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ABSTRACT: Accurately simulating the interactions between the components of a coupled Earth modeling system (at-
mosphere, sea ice, and wave) on a kilometer-scale resolution is a new challenge in operational numerical weather pre-
diction. It is difficult due to the complexity of interactive mechanisms, the limited accuracy of model components, and
scarcity of observations available for assessing relevant coupled processes. This study presents a newly developed
convective-scale atmosphere-wave coupled forecasting system for the European Arctic. The HARMONIE-AROME
configuration of the ALADIN-HIRLAM numerical weather prediction system is coupled to the spectral wave model
WAVEWATCH III using the OASIS3 model coupling toolkit. We analyze the impact of representing the kilometer-scale
atmosphere-wave interactions through coupled and uncoupled forecasts on a model domain with 2.5-km spatial resolution.
To assess the coupled model’s accuracy and uncertainties we compare 48-h model forecasts against satellite observational
products such as Advanced Scatterometer 10-m wind speed, and altimeter-based significant wave height. The fully coupled
atmosphere-wave model results closely match both satellite-based wind speed and significant wave height observations as
well as surface pressure and wind speed measurements from selected coastal station observation sites. Furthermore, the
coupled model contains smaller standard deviation of errors in both 10-m wind speed and significant wave height param-
eters when compared to the uncoupled model forecasts. Atmosphere and wave coupling reduces the short-term forecast
error variability of 10-m wind speed and significant wave height with the greatest benefit occurring for high wind and wave
conditions.

SIGNIFICANCE STATEMENT: Accurately simulating the Earth system (atmosphere, sea ice, and wave) on a
kilometer-scale resolution is a new challenge in numerical weather prediction. It is difficult due to the complexity of
interactions between the atmosphere, ocean surface, and sea ice. Other obstacles in the development of a coupled
forecasting system include the limited accuracy of individual model components as well as the limited availability of
observations that represent coupled processes. This study presents a newly developed high-resolution atmosphere-wave
coupled forecasting system for the European Arctic. We show the impact of representing kilometer-scale atmosphere—
wave interactions and assess the accuracy of the coupled forecast model by comparing model results against satellite-
based observations of 10-m wind speed and significant wave height. Results show the fully coupled atmosphere-wave
forecasting system closely matches satellite observations of 10-m wind speed and significant wave height as well as
measurements of wind speed from coastal observation sites. The coupled atmosphere—wave system also reduces the
variability of forecast errors for both 10-m wind speed and significant wave height for high wind speeds and large wave
magnitudes.
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1. Introduction (Cavalieri and Parkinson 2012; Meredith et al. 2019), thus in-
creasing areas of open ocean. With growing regions of open
water in the Arctic, interactions between the atmosphere and
ocean surface such as momentum, heat and moisture fluxes, will
have increasingly strong influences on the development of high
latitude weather patterns (Ricchi et al. 2016). Understanding
these coupled interactions will greatly influence our ability to
produce accurate Arctic forecasts.

Additionally, there is a demand for accurate short-range
forecast products in Arctic regions due to expected increases
in Arctic ship traffic from tourism and other activities (Hall and
Saarinen 2010; Smith and Stephenson 2013; Dawson et al. 2017;
Stocker et al. 2020). Improved Arctic forecasts would benefit
many users in industries such as shipping, tourism, trans-
portation, fishing, recreational activities, as well as sensitive
coastal communities. Polar forecasting capabilities could be
Corresponding author: Erin Thomas, erinet@met.no improved by explicitly representing air-sea interactions in

The annual mean temperature of the Arctic has risen at an
observed rate greater than 0.6°C per decade since the 1980s
(Hansen et al. 2010; Comiso and Hall 2014; Karl et al. 2015;
Huang et al. 2017). Furthermore, these trends are expected
to continue with temperatures over the Svalbard archipel-
ago are projected to increase by 10°C by the end of the
twenty-first century (Hanssen-Bauer et al. 2018) under a high
emission scenario. Rising temperatures have reduced an-
nual mean Arctic sea ice extent by at least 4% per decade

Denotes content that is immediately available upon publica-
tion as open access.

DOI: 10.1175/WAF-D-21-0065.1

© 2021 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).
Brought to you by UNIVERSITETET | OSLO | Unauthenticated | Downloaded 02/13/22 04:45 PM UTC


mailto:erinet@met.no
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

2088 WEATHER AND
short-range numerical weather prediction (NWP) systems (Jung
et al. 2016). Capturing these air-sea interactions can improve the
forecast representation of severe weather conditions in the
Arctic such as polar lows, cold air outbreaks, sea spray icing
events, and dangerous instances of strong wind and large waves.

There are few examples of operational coupled atmosphere—
wave forecasting systems. One such operational coupled system
is the high-resolution version of the Integrated Forecasting
System (IFS-HRES) operated by the European Centre for
Medium-Range Weather Forecasts (ECMWF; Janssen 2004;
Breivik et al. 2015). However, due to the global domain it is run
at a non-convection-resolving spatial resolution of approximately
10km. In addition, several studies highlight the benefit of per-
forming atmosphere-wave coupling (Makin and Kudryavtsev
1999; Kudryavtsev et al. 1999). Wahle et al. (2017) demonstrates
that coupling an atmospheric model with a Wave Model (WAM)
improves wave forecasts in the North Sea. Wu et al. (2019) in-
vestigate ocean-wave—atmosphere interactions in the North
Sea and Baltic Sea in a high resolution coupled model com-
prised of Weather Research and Forecasting (WRF) Model,
WAVEWATCH III (WW3), and the Nucleus of European
Modeling of the Ocean (NEMO). They determine that cou-
pling processes are particularly important in coastal regions.
Wu (2021) tests the impact of coupling at 5-km horizontal
resolution during a polar low event associated with high
winds in the Barents Sea and shows wave and ocean coupling
impacts the model development of polar low intensity and
track. Other examples of atmosphere-wave coupling include
studies by Siild et al. (2015) and Rasheed et al. (2017), which
perform direct, or in-line, two-way coupling with HARMONIE-
AROME and the wave model WAM. Other studies show the
added value of wave coupling in numerical weather prediction is
of high importance during extreme wind events, such as hurri-
canes, to accurately estimate storm intensity and wind speed
(Liu et al. 2011; Chen et al. 2013).

In traditional atmospheric forecast models, wind stress 7 is
estimated based on a bulk formula as follows:

7=pC,Uh, ©)

where p is the air density, Cp, is the drag coefficient for mo-
mentum under neutral stratification, and U is the 10-m wind
speed. The drag coefficient is typically parameterized based on
the sea surface roughness length zy:

)
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where « is the von Kdarman constant, and z is defined as 10 m
above sea level. The surface roughness length z; is calculated
through the Charnock relationship:
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where « is the parameterized Charnock coefficient, u* is the
friction velocity, and g is the acceleration of gravity.

These bulk formulas estimate the surface roughness length
in weather prediction models; however, they do not capture the
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influence of waves on surface roughness and thus could nega-
tively impact the estimated surface wind speed and surface
fluxes over open water in short-term forecasts. These wind—
wave interactions can be critically important particularly in
high wind or storm conditions (Liu et al. 2011; Chen et al. 2013;
Zheng et al. 2016; Wu et al. 2019; Wu 2021). Additionally, it is
important to capture these interactions in high latitude re-
gions where surface fluxes can be large in magnitude and high
wind events, such as polar lows, frequently occur (Isachsen
etal. 2013; Stoll et al. 2020; Wu 2021). However, presently, no
operational convection-permitting forecast models are cou-
pled with wave models to capture these important surface
interactions.

To our knowledge, there are currently no kilometer-scale,
operational atmosphere—-wave forecasting systems that are
run in a fully coupled framework in order to capture rapidly
changing and complex high latitude surface conditions.
Here, we present a newly developed coupled NWP system
containing a convective-scale atmospheric forecasting model
coupled to a spectral wave model as the first step toward
developing a fully coupled convective-permitting forecasting
system for the European Arctic. The developments are
building upon the Norwegian Meteorological Institute’s
operational convective-scale European Arctic weather pre-
diction system (Miiller et al. 2017a).

Coupling an atmospheric forecasting model with a wave
model allows us to directly estimate the Charnock coefficient
a based on the full wave spectrum, rather than use a constant
or a parameterized bulk value. This can ultimately result in
better representations of surface roughness, surface fluxes and
low level wind speeds in short-term weather forecasts in our
region of interest. To estimate the impact of wave coupling on
the forecast system we compare coupled and uncoupled model
forecasts against satellite products of ocean surface winds and
significant wave height.

This paper is organized as follows: section 2 contains an
overview of the atmosphere—wave coupled forecasting sys-
tem and a description of the physical coupling process.
Section 3 describes the experiential setup and methodology
while section 4 presents the coupled NWP results, which
include a comparison of the coupled system against satellite-
based observations. Section 5 contains the conclusions and
discussion.

2. Coupled forecast model description
a. HARMONIE-AROME

The atmospheric component of the coupled system de-
scribed in this document is a regional, convective-scale weather
forecasting system based on the HARMONIE-AROME NWP
model Bengtsson et al. (2017). More specifically, the version
used in the coupled framework presented here is built upon
HARMONIE-AROME version cy43h2 beta?7.

Embedded within HARMONIE-AROME is the surface
model, SURFEX (Masson et al. 2013; Voldoire et al. 2017).
SURFEX parameterizes surface processes and is responsible
for all exchanges between surface and the lowest atmospheric
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model level. Thus, the majority of the coupling processes im-
plemented in the developed coupled forecasting system (see
section 2c) take place within the SURFEX module.

The sea ice scheme used in our coupled model setup is the
Simple Ice Scheme (SICE; Batrak et al. 2018). SICE is a one-
dimensional thermodynamic sea ice parameterization scheme
implemented as a subcomponent of SURFEX. Processes of ice
formation are not represented in SICE; therefore, it requires an
external ice concentration field to define ice-covered grid cells.
In the current study, SICE is provided with the ice concentration
from ECMWF IFS-HRES global operational forecasts.

We run HARMONIE-AROME on the AROME-Arctic
domain, which has a horizontal resolution of 2.5 km, and uses a
1-min time step (Miiller et al. 2017a). We test the coupled
system with this configuration to match the configuration of the
current operational forecasting system. The coupled system
uses an upper air and surface data assimilation system as de-
scribed in Miiller et al. (2017b). In the present setup only
conventional observations are used for data assimilation and
remote sensing data from radars, GNSS, or satellites are not
assimilated. To fully capture the two way coupling effects with
the wave model, we use the “COARE3.0” sea surface flux
parameterization scheme within SURFEX (Fairall et al. 2003;
Le Moigne 2018).

b. WAVEWATCH 111

The wave model used in the coupled forecasting system is the
spectral wave model WAVEWATCH 111, hereafter referred to
as WW3, version 5.16 (WAVEWATCH III Development
Group 2016).

For the coupled forecasting system, we define the WW3
domain to match the 2.5-km AROME-Arctic domain used by
HARMONIE-AROME. WW3 is configured with a 5-min
time step and a two-dimensional spectral resolution of 36
frequencies by 36 directions. The bathymetry used is the 2019
grid General Bathymetric Chart of the Oceans (GEBCO
Bathymetric Compilation Group 2020), which is remapped
onto the model grid. Two-dimensional wave spectra required
for the lateral boundary conditions are taken from the
ECMWEF operational wave model forecasts.

WW3 provides a selection of different physics packages
which allow the user to configure the model with the required
level of complexity. In our coupled framework we used the
“ST3” wind-wave input and dissipation physics package,
which follows WAM4 physics and is based on Miles (1957),
Janssen (1982), and Janssen (1991). We use the WAM4
equivalent physics package because it is computationally less
expensive than higher-order schemes and is consistent with
the physics used in the current operational wave model at the
Norwegian Meteorological Institute. We allow for wave
damping by sea ice where wave energy is dissipated by fric-
tion in the boundary layer below a continuous thin elastic
plate of sea ice (Liu and Mollo-Christensen 1988; Liu et al.
1991; Ardhuin et al. 2015). A first evaluation of the wave
attenuation by sea ice in the coupled system described here
has been performed in Lgken et al. (2020), which shows that
WW3 represents the observed significant wave height and wave
period within the marginal ice zone well. Additional wave model
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settings in the coupled setup include bottom friction, wave re-
flection off sea ice and shorelines, and no sea ice scattering. A
complete list of the exact WW3 model settings used in the
coupled framework can be found in the appendix.

¢. Coupling setup

There are two possible ways to couple two model compo-
nents into a single forecasting system. The first method is via
direct coupling. In this method the wave model is directly
embedded into the atmospheric model and called as a sub-
routine, as was done by Siild et al. (2015) and Rasheed et al.
(2017). The second method utilizes an external coupler to
handle the exchange of information between two, indepen-
dently running, model components. In the coupled forecasting
system presented in this paper, we select the second method
based on the following reasons:

1) The coupler can transform the exchanged fields between
two model components as required, thus the models can use
different temporal and spatial resolutions and domains, if
necessary.

2) Direct control of the coupling frequency and the number of
exchanged parameters is possible with the coupler.

3) Individual upgrades of the system’s model components are
possible as new versions become available in the future.

The external coupler used in our coupled forecast system is
OASIS3-MCT (Valcke et al. 2015). OASIS3-MCT controls
both temporal interpolation and spatial remapping of ex-
changed fields between HARMONIE-AROME and WW3.
The physical coupling process represented in our coupled
forecast model is described below.

WW3 calculates the Charnock parameter a based on the 2D
wave spectrum as follows:

o

VTR @
where & is the Charnock constant, 7,, is the wave supported
stress, and 7 is the total stress.

In the coupled setup we apply a similar momentum coupling
strategy between the atmosphere and ocean waves as described
in Siild et al. (2015) and Rasheed et al. (2017). The Charnock
parameter [Eq. (4)] is passed from WW3 to HARMONIE-
AROME. HARMONIE-AROME uses the wave-dependent
Charnock parameter to calculate the surface roughness length
[Eq. (3)] within the COARE3.0 scheme. The surface roughness
length is then used in the calculation of the drag coefficient for
momentum under neutral conditions [Eq. (2)] and thus influ-
ences the surface stress [Eq. (1)] and near surface winds. Thus,
the 10-m wind speed is directly influenced by the updated
surface roughness while other surface fluxes (e.g., turbulent
fluxes of moisture and heat) are indirectly influenced through
the modified wind speed. HARMONIE-AROME then passes
the 10-m zonal and meridional wind components (as well as sea
ice concentration and sea ice thickness) to WW3. WW3 uses the
atmospheric forcing to estimate total and wave induced stress
which are used to update the Charnock parameter. A schematic
of this momentum coupling strategy is shown in Fig. 1. This
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FIG. 1. Diagram of the momentum coupling between HARMONIE-
AROME and WAVEWATCH I11. For a description of the coupling
strategy see the text. This figure has been adapted from the one seen in
Siild et al. (2015) and Rasheed et al. (2017).
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figure is adapted from the one seen in Siild et al. (2015) and
Rasheed et al. (2017).

In the current study we use a 1-min time step for
HARMONIE-AROME and a 5-min global time step for
WW3. The coupling frequency in this framework is 30 min.
During coupling time steps, fields are exchanged between
HARMONIE-AROME and WW3. However, in order to
avoid a deadlock in the OASIS coupler, we introduced a cou-
pling lag of one model time step (i.e., S min) for the information
being passed from WW3 to HARMONIE-AROME. In other
words, HARMONIE-AROME uses the Charnock parameter
from the previous WW3 time step to calculate the ocean surface
roughness.

3. Experimental setup and methodology

We ran two simulations with the coupled forecast model
over the time period between 6 December 2019 and 20 January
2020. These two simulations are: a “fully coupled” model
simulation (two way coupling), and an ‘“‘uncoupled” simulation
(where the atmospheric model forces the wave model, but the
wave model does not provide the Charnock parameter back to
HARMONIE-AROME). The first two weeks of each experi-
ment (6-19 December 2019) are considered the model “‘spinup”
period to allow the wave field to fully adjust to the atmospheric
forcing and allow waves from the lateral boundaries to fully
propagate through the model domain. During the spinup period
the forecast models are run with 3-h forecasts and 3-h cycling
(meaning a 3-h forecast is initialized, complete with surface and
atmospheric data assimilation, every three hours at 0000, 0300,
0600, 1200, 1500, 1800, and 2100 UTC). Once the spinup period
is complete, the forecast model continues to run with 3-h cycling;
however, 48 h forecasts are initialized at 0000 and 1200 UTC,
with 3-h forecasts at all intermediate initialization times. The
results herein only use output from the 48 h forecasts after the
model has fully spun up (20 December 2019-20 January 2020).

To evaluate the accuracy of the coupled model we compare the
coupled and uncoupled model simulations with satellite-based
observations of 10-m wind speed and significant wave height H,.

The 10-m wind speed from the “fully coupled” and ‘‘un-
coupled” experiments is validated against satellite-based
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Advanced Scatterometer (ASCAT) MetOp-A 12.5-km coastal
10-m wind speed product (OSI SAF/EARS Winds Team 2019).
The model wind speed was additionally validated using coastal
12.5-km ASCAT products from MetOp-B and MetOp-C satel-
lites. Although, since the conclusions remain unchanged, we only
discuss the results from the comparison against ASCAT MetOp-A
in the present paper.

First, we must regrid the higher resolution model data onto
the same 12.5-km grid as the ASCAT winds to ensure a con-
sistent comparison between the model and ASCAT wind
speeds. Only collocated values in both time and space are
compared. Collocated values are determined based on the
availability of ASCAT observations given a specific time and
spatial location.

For the wave verification, we use datasets provided by
the Copernicus Marine Environmental Monitoring Service
from five different satellite altimeters (Jason-3, Sentinel-3A,
Sentinel-3B, SARAL/AltiKa, and HaiYang-2B) for validating
H;. The provider (see acknowledgments section for altimeter
data availability) ensures that each along track H; time series
undergoes quality control and filtering. The collocation
method is described in detail in Bohlinger et al. (2019),
where the applied time and spatial constraints are 30 min
and 6 km, respectively.

4. Results

To determine the overall effect of introducing wave coupling
to a high resolution limited area weather forecast model, we
analyze the difference in the overall mean values of 10-m wind
speed, H,, and the Charnock parameter of all forecasts during
the entire one-month experiment from the two model simu-
lations. The difference in overall mean values plotted in Fig. 2
are calculated as follows: the average of each 48-h forecast
during the month-long experimental time period is taken (for
all lead times from +0 to +48 h). The mean across all forecasts
is then calculated and the uncoupled result is subtracted from
the fully coupled result.

Figure 2 clearly shows that the introduction of two-way
coupling with a wave model reduces the average wind speed of
the forecast over open water. Additionally, the average sig-
nificant wave height is also reduced. An increase in surface
roughness (as suggested by the increase in the magnitude of the
Charnock parameter) is consistent with the simulated de-
creased 10-m wind speed and decreased significant wave height
(Fig. 2). These results agree with the findings of Wu et al.
(2019). The effect wave coupling has on the surface roughness,
wind speed, and wave height is physically consistent and pro-
vides intrinsic scientific value as the mean impact of the wave
coupling in Fig. 2 confirms the expected theoretical impact of
wave coupling through momentum [Egs. (1)—(4)] thus sup-
porting the validity of wave coupling with this model configu-
ration in an Arctic region.

A storm approaching the coast of Norway on 3 January 2020
is selected as a case study to demonstrate the type of severe
weather conditions common in this region. We also use this
case study to further assess the coupled model capability to
accurately represent extreme weather events.
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FI1G. 2. The difference between the mean coupled and mean uncoupled response for (left) 10-m wind speed, (middle) significant wave
height, and (right) Charnock parameter. The region covered by sea ice, defined as the area with a mean sea ice concentration greater than
50%, is masked out in dark gray shading. The means are the 0-48-h forecast means (the average across all lead time from 0 to 48 h for each

forecast), which are then averaged together.

Figure 3 shows both observed and modeled values of 10-m
wind speed and H valid on 3 January 2020. The two left panels
contain all satellite overpasses through the domain between
1100 and 1500 UTC 3 January 2020. In comparison, the middle
and right panels show the coupled and uncoupled model output
valid at 1100 UTC 3 January 2020. This figure illustrates the
spatial coverage of the satellite-based 10-m wind speed and HS
observations, as well as demonstrates the capability of the
model to simulate a high impact weather event.

Next, the mean sea level pressure and 10-m wind speed from
the two model runs are compared against land-based station
observations between 0000 UTC 2 January 2020 and 1200 UTC
5 January 2020. Three coastal stations whose elevation is close
to sea level are selected: Jan Mayen, Bjgrngya, and Bg i
Vesteralen III in the Lofoten archipelago in Norway. The lo-
cations of the selected stations are shown in the left panel of
Fig. 4. The forecast coupled and uncoupled model pressure and
wind speed plotted are the values from the single grid cell
closest to the station location. Time series for observed surface
pressure and model adjusted mean sea level pressure are
shown in the top right while observed surface wind speed and
model 10-m wind speed are shown in the bottom right panels.
The continuous time series for forecast wind speed and surface
pressure is constructed from the forecasts at lead times
from +0 to +11h from the forecasts initialized at 0000 and
1200 UTC. The passing of the storm (as seen in the mean sea
level pressure field of Fig. 3) is evidenced by the pressure
minima and high wind speeds (Fig. 4) between 2 and 3 January
at these stations.

The difference in the mean sea level pressure between the
coupled and uncoupled model at the selected stations is
negligible; however, there are several instances where the
coupled model more closely represents the observed wind
speed characteristics than the uncoupled model (Fig. 4). For
example, the coupled model outperforms the uncoupled
model in the Lofoten station (shown in red) during the ap-
proach and landfall of the storm in question (between
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1200 UTC 3 January and 0000 UTC 4 January). Additionally,
the coupled model closely matches the observed wind speeds
and consistently outperforms the uncoupled model during
case study time period at the station of Bjgrngya (shown
in green).

To quantify the improvement at these stations in the coupled
model 10-m wind speed during this case study, we calculate the
coupled and uncoupled model bias, mean absolute error (mae),
and standard deviation of the errors (estd) for each of the three
stations. The results are reported in Table 1. During this 48-h
time period, the coupled model outperforms the uncoupled
model as evidenced by the smaller error statistics (for all three
metrics) at all the locations.

Figure 5 shows scatterplots comparing collocated (in both
time and space) 10-m wind speed forecast from the atmo-
spheric model output against ASCAT-A data for the coupled
and uncoupled model experiments. The total number of indi-
vidual pairs of collocated wind speed values for all forecasts at
forecast initialization times (lead time +0h) is approximately
100000. To quantify the general relationship between obser-
vations and the model simulations for a given wind speed, we
calculate the wind speed for percentiles from 0 to 100 (in in-
crements of 1%) for the ASCAT data and plot it against the
wind speed percentiles of the coupled and uncoupled model
data, where the zeroth percentile corresponds to the minimum
wind speed, the 50th percentile corresponds to the median, and
the 100th percentile corresponds to the maximum wind speed.

The scatterplots in Fig. 5 show strong agreement between
the modeled and ASCAT wind speeds with majority of the
values lying close to the diagonal (black solid line; Fig. 5). Both
coupled and uncoupled model forecast winds are highly cor-
related with ASCAT-A wind speeds with a correlation coeffi-
cient of 0.92. The scatterplots show the coupled model wind
speed more closely match the observed ASCAT winds speeds
at values greater than 20ms~'. This is evident in the wind
speed percentile lines which show the coupled model lies closer
to the diagonal than the uncoupled model at high wind speeds.



2092

2020-01-03 11Z:15Z
ASCAT 10m Wind Speed

WEATHER AND FORECASTING

2020-01-03 112
Coupled Model 10m Wind Speed

VOLUME 36

2020-01-03 11Z
Uncoupled Model 10m Wind Speed

— T ¥ | 25
o 4
85°N - 85°N 85°N 20
\_ 15
80°N 1\ 80°N 80°N »
\ £
10
75°N 4+ T5°N 75°N
5
70°N 18 _ 70°N 70°N 0
10°W 0 10°E 0
2020-01-03 11Z:15Z 2020-01-03 11Z 2020-01-03 112
Altimeter HS Coupled Model HS Uncoupled Model HS v
85°N - 85°N 85°N 9
80°N 1 80°N 80°N 6 €
75°N 75°N 75°N 3
70°N 4 70°N 70°N 0

10°E

0°W  0°

10°W g

10°E 10°W 10°E

FIG. 3. Case study of a storm approaching the coast of Norway in early January 2020. (top left) The 10-m wind speed ASCAT MetOp-A
overpasses through the AROME-Arctic domain between 1100 and 1500 UTC 3 Jan 2020. (top center) The coupled and (top right) the
uncoupled model 10-m wind speed (shading) and mean sea level pressure (black contours) valid at 1100 UTC 3 Jan 2020. (bottom left)
The satellite altimeter significant wave height overpasses through the domain between 1100 and 1500 UTC 3 Jan 2020. (bottom center)
The coupled and (bottom right) the uncoupled model significant wave height valid at 1100 UTC 3 Jan 2020.

We only show scatterplots valid at the forecast initialization
time (lead time of +0h) in Fig. 5; however, we repeat this
scatterplot analysis at forecast lead times of +12, +24, +36,
and +48h in order to calculate the statistic metrics as a func-
tion of lead time to further assess the coupled model perfor-
mance. At each lead time we calculate the coupled and
uncoupled model bias, estd, and correlation against ASCAT-A
10-m wind speed.

Figure 6 shows the 10-m wind speed bias, estd, and corre-
lation as a function of forecast lead time (from +0 to +48h).
The bias of the fully coupled model is larger in magnitude than
the bias of the uncoupled model (Fig. 6); however, the coupled
model estd shows slightly smaller values than the uncoupled
model, indicating the coupled model contains less variability
with respect to the satellite observations than the uncoupled
model. The estd for both the coupled and uncoupled experi-
ments increase with the forecast lead time while the correlation
with ASCAT wind speed decreases with forecast lead time for
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both experiments. This is expected as forecast model states
slowly diverge from reality with time.

To determine the specific impact of wave coupling at dif-
ferent wind speeds, Fig. 7 shows the coupled and uncoupled
model estd for the following observed wind speed categories:
5-10, 10-15, 15-20, and 20-25ms~ ' as a function of forecast
lead time. The results show that the coupled model has smaller
error standard deviations than the uncoupled model for all
wind speed categories. However, the greatest improvement
due to coupling clearly occurs for wind speeds greater than
20ms~! at forecast lead times less than 36 h.

Additionally, we calculate the forecast mean error metrics
(calculated as the mean over forecast lead times from +0
to +48h) for each wind speed category and summarize the
values in Table 2. The mean bias of the coupled model is larger
than the uncoupled model for all wind speeds; however, the
coupled model mean estd is smaller for all wind speeds. The
largest improvement in estd occurs for the highest wind speed
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FIG. 4. (left) The location of three selected land-based observation stations: Jan Mayen (blue), Bjgrngya (green),
and Bg i Vesterélen III in the Lofoten archipelago (red). Time series of (top right) surface pressure and (bottom
right) wind speed at each of the station locations between 1200 UTC 2 Jan 2020 and 1200 UTC 4 Jan 2020. Station
measurements show the observed surface pressure and surface wind speed, while the corresponding coupled and
uncoupled model data show adjusted mean sea level pressure and 10-m wind speed. The line colors in the panels on
the right correspond to the station color plotted in the left panel. Solid lines indicate the observed values and dashed
(dotted) lines show coupled (uncoupled) model output from the single model grid cell closest to station location.

category (20-25ms ). Overall, wave coupling provides the
greatest improvements at winds speeds over 15ms™! as evi-
denced by the decreased mae and estd values.

Next, we compare model significant wave height H,
against satellite-based observations. Figure 8 shows scatter-
plots comparing collocated values of significant wave height
from satellite altimeter data against coupled and uncoupled
model forecasts. Only the scatterplots valid at the forecast
initialization (lead time of +0h) are shown. Similar to the
wind speed analysis, we calculate the significant wave height
for percentiles from 0 to 100 (in increments of 1%) from the
altimeter data and plot it against the significant wave height
percentiles of the coupled and uncoupled model data.

Figure 8 shows very good agreement between the collocated
values of model and satellite-based significant wave height at the
forecast initialization time. Both coupled and uncoupled model H
are highly correlated with satellite-based altimeter data with a
correlation coefficient value of 0.97. The H; estd of the coupled
model is slightly lower than the estd of the uncoupled model at
lead time of +0h. The figure shows that the coupled model H;
more closely matches the observed H; at values greater than 6 m.
This is evident in the percentile lines which show that the coupled
model’s H; lies closer to the diagonal at values greater than 6 m
than that of the uncoupled model. This indicates that the greatest
improvement due to coupling of atmosphere and waves occurs
when the significant wave height is large.

We next compare the modeled significant wave height
against satellite-based observations as a function of forecast
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lead time for forecast lead times of +0, +12, +24, +36,
and +48h (see the Fig. 9). Figure 9 shows larger magnitude
bias in the coupled model H, which is consistent with the larger
bias seen in the coupled 10-m wind speed results (Fig. 6).
Although the bias is larger for the coupled model, the estd of
the coupled model H; is smaller than the uncoupled model
estd. Similarly to the wind speed results, this suggests that al-
though wave coupling increases the overall model bias of Hy, it
reduces the error variability or increases the model precision of
H,. Furthermore, Fig. 8 shows that the correlation of coupled
model against satellite-based H, is higher than the correlation
of the uncoupled model. Similar to the 10-m wind speed results,
both coupled and uncoupled model H; results show increasing
estd values and decreasing correlations as forecast lead time

TABLE 1. Bias, mae, and estd for 10-m wind speeds at selected
land-based observation stations. Error metrics are calculated for
the 10-m wind speed data between 1200 UTC 2 Jan 2020 and
1200 UTC 4 Jan 2020 (corresponding to Fig. 4).

Jan Mayen Bjgrngya Bg i Vesteralen
Uncoupled bias 1.15 1.22 0.83
Coupled bias 0.93 0.64 0.38
Uncoupled mae 2.99 1.45 2.36
Coupled mae 2.88 1.01 2.27
Uncoupled estd 3.65 1.27 3.14
Coupled estd 3.51 1.22 2.92
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FIG. 5. Scatterplots comparing collocated (in both time and
space) 10-m wind speed from model output against ASCAT
MetOp-A data. Only values valid at forecast initialization times
(forecast lead time of +0h) are shown. (top) 10-m wind speed of
ASCAT plotted against the 10-m wind speed estimated by the
uncoupled model forecasts. (bottom) The same comparison for
ASCAT wind speed plotted against the fully coupled model wind
speed. The dark gray lines show the ASCAT percentiles plotted
against the coupled and uncoupled model wind speed percentiles
(see text for more details). The black dashed line shows the diag-
onal for reference.

increases. However, the estd of the coupled model grows at a
slower rate than the uncoupled estd.

The mean error metrics (calculated as the mean for forecast
lead times from +0 to +48h) for significant wave height cat-
egories are summarized in Table 3. Similar to the mean bias for
wave height categories less than 6 m is larger in the coupled
model, however, the mean bias for coupled model is slightly
smaller for the largest wave categories (greater than 6 m). The
estd and mae for the coupled and uncoupled models are of
similar magnitude across all wave height categories except for
waves over 9m in height, which shows the coupled model
contains smaller estd and mae values than the uncoupled
model. Similar to the 10-m wind speed conclusions, the largest
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and coupled model forecasts as a function of forecast lead times
between +0 and +48 h.

improvements due to wave coupling occur for the largest wave
heights (waves over 6 m in height).

5. Discussion and conclusions

This paper describes a newly developed, high resolution,
regional forecasting system that couples an atmospheric
forecast model to a spectral wave model as the first step
toward a fully coupled Arctic forecasting system. This cou-
pled forecasting system uses the HARMONIE-AROME
configuration of the ALADIN-HIRLAM NWP system for
the atmospheric model, WAVEWATCH III for the wave
model, and the OASIS3-MCT coupler. The coupling process
is organized as follows: the 10-m zonal and meridional wind
components, as well as sea ice fraction and sea ice thickness,
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are passed from HARMONIE-AROME to WAVEWATCH
III. WAVEWATCH III determines the full spectral wave re-
sponse to the atmospheric forcing and calculates the Charnock
parameter. The Charnock parameter is then passed back to
HARMONIE-AROME in order to update the surface rough-
ness in the surface parameterization package. The updated
surface roughness ultimately modifies the near-surface winds
thus closing the coupling cycle.

The mean response of the model 10-m wind speed, H,, and
Charnock parameter over the one month experimental time
frame indicates that introducing wave coupling to the
convection-resolving Arctic forecast model generates a
physically consistent response between the atmosphere and
wave systems thus confirming theory holds true with our
model configuration in this region.

For the verification of the newly developed atmosphere—
wave coupled forecast model, model forecasts were compared
against satellite-based observations and several land-based
station observations. We compared the model 10-m wind
speed against 10-m wind speed from satellite scatterometer
and the model significant wave height against significant wave
height from satellite-based altimeter data as well as comparing
model wind speed against near-surface wind speed observa-
tions from coastal observation stations. The model forecasts
from both the coupled and uncoupled experiments are highly
correlated with the satellite and land based observations
(Figs. 3-6), meaning, the addition of wave coupling does not

degrade the quality of our numerical weather prediction sys-
tem. Additionally, we find several instances where the coupled
model wind speed more closely matches station observations
and contains smaller errors than the uncoupled model as evi-
denced during the approach and landfall of a storm in early
January 2020 (Fig. 4, Table 1).

The model slightly underestimates wind speeds below 15ms™
and wave heights less than 6 m (Figs. 5 and 8, Tables 2 and 3).
Considering the introduction of wave coupling to the forecast
system further reduces the wind speed and significant wave
height, we see an increase in the magnitude of the mean negative
bias for 10-m winds and H,. The introduction of remote sensing
data assimilation in the forecasts may improve the bias and will
be tested in future work. Furthermore, the fully coupled exper-
iment has smaller error standard deviation values than the un-
coupled experiment for both 10-m wind speed and H; indicating
that wave coupling reduces the error variability of wind speeds
and significant wave height forecasts.

Decreased error variability suggests that wave coupling
improves the overall forecast precision of 10-m wind speed and
significant wave height, a benefit that persists with increasing
forecast lead time. Furthermore, we show that including wave
coupling provides the greatest improvement on the short-term
forecast precision when 10-m wind speeds exceed 20ms ™! and
significant wave heights are greater than 6 m.

Cumulatively, the results presented in this study show that
coupling HARMONIE-AROME to WAVEWATCH 111 is

1

TABLE 2. Average bias, mae, and estd for 10-m wind speed categories. Each error statistic is calculated as the average of forecast lead times
from +0 to +48h.

5-10ms™ ' 10-15ms™" 15-20ms ™! 20-25ms” !
Uncoupled bias —0.51 —0.45 —0.04 —0.05
Coupled bias —0.60 —-0.67 —0.41 —0.63
Uncoupled mae 1.59 1.59 1.76 2.19
Coupled mae 1.59 1.60 1.70 1.98
Uncoupled estd 2.06 222 2.59 3.15
Coupled estd 2.04 218 2.55 3.06
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FIG. 8. Scatterplots comparing collocated values of significant
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beneficial to kilometer-scale numerical weather prediction in
our Arctic domain. Coupled forecasting is important in Arctic
regions like the one used in this study due to the occurrence of
strong wind-wave interactions. Although the results herein
show wave coupling reduces model variability of 10-m wind
speed and significant wave height in short-term forecasts, es-
pecially during high wind and wave conditions, further work is
required to determine the exact impact of wave coupling on
forecast quality during the most extreme Arctic weather events
such as polar lows. Additional process-based case studies
would be beneficial; however, due to the high computational
cost of running this coupled forecasting system (which is ap-
proximately 1.5 times more costly than the reference configu-
ration of HARMONIE-AROME) it was impractical to run a
large number of experiments at this time.
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Many areas of our coupled numerical weather prediction
system require further improvements. For example, the ST3
wave physics of WW3, used in the present study, show a con-
siderable sensitivity to swell conditions (WAVEWATCH III
Development Group 2016). Although a more advanced phys-
ics package may perform better in certain situations, the higher
computational costs and desire to match the physics settings to
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TABLE 3. Average bias, mae, and estd statistics for significant
wave height categories. Each mean error statistic is calculated as
the average of forecast lead times from +0 to +48 h.

0.5-3m 3-6m 6-9m 9+ m
Uncoupled bias -0.11 -0.11 0.33 1.52
Coupled bias —0.16 —0.21 0.13 1.11
Uncoupled mae 0.23 0.38 0.59 1.59
Coupled mae 0.25 0.40 0.52 1.24
Uncoupled estd 0.28 0.47 0.64 1.23
Coupled estd 0.28 0.46 0.62 1.11

those used in the current operational model made them im-
practical for this study.

Additionally, we recognize some limitations in validating
our coupled forecast model performance against satellite
products. ASCAT 10-m wind speed estimates are known to
have biases at both high and low wind speed extremes.
Additionally, we realize there is an inability to analyze the
kilometer-scale wind speed variability in the coupled model
due to the coarser resolution of the ASCAT data; however,
the quantity of high resolution wind speed observations over
open ocean is limited. This introduces challenges to accu-
rately validate model performance, particularly during the
highest wind conditions when it appears the greatest benefit
of wave coupling occurs. However, we select ASCAT data
for the wind speed validation due to its good spatial and
temporal coverage as well as the lack of in situ wind and
wave observations over open ocean.

The coupling of kilometer-scale forecasting systems for the
Arctic provides many challenges. Capturing the complex in-
teractions between wind, waves, and sea ice is critical to es-
timating surface fluxes and thus crucial for producing more
accurate forecasts. This is especially true in Arctic regions
where these interactions can play a large role on the devel-
opment of weather.

The wave coupling development described in this study, which
explicitly captures the interactions between the atmosphere and
ocean waves, is only one step toward developing a fully coupled
numerical weather, wave, sea ice, and ocean prediction system.
Coupling efforts need to continue in order to further advance
high latitude short-term forecasting capabilities. One example of
such an effort is to introduce a full sea ice model into our
atmosphere-wave forecasting system. Explicitly representing the
interactions between atmosphere, waves and sea ice, could im-
prove forecasts in areas surrounding the marginal ice zone where
complex wave-ice-atmosphere interactions occur (Boutin et al.
2019; Montiel and Squire 2017; Lgken et al. 2020; Elvidge et al.
2016) and changes in the small scale structure of the sea ice can
have a far reaching impact on the weather forecasts (Batrak and
Miiller 2018).

Finally, we would like to stress that modeling work, while
being invaluable toward understanding the coupled Earth
system, is insufficient by itself and more observations repre-
senting atmosphere-wave-sea ice interactions in polar re-
gions are desperately needed to guide model development
efforts such as those presented herein.
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APPENDIX

Complete List of WW3 Settings Used in Coupled
Framework

The list of settings is as follows: F90 NOGRB NOPA
LRB4NC4 TRKNC DIST MPI PR3 UQ FLX0 LN1 ST3
STABONL1 BT4 DB1 MLIM TRO BS0 IC2 ISO REF1 XX0
WNTO0 WNX1 RWND CRT1 CRX1 TIDE COU OASIS
OASACM 00 O1 02 02a 02b O2c O3 04 O5 06 O7.
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