coefficient G as

G = 2.8 — (1 + tanh (10,/B,(k)W?(k, 6) — 11)) (11)
where W is the wind forcing parameter and B,, is a spectral measure of wave steepness.
B, = A(k)N(k)ok® and (12)

where ¢ refers to the wave phase speed, A(k) is a measure of narrowness of the direc-
tional distribution at a frequency [76] calculated from the directional spectrum normalized
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by the maximum value of the spectrum at that frequency [70], ¢ is the radian frequency,
k is the wavenumber and Uy is the scaling wind speed. U; follows Komen et al. [77] and
Rogers et al. [70] as

Ug = Uy = Yu,, with ¥ = 28. (14)

At the surface, the stress T, can be written as the sum of the viscous 7, and wave-
supported stress Tgy,. Tqy is used as a constraint of the wind input and is calculated by
integration as

Tow = Pwd fozn fokm“"si"(cﬂ (cos 8,sin0)dk'd6 . (15)

The closure in the total stress passed from the atmosphere is based on the 10-m wind
speed alone [70] as

Tq = ulpg = CqUfypa and (16)
Ty = Cvulzopa (17)

where the drag coefficient is taken from Hwang [78] and acts as a limit for the calculation of
the wave-supported stress [30]. Hence, the flux of momentum from the atmosphere is speci-
fied by an atmospheric drag coefficient that depends only on the 10-m wind speed following
the form

Cy4 x 10* = 8.058 + 0.967U;, — 0.016U%, (18)
Furthermore, the viscous drag coefficient is parameterised using Tsagareli et al. [69].
Cy X 10% = 1.1 — 0.05U,. (19)

This formulation shows a good performance for faster wave growth for young seas [30]
and therefore has the potential to improve model prediction of rapidly developing waves dur-
ing storm conditions common to the fetch-limited shelf seas of the NW shelf. However, this
parameterisation might result in overestimation at lower wind speeds relative to Ardhuin et
al. [38] when coupling with the atmospheric model, as Equation (18) is not preferred when
comparing against the atmosphere-ocean bulk flux parameterisation implemented in the UM
model (COARE 4.0 with cap and reduction of the drag at higher wind speeds; [23]).

A prescribed relationship to derive u, and 7, is used in both source term family of pa-
rameterisations; however, the family of parameterisations used to compute this relationship
differ. For ST4, u, implicitly depends on wind velocity U,y and the ratio 74, /7, [79].
Hence, the friction velocity u, is calculated via a stress table where 7, is derived as a func-
tionof U;y and 74, . Finally, the wind input source term S;;, is computed (Equations (3) and
(7))and 74, updated (Equation (8)) in a source term integration loop. For ST6, u* is computed
using Hwang et al. [78] based on the wind input alone (from which the limiting 7, will be
derived; Equation (16)). u, is then used to make a first guess estimate of S;;, (Equations (9)
and (10)) as per Donelan et al. [66]. Finally, S;;,, u, and U;q are used to constrain g,
(Equation (15)) and adjust Sj;.

3.2.2. Coupling Strategies

Two different coupling strategies are tested: (i) a two-way feedback coupling strategy
where a sea-state dependent surface roughness modifies the atmospheric momentum budget
with wind passed from the atmospheric model to the wave model and wave feedback to the
atmosphere through the Charnock coefficient (herein surface roughness closure), and (ii) a
one-way strategy where no wave feedback on the atmospheric model exists but the wind
stress is directly passed to the wave model (hereafter surface stress closure). Table 1 lists the
coupling exchanges for the two coupling strategies that are relevant to the wave field model-
ling. These coupling strategies will differ in the variables exchanged between the atmosphere
and wave components, depending on the WWIII physics used; i.e., ST4 versus ST6. Coupling
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fields passed from the atmospheric model to the wave model consist of 10-m winds (Uzo) for
both ST4 and ST6 surface roughness closure configurations (herein named as ST4 and ST6,
respectively). Atmospheric stress (7,,) is only passed in the surface stress closure set-up that is
implemented using ST6 (STémod configuration). The latter also includes the exchange of the
density of air (p,) from the atmosphere to the wave component.

Table 1. Coupling exchanges between the atmosphere (A) and wave (W) components relevant to wave
field modelling implemented in the UK Regional Coupled Atmosphere-Ocean-Wave (UKC4) system.

Interface Exchanged Variable ST4  STe STémod
W-A Wave-dependent Charnock parameter («) X X -
A-W Wind speed at 10 m above surface (U0) X X
A-W Air density (pg) - -

A-W Atmospheric stress (7,) - -

Wave feedbacks on the atmosphere momentum budget for the roughness closure con-
figuration are the modification of surface roughness throughout the Charnock coefficient
which is sea state dependent. After the update of 7., in ST4 (refer to Section 3.2.1.), an itera-
tive calculation is performed to compute roughness length and total stress t, by the wave
model (with an initial guess for z,, on each of 10 iterations, zyy = @poT,g With ay specify-
ing a minimum possible Charnock coefficient) following

Z00
Zom = (20)
1- Taw/ Tao

After the iteration, the roughness length is determined again from the input 10-m wind
speed according to Equation (5) where z; = z,,,, using the output wave-dependent Charnock
parameter field calculated by WWIII as
Zom

a =
guf

1)
The momentum roughness length is then related to the surface friction velocity in the
UM atmosphere code following Charnock [80] and Smith [81] as

011y «a
+ Euf (22)

Zom(sea) =
with the dynamic viscosity of air, v, having a constant value of 1.4 x 10° ms™ and a spa-
tially-variable @ from Equation (21) that is updated and passed via OASIS3-MCT to the at-
mospheric model throughout the simulation.

Previous studies [26,30,31,82] have demonstrated a reduction of C; in high winds. Alt-
hough the ST4 configuration may include a limiter on the Charnock coefficient, the parame-
terisation still generates a C,; that will keep growing with wind speed (marked REG in Figure
2), albeit more slowly [18] up to the 0.003 value that corresponds to U;q > 40 ms™ in this
scheme. The C,; implemented through the ST6 module [78] is more consistent with previous
studies of decaying C, for strong winds as it saturates and decreases for high winds (Equa-
tion (18) and marked ST6 in Figure (2)); however, it may be excessive at lower wind speeds
and is not preferred in the UM [18]. Hence, coupling is modified in order to pass the total stress
(t4) directly to the wave model. This way the preferred UM boundary layer algorithm, based
on COARE 4.0, is the only drag coefficient scheme that is implemented within the coupled
framework, allowing for more consistency in the stress values between system components
(atmosphere and wave in this case). Additionally, direct stress transfer from the atmosphere
model allows including atmospheric instability effects implicitly.
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Figure 2. Estimates of the drag coefficient (C;) versus wind speed (U;,) for different
parameterisations. The red and the blue lines correspond with model configurations (WWIII
regional, REG, and global, GLB/CY31) using constant Charnock coefficients (a) of 0.011 and 0.018,
respectively. The grey line is based on a modified version of the COARE algorithm [23] suitable
for Met Office systems, COARE 4.0, where a increases with wind speed up to an upper bound,
hereafter it is constant. The green line is based on [80] scheme implemented in ST6 physics.

The main feature of the stress closure for ST6 coupling strategy is the modification of
the coupling from the UM to WWIII to pass the atmospheric stress (7,) and the density
(pg)- The stress is calculated in the atmospheric model independently of the sea state ac-
counting for atmospheric stability and following a wind dependent formulation (C4(2))
that is consistent with a modified version of the COARE 4.0 algorithm [23]

Tq = Uil = pg Calbdv|? (23)

where near-surface wind speed is expressed relative to the ocean surface current speed,
v, such that |Av| = v; — v,. Then, zo is computed following Charnock relation [80] as per
Equation (22) with a based on the COARE algorithm [23] and the wind speed dependent
drag coefficient C;(z,) calculated as

2

K
Cd =
10,712 (24)
[ (1 + Z—O)]
7, is passed to WWIII where the wind friction velocity is computed as u, = \/7,/p4. Sev-

eral C; model parameterisations use constant a (e.g., WWIII regional and global model
configurations; Figure 2-REG and -GLB/CY31). However, a in the modified COARE 4.0
boundary layer scheme (Figure 2-COARE 4.0) increases with wind speed up to an upper
bound (22 ms™), after it is constant and decreases linearly for winds above 33 ms™ for the
particular case of the UM. The cap and reduction of the drag coefficient are modifications
introduced recently into global and regional operational systems at the Met Office in order
to reduce excessive drag at high winds in tropical storm areas. These modifications incor-
porate a cap of 0.003 following Donelan [31] and a reduction to a lower value at very high
wind speeds following Hsu et al. [83].

Other coupling exchanges relevant to the wave modelling include those at the
wave-ocean interface. Hence, the wave model receives surface currents from the ocean
model and passes significant wave height (H,), mean wave period, the surface Stokes drift
and a wave stress to the ocean.
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3.2.3. Experiments

Atmosphere-Ocean-Wave Coupled

Coupled experiments (Table 2, coupled) focus on the atmosphere-ocean-wave UKC4
coupled system with some additional modifications to the model configuration. These
modifications are focused on: (i) WWIII source terms parameterisations (UKC4aow-ST4
and UKC4aow-ST6), and (ii) coupling exchanges (UKC4aow-ST6émod). UKC4aow-ST4
corresponds to the actual configuration of the regional coupled research system (refer to
[84]). This configuration uses ST4 wave physics with the flux computation included in the
source terms and presents the surface roughness closure coupling strategy: two-way feed-
back between the atmosphere and the wave model, where winds from the atmospheric
model are passed to the wave model which returns the Charnock coefficient. The
UKC4aow-ST6 experiment uses ST6 wave parameterisation and the same surface rough-
ness closure coupling strategy as UKC4aow-ST4. The source term ST6 is limited using the
flux parameterisation proposed by Hwang [78]. UKC4aow-STémod differs from
UKC4aow-ST6 in the coupling strategy (i.e., exchanged variables). The former follows the
surface stress closure strategy where there is no two-way feedback between the atmos-
phere—wave components but one-way transfer from the UM to WWIII to pass the stress
(t4) and the density (p,) independently of the sea state. All fields are exchanged using
OASIS3-MCT at a coupling frequency of one hour. Lateral boundary conditions for at-
mosphere and wave components are consistent across all three experiments and are pro-
vided from the relevant Met Office operational global model archive.

Table 2. Experiments specifications.

Configuration

Experiment Description

Atmosphere-ocean-wave coupling

atm <-> ocn <-> wave <-> atm

UKC4aow-ST4

WWIIL: ST4 [38] with flux computation included in source terms Uses UM regional
atmosphere coupled component winds

Coupled

Atmosphere-ocean-wave coupling
atm <-> ocn <-> wave <->atm
WWIIL: ST6 with flux computation according to Hwang [78] Uses UM high-resolu-
tion winds

UKC4aow-ST6

Atmosphere-ocean-wave coupling

atm <->ocn <-> wave <- atm
WWIIL: ST6 [30,42,66-70]

UKC4aow-STémod Uses UM high-resolution wind stress and air density

Atm-wave coupling modified to pass the stress
Drag coefficient computed in UM as per Edson et al. [23] with cap and reduction
for high winds

Wave only with Met Office UM regional atmosphere-only winds interpolated to

UKW4h-ST4 CMEMS-UK Met Office AMM15

WWIIL: ST4 [38] with flux computation included in source terms

Wave-only

Wave only with Met Office UM regional atmosphere-only winds interpolated to

UKW4h-ST6 CMEMS-UK Met Office AMM15

WWIIL: ST6 [30,42,66-70] with flux computation according to Hwang [78]

Wave-Only

Atmosphere-ocean-wave coupled experiments are compared against uncoupled
wave-only (UKW4h) control simulations (Table 2, wave-only). This set of uncoupled
model runs does not include feedbacks with external model components; only hourly
wind forcing read from external input files. In this study the WWIII wave-only
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simulations are forced by hourly UM winds from a free-running atmosphere-only UM
simulation, using the same configuration as used in UKC4, interpolated to CMEMS-UK
Met Office AMMI15. Lateral boundary conditions are supplied from the Met Office global
wave model [74] as wave spectra. Simulations were initialised from rest with a 5-day
spin-up period that is discarded. As for the coupled experiments, #5T4 and #ST6 naming
convention refers to the wave model source code parameterisations for inputs to wave
energy (S;,) via momentum stress transferred from the atmosphere and dissipation of
wave energy (Sy), and the flux parameterisations; i.e., combination of ST4 with stress
computation included in the source terms for UKW4h-5T4, and ST6 with stresses com-
puted according to Hwang [78] for UKW4h-STé.

3.3. Simulated Storms: Winter 2013/14 Storms

The severe winter of 2013/14 is considered the most energetic period in terms of
storminess in the last 60 years across north-west Europe [71,85]. Overall, the period from
mid-December 2013 to mid-February 2014 saw a succession of 12 major winter storms
(Figure 3). This series of storms represents an exceptional period to study the role of wave
physics and the transfer of momentum onto rapidly developing waves both on long and
short fetch (i.e., fetch limited) areas such as the UK shelf seas.

Two extreme events affecting both the shallower shelf seas around the UK and the
western approaches (off-shelf) are highlighted: the extratropical cyclone Xaver on 5-6 De-
cember 2013 and storm Ruth on 8-9 February The former generated a major storm surge
affecting the North Sea and the coasts of Scotland and northern England [86,87]. Xaver
formed to the south of Greenland on 4 December, and quickly developed as it moved east
over Scotland towards the North Sea, intensifying further and reaching its lowest pressure
over the Baltic Sea (967 hPa). Gusts exceeded 60 knots across the North and Irish Sea coasts
and maximum significant wave heights exceeded 8 m. Windstorm Ruth affected the west-
ern approaches and the Irish and Celtic Seas with winds gusting at 60-70 knots and off-
shore waves across the SW approach reaching 12 m. The southern storm track (lowest
pressure of 945 hPa) allowed storm waves to propagate into the Irish and Celtic Seas,
causing very energetic wave conditions along the coast of Wales and SW England. Storm
Xaver affected mainly fetch limited areas whereas the strong winds during storm Ruth
mainly intensified in the western approaches after crossing the Atlantic.
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Figure 3. Snapshots of (a,b) wind speed (U,() and (c,d) significant wave height (H;) during storms Xaver and Ruth. Storm
snapshots for Uy, include wind direction vectors, mean sea level pressure contours and storm tracks. Winds are extracted
as sea points only from WWIII system component - UKW4g-ST4 experiment. To facilitate visualization, wind vectors are
plotted every 35 grid points. Pressure contours are sourced from the global pressure forcing conditions. The 200-m isobath
(solid blue contour) is included to indicate the continental shelf limit.

4. Wave Growth Fetch Dependence: idealised Scenarios

The aim of this section is to investigate the dependence of the wave growth on the
fetch length for the different wave source term physics. An uncoupled wave model is used
to run a number of idealised numerical experiments where the domain has an extension
of 1015 x 515 grid cells and is discretised with a regular grid of 5 km resolution. Two
idealised setups are explored: (i) deep water scenario with flat bathymetry of 1000 m
depth, and (ii) intermediate water conditions with flat bathymetry of 80 m deep. The
model is forced for 48 h by a constant wind speed; values are incremented over the range
from 10 to 30 ms™. Hence, dimensionless fetch limited growth and inverse wave age evo-
lution curves are computed for both the different depth relationships (deep water and 80
m) and wind speeds. These are then compared to the theoretical wave growth relation-
ships derived from observations by Young and Verhagen [88], hereafter YV96-1000 and
YV96-80 for 1000 m and 80 m depth scenarios, respectively. We use the inverse wave age
(u./cp) as a diagnostic of wave development and this is defined as the ratio of the atmos-
pheric friction velocity to the phase speed at the peak of the wave spectrum. u,/c, is in
the range 0.05-0.03 for waves approaching full development, attains a maximum of about
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0.07 for developing seas, and tends toward large values approximately of 0.1 for very
young waves [89].

Six numerical simulations (Table 3) using both idealised setups (1000 m and 80 m)
are conducted. Four experiments differ only in the source term parameterisations, i.e., ST4
against ST6, and they are named as ST4-1000, ST4-80, ST6-1000 and ST6-80. The last two
simulations, STémod-1000 and STémod-80, aim to mimic #5Témod experiment. Hence,
these maintain ST6 source terms, but Hwang [78] drag coefficient is substituted with the
MO modified version of the COARE 4.0 algorithm [23].

Table 3. Idealised experiments specifications.

Experiment Domain Depth [m] Configuration
ST4 [38] with flux computed in source terms
ST4-1000 1000 Drag as per Equations (21) and (24)
ST4-80 80 ST4 [38] with flux computed in source terms
3 Drag as per Equations (21) and (24)
ST6-1000 1000 ST6 [30,42,66-70] with flux complllted as per Hwang [78]
Drag as per Equation (18)
ST6-80 80 ST6 [30,42,66-70] with flux compl.lted as per Hwang [78]
Drag as per Equation (18)
ST6 [30,42,66-70]
STémod-1000 1000 Drag parameterised using a fitting to COARE 4.0 [23]
ST6 [30,42,66-70]
STmod-80 80

Drag parameterised using a fitting to COARE 4.0 [23]

Dimensionless wave growth (gH;/Uf;) and inverse wave age (u./c,) curves as a
function of dimensionless fetch (gFetch/UZ) for each of the constant wind speeds are
presented in Figure 4. The difference in wave growth between ST4 and ST6 is greater for
higher wind speeds and shorter fetches. Higher waves are generated for short fetches
when using ST6 physics compared to both ST4 and YV96 relationships (Figure 4-left pan-
els); however, ST6 growth curves are less steep than ST4 and YV96 relationships. Alt-
hough this consistent ST6 behaviour for short fetches appears for all the wind speeds,
differences with ST4 become smaller for longer fetches where ST4 growth is higher (Figure
4a,c,e). The implication is that for stronger winds and shorter fetches, ST6 allows faster
growth of rapidly developing waves; whereas for low to moderate winds (15 ms™) and
longer fetches (gFetch/U%, = 8000-10%), waves will grow less when implementing ST6
physics relative to ST4 and YV96. As expected, the short fetch fast growing waves using
ST6 also correspond with more developed waves (relative to ST4 inverse wave age) for
Uip 210 ms™ and this difference becomes more significant for stronger winds (0.19 versus
0.15 for u,_sreu/Cp—srex and U._srau/Cp_sran, respectively). It is indeed during very
strong wind conditions (U;, = 30 ms™), where a consistent offset between ST6 and ST4
u,/c, curves is observed, with the former always representing older waves (consistent
with faster prior growth). Conversely, inverse wave age ST6 and ST4 curves collapse for
non-dimensional fetches of about 4000 or larger for winds up to 20 ms indicating similar
wave source term behaviour past those limits.
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Figure 4. (a,c,e,g) Dimensionless wave growth and (b,d,f,h) inverse wave age as a function of dimensionless fetch for
constant winds from 10 to 30 ms™! for different model configurations. Fetch limited growth and inverse wave age evolution
curves include deep water and 80 m depth relationships for ST4 (ST4-1000 and ST4-80), ST6 (ST6-1000 and ST6-80) and
ST6 with a modification on the drag coefficient as per Edson et al. [23] (ST6mod-1000 and STémod-80). The theoretical
curve of Young and Verhagen [88] is presented in the fetch limited growth representation (YV96-1000 and YV96-80).
Results for the different configurations correspond to 48 h model runs using a 5 km resolution grid.

We compare STémod-1000 and ST6mod-80 against ST4- and ST6-based idealised ex-
periments in order to analyse the effect of the drag parameterisation: Hwang [78] versus
the modified COARE 4.0 algorithm [23]. Wave growth curves for both STémod-1000 and
STémod-80 match with ST6-1000 and ST6-80 up to 15 ms™ winds whereas there is a posi-
tive offset (greater wave growth) with respect to ST4 and ST6 curves for U;, > 20 ms™.
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Indeed, although differences with ST6 based experiments are not very significant for short
fetches, values of wave growth are consistently larger than with the other two configura-
tions at any fetch. Differences between ST6 and STémod inverse wave age evolution
curves are negligible up to U;, of 20 ms. It is for strong (30 ms™) winds and short fetches
that the largest differences between configurations are observed. ST6émod-1000 and
STémod-80 curves lie in between ST4 and ST6 configurations, with relatively younger
(older) waves than ST6 (ST4). Additionally, it is noted that for long fetches (>370 km) and
strong winds (>20 ms™) during depth limited conditions (80 m experiments), u./c,
STémod and ST4 curves collapse, indicating that the modification of the drag coefficient
in ST6 produces a wave model behaviour more similar to ST4 physics.

In principle, the curves of YV96 [88] provide a best fit to observations of
wind-sea-growth for each water depth, and ST4 appears to give the best overall fit against
these relationships. Although based on an experiment conducted in a lake of approxi-
mately 2-m constant depth, YV96 relationships are regularly used in manual forecasting
methods in different depth ranges. YV96 only exceeds ST4 and ST6 relationships for a
portion of the 10 and 15 ms™ curves (Figure 4a,c) and only exceeds ST6 for long fetches
(Figure 4a,c,e). One could argue that YV96 might underpredict during short fetch condi-
tions; conversely, this might indicate that a greater early growth phase for both ST6 and
ST4 physics when winds are moderately strong (>10 ms™) is essential in setting the under-
lying sea-state for the developing storm. In other words, present models might need to
grow waves more quickly at short fetches during moderately strong winds (>10 ms™) in
order to be able to predict energetic conditions more accurately.

5. Results
5.1. Models Performance

Atmosphere-ocean-wave (UKC4aow#) and wave-only (UKW4h#) experiments cov-
ering three months of winter 2013/14 are compared against WAVENET, JCOMM, SHYP-
SYN and MA observations. Summary statistics RMSD, bias and R, for significant wave
height (Hs) and wind speed (U1) are presented in Table 4. Overall, the main features are:
(i) UKC4aow-ST4 shows the best skill score for the three months of hindcast of Hs, and
this is very similar to UKC4aow-5T6émod; (ii) coupled models (UKC4aow#) improve wave
hindcast with respect to the wave-only (UKW4h#) experiments; and (iii) there is a negative
bias with respect to MA observed winds for all the experiments. Wind scores are relatively
degraded in the fully coupled experiments with surface roughness closure
(UKC4aow-ST4 and UKC4aow-ST6) whereas this is less obvious in UKC4aow-ST6émod,
demonstrating a possible issue when introducing feedback from the wave component to
the atmosphere during very energetic periods, possibly related to a too-high inferred
value of Charnock’s coefficient in these energetic periods.

Table 4. Summary statistics (root-mean-square deviation (RMSD), bias and correlation coefficient (R) for significant wave
height (Hs) and wind speed (U1): UKC4aow-5T4, UKC4aow-ST6, UKC4aow-STémod, UKW4h-5T4 and UKW4h-ST6 ver-
sus observations of merged altimeter (MA), JCOMM, SHPSYN and WAVENET (coastal observations) over 2013-11-30 to

2014-02-28.
RMSD Bias R
Observations Coupled Wave Only Coupled Wave Only Coupled Wave Only
ST4 ST6 STémod ST4 ST6 ST4 ST6 STemod ST4 ST6 ST4 ST6 STémod ST4 ST6
MA 0.54 0.60 057 055 055 -0.12 -0.19 -0.14 0.04 -0.05 0.97 096  0.96 0.96 0.96
H. [m] WAVENET 0.35 044  0.48 037 043 0.03 0.005 -0.01 0.07 013 095092 0091 0.94 093
JCOMM 046 052  0.53 043 045 002 010 0.05 0.08 0.10 0.96 0.92  0.96 0.94 093
SHPSYN 0.56 0.57  0.57 0.64 0.60 0.04 -0.01 0.04 02 016 095095 0.9 0.95 0.95
Uz [ms™] MA 254 246 240 241 241 -126 -1.20 -1.14 -1.00 -1.00 0.86 0.86  0.86 0.88 0.88
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UKC4aow-ST4

H; statistics for UKWh4# allow us to analyse the sensitivity of the wave model to
source term parameterisations in the absence of atmosphere-wave feedbacks. Skill results
for the entire simulation period (Table 4) highlight that differences between source term
parameterisation are < 3% with ST6 degrading the overall model skill. Hence, UKW4h-
ST6 shows the poorest performance for Hs (average bias = 0.1 m, RMSD =0.53 m and R =
0.94; Table 4). A similar pattern is observed in UKC4aow# where, despite larger Uz biases
in UKC4aow-ST4 (bias = -1.26 ms™ respect —1.20 ms™ for UKC4aow-ST6; Table 4), overall
H; stats are improved (around 5%) when using ST4.

Model skill is evaluated for the period of “storm-only” or “extreme period” (Figure
5 and Table 5). In this case we define an extreme period when Hs > Hs 9% (quantile of 90%)
and compute the relevant skill score statistics using the match-ups in the upper 10% of
data from both model and observations. In order to assess the model performance during
the storms and their impact on shelf seas versus open waters, we differentiate between
observations located above the 200 m isobath (on-shelf) and those below (off-shelf). When
analysing model performance reproducing the upper tail of the distribution on-shelf, we
see that with the exception of UKC4aow-ST4 (underpredicts, bias = =0.19 m; Table 5), all
models tend to overpredict Hs9% (bias = 0.18-0.30 m; Table 5). Additionally, there is in-
creased variability in the system performance off-shelf: (i) UKC4aow-5T4 and wave-only
with ST6 present negative bias (-0.11 to —0.15 m; Table 5) whereas UKC4aow-ST6,
UKC4aow-STémod and wave-only with ST4 overestimate (0.11 to 0.33 m; Table 5) the
waves; and (ii) values of RMSD and R indicate an overall poorer representation of the
waves off-shelf by all the experiments relative to on-shelf model performance.

UKC4aow-ST6 UKC4aow-STémod

o
o
ias Q90% Hs [m]

Figure 5. Averaged significant wave height bias (a—c) and RMSD (d—f) for the quantile of 90% (Q90%) at in-situ locations
for the coupled experiments (UKC4aow-5T4, UKC40ow-ST6 and UKC4aow-ST6mod). The 200-m isobath (solid blue
contour) is included to indicate the continental shelf limit.
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Table 5. On-shelf and off-shelf summary statistics (root-mean-square deviation (RMSD), bias and correlation coefficient
(R)) for significant wave height (Hs) and wind speed (Ui) extremes, quantile of 90% (Q90%) for UKC4aow-ST4,
UKC4aow-ST6, UKC4aow-STémod, UKW4h-ST4 and UKW4h-ST6 versus Q90 for JCOMM and SHPSYN observations
over 2013-11-30 to 2014-02-28. The limit between on-shelf and off-shelf locations was the 200-m depth isobath.

RMSD Bias R

Coupled Wave Only Coupled Wave Only Coupled Wave Only

ST4 ST6 STémod ST4 ST6 ST4 ST6 STémod ST4 ST6 ST4 ST6 STémod ST4 STé6

0.78 0.88  0.87 0.83 0.89 -0.19 0.21 0.18 034 030 0.75 0.71 0.75 0.73 0.68
0.96 1.14 1.11 115 1.08 -0.11 019  0.11 033 -0.15 0.73 0.69 0.72 0.66 0.67

Observations
On-shelf
HeIml o hel
On-shelf
-1
o s e chel

2.16 213 213 234 234 052 016 025 136 136 0.49 0.49 0.5 051 0.51
257 245 237 261 261 208 177 1.89 260 260 0.66 0.66 0.68 0.70 0.70

The largest differences between UKC4aow# are observed on the continental shelf
(Figure 5) where UKC4aow-ST4 presents overall smaller values of Hss% than the ST6
based experiments (e.g., larger negative biases in the central North Sea and smaller posi-
tive biases in the southern North Sea; Figure 5). For Ui that we observe an improve-
ment in UKC4aow-STémod relative to UKC4aow-ST4 (average biases = 1.1 ms™ and 1.3
ms, average R = 0.59 ms™ and 0.57 ms, respectively; Table 5). These improvements are
less obvious when analysing overall skill for Hso%. Hence, both UKC4aow-ST4 and
UKC4aow-STémod present very broadly similar skill with minor differences: underesti-
mation of ST4 versus overestimation of STémod (average bias = -0.15 m versus 0.14 m,
respectively; Table 5) and increased variability by STémod (RMSD = 0.99 m versus 0.87 m
for ST4; Table 5). Furthermore, STémod better reproduces Hs90% across most of the central
North Sea (average bias reduction from —0.8 m in ST4 to -0.2 m in STémod, Figure 5).
Overestimation of the tail of the distribution at coastal locations is expected as wave break-
ing is tuned down from the default value (through WWIII BJALFA) when resolving shal-
low water physics in these systems [62]. Additionally, there are differences in observation
uncertainty with location as offshore in-situ observations are collected by fixed platforms
whereas coastal data come from waveriders.

In order to understand the sensitivity to the coupling and the different source term
and coupling combinations during extratropical storms, the evolution of several fields at
locations representing both long (Figures 6a—c and 7a—c) and relatively fetch limited (Fig-
ure 6d—f and 7d—f) conditions is presented for the two storms considered: Xaver (Figure
6) and Ruth (Figure 7). Fully coupled UKC4aow# experiments are compared against
wave-only UKW4h-5T4 as this reference uses a similar wave model set-up to the present
Met Office operational wave forecasting configuration. Diagnostic fields are Hs, U and
inverse wave age (u,/c,) as an indicator of wave development.
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Figure 6. Timeseries of modelled (a,d) significant wave height (Hs), (b,e) wind speed (U1) and (c,f)
inverse wave age (u./cp) for long (62048) and short (62127) fetch locations during storm Xaver.
Observed in-situ Hs are also presented in (a) and (d). The exact position for the specific locations is

specified in the right corner inset.
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Figure 7. Timeseries of modelled (a,d) significant wave height (Hs), (b,e) wind speed (Uw), and
(cf) inverse wave age (u./cp) for long (62029) and short (62023) fetch locations during storm Ruth.
Observed in-situ Hs and U are also presented in (d) and (e), respectively. The exact position for
the specific locations is specified in the right corner inset.

We analyse two long fetch locations and two locations in the lee of the land on the
shelf, where the evolution of rapidly growing waves in the different experiments should
be observed. As expected, UKW4h-5T4 shows slightly greater values of Ui and subse-
quently H; relative to UKC4aow# in all locations given the values of C; in the schemes. It
should be highlighted that UKW4h-5T4 Uw evolution is smoother (Figures 6b,e and 7b,e)
when compared with the fully coupled experiments in which U shorter-term variability
is more evident. These short-term fluctuations also coincide with rapid changes of the sea-
state dependent sea surface roughness (not shown). All UKC4aow# show similar behav-
iour in reproducing wave heights in long fetch locations (Figures 6a and 7a). Conversely,
for large rapidly developing waves in short fetch conditions, we observe that despite a
very similar wind signal in all experiments, UKC4aow-ST4 does not capture wave growth
accordingly (Figures 6d and 7d).

UKC4aow-ST6émod seems to capture the rapid growth more successfully, increasing
Hs in areas of young and very young seas (u./c,~ 0.1; Figure 6f), where UKC4-aowST4
shows a significant negative bias (Figure 6d). Conversely, for more developed waves (i.e.,
waves approaching full development; u./c,~ 0.05) neither UKC4aow-ST6 nor
UKC4aow-STémod show a reduction in the underestimation of Hs during the storm de-
spite U,_sre/Cp—sTe > Uista/Cp-sra (Figures 6¢,f and 7c,f), indicative of less developed
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(younger) seas for ST6. It is noted that according to the idealised scenarios (Figure 4), dif-
ferences in wave growth between the ST4 and ST6 physics tend to decrease significantly
for longer fetches and moderate to strong winds (both curves collapse for winds of 15-20
ms; Figure 4d,f). Hence, the fact that the waves are more mature (averaged u,/c, ~ 0.06)
during storm Ruth reduces the degree to which ST6 physics develop the waves faster than
ST4 on the shelf (Figure 6¢,f). Wind offset and negative sea-state related feedback (wave
to ocean) are discarded as reasons for these differences, since UKW4h-ST4 seems to get
the wave growth right and the #5Témod experiment also underestimates wave growth
(Figure 6a), respectively.

5.2. Sensitivity to Coupling

We use UKW4h-5T4 as a control against which to test sensitivity to coupling. The
mean differences between UKC4aow-ST4 and UKW4h-ST4 represent the impact of full
atmosphere-ocean-wave coupling relative to a free-running wave-only configuration. Dif-
ferences are a combination of the impact of ocean-wave interactions and the effect of cou-
pling of momentum across the air-sea interface.

Figure 8 shows mean differences of Hs, wave supported wind stress (tg,,) and Char-
nock coefficient (a) between UKC4aow-5T4 and UKW4h-ST4 during Xaver and Ruth. The
largest differences are observed in the regions affected by the storm track and on the con-
tinental shelf where, discarding the coastal locations in the lee of the land where differ-
ences are not so significant during Xaver, the UKC4aow-5T4 experiment appears to un-
derestimate Hs relative to the wave-only simulation (Figure 8b,c). These differences are
more than 0.75 m on average across wide regions (e.g., across the North Sea during Xaver
and in the SW approach during Ruth) which corresponds to more than 10% of the mean
field (Figure 8a). Additionally, 74, is 0.2 N m= smaller in the fully coupled experiment
across the North Sea (Figure 8e), and SW approaches and English Channel (Figure 8f) for
Xaver and Ruth, respectively. These differences are above 20% of the total signal in some
of the mentioned locations and involve around 10% of the total field across the domain
(Figure 8d).
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Figure 8. Distribution of mean (a) significant wave height (Hs), (d) wave supported wind stress (t,,,) and (g) Charnock
coefficient () encompassing storms Xaver and Ruth. Difference in (b,c) Hs, (e,f) 7,4, and (h,i) a between UKC4aow-ST4
and the control model run (UKW4h-ST4) for the individual storms: Xaver (mid panels) and Ruth (right panels). Mean
values are computed using the two storms whereas mean differences correspond to each storm individually. The 200-m
isobath (solid black contour) is included to indicate the continental shelf limit.

There is a negative feedback from the waves to the atmosphere in the coupled system,
where the enhance friction during the storms (shown by larger values of Charnock coef-
ficient in coupled mode) reduce the wind speed in excess and subsequently the wave
heights. During storm Xaver, differences in the pattern of a (Figure 8h) differ from 7,
(Figure 8e) and large values of the stress do not always coincide with large values of «a,
also reflecting a more mature sea in UKW4h-ST4. UKC4aow-5T4 has the greatest values
of o across the North Sea (Figure 8g) while smaller values (negative difference) corre-
spond to areas with either very similar or smaller 7,, than the control (Figure 8eh).
Equally, during storm Ruth a is the largest (youngest seas) in coupled results in those
areas more affected by the storm (SW approaches and English Channel), whilst a is either
similar or slightly smaller across the North Sea (Figure 8f,i).

5.3. Sensitivity to Wave Source Term Parameterisation and Coupling Strategy

We analyse the sensitivity of Hs and wave supported wind stress 7., to the wave
source term physics and the modification of the coupling (Figure 9) during both storms.
The largest average differences are observed in both shallow areas immediately in the lee
of the land (short fetch) and along those areas more affected by the storm front (i.e., strong-
est winds): across the shallower shelf-seas region, more specifically in the North Sea dur-
ing storm Xaver; and across the NW and SW approaches during Ruth. In these, #ST6 and
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#STémod experiments show larger Hs values than #5T4 of about 0.5 m (Figure 9a,g,h) and
0.75 m (Figure 9b) on average, which correspond to 10-15% of the mean field (Figure 8a)
respectively. Differences between #ST6 and #STémod are of the order of 0.2 m with per-
sistently greater values for #5Témod across most of the domain. Results indicate that the
majority of wave height differences between experiments can be explained by changes in
wave physics (differences of 10%) with only around 5% due to the modification of the
coupling.

Wave supported stress is consistently larger in #5T6 and #5Témod experiments (Fig-
ure 9d,e,j, k) across the entire domain, and 7,,,—sr6 > Taw—sremoa; hOWever, the stress clo-
sure strategy allows for the development of larger waves compared to the surface rough-
ness closure (Hg_sr¢ < Hs_sremoq)- The largest differences in t,, relative to #ST4 are
found across the North Sea and the SW approaches (Figure 9d,e,j k) where they can rep-
resent about 40% of the total signal in some locations (Figure 8d). Hence, greater transfer
of momentum does not always result in bigger waves and some areas show larger waves
when using #5T4 (e.g., Bay of Biscay, Celtic Sea and the North Sea approaches during
Ruth). In agreement with the idealised experiments of Section 4, this is likely to be related
to either long fetch regions affected by strong winds but with a more developed sea using
#ST4 and/or areas where the storm effect was weaker (low to moderate winds). It should
be noted that wave growth is a balance between Sin and Sa;, so these areas are likely to
have more mature waves supporting less stress but also with less dissipation (i.e., waves
whitecap less).



J. Mar. Sci. Eng. 2021, 9, 403

24 of 33

STORM XAVER

UKC4aow-STémod - UKC4aow-ST6
™

SB,

UKC4aow-ST4

UKC4aow-STémod - UKC4aow-ST6

STORM RUTH

| —— e —

1.00

0.75

0.50

0.25

0.00

Hs [m]

-0.25

-0.50

-0.75

-1.00

1.00

0.75

0.50

0.25

0.00

Hs [m]

-0.25

-0.50

-0.75

-1.00

Figure 9. Mean difference in significant wave height (Hs) and wave supported wind stress (7,,,) between the coupled-ST6
physics experiments #ST6 (a,d,gj) and #STémod (b,eh k), and the coupled-ST4 physics UKC4aow model run; and
between #5T6 and #5T6émod (c,f,i,1) during storm Xaver (a-f) and storm Ruth (g-1). The 200-m isobath (solid blue contour)
is included to indicate the continental shelf limit.

Wave height dependent sea surface roughness (z0) and wind speed relationships are
presented in Figure 10a. zo is computed following Equation (22) for #5T4 (zo-st4) whereas
for the case of #5T6mod (zo-stemod), instead of using zo as function of the sea state, zo is re-
calculated by the UM with a based on the COARE 4.0 algorithm as per Equation (24) [23].
This removes any possible feedback from the waves to the atmosphere when «a is passed
to the UM. zostemod is larger (smaller) than zosrs for wind speeds above (below) 15 ms™
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(Figure 10a). This suggests that the #5T4 configuration exerts more drag on the atmos-
phere for low to moderate winds and slightly less drag for moderate to strong winds than
the UM boundary layer scheme (COARE 4.0). The difference in surface drag between #5T4
and #STémod for strong winds is reduced at sheltered locations (i.e., less sensitivity be-
tween configurations for coastal areas in the lee of the land). The U - u, relationship
shows that for equal moderate to strong wind speeds, #ST6 presents larger values of fric-
tion velocity (Figure 10b). This difference with #ST4 is diminished in #STémod (Figure 10b
and blue areas in Figure 9j-1), reflecting some benefit in using wind stress directly com-
pared to scaled U for those cases in which the transfer of momentum using ST6 might
be overestimated (i.e., stress closure compared to roughness closure).
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Figure 10. (a) Wave height dependent sea-surface roughness zo versus wind speed Uw. (b) Friction velocity u, versus

wind speed Ulo.

5.4. Momentum Transfer to Waves During Extremes

We analyse the effect of momentum transfer to rapidly developing waves under
storm winds in fetch and duration limited conditions common to UK shelf seas. We use
the ratio of momentum between the surface waves and the atmosphere (t,,,/7,) as a di-
agnostic for wave growth and adopt the inverse wave age (u./c,) as a bulk measure of
wave development. Figure 11 shows maximum values of inverse wave age and average
ratio of momentum 7,,/7, during storm Xaver and storm Ruth. We know that the
smaller t,,,/7, is, the less efficient wave growth will be. During storm Xaver, the largest
Taw/Tq (i-e., more efficient wave generation) for #ST6 and #STémod is observed in the
North Sea (Figure 11d,e) where values of u,/c, ~ 0.08-0.1 (Figure 10a). Equally, during
storm Ruth, larger rates in #ST6 based systems are observed across the SW approaches
(#ST6; Figure 11f,g) and also across the southern North Sea (#5T6mod; Figure 11f/h), in
areas affected by the storm track and coinciding with values of inverse wave age of 0.06
(Figure 11b). Inverse wave age values corresponding to very young and young seas are
where the main improvement when using ST6 with respect to ST4 is observed. It is indeed
in those areas where the ratio 7,,, /7, increases when implementing #ST6mod compared
to both #5T4 and #ST6 configurations, which suggests a more efficient wave growth for
the former.



J. Mar. Sci. Eng. 2021, 9, 403

26 of 33

UKC4aow-ST4 UKC4aow-ST4
Yz R . .

=S

1.0

Figure 11. (a,b) Maximum inverse wave age u,/c, and (c-h) average ratio t,,/7, distribution during storm Xaver (c—e)
and storm Ruth (f-h) for the different UKC4aow configurations. UKC4aow configurations are (c,f) #ST4, (d,g) #5T6 and
(e,h) #ST6émod physics. Wave age is defined as the ratio of a characteristic wind friction velocity to the surface wave phase
speed at the peak of the wave spectrum (u,/c,) as per Sullivan et al. [89].

The relationship between the momentum passed from atmosphere to waves (t,,)
and the ratio of momentum (7, /7,) is presented in Figure 12. This comparison allows for
an assessment of the difference in transfer of momentum between a parameterisation that
takes account of the surface roughness variation directly from the waves (#5T4) and one
that uses a wind-speed/stability dependent relationship (#STémod). As expected, there is
a positive 74, — 74,/7, correlation and, overall, this relationship is more scattered for
smaller values of transfer of momentum to waves with greater variability for #ST4. For
#STémod, T4, — Taw/T, follows a quasi-linear relationship up to 7,4, ~ 0.7 Nm to re-
main almost constant beyond this value, indicating that beyond this limit almost all the
momentum from the atmosphere goes into generating waves, so that 7, and 7,, are ap-
proximately equal for u,/c, >0.07 (Figure 12b). Largest discrepancies between #ST4 and
#STémod curves are observed for values of 7,4, of 0.2 Nm=2 or larger (Figure 12a,b), cor-
responding to wave heights > 2.5 m (not shown). It is for 7, >0.15 Nm=2 where smaller
values of 74, /7, for #ST4 are presented (Figure 12a). This corresponds to u,/c, > 0.03-
0.04 or waves approaching full development and younger. The implication is that for
waves ranging from very-young to waves approaching full development, #STémod con-
figuration allows greater growth. Similarly, the steepest slope of 74, — T4y, /7, curve for
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#S5T6mod indicates that for smaller fluctuations in the transfer of momentum, waves can
be developed more rapidly. This result is consistent with the ST6 and STémod growth
curves obtained from the idealised scenarios.
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Figure 12. Ratio of momentum atmosphere-wave 7,,,/7, versus wave supported stress Tgy,. Taw — Tqw/Tq relationships
are established for (a) UKC4aow-ST4 (solid line) and (b) UKC4aow-ST6mod (dashed line). Magnitude of inverse wave
age u,/cp is included. Wave age is defined as the ratio of a characteristic wind friction velocity to the surface wave phase
speed at the peak of the wave spectrum (u,/c,) as per Sullivan et al. [89].

6. Discussion

Coupled systems have improved wave model performance relative to wave-only
simulations for winter 2013/14 across the north-west European shelf domain considered
here. Coupling improvements (2-5% for Hs) presented are consistent with similar studies
(e.g., [6,8,20]) where the positive impacts of coupled models on the prediction of signifi-
cant wave height have also been demonstrated. Conversely, the wave-only systems (with
wind speeds from an uncoupled atmospheric model) yield more accurate wind speeds
(7% better) as coupling reduces winds excessively. These reduction rates are around 10%
and in line with those presented by Varlas et al. [3] and Wabhle et al. [6]. Furthermore, the
change in wind speeds is consistent with the results presented by Lewis et al. [19], where
the fully coupled version of UKC3 showed larger biases in some diagnostics during ener-
getic periods. The degradation of Uz within the coupled experiments is reduced when the
surface stress closure strategy is introduced (i.e., no wave feedback). This suggests some
negative feedback from the wave component to the atmosphere possibly associated with
excessively high Charnock coefficients during extreme events. Contrary to expectations,
this degradation in the wind speed is not seen in the wave height. It is indeed the system
with the ST4 and the surface roughness closure configuration (UKC4aow-5T4) where the
best overall model performance among the coupled systems during the entire winter pe-
riod is observed. However, the system with the modification of the coupling strategy (sur-
face stress closure) and ST6 physics performs best when representing the upper tail of the
distribution (storm only conditions) of both diagnostics. This is essentially related to the
fact that ST6 based experiments present a reduction of the negative bias in Hs (12%) across
the North Sea that is reflected in the overall skill for the periods of “storm-only” as well
as a significant improvement (around 5%) in Uio. This is in agreement with Christakos et
al. [43] who found a significant improvement of wave related fields when using the ST6
formulation in this area.

The NW shelf provides an ideal setting to study the effect of momentum transfer
during extreme events due to its potential for young waves in short fetches, i.e., a
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deviation from surface drag open-ocean formulations (e.g., [23,80]). The robustness of the
experiments with the modification of the drag coefficient (UKC4aow-STémod and ideal-
ised STémod#) might suggest that this is not a major issue. However, the number of ob-
servations located in very short fetches is limited and might not be representative enough,
as most observations used in the systems assessment were in relatively long fetches (in-
termediate waters and open ocean). Indeed, although UKC4aow-5T4 shows the best over-
all skill and is very similar to UKC4aow-5T6émod, the largest discrepancies are observed
at the coastal locations, where results are also largely influenced by the reduced wave
breaking in shallow waters, especially during the storms. Results of the idealised scenar-
ios indicate that the modification of the drag coefficient of STémod produces wave model
behaviour more similar to ST4 physics for more quiescent conditions whereas deviates far
more strongly from ST4 at high wind speeds than ST6. It is noted that although the period
of study is exceptionally energetic, overall statistics are more indicative of modal condi-
tions (average Ui < 10 ms™). Additionally, idealised experiments also show STémod be-
haviour close to ST4 for long fetches ( > 370 km) and relatively strong winds (> 20 ms™)
for intermediate limited conditions such as those of the shelf seas which might partially
explain the skill agreement between UKC4aow-5T4 and UKC4aow-STémod.

Inputs to wave energy via momentum stress transferred from the atmosphere in ST4
are based on Janssen’s theory [79] with some modifications to reduce the input at high
wind speeds, while ST6 is almost entirely empirical with the flux of momentum from the
atmosphere specified by Hwang [78] atmospheric drag that depends only on the 10-m
wind speed. Results show that ST6 physics increases the transfer of momentum from the
atmosphere to waves (maximum of 20%) in those areas closest to the storm track and
characterised by stronger winds (> 20 ms™). Additionally, direct transfer to waves is rel-
atively significant in areas of lighter winds in ST6, although in these regions the total stress
is itself smaller. Often, this transfer from atmosphere to waves might be excessive, yield-
ing a degradation of Hs (overestimation). This is in accordance with the findings of
Christakos et al. [33,34] who demonstrated that ST6 captures the energy of the high fre-
quency tail well but overestimates strongly the energy of the dominant waves. Hence,
these differences in momentum transfer between source term parameterisations can be
reduced (around 5%) with the modification of the coupling strategy (stress closure). The
system with the surface stress closure coupling strategy and ST6 shows a reduction of the
transfer from atmosphere to waves but still allows a greater ratio 7,,,/7, than the combi-
nation of ST4 and surface roughness closure in some areas. This is translated to faster
wave growth in areas affected by the storm in the lee of the land (i.e., relatively short fetch)
dominated by very young to young waves where wave growth is slightly underestimated
by the system with ST4 physics and is better captured with ST6. Additionally, areas where
wave growth is faster using ST4 coincide with long fetch regions affected by strong winds
but likely supporting less stress and with less dissipation (balanced between Si» and Sas).

Ocean characteristics are driven by the stress rather than by the wind per se [90].
Therefore, passing the stress is more consistent with momentum conservation. Here, we
have tested the sensitivity of the model to a two-way coupling method based on ocean
surface roughness feedback from the wave model using two source term physics param-
eterisations. These methods improve the atmosphere model representation of ocean sur-
face roughness; however, the closure in the system is not guaranteed as the exchange in-
cludes stability corrected wind speeds which are applied to the internal parameterisation
of wind stress of the wave model rather than neutral winds (e.g., [29]), or wind stresses
directly. Edson et al. [23] demonstrated that COARE 4.0, although being wind dependent,
includes a good representation of the most commonly occurring moderately developed
waves, and indeed, this algorithm produces similar results to drag computed sea-state
dependent parameterisations (e.g., [21,22]). Our experiment UKC4aow-ST6émod with no
sea-state dependent surface roughness but with closure on 7, and accounting for stability
effects is consistent with this principle. Hence, the direct comparison between surface
roughness closure and surface stress closure coupling approaches shows that the ratio of
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momentum T, /7, isslightly larger than in the other two coupled systems. This suggests
that coupling the wind speeds to the wave model and allowing this to calculate the mo-
mentum transfer from the atmosphere to waves and ocean (total stress) might underesti-
mate the transfer by a few percent. This is in line with Wiese et al. [8] and Edwards [18]
who found evidence that coupling is less efficient at transferring momentum in high wind
speeds (i.e., storms). We also note that when passing the winds, the wave model uses a
fixed atmospheric density to compute the momentum budget. During extratropical cy-
clones, this density may differ slightly from the real atmospheric density implicit in the
atmospheric model calculations. However, this factor becomes more important during
tropical cyclones [18], where density variations can be relatively large.

7. Conclusions

Accurately replicating extreme sea-states in numerical models is a challenge. This
study has investigated the effect of momentum transfer to rapidly developing waves for
winds in both long and fetch limited conditions common to UK shelf seas using a km-
scale atmosphere-ocean-wave regional model for 2013/14 winter. Two numerical experi-
ments were conducted focusing on the atmosphere-wave components. The first one ex-
plored the sensitivity to two different wave source parameterisations, ST4 and ST6, using
a two-way feedback coupling strategy where a sea-state dependent surface roughness
modifies the atmospheric momentum budget. In the second set of simulations, the impact
of the coupling strategy was assessed: surface roughness closure compared against sur-
face stress closure.

The ST4 package with surface roughness closure coupling shows the best overall skill
(5% improvement respect the other coupled systems) for the three month simulation of
significant wave height, and this is very similar to the experiment with ST6 and surface
stress closure discarding the coastal locations (bias = -0.12 m and —0.14 m, and RMSD of
0.54 m and 0.57 m, respectively). Additionally, all models tend to overpredict (average
bias = 0.18-0.30 m) the upper tail except across the North Sea. It is across this region that
the system with ST6 and surface stress closure significantly improves model skill reducing
the general underprediction (bias = —0.8 m) in this area by a 12% (source term) and 17%
(source term and coupling modification). For wind speed, all experiments present a neg-
ative bias (bias =-1.00—1.26 ms™) with respect to measured winds during the simulation
period; conversely, there is a positive bias (0.97-1.98 ms) when representing the upper
tail of the wind speed distribution. Wind speed biases in the coupled system are reduced
by the ST6 and surface stress closure experiment.

Sensitivity analysis to atmosphere-wave source term parameterisations in both ide-
alised scenarios and coupled atmosphere-ocean-wave experiments indicates that ST6
physics allows for faster wave growth (older waves) and this difference in wave growth
(ST6 versus ST4) is larger for high wind speeds and short fetches. ST6 physics increases
the transfer of momentum from atmosphere to waves. While this is desirable during ex-
treme events, our results suggest that often this might lead to an excessive transfer of mo-
mentum from atmosphere to waves, with a subsequent overestimation of modal wave
conditions. This overestimation can be reduced by modifying the coupling strategy. We
found that combining ST6 physics with the surface stress closure coupling strategy
(STémod) generally reduces the transfer of momentum from atmosphere to waves while
still allowing greater 7,, /7, than the systems using ST4 or ST6 with the surface rough-
ness closure. This is true especially across areas affected by the storms at the lee of the
land (i.e., relatively short fetch dominated areas), where waves are predominantly very
young. The difference in ratio of momentum 1., /7, also suggests that passing the wind
speeds to the wave model and allowing this to calculate the momentum flux from the
atmosphere to waves and ocean (total stress) might underestimate the momentum trans-
fer.
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Future Work

The present effort contributes to our understanding of two important factors when
predicting waves: wave source term parameterisations and atmosphere-wave coupling
approaches. Further work is required to explore the possibility to include the direct stress
application and closure of 7, and a surface roughness feedback, which is indeed more
consistent with momentum conservation While numerical results indicate that, overall,
the configuration with ST4 and surface roughness closure might be preferable for the UK
shelf seas fully coupled system; the ability of the STémod system to simulate more accu-
rately large wave events suggests that passing the stress from the atmospheric model
could help to reduce the underestimation of the momentum transfer when this is com-
puted by the wave model when coupling the wind speeds. The implication is that passing
the stress (and density for consistency) may help to better predict rapidly growing waves
not just across shelf seas during windstorms but also in areas affected by tropical cyclones,
where wave models seem to struggle the most.
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