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Abstract

It is currently clear that the atmosphere and ocean should be simulated by integrated modelling systems resolving intercon-
nected physical factors that determine the Earth’s energy balance. Waves play a key role in the interfacial interaction between the
atmosphere and the ocean, regulating momentum, heat and moisture exchange. This study aims to evaluate the CHAOS two-way
coupled atmosphere-ocean wave system (Chemical Hydrological Atmospheric Ocean wave System) over the Mediterranean and
Black Seas. The evaluation is performed against in situ and remote sensing data for the period from 1 December 2013 to 1 De-
cember 2014. CHAOS includes the Weather Research Forecasting (WRF) model, version 3.8, as atmospheric component and the
Wave model (WAM) cycle 4.5.4 as ocean wave component, coupled through the OASIS3-MCT coupler, version 3.0. Two contin-
uous model simulation approaches were followed to assess the impact of atmosphere-ocean waves coupling. In the first approach
(1-way coupling mode), the ocean wave component uses the winds produced by the atmospheric component, while in the second
approach (2-way coupling mode) the atmospheric component additionally uses sea state information estimated by the ocean wave
component through wave-dependent Charnock parameter computations. In the 2-way coupling mode, the attenuation of the at-
mospheric flow has a damping effect on wind-generated waves. The simulations in 2-way coupling mode produce more realistic
results yielding statistical improvements. Compared against buoy observations, the 2-way mode reduces the root mean square
error (RMSE) 1.2% for wind speed and 6.3% for significant wave height, while against Jason-2 satellite retrievals the reduction is
0.5% and 2.4%, respectively. Additionally, the 2-way coupling mode outperformed the 1-way mode under intense wind and wave
conditions during the one-year period considered.

Keywords: Air-sea interaction; WRF; WAM; sea surface roughness; wind-wave coupling; statistical evaluation.

Introduction

The importance of dynamic and thermodynamic ex-
changes between the ocean and the atmosphere has been
underlined in several studies throughout the years. Mass
exchange in the air-sea interface is accompanied by latent
heat transfer, e.g. along the coastal zone and in semi-en-
closed basins such as the Mediterranean Sea, while the
dynamic interaction between the atmosphere and waves
determines sea surface aerodynamic roughness, which
in turn affects momentum, heat and moisture exchanges
(Black et al., 2007; Drennan et al., 2007; French et al.,
2007; Zhang et al., 2008; Andreas, 2011; Bell et al., 2012;
Katsafados et al., 2016, 2017, 2018; Wahle et al., 2017,
Varlas et al., 2018). Therefore, air-sea exchanges depend
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on properties such as wind speed, surface roughness, wa-
ter vapour, currents, temperature, salinity etc (Breivik et
al., 2015; Carniel et al., 2016; LiCer et al., 2016; Staneva
et al., 2016; Bonaldo et al., 2019). Atmosphere-wave in-
teraction determines sea surface roughness and near sur-
face wind speed, modifying the transfer of kinetic energy
and enthalpy (Doyle, 1995; Bao et al., 2000; Fairall et al.,
2003) as well as sea spray that plays a crucial role in heat
exchange (Rizza et al.,, 2018). More specifically, winds
near the surface of the ocean, along with medium to high
frequency gravity waves, are the main precursors of sea
surface roughness, which impact the momentum and en-
ergy exchange between the ocean and the atmosphere
(Janssen, 1989, 1991; Donelan et al., 2004; Varlas et al.,
2018). High-frequency wind-generated waves increase
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sea surface roughness and drain energy and momentum
from the atmosphere (Rutgersson et al., 2012; Katsafados
etal., 2016; Wahle et al., 2017). Sea surface roughness in
turn controls the latent and sensible heat fluxes as well
as water transfer between the atmosphere and the ocean
(Bruneau & Toumi, 2016; Carniel et al., 2016; Ricchi et
al., 2017). These modifications affect the physical pro-
cesses of the atmospheric boundary layer (Sullivan et al.,
2008; Jenkins ef al., 2012; Varlas et al., 2018).

Several studies have also shown the relevance of the
sea state dependent momentum transfer for storm-surge
modelling (Sikiri¢ et al., 2013), ocean circulation model-
ling (Benetazzo et al., 2014; Breivik et al., 2015; Carniel
etal., 2016; LiCer et al., 2016; Ricchi et al., 2017), weath-
er prediction (Katsafados et al., 2016; Wahle et al., 2017,
Varlas et al., 2018) and atmospheric climate (e.g. Vol-
doire et al., 2013). Air-sea momentum and heat exchange
play a crucial role in the development of cyclones, which
are associated with extreme winds, torrential rainfall,
high waves and damaging storm surges leading to exten-
sive coastal flooding thus inflicting human casualties and
economic damages in the affected areas (Varlas, 2017;
Varlas et al., 2018; Katsafados €t al., 2018; Varlas et al.,
2019c; Strajnar et al., 2019).

A deeper understanding of air-sea interactions is of
great importance for life on earth and human activities.
Therefore, it becomes vital to reliably predict the gen-
esis and life cycle of extreme weather phenomena and
the associated air-sea interaction (Ricchi et al., 2019).
This necessity led to the development of multi-model
and multi-scale advanced numerical systems that can
simulate the atmospheric and oceanic processes in a cou-
pled way (Hodur, 1997; Janssen et al, 2002; Chen et
al., 2013; Varlas et al., 2018 and others). These models
help the scientific community to understand the details
of air-sea interactions and study the feedback generated
by such phenomena in both mediums (air and water). Be-
yond the scientific merits, such a system is expected to
offer better wind and wave forecasts, which are related
to wind and wave power production (Christakos et al.,
2016), and provide early warnings of extreme phenom-
ena (Christakos et al., 2014). Moreover, improved wind
and wave forecasts are expected to facilitate all human
activities associated with the sea such as marine trans-
portation (Tucker & Pitt, 2001), oil extraction, fisheries,
tourism and coastal constructions.

In order for a coupled system to provide accurate and
reliable forecasts, it needs to be calibrated and evaluated
for an adequate period of time. To this end, a state-of-
the-art atmosphere-ocean wave modelling system, name-
ly CHAOS (Chemical Hydrological Atmospheric Ocean
wave System; Varlas, 2017; Varlas et al., 2018) has been
applied across the Mediterranean and Black Seas for an
extended period of time (one year) and evaluated with
a significant number of in situ and remote sensing data.
Two sets of simulations are performed: one where the
atmosphere does not consider ocean waves (1-way cou-
pling mode) and another where sea state affects air pro-
cesses (2-way coupling mode) through the modification
of sea surface roughness. Both results are statistically
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evaluated against in situ measurements and remote sens-
ing estimates. The rest of the manuscript is organized as
follows:

Section 2 presents the configuration of the model-
ling system and the one-year design of the simulations.
Section 3 describes the data and methodology used for
the statistical assessment. The simulation results for the
1-way and 2-way coupling modes are evaluated and dis-
cussed in Section 4. Finally, the main conclusions of this
study are presented in Section 5.

Experimental Setup

CHAOS consists of the Weather Research Forecast-
ing (WRF) model, version 3.8 (Skamarock et al., 2008;
Powers et al., 2017) as atmospheric component and the
Wave model (WAM) cycle 4.5.4 (WAMDI, 1988; Komen
et al., 1994) as ocean wave component, coupled through
the OASIS3-MCT coupler version 3.0 (Valcke et al.,
2015) (Fig. 1). CHAOS also includes the WRF-Hydro
version 3.0 (Gochis et al., 2015) and WRF-Chem version
3.8 (Grell et al., 2005) models to represent hydrological
and chemical processes, respectively, when needed, e.g.
for flash flood simulations (Varlas et al., 2019a). The hy-
drological and chemical components of CHAOS are not
activated in this study.

Two configurations of CHAOS have been applied
to perform the simulations (Varlas, 2017; Varlas et al.,
2018):

e 2-way coupling mode (2-way): The ocean wave compo-
nent uses the u and v components of wind at 10 meters
produced by the atmospheric component. Meanwhile,
the atmospheric component uses sea state informa-
tion to estimate roughness length (Eq. 1) through the
wave-dependent Charnock parameter estimated by the
ocean wave component, employing Janssen’s parame-
terization scheme (Janssen, 1989, 1991; Eq. 2).

"o WRF-ARW ,
v3.8

l

OASIS3-MCT v3.0 |

l

WAM v4.5.4

WRF v3.8

Fig. 1: The components of CHAOS (Varlas, 2017; Varlas et al.,
2018). WRF-Hydro and WRF-Chem (depicted with red co-
lour) are not activated in this study.
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e l-way coupling mode (1-way): The ocean wave com-
ponent uses the u and v components of wind at 10
meters produced by the atmospheric component. The
Charnock parameter in the atmospheric component
remains constant and equal to 0.0185 (Wu, 1982)
throughout the simulations. The results of this simu-
lation mode are used as a reference for the sensitivity
tests and the statistical evaluation of the 2-way cou-
pling mode.

The roughness length z, is estimated by the atmo-

spheric component through Eq. (1):

au? 0.11v

g
where g is gravitational acceleration, u, is friction ve-
locity, v is air kinematic viscosity and « is the Charnock
parameter. The wave-dependent Charnock parameter is
estimated by the ocean wave component, according to
Janssen’s (1989, 1991) quasi-linear theory of wind wave
generation, through Eq. (2):

Zy =

0.01

Tw
T

a =
1-—

where 7 is wave stress and 7 is total stress, which is
defined as the sum of the wave stress and the turbulent
stress neglecting the viscous stress (Janssen, 1989, 1991).

CHAOS has been configured to run on a domain
covering the Mediterranean Sea and the Black Sea. The
atmospheric component uses Arakawa semi-staggered
C-grid in a horizontal resolution of 10 km x 10 km, a time
step of 60 sec and 38 vertical levels stretching from the
surface to 50 hPa (Fig. 2). Gridded analysis data from the
European Centre for Medium-Range Weather Forecasts
(ECMWEF) in horizontal resolution of 0.5°x 0.5°and time
increment of 6 hours were used for the creation of the ini-
tial and boundary conditions of the atmospheric compo-

WRF-WAM domains and WRF topography (m)
| | |

nent. Moreover, ECMWF Sea Surface Temperature (SST)
analyses were used for SST update every 6 hours during
the simulations. The Global Multi-resolution Terrain Ele-
vation Data (30-arc-sec USGS GMTED 2010; Danielson
& Gesch, 2011), vegetation data MODIS FPAR (Myne-
ni et al., 2002) and land-use data 21-class IGBP MODIS
(Friedl et al., 2010) were used as static input data in the
pre-processing stage of the atmospheric component.

The revised Monin-Obukhov scheme (Jiménez et al.,
2012) is used to simulate the processes in the surface
layer, involving several modifications to encapsulate sea
state information (Varlas, 2017; Varlas et al., 2018). For
the simulation of Planetary Boundary Layer (PBL) pro-
cesses, the Yonsei University scheme (Hong et al., 20006;
YSU) is used. The ground processes are simulated us-
ing the unified land surface model (Tewari et al., 2004;
Unified NOAH). In order to resolve the long-wave and
short-wave radiation processes, the RRTM (Mlawer et
al., 1997) and the Dudhia (1989) schemes are employed,
respectively. In order to simulate the microphysics and
convective processes, the Thompson scheme (Thompson
et al., 2008) and the Kain-Fritsch scheme (Kain, 2004)
are used, respectively.

The ocean wave component uses a spherical lati-
tude-longitude grid. The grid of the wave model for the
Mediterranean and Black seas covers the geographical
area between 8° W - 42° E and 29° N - 48° N, as shown
in Figure 2 (black line), with a horizontal resolution of
0.1° x 0.1°. WAM has a propagation time step of 75 sec
and a source time step of 600 sec (10 min). WAM uses
24 directional bins (15° directional resolution) and 25
frequency bins (ranging from 0.042 to 0.411 Hz) to rep-
resent the wave spectra distribution. The initialization of
WAM is based on the “hot start” approach in order to use
realistic initial wave spectrum. The initial wave spectrum
is computed by a pre-processing CHAOS simulation for a
time period of one day before the initial time of each case

45°N

40°N

I [
10°E

20°E 30°E

0 10

25 50 75

125 200 350 500 750 1000 1250 1500 1750 2000

Fig. 2: Domains of the WRF and WAM (black line) models, as components of CHAOS. The topography (m) used by the WRF
model is also depicted. The topographic map has been constructed from the 30-arc-sec USGS GMTED 2010 dataset (Danielson

& Gesch, 2011).
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study. The bathymetric map has been constructed from
Etopol data (Amante & Eakins, 2009; 1 min Gridded
Global Relief Data) using bilinear interpolation (Fig. 3).
Local corrections have been introduced in shallow areas
of the Mediterranean and Black Sea basins. Additional-
ly, a shallow water approximation with depth refraction
and depth-induced wave breaking (Battjes & Janssen,
1978) is employed due to the complex bathymetry of the
domain. The shallow water approximation includes the
wave energy loss due to bottom friction and percolation
and it is preferred for high resolution simulations (e.g.
Korres et al., 2011). Furthermore, as proposed by Katsa-
fados et al. (2016), the Strait of Gibraltar, Dardanelles
and Bosporus are considered as closed boundaries; thus,
no wave energy is advected through these straits.

The different projections of the two components
yield a mismatch between the two domains. Thus, a
constant Charnock parameter is implemented for the
sea grid points of the atmospheric domain (e.g. near its
north-western boundaries), which are outside the WAM
model domain. The constant value 0.0185 (Wu, 1982) for
the Charnock parameter is widely applied in uncoupled
and 1-way coupled simulations (Varlas, 2017). A 1-2-1
smoothing filter with weights of 1, 2, and 1 for the grid
points (i-1,j), (i,j), and (i+1,j) is also applied in the transi-
tion zone, from outside to inside the WAM domain in the
Atlantic Ocean, in order to eliminate artificially-gener-
ated waves. Moreover, the initial input sea state parame-
ters in WRF were calculated by the pre-processing 1-day
WAM simulation to obtain more realistic initial sea state
conditions. Each component of CHAOS maintains its
own time step. Thus, the coupling procedure exchanges
data on the source time step of the WAM model, every
600 seconds. As the time step of the atmospheric model
is 60 sec, the exchange takes place every 10 time steps of
the atmospheric model. The configuration of the system
and the main parameterization schemes used are summa-
rized in Table 1.

The execution of the continuous simulations is de-

signed using an operational approach, based on the meth-
odology proposed by Papadopoulos ez al. (2011) and Var-
las (2017) as shown in Figure 4. CHAOS is configured to
a 30-h forecasting mode and 366 simulations have been
conducted to cover the one-year period (1 simulation was
utilized as a warm-up for the wave spectrum + 365 sim-
ulations for each day of the one-year period). The first
simulation was initialized on the 30" of November 2013
at 00 UTC using ECMWF gridded analyses for the at-
mospheric parameters (as atmospheric initial conditions;
AIC) and the SST field (as lower boundary condition
over the sea). The “cold start” method was selected for
the generation of the wave spectrum (as wave initial con-
ditions; WIC). For the following days, each simulation
was initialized at 00 UTC, based on the corresponding
ECMWEF analyses, while the ocean wave component was
initialized in “hot start” mode based on the previous cy-
cle wave spectrum estimation. This configuration implies
that there is a 6-hour overlap between the simulations of
two consecutive daily cycles. However, the first 6-hour
period of each simulation is considered as the spin-up
time of the models. As a result, the data produced during
this period are considered of lower quality and, therefore,
discarded as proposed by various studies (e.g. Lo ef al.,
2008; Thompson et al., 2016). Consequently, the model
outputs that are actually considered in the final dataset of
atmospheric and ocean wave parameters of the study are
in the forecast window between the 6™ and the 30" hour
of each simulation.

Data and Methods

A statistical software tool was developed in order to
evaluate the results of the CHAOS simulations for the
one-year period, focusing on the 2-way coupling effects
on forecast skill. The performance of the 2-way coupling
mode (2-way) is statistically evaluated not only over the
sea, but also over land (since the air-sea interactions are

WAM bathymetry (m)

48°N
46°N
44°N
42°MN
40°N
38°N
36°MN
34°N
32°N
30°N

10°E

-3500 -2500 -2000

-1500

-1000  -800  -G600

20°E 30°E 40°E
T [ 1.
400 -200 -100 50 20 -10 O LAND

Fig. 3: Illustration of the bathymetry (m) used by the WAM model (Varlas, 2017; Varlas et al., 2018). The bathymetric map has
been constructed from the Etopol database (Amante & Eakins, 2009; 1 min Gridded Global Relief Data).
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Table 1. Configuration of atmospheric and ocean wave components of CHAOS.

CHAOS Atmospheric Component Ocean Wave Component

Model &%-ARW, WRF-Chem V3.8 and WRF-Hydro WAM Cycle 4.5.4

Coupler OASIS3-MCT Version 3.0

Integration Domain Mediterranean Sea, Europe, Black Sea

Grid Arakawa semi-staggered C-grid Spherical latitude-longitude grid
Horizontal grid 10km x 10km 0.1°x0.1°

Spectral resolution -

Vertical coordinate

Vertical levels 38
Time steps 60 s
Initial & boundary ECMWF’. 0.5°x0.5°
Conditions 17 isobaric levels
6h update of boundary conditions
SST ECMWEF SST update every 6 hours

Exchange rate

Surface layer Revised Monin-Obukhov

PBL YSU

Microphysics Thompson

Cumulus Kain-Fritsch

Land surface Unified NOAH

Radiation RRTM and Dudhia schemes
Chemistry options Disabled

Coupled to WRF-Hydro Disabled

Topography 30-arc-second USGS GMTED2010
Vegetation MODIS FPAR

Land-use 21-class IGBP MODIS

Bathymetry -

Water o _

approximation

24 directional bins (15° directional resolution), 25
frequency bins (ranging from 0.042 to 0.411 Hz)

Terrain-following hydrostatic pressure coordinate —

Propagation time step: 75 s
Source time step: 600 s

Hot start

600 s

ETOPO1

Shallow water approximation with depth
refraction and wave breaking due to depth change
near shore

expected to change weather patterns and atmospheric
conditions throughout the model domain) compared with
its performance in the 1-way coupling mode (1-way),
considered as control run. The meteorological variables
used in the evaluation are near surface (at 10 meters)
wind speed and significant wave height (SWH). The
evaluation was performed against in situ observations
and remote sensing data for a one-year period (1 De-
cember 2013 — 1 December 2014). The performance of
CHAOS is assessed using 21 buoys in the Mediterranean
Sea as reference, made available by CMEMS/Copernicus
Med — In situ TAC (ftp://medinsitu.hcmr.gr/). The system
was also evaluated against remote sensing data retrieved
from the Jason-2 satellite distributed by Aviso (http://
www.aviso.altimetry.fr/), as part of the SSALTO ground
processing segment. Additionally, the sensitivity of the
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system was assessed over land, at almost 1000 surface
meteorological stations across Europe, the Middle East
and North Africa (ECMWF-GTS network; Fig. 5).

The evaluation methodology is based on a point-to-
point hourly comparison between model-generated vari-
ables and observation data (Papadopoulos & Katsafados,
2009). The gridded outputs are interpolated at each buoy
location, satellite retrieval and ground station using the
nearest-neighbour interpolation scheme, and considering
the nearest source point, sea or land-masked grid point.
In this way, thousands of pairs of model outputs and ob-
servations were produced for both the 1-way and 2-way
coupling modes. The evaluation procedure is based on
the estimation of typical verification metrics such as the
standard mean error (bias), and the root mean square
error (RMSE) for wind speed and SWH. Moreover, the

Medit. Mar. Sci., 21/2 2020, 372-385



30 Nov 2013
AIC: ECMWF
WIC: Cold start
AIC: ECMWE AIC: ECMWF AIC: ECMWF End of simulation
WIC: Hot start WIC: Hot start WIC: Hot start
Spin-up — Spin-up
[ Spin-up
IIIIII & s
1 1 T T L
00:00 0000 06:00 00:00 0600 00:00  06:00 00:00
uTc utc  utc utc  utc utc  utc uTc

30 hrs

1 year

Fig. 4: Long-term simulation timeline (Varlas, 2017). Each simulation is initialized at 00:00 UTC and lasts 30 hours starting on 30
November 2013 and ending on 1 December 2014. The crosshatched area represents the spin-up time (00:00-06:00 UTC) of each
simulation. The atmospheric initial conditions (AIC) are based on ECMWF analyses while for wave initial conditions (WIC) “cold
start” was applied for the 1% day and “hot start” for the rest of the days.

In-situ & remote sensing data 1/12/2013 - 1/12/2014
l . 5 l . £ T ¥ "

45N

40N

35N

30N

. - AT S R e e e
RS BT DT AT

T o7

20E 40E

Fig. 5: Spatial distribution of data applied for the evaluation of the system. Mediterranean buoys are shown in blue hyphens, Ja-
son-2 satellite tracks with red lines and ECMWEF-GTS stations with black dots.

mean value (mean), standard deviation (STD) and Scat-
ter Index (SI) were also calculated for both model and
observed values. Supplementary scores include Pear-
son’s correlation coefficient (CC) and the coefficient of
determination (R?). The formulas are described in detail
in Wilks (2011). A Taylor diagram has also been used to
visualize the overall performance of CHAOS. Taylor dia-
grams (Taylor, 2001) provide a graphical summary show-
ing how close a pattern (or a set of patterns) matches the
reference data.

Results and Discussion

In this section, the performance of CHAOS over the
one-year period, from 1 December 2013 to 1 Decem-
ber 2014, is evaluated using the methodology described
above. At first, scatter plots are created for all the avail-
able data; these are presented in Figure 6 (a-c) for wind
speed, the Mediterranean buoys, satellite data and inland

Medit. Mar. Sci., 21/2, 2020, 372-385

ECMWEF stations, while Figure 7 (a and b) presents SWH
for the Mediterranean buoys and satellite data. For clarity
purposes, the bias, RMSE, Pearson’s CC, R”and SI scores
are presented in Table 2. Moreover, the statistical scores
for each buoy, wind speed and SWH are shown in Tables
3 and 4, respectively.

As far as wind speed evaluation based on the data ob-
tained from ECMWF stations is concerned (Fig. 6¢), it is
evident that there are no differences between the scatter
plots and derived statistics of the 1-way and 2-way sim-
ulations. This indicates that the main feedback from the
ocean waves to the atmosphere is mostly isolated over the
sea. Small differences at coastal stations (not presented
here) are integrated over a large volume of inland data
and thus such discrepancies are essentially lost. There-
fore, we focus only on buoy and satellite data.

Overall, compared against buoy observations, a sys-
tematic overestimation of wind speed is evidenced for
both simulations. The positive biases can be attributed to
inaccuracies of the PBL and surface layer formulations in
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Fig. 6: Scatter plots for wind speed (m s™) using data from (a) Mediterranean Buoys, (b) Satellite retrievals and (c) inland ECM-
WEF stations. The Y-axis represents the model-estimated values and the X-axis the observations. The 1-way and 2-way simulation
results are depicted in blue and red, respectively.
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Fig. 7: Scatter plots for SWH (m) using data from (a) Mediterranean Buoys and (b) Satellite retrievals. The Y-axis represents the
model-estimated values and the X-axis the observations. The 1-way and 2-way simulation results are depicted in blue and red,
respectively.
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Table 2. Statistical scores for wind speed (Wind Buoys and Wind Sat) and SWH (Wave buoys and Wave Sat). The percentage of the
change in the statistical scores between 2-way and 1-way simulations is also presented.

Wind Buoys Wind SAT Wave Buoys Wave SAT
1-way 2-way % 1-way 2-way % 1-way 2-way % 1-way 2-way %
Bias 1.05 1.05 - 0.72 0.72 - 0.03 0.01 - -0.05 -0.07 -
RMSE 2.49 2.46 -1.2 2.16 2.15 -0.5 0.32 0.30 -6.3 0.42 0.41 2.4
Pearson 0.73 0.73 0 0.80 0.80 0 0.89 0.89 0 0.86 0.86 0
R’ 0.26 0.28 7.7 0.55 0.56 1.8 0.75 0.78 4 0.71 0.72 1.4
SI 0.51 0.50 -2 0.41 0.40 -2.4 0.40 0.38 -5 0.37 0.36 -2.7
Table 3. Statistical scores for wind speed for each individual buoy in the Mediterranean Sea.
Wind speed (m s™)
Buoy Bias RMSE Pearson R? ST
Records
1-way 2-way 1-way 2-way 1-way 2-way 1-way 2-way 1-way 2-way
61214 28 -0.42 -0.41 2.82 2.83 0.02 0.05 -1.11 -1.12 0.76 0.77
SARON 2720 1.39 1.40 2.80 2.79 0.63 0.63 -0.03 -0.03 0.63 0.63
WIM3A 1461 0.68 0.69 2.73 2.71 0.64 0.64 0.13 0.14 0.59 0.59
61196 4521 1.32 1.21 2.79 2.65 0.83 0.82 0.43 0.49 0.44 0.42
61197 8382 1.16 1.17 227 2.26 0.79 0.79 0.38 0.39 0.45 0.45
61281 8054 0.93 0.93 2.36 2.34 0.72 0.72 0.28 0.29 0.52 0.51
61417 8609 1.33 1.33 2.33 2.30 0.80 0.79 0.29 0.30 0.49 0.48
61430 7460 0.86 0.87 2.44 2.42 0.71 0.71 0.26 0.28 0.51 0.51
BARCH - - - - - - - - - - -
MALAGA - - - - - - - - - - -
MELILLA - - - - - - - - - - -
61277 958 1.21 1.19 2.76 2.71 0.69 0.69 0.22 0.25 0.51 0.50
68422 2556 1.69 1.69 291 2.87 0.69 0.69 -0.21 -0.18 0.64 0.63
ATHOS 1897 1.68 1.68 2.98 2.95 0.66 0.66 -0.27 -0.25 0.72 0.72
61221 3512 1.03 1.02 2.76 2.74 0.65 0.64 0.09 0.11 0.50 0.49
61207 33 -0.57 -0.66 2.45 2.40 0.70 0.71 0.36 0.38 0.43 0.42
61211 - - - - - - - - - - -
61216 4529 0.59 0.60 2.14 2.14 0.72 0.71 0.31 0.30 0.46 0.46
61210 - - - - - - - - - - -
61215 5377 0.52 0.54 2.10 2.08 0.76 0.75 0.45 0.46 0.41 0.41
NADR 4881 1.00 1.01 2.80 2.79 0.50 0.50 -0.23 -0.22 0.65 0.65

WREF (Katsafados et al., 2011; Shimada & Ohsawa, 2011;
Jiménez et al., 2012). However, as presented in Figure 6a
and Table 2, the results of the 2-way simulation reveal a
reduction of the RMSE (1.2%), improving the R? (7.7%)
and SI (2%). The overall improvement in wind speed has
a positive effect on SWH (Fig. 7a; Table 2). Thus, the
2-way run reduces the bias and RMSE (6.3%) while im-
proving the R*(4%) and SI (5%). Additionally, Pearson’s
CC of the 2-way simulation is almost identical with the
I-way run. The results are characterized by a high confi-
dence level (>95%).

Systematic overestimation of wind speed is attenuated
when evaluation is performed against satellite retrievals.
This may be attributed to the fact that satellite retrievals
refer to offshore areas and fit model gridded values better
than buoy measurements since they represent area-aver-
aged values. On the other hand, Mediterranean Sea buoys
are usually at nearshore locations where simulation er-
rors are exaggerated due to inadequate representation of
complex coastlines and inaccurate calculation of shallow
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water wave reflection. It is interesting to note that for the
Balearic Sea buoy 61196 the 1-year RMSE reductions of
the 2-way coupling mode for wind speed and SWH reach
5% and 9.5%, respectively (Tables 3 and 4; Figs. 5 and
9a). An explanation for this boost in performance may
be the significant sea state effect of strong Mistral winds
over this area, which limits overestimation resulting from
the 1-way coupling mode.

Compared against satellite retrievals, Figure 6b in-
dicates that overestimation is more prominent for lower
wind speeds and that the 2-way coupling mode offers an
overall improvement in wind speed ranging from 0.5%
reduction of the RMSE to 2.4% reduction of the SI (Ta-
ble 2). Moreover, 2-way simulation produced a 2.4% re-
duction of the RMSE and a 2.7% reduction of the SI in
the estimation of SWH (Fig. 7b; Table 2). However, the
2-way coupling mode produced slightly stronger under-
estimation compared to the 1-way mode. This could be
attributed to the fact that remotely sensed SWH is char-
acterized by systematic overestimation compared to buoy
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Table 4. Statistical scores for SWH for each individual buoy in the Mediterranean Sea.

SWH (m)
Buoy Bias RMSE Pearson R? SI
Records
1-way 2-way 1-way 2-way 1-way 2-way 1-way 2-way 1-way 2-way
61214 5104 0.03 0.02 0.31 0.29 0.90 0.91 0.79 0.82 0.37 0.35
SARON 2675 0.08 0.08 0.28 0.26 0.81 0.81 -0.04 0.07 0.61 0.57
WIM3A - - - - - - - - - - -
61196 8717 0.08 0.03 0.42 0.38 0.90 0.90 0.75 0.80 0.36 0.32
61197 8283 -0.02 -0.05 0.32 0.32 0.93 0.93 0.86 0.86 0.26 0.25
61281 5850 0.04 0.02 0.30 0.27 0.80 0.81 0.48 0.56 0.38 0.35
61417 8709 -0.06 -0.08 0.31 0.31 0.88 0.88 0.75 0.75 0.30 0.30
61430 7627 0.04 0.01 0.32 0.30 0.90 0.90 0.78 0.80 0.34 0.32
BARCH 8594 -0.09 -0.10 0.26 0.26 0.85 0.85 0.66 0.66 0.36 0.35
MALAGA 6750 0.10 0.10 0.34 0.32 0.82 0.82 -0.11 0.04 0.77 0.71
MELILLA 8397 0.24 0.22 0.41 0.38 0.81 0.82 0.25 0.34 0.81 0.76
61277 1952 0.07 0.06 0.32 0.30 0.89 0.89 0.75 0.77 0.30 0.29
68422 1887 0.01 0.00 0.32 0.30 0.89 0.89 0.76 0.79 0.33 0.31
ATHOS 1407 0.03 0.01 0.29 0.27 0.92 0.91 0.81 0.82 0.35 0.33
61221 5398 0.11 0.11 0.29 0.28 0.82 0.82 0.52 0.55 0.47 0.45
61207 4304 -0.23 -0.23 0.34 0.35 0.87 0.87 0.52 0.50 0.59 0.61
61211 5333 0.02 0.01 0.26 0.25 0.91 0.91 0.81 0.82 0.40 0.38
61216 4529 0.03 0.02 0.22 0.21 0.90 0.90 0.79 0.81 0.36 0.35
61210 5238 0.04 0.03 0.26 0.25 0.92 0.92 0.82 0.84 0.37 0.35
61215 5377 -0.01 -0.01 0.26 0.25 0.89 0.89 0.71 0.74 0.40 0.37
NADR - - - - - - - - - - -
observations (Abdalla et al., 2010). For that reason, both = LI
simulations present lower bias against remotely sensed <
data than against buoy measurements and thus they result 180 I .
to underestimation more pronounced for the 2-way mode. g 3-Wind_SAT "~
Moreover, Figure 7b illustrates a negative bias bulge with 5 {55 | 4 e SAT
satellite retrievals at 2-3 m SWH, which is attributed to E
the inadequacy of satellite retrievals and the wave model £
to estimate the nearshore sea state accurately. g 100 ==———___ }
Figure 8 presents a Taylor diagram (Taylor, 2001) & T
sumn;garizing I'zhe evaluatiog results.gIn Ta(yloi/ di;grams), g’ 0.75 a:
the similarity between two patterns is quantified in terms E // =
of their Pearson’s CC, centred root mean square (RMS) ® os0 L./ .’ /
difference (or error) and the amplitude of their variations g / T~
(represented by their normalized standard deviations). @& N i
The standard deviation (STD) of the simulated pattern 025 o/
is proportional to the radial distance from the reference A S
circle intersecting the X-axis at “REF”. It is important to | |
note that the STD of the observation data was used for 0.00 025 050 075 REF 125 150

the normalization of the simulated STD values. Addition-
ally, the centred (RMS) difference between the simulated
and observed patterns is proportional to the distance from
“REF”, while Pearson’s CC is identical (equal to 1) on
the X-axis.

Hence, the models producing evaluation scores near
“REF” are more skilful. In this study, Pearson’s CC, the
normalized STD and the normalized centred RMS differ-
ence are illustrated in blue and red on the Taylor diagram,
for 1-way and 2-way simulations, respectively. The Tay-

380

Fig. 8: Taylor diagram for wind speed (m s') and SWH (m).
1-2 refer to the comparison with buoy observations and 3-4 to
the comparison with satellite retrievals. The 1-way and 2-way
simulation results are depicted in blue and red, respectively.

lor diagram confirms the improved overall performance
of the 2-way coupling mode. The positions of dots 1, 2,
3 and 4 indicate that the 2-way mode outperforms the
I-way mode, reducing the centred RMS difference and
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coming closer to “REF”.

Integration of statistical scores over a long period
usually hides the variations and peaks of the forecasting
skill and model capabilities. Better statistical scores are
observed at some buoys during periods characterized by
extreme weather events, e.g. in the case of the Balear-
ic Sea buoy 61196 (Tables 3 and 4; Figs. 5 and 9a), the
2-way coupling mode offers larger improvements under
high wind and sea state conditions compared to overall
performance (Fig. 9c¢). Specifically, for a 4-day period,
from 21 to 25 October 2014, which was characterized by
gale-force north-western Mistral winds and high waves
over the Balearic Sea, the 2-way coupling mode offers
wind speed and SWH improvements (RMSE reduction)
of up to 12% and 34%, respectively (Fig. 9b).

On the other hand, for wind speed and SWH, 1-year

Buoy 61196

RMSE reductions of up to 5% and 9.5% are noted, re-
spectively (Fig. 9c). Thus, the 1-year improvements are
smaller than the improvements under high wind and sea
state conditions. This difference indicates that the 2-way
coupling reduces the forecast error to a large degree
mainly in cases of high wind and sea state conditions,
while 1-way coupling is characterized by systematic
overestimation. This is attributed to the dependence of
2-way coupling on the application of Charnock parame-
terization, which is more crucial in a range from medium
to high wind and wave intensities (e.g. Desjardins et al.,
2000; Katsafados et al., 2016; Wahle et al., 2017; Varlas
et al., 2018).

In order to assess the spatial distribution of the per-
centage of the change in the RMSE between the 2-way
and 1-way coupling modes, the data is analyzed on a grid,
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Fig. 9: (a) Location of Mediterranean buoy 61196. Time series of wind speed (m s') and SWH (m) based on the observations of
Mediterranean buoy 61196 (gray), 1-way (blue) and 2-way (red) simulations. The results of statistical evaluation, based on the
calculation of statistical indices, are illustrated on the right. Time period (b) from 21 October at 00:00 UTC to 25 October at 00:00
UTC, 2014. The black arrows represent wind and SWH directions, measured by the buoy. (c) Time period from 1 December at

00:00 UTC, 2013 to 1 December at 00:00 UTC, 2014.
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Spatial distribution of wind speed (m s™') RMSE change (%)

Spatial distribution of SWH (m) RMSE change (%)

2-way - 1-way 1 December 2013 to 1 December 2014

50°N = =

TR A
o e -
= U
45°N o )

40°N —=

2-way - 1-way 1 December 2013 to 1 December 2014
40°N —=
20°E 0°E

50°N = = 7 e =
2 il 7 z
. allaties v
: - I : 5
= _ : X
45°N — an . E =
N 2 @ |l )
R = j RW2CI A E
ason 0\ = W .
s [}
30°N . - -
T 1T T —
-1.8 14 -1 05 -03 -0.2 -0.15-0.08-0.02 0 002 0.08 0.15 0.2 03 05 1 14 18

. + G YT s
s @
30°N - : -
0° 10°E 20°E 30°E 40°E
I [ [ [ [ [

-36 -24 12 -05 -03 -02 -0.15-0.08-0.02 0 002 008 0.15 02 03 05 12 24 36

Fig. 10: RMSE change (%) for (a) wind speed and (b) SWH, compared against buoy observations and Jason-2 satellite retrievals.
Buoys and Jason-2 satellite tracks are superimposed on the maps with black hyphens and black lines, respectively.

in horizontal resolution of 4°x4° (Figs. 10 a and b) using
the formula below (Eq. 3):

RMSE(2way) — RMSE(1way)
RMSE(1way)

The use of a horizontal grid to spatially analyze sta-
tistical indices is also applied by Varlas ef al. (2019b).
In Figure 10 (a and b), the buoys and Jason-2 satellite
tracks are superimposed on the maps with black hyphens
and black lines, respectively. The highest reduction of
RMSE is observed in the Balearic Sea and the Gulf of
Lion, reaching 1.8% for wind speed (Fig. 10a) and 3.7%
for SWH (Fig. 10b). The improvements are greater when
the evaluation is performed only against buoy observa-
tions. The RMSE reduction is lower when satellite data is
aggregated in each cell. In the other evaluation grid cells
of the Mediterranean and Black Seas there are small vari-
ations of the RMSE change. The majority of grid cells
show either similar RMSE for the two simulations or
dominance of the 2-way coupling mode, excluding a few
nearshore areas in the south-eastern Mediterranean where
the opposite pattern, for wind speed mainly, is presented.
The results of spatial analysis of the RMSE change indi-
cate that 2-way coupling yields statistical improvements
mainly over areas characterized by intense atmospheric
flow and fresh wave growth. The northern Balearic Sea
and the Gulf of Lion are characterized by the more in-
tense winds in the Mediterranean Sea (Soukissian ef al.,
2017). Moreover, the Mistral winds originating from the
land rapidly strike the sea and generate high-frequency
wind-waves across a long-fetch area. Under these con-
ditions, the 2-way coupling mode unveils its capability
to offer more realistic wind and wave data through the
encapsulation of sea state information in the atmospheric
surface layer processes.

RMSE change (%) = 100 X

Conclusions

In this study, we provide a statistical assessment of
the one-year forecast skill of an advanced two-way cou-
pled atmosphere-ocean wave modelling system, namely
CHAOS. To this end, the system was set up to perform
continuous 30-h simulations during a one-year period (1
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December 2013 - 1 December 2014) in 1-way (no ocean
wave information was considered in atmospheric surface
layer processes) and 2-way coupling mode. Both sets of
simulations were evaluated using Mediterranean buoy
observations, satellite retrievals and inland ECMWF sta-
tion observations. The latter were found to provide no in-
sight on the effects of waves on wind speed, as they were
mostly far from coastal areas, where the effects of waves
have an influence. Thus, only buoy and remote sensing
data were considered.

The statistical scores of wind speed and significant
wave height over the sea produced by the 1-way (control)
and 2-way coupling modes compared against buoy obser-
vations and satellite retrievals show that the 2-way cou-
pling mode produces significant improvements in cases
characterized by intense wind and sea state conditions.
This finding is in agreement with Katsafados et al. (2016)
and Varlas et al. (2018). Compared against buoy obser-
vations, the one-year RMSE reduction reaches 1.2% and
6.3% for wind speed and significant wave height, respec-
tively, while compared against Jason-2 satellite retrievals
they reach 0.5% and 2.4%, respectively. However, the
evaluation during extreme weather sub-periods of the 1
December 2013 - 1 December 2014 period reveals high-
er statistical improvements. This is attributed to the fact
that the integration of statistical scores over a long peri-
od usually hides the variations and peaks of the forecast
skill. Low and moderate wind and wave conditions are
dominant in a one-year operational approach reducing the
improvements of the forecast skill attributed to the higher
intensities, characterized by more an intense 2-way cou-
pling effect.

Concerning buoy 61196 located in the Balearic Sea,
it is interesting to note that the 1-year improvements for
wind speed and SWH reach 5% and 9.5%, respectively;
2-way coupling improvements are evidenced especially
over areas characterized by intense atmospheric flows
such as the Mistral winds in the Gulf of Lion. This is
due to the fact that wave spectrum intensity is dependent
on wind-generated waves and, consequently, near surface
wind speed and fetch (Janssen, 2004). During wind-wave
generation, the surface layer of 2-way coupled simula-
tions incorporates rougher sea surface information com-
pared to the 1-way coupling mode using the constant
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Charnock parameter. This causes a reduction of wind
speed and intense attenuation of high-frequency waves
and, subsequently, of significant wave height. This reduc-
tion mechanism is more prominent over windy long-fetch
areas than over short-fetch areas near the shore that is
characterized by low to moderate wind-waves. Moreover,
wave growth depends on the square of near surface wind
speed and, thus, a small decrease of wind speed can cause
a more intense decrease of significant wave height. This
could explain the higher statistical improvements pro-
duced by the 2-way coupling mode in the estimation of
SWH rather than wind speed.

This study is a successful first step towards the long-
term statistical assessment of the CHAOS two-way cou-
pled atmosphere-ocean wave modelling system. The
authors’ future plans include a long-term statistical as-
sessment of 2-way coupling effects on additional param-
eters such as air-sea heat fluxes, humidity, and precip-
itation at basin scale, as well as on the implementation
of extreme wave estimation (e.g. Barbariol et al., 2019),
especially in the context of a variable climate. Moreover,
the findings of this work encourage the authors to further
investigate air-sea interaction incorporating an ocean cir-
culation model in CHAOS.
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