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ABSTRACT
The impact of wave-induced sea surface roughness (SSR) parameterisation methods on tropical cyclone (TC)
forecasts in a coupled numerical weather prediction (NWP) model is investigated by comparing the results of
sensitivity experiments. A wind-dependent SSR parameterisation as a control experiment and five wave-induced
SSRs parameterised by wave age, wave steepness, wave-induced stress, and input wave age, which are the most
commonly used to estimate the air-sea exchange coefficients, are used in our comparative sensitivity experiments.
In this study, we clearly show the magnitude of uncertainties given by the different choice of roughness
parameterisations. Our results show that the choice of SSR parameterisation has a considerable influence on the
atmospheric boundary layer and wave conditions, leading to a significant difference in both the forecast of TC
intensity and the wave fields. The air-sea momentum and enthalpy transports are modified by the differences in
exchange coefficients between the various SSR parameterisation methods, which result in differences in frictional
convergence, and variation in the amount of energy input to the TC, thus changing the TC intensity. This process is
linked to the alteration of the wind fields and then the wave fields. Comparison of observation data with the results
obtained via several SSR parameterisation methods indicates that wind speed, and consequently energy transfer to
the waves, is reduced by increased SSR, resulting in smaller wave heights. In addition, the increased SSR produces
enhanced turbulent heat flux and rainfall rates by inducing an increase in thermal and moisture exchange coefficients.

Keywords: wave-induced sea surface roughness parameterisations, coupled numerical weather prediction,

tropical cyclone, air—sea interaction

1. Introduction

It is well known that air-sea interaction has a consider-
able influence on many meteorological phenomena, and
in particular, plays a vital role in the occurrence of
extreme weather events originating from the ocean, such
as a heavy snowfall event in the coastal regions and trop-
ical cyclones (TCs). In recent years, a number of work-
shops and projects have focused on the impact of an
interactive ocean on improved weather forecasting. Some
of these, such as the Joint Global Ocean Data
Assimilation Experiment (GODAE) OceanView-Working
Group for Numerical Experimentation (WGNE)
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workshop (2013), and the Joint Weather and Climate
Research Programme (JWCRP), have made significant
progress regarding the operational atmosphere-wave—
seaice—ocean coupled prediction systems for the short to
medium range. Moreover, in the European Centre for
Medium-Range Weather Forecasts (ECMWF) Workshop
on Ocean-Waves, Cavaleri et al. (2012) emphasised that
“The coupling of waves to the atmosphere is an obvious and
necessary step toward a unified approach to improve the
description of the atmospheric boundary layer and the fore-
cast of ocean waves’. This approach had already been
shown by Janssen et al. (2004) to improve both atmos-
phere and surface wave forecasts on a global scale.

The effect of sea state on surface momentum flux in
numerical weather prediction (NWP) models has been rec-
ognised for some time now (Janssen, 1989). Sea surface
roughness (SSR) is one of the important factors for under-
standing the relation between surface wind and momentum
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flux from air to sea (Drennan et al., 2005). The SSR, which
is induced by ocean waves, plays a role in the air-sea trans-
fer of momentum, heat, moisture, gasses, sea-spray aero-
sols, etc. Many studies have been carried out using
atmosphere—ocean—wave coupled models (Doyle, 1995,
2002; Lionello et al., 1998; Desjardins et al., 2000;
Lalbeharry et al., 2000; Cavaleri et al, 2012; Olabarrieta
et al., 2012; Renault et al., 2012). The common purpose of
these studies was to evaluate the results obtained by using a
more realistic representation of the exchange of momentum
and enthalpy between the sea surface and the overlying
atmosphere. According to these studies, coupled models
give slightly better results than uncoupled models, but many
noticeable differences are exhibited during extreme storms.
Because TCs, such as typhoons and hurricanes, are one
among most destructive of all severe meteorological phe-
nomena, they need to be predicted accurately. Furthermore,
the TC-induced ocean waves can affect the TC structure
and intensity, especially the variability of surface winds (e.g.
Chen et al., 2013; Kwon and Kim, 2017).

In order to better understand the spatial distribution
of integrated mean wave properties and the directional
spectra, Chen and Curcic (2016) used a coupled atmos-
phere-wave—ocean model for TCs and showed that the
predictions of ocean waves in TCs were verified very well
against both in situ and satellite observations. Moreover,
the coupled modelling studies by Chen et al. (2013) and
Chen and Curcic (2016) have shown that TC-induced
ocean waves are highly complex and asymmetric in terms
of wave heights and propagation directions around a
moving storm (Curcic et al., 2016). Therefore, the
exchange coefficients for momentum and enthalpy could
also be directionally affected by the wave orientation.
These studies demonstrate that the coupled systems of
atmosphere—ocean—wave models have been built to
improve TC forecasts, capture air-sea interactions, and
better represent ocean responses and TCs impacts.
Consequently, the impact of ocean waves on TC intensity
forecasting was gradually recognised by operational mete-
orologists and the coupled atmosphere-wave model has
therefore been in use at many operational centres (e.g.
Jarvenoja and Tuomi, 2002; Sattler et al., 2002; Janssen
et al., 2005, Chen et al., 2007; Warner et al., 2010).

The most important objective of an operational NWP
model is to accurately predict extreme weather events,
and thus to give forewarning and enable preparation for
the potential damage they can cause (Kim and Jin, 2016).
Among extreme weather events, it is particularly difficult
to accurately predict the intensity and structure of a TC
by comparing the track forecast. TC tracks are ultimately
affected by large-scale flows. The errors in TC track pre-
diction have steadily decreased over the past several deca-
des due to the use of increasing horizontal and vertical

model resolution, improvements in model physics and
advanced data assimilation (Rogers et al., 2003; Gentry
and Lackmann, 2010). However, the variation in intensity
and structure in a TC mainly depends on processes occur-
ring on much smaller scales. These include smaller scale
convection and multi-scale interactions (Molinari and
Dudek, 1992), along with other environmental factors
such as vertical wind shear (Emanuel et al., 2004; Rhome
et al, 2006), and sea surface temperature (SST)
(Weidinger et al., 2000). In addition to these environmen-
tal factors, the exchange process of momentum and
enthalpy between atmosphere and ocean is also known to
be one of the key factors controlling the intensity and
structure of a TC (Montgomery et al., 2010; Green and
Zhang, 2013; Kwon and Kim, 2017). Ooyama (1969)
found that the TC intensity is positively (negatively) pro-
portional to the enthalpy (momentum) exchange coeffi-
cient through sensitivity experiments using a numerical
model. In addition, Emanuel (1986) and many follow up
works derived that the quasi-steady state TC intensity is
dependent on the ratio between the momentum exchange
coefficient (Cp) and heat exchange coefficient (Cg),
which is consistent with Ooyama (1969).

Considering that Cp and Cy are functions of the SSR,
air-sea exchange processes may be differently affected by
various sea-state dependent SSR parameterisation meth-
ods. Plenty of formulae for estimation of SSR have so far
been suggested and discussed, because (1) it is not possible
to directly observe the fluxes over the ocean in high wind
speeds, (2) the variability of the exchange coefficients is
quite large over the ocean (e.g. Toffoli et al., 2012), and (3)
there could be differences in measurement methods and
significant errors in observations (e.g. Montgomery et al.,
2010; Kwon and Kim, 2017). The impact of coupling may
depend on the various SSR parameterisation methods,
even though the exchanged parameters are well-defined
based on the physics of air—sea interactions. A number of
studies on the effect of surface waves on the air-sea trans-
fer process have been carried out, especially at high wind
speeds, such as during typhoons and hurricanes (e.g.
Olabarrieta et al., 2012; Renault et al., 2012). Although
air—sea coupling is useful for improving TC intensity fore-
casts, the wave-dependent SSR parameterisation at the
air-sea interface can have a strong influence on the simu-
lated TC structure and intensity, which is the focus of this
study. In order to investigate the impacts of several wave-
induced SSR parameterisation methods on weather fore-
casting and to quantify the uncertainties given by the dif-
ferent roughness parameterisations, we carried out a series
of comparative experiments for a single TC case.

In this context, the impact of various wave-induced SSR
parameterisation methods on the forecasting of the TC
intensity and wave fields is investigated in a case study of
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Fig. 1.

A schematic diagram of the coupled atmosphere-wave modelling system, and brief descriptions of the parameterisation schemes

and model set-up considered in this study. The exchange variables between the models are surface wind (Uwind and Vwind) from WRF to
SWAN, and the wave fields, such as wave height (Hwave), wave period (Pwave), wavelength (Lwave), SSR estimated in the wave model
using the total stress (Zlen), and input wave age (Cpiwave), depending on the selected SSR parameterisation method, from SWAN to WRF.

Typhoon Sanba (201216) (hereafter, Sanba) using a
coupled atmosphere-wave model. In this study, we are try-
ing to identify the magnitude of uncertainties given by the
different choice of SSR parameterisations. The perform-
ance of the different SSR parameterisation methods may
provide valuable guidance as to how the prediction of TC
activity in a coupled NWP modelling system varies with
parameterisation method. The paper is organised as fol-
lows. The model used in this study and the experiment
design are described in Section 2. The results including the
estimated SSR, the effect of the SSR on the TC, and wave
and enthalpy flux are given in Section 3. Finally, Section 4
presents a summary and the conclusion.

2. Methodology
2.1. Model description

To investigate the impact of various wave-induced SSR
parameterisation methods on a coupled NWP model, we

used the Coupled Ocean-Atmosphere-Wave-Sediment
Transport (COAWST) modelling system (Warner et al.,
2010). In this study, the modelling system consisted of
two model components: atmosphere (Weather Research
and Forecasting, WRF) and ocean wave (Simulating
Waves Nearshore, SWAN). WRF was coupled to SWAN
through the Model Coupling Toolkit (Jacob et al., 2005;
Larson et al., 2005; Warner et al., 2008).

The WRF model is a fully compressible and non-hydro-
static model that uses Arakawa-C grid staggering for the
horizontal coordinate and terrain-following hydrostatic
pressure for the vertical (Skamarock et al., 2008). A short
listing of the parameterisations and schemes used in the
present study is as follows: the Yonsei University planetary
boundary layer (YSU-PBL) scheme, the Kain-Fritsch
cumulus parameterisation scheme, the WRF single-
moment 6-class (WSM6) microphysics scheme, the Dudhia
scheme for shortwave radiation, the Rapid Radiative
Transfer Model (RRTM) scheme for longwave radiation,
and the Noah land-surface model. The surface fluxes of
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momentum and enthalpy are calculated using the Monin-
Obukhov similarity method. In this study, several wave-
induced SSR parameterisation schemes are used for estima-
tion of the bulk exchange coefficients for calculating the
surface fluxes. More detailed descriptions of the bulk
exchange coefficients and the SSR parameterisations are
given in the following sections and in Appendix A, respect-
ively. The model had an 8 km horizontal resolution, and 28
vertical layers extending to 50 hPa. The initial and bound-
ary conditions of the meteorological fields were prepared
using 6-hourly National Centers for Environmental
Prediction (NCEP) Final (FNL) Operational Global
Analysis data (NCEP/NWS/NOAA/U.S. Department of
Commerce, 2000), with a 1° resolution and a daily Real-
Time Global (RTG) SST analysis (Gemmill et al., 2007),
provided by NCEP with a 0.5° resolution.

The SWAN model is a third-generation spectral wave
model specifically designed for shallow water simulation
(Booij et al., 1999). The model is based on the wave
action balance equation, and includes a number of phys-
ical processes, such as refraction, shoaling, diffraction,
wind-wave generation, redistribution of the energy spec-
trum due to nonlinear wave-wave interactions, and dissi-
pation due to wave breaking, whitecapping, and bottom
friction. For the present study, bottom dissipation was
parameterised using the Madsen et al. (1988) formulation.
The Janssen formulation (Janssen, 1989, 1991) for wind
wave growth/whitecapping was used with a coefficient of
4.5 to determine the rate of whitecapping dissipation.
SWAN was run in the same grid as WRF. The spectral
directional resolution was 10°. The lowest and highest
discrete frequencies used in the calculation were
0.0285Hz and 1.1726 Hz, respectively, and the grid reso-
lution in the frequency space between the lowest and the
highest discrete frequencies was 41. The initial spectra
were computed by running the model in stationary mode
using the FNL winds. Boundary conditions were updated
using the 3-hourly global WAVEWATCH III model
(Tolman, 1991), which is operationally run at the
National Oceanic and Atmospheric Administration
(NOAA). The surface wind used in the Janssen closure
model (Janssen, 1989) for the exponential energy transfer
from the atmosphere to the wave field was provided
by WRF.

A schematic diagram of the coupled atmosphere-wave
modelling system, brief descriptions of the parameterisa-
tion schemes, and model set-up considered in this study
are shown in Fig. 1. The two-way coupling between the
models involves the transfer of surface wind from WRF
to SWAN, and the transfer of wave fields from SWAN
to WRF every 30 minutes. The latter includes wave height
(Hwave), wave period (Pwave), wavelength (Lwave), SSR
estimated in the wave model using the total stress (Zlen),

and input wave age (Cpiwave), depending on selected
SSR parameterisation methods in each sensitivity experi-
ment (Fig. 1). In both component models of the coupled
system, the model domain covers the Northwestern
Pacific Ocean region from 15°N to 55°N, 105°E to
165°E. Model simulation was carried out for Sanba using
an 8-day forecast from 12 UTC on September 11, 2012.

2.2. Air-sea exchange coefficients

The bulk surface fluxes of momentum (1), sensible heat
(SH), and latent heat (LH) are given by:

T= —pCD(U)2 (1)
SH = pc,CygUADO 2)
LH = pL,CoUAq 3)

where p is the density of air; U is wind speed at a refer-
ence height of 10m, z; ¢, is the specific heat capacity at
constant pressure; A6 and Ag are the differences in poten-
tial temperature and the specific humidity between the
surface and a reference height, respectively; L, is the
enthalpy of vaporisation per unit mass; and Cp, Cy, and
Cp are bulk transfer coefficients for momentum, sensible
heat, and moisture, respectively. The bulk transfer coeffi-
cients can be expressed using the Monin-Obukhov simi-
larity theory, as follows:

_ k y K

Cp = () =V, () In )~ Vn B) “
_ k . k

Cn = nE) =) InE) - W) Q)
_ k y K

Co=1, G) V(i) <_Q> ~0(3) (6)

where k is the von Kdrmdn constant; zg, zy, and z¢ are
the roughness lengths of momentum, sensible heat, and
latent heat, respectively; \,, and V{;, are the universal
functions for momentum and enthalpy, which are func-
tions of the atmospheric stability and become zero under
neutral conditions; and L is the Obukhov length scale.

In this study, air-sea transfer coefficients were esti-
mated through the surface layer module of WRF, using
the revised MMS5 surface layer scheme (Jiménez et al.,
2012). In the MMS5 similarity scheme, stability functions
from Dyer and Hicks (1970), Paulson (1970) and Webb
(1970) are used and the correction terms are computed by
considering the stability classes following Zhang and
Anthes (1982). The momentum roughness length (z9) was
calculated using various SSR parameterisation methods.
The thermal roughness length (z7) was set equal to zj
and the moisture roughness length (zp) was calculated as:

zZg = (Z()il + Ku*Kail)_l 7
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Fig. 2. (a) Best track and time evolutions of (b) minimum sea level pressure and (¢) maximum wind speed of Typhoon Sanba,

provided from JTWC (black line) and simulated from each experiment (coloured lines). The red star in (a) indicates the position of

Buoy 22107 for the time-series of wind and wave height in Fig. 8.

where k is the von Karman constant, u, is the frictional
velocity, and K, is the background molecular diffusivity
set to 2.4 x 107°m2s™! (Carlson and Boland, 1978).

It should be noted that heat and moisture transports
are also modified due to the various SSR parameterisa-
tion methods, because both Cy and Cp depend on z.

2.3. Experiment design

Because of problems, such as difficulty in observation,
observation errors, and differences in measurement meth-
ods, locations and time, many different formulae for esti-
mation of SSR, depending on the wind speed (e.g. Large
and Pond, 1981; Fairall et al., 2003; Powell et al., 2003;
Donelan, 2004; Jarosz et al., 2007; Large and Yeager,
2009; Hersbach, 2011; Edson et al., 2013) or on the sea
state (e.g. Janssen, 1989, 1991; Taylor and Yelland, 2001;
Oost et al., 2002; Drennan et al., 2003; Moon et al.,
2004), have been proposed and discussed. When the sea
state is not considered in estimation of SSR, the formula-
tion proposed by Charnock (1955), in which SSR is pro-
portional to wind speed, is widely used. Among the

formulaec which do consider sea state, the most widely
adopted are those based on wave age dependency
(e =55 = f(%) Stewart, 1974). In this study, typically-
used SSR parameterisation methods were selected to
identify the uncertainties given by the various wave-
induced SSR parameterisations, and the sensitivity of the
TC forecasts to them was examined. A wind-dependent
SSR parameterisation as the control experiment (AW-
CTL) and five wave-induced SSRs parameterised by wave
age (AW-DR2003), wave steepness (AW-TY2001), both
wave age and wave steepness (AW-002002), wave-
induced stress (AW-JA1991), and input wave age (AW-
MO2004), were used in the sensitivity experiments. These
experiments were intended to investigate how the selected
SSR parameterisation method influences the forecast of
the TC track and intensity [sea level pressure (SLP)],
strength (wind speed), wave heights, surface roughness,
sea surface stresses, and precipitation. To investigate the
effect of the different SSR parameterisation schemes, all
the formulae were implemented in the surface module of
WRF. A more detailed explanation of these parameterisa-
tion methods is provided in Appendix A.
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2.4. Typhoon Sanba (201216)

The coastal area around the Northwestern Pacific Ocean
has often been damaged by storm surges, heavy precipita-
tion, and strong winds due to repeated strong typhoons.
Sanba, the typhoon used for the present study, was the
strongest typhoon worldwide in 2012. Its minimum cen-
tral pressure reached 900 hPa, and its maximum 1-minute
sustained wind speed was 77 m/s. The typhoon generated
wind waves more than 15m in significant wave height
and severely damaged coastal structures. It originated as
a low pressure atmospheric system in the Pacific Ocean
on September 9, 2012. As it moved north, it grew bigger
and intensified into a category 5 super-typhoon, with the
highest 10-minute average wind speed of 57m/s and a
minimum pressure of 900 hPa on September 13-14 (black
line in Fig. 2b,c). It made landfall on the Korean
Peninsula on September 17 and travelled across it.
Coastal areas around the Northwestern Pacific Ocean,
such as Korea, China, and Japan, were influenced by the
typhoon, which was accompanied by strong winds of

Plots of minimum sea level pressure vs maximum 10 m wind speed predicted from each experiment.

over 20m/s, heavy precipitation of 60 mm/h, and a max-
imum surge level up to 2m.

3. Results
3.1. Estimated SSR

As previously mentioned, ocean waves can have a signifi-
cant impact on the exchange of momentum and enthalpy
fluxes at the air—sea interface. The effect of ocean waves
on these fluxes can be explained using an SSR that is
dependent on the sea state as well as on the wind speed.
Figure 4 shows the spatial distribution of the SSR esti-
mated by each experiment in the coupled modelling sys-
tem on 00 UTC September 16, when the typhoon passed
over the southern East China Sea. The horizontal distri-
bution of the SSR obtained through the Charnock rela-
tion (i.e. AW-CTL) follows the typical wind speed
pattern around the typhoon, as the roughness is taken to
be a function of wind speed only. In all simulations, the
SSR shows a similar spatial distribution but differences
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of several times of magnitude in the regions associated
with high wave activity. AW-002002 produced the high-
est ocean surface roughness, while AW-MO2004 pro-
duced the lowest. The SSRs estimated in AW-TY2001
and AW-DR2003, which are dependent on the wind wave
spectrum, show typical wind speed patterns with wave-
like structures, because part of the momentum from the
wind stress is propagated away by the ocean waves.
Furthermore, because AW-002002 considers the effect
of both wave age and steepness, it represents an SSR field
that blends the variations estimated in AW-DR2003 and
AW-TY2001. The SSR affects not only the dynamics of
the atmospheric boundary layer by surface variations on
the momentum flux and therefore the wave growth, but it
also impacts on the thermodynamics by increasing or
decreasing the heat and moisture fluxes from the ocean
to the atmosphere. As a result, the difference in SSR

estimated by the various SSR parameterisations can lead
to changes in the conditions of the atmospheric boundary
layer and ocean wave fields.

3.2. Effect of the SSR on the TC intensity and
wave fields

The response of Sanba to different SSR parameterisations
is presented in Fig. 2. This shows a comparison of the
observed track, strength, and intensity of Sanba with the
results predicted by each experiment, which depicts the
positions with minimum SLP, and time evolution of min-
imum SLP and maximum wind speed. The tracks do not
differ significantly between the experiments. In all simula-
tions, the predicted track is close to the observed track,
and is not sensitive to the wave-induced SSR parameter-
isation methods, agreeing with previous studies such as
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Doyle (2002) and Zambon et al. (2014a,b). The track of a
TC is mainly governed by large-scale flows, not meso-
scale processes influenced by ocean coupling (Marks and
Shay, 1998). However, as the forecast lead time increases,
all the tracks predicted by each experiment deviate
slightly from the observations, and Sanba moved north-
ward faster than the observations as it approached the
shallow water area (Figs. 2a and 8). The minimum SLP
calculated in most of the experiments was overestimated,
while the maximum winds were underestimated, except in
AW-MO2004. The deviation was larger in AW-002002
than in the others. An interesting thing is that there is a
difference between the strength and intensity forecasts;
the minimum SLP varies by about 10hPa but the max-
imum wind varies more than 10 m/s. In addition, there is

the large and early change in the maximum wind, com-
pared with minimum SLP (Fig. 2b,c). This may indicate
that the SSR parameterisation has more impact on the
surface winds. Figure 3 shows the pressure-wind relation-
ship (PWR) estimated from each experiment. The PWR
lines of the experiment results shows different behaviours
in terms of slope. Namely, the slope of the pressure-wind
lines changes with a different SSR parameterisation. The
slope change in the pressure-wind-lines indicates that the
maximum wind speeds are different for the same central
pressure value. Because the maximum wind speed of a
typhoon is proportional to the radial pressure gradient,
not to the minimum SLP value itself, the maximum wind
can be different at the same central pressure value.
Therefore, the radial pressure gradient needs to become
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bigger to create higher wind speeds at a given central
pressure. This may result in that the size of a storm is
smaller. From this perspective, the PWR in the experi-
ments suggests a change in the size of the storm (Kwon
and Kim, 2017).

It is worth to note that our simulation of the TC does
not have as low of a pressure and makes landfall a little
earlier than the observations. One of possible reasons for
the differences in minimum SLP and a little earlier land-
fall between simulations and observations might be initial
condition and time wused for the experiments (e.g.
Kurihara et al., 1995; Wang, 1998; Wu et al., 2000,
2006). In this study, the forecasting period is 7days
(168 hours) in all experiments without any data assimila-
tions and bogus vortex for initial condition, in order to
investigate the impact of only SSR parameterisation
methods. The forecast skill varies with forecast lead time

The same as Fig. 5, but for wind fields (arrows and contours) and significant wave height (colour shading).

and, in general, it decreases with the increasing lead time.
Moreover, the differences between the simulations and
observations are growing as the forecast lead time
increases. This may be one disadvantage of this study.
But that can be de-emphasised by focusing on the proc-
esses that occur due to the changes of the SSR. This can
be considered as a test case to see what the order of mag-
nitude changes will occur by varying the SSR.

Figure 5 compares the horizontal distribution of SLP
and wind fields simulated by each experiment at 00 UTC
September 16. Together with Fig. 4 this demonstrates
that the wind field is highly sensitive to SSR. The wind
speeds are significantly reduced by an increase in SSR
(Fig. 4). In addition to the effect on surface winds, SSR
also affects the prediction of ocean wave intensity in a
coupled NWP system. The spatial distribution of signifi-
cant wave height derived from each experiment at 00
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Fig. 7. The same as Fig. 5, but for the Cp/Cy ratio.

UTC September 16 is shown in Fig. 6. The SSR itself
should be related to the wave height; an increase in wave
height makes the SSR high. However, severe reduction in
significant wave height was predicted in AO-002002
which produced the highest ocean surface roughness.
Figure 7 displays the Cp/Cy ratio estimated from each
experiment at 00 UTC September 16. The horizontal dis-
tributions of the Cp/Cy ratio correspond well with those
of the SSR (Fig. 4); the largest (smallest) value in AW-
002002 (AW-MO2004). According to the wind-induced
surface heat exchange (WISHE) mechanism (Emanuel,
1986; Rotunno and Emanuel, 1987), when the Cp/Cy
ratio becomes large, the TC intensity becomes weak
(Figs. 5 and 7). Thus, it reduces the intensity of the sys-
tem leading to the smaller wave height (Figs. 6 and 7).
The reduction in significant wave height is induced by
less energy transferring to the wave as a result of an
increase in SSR. The spatial distribution of significant

wave height corresponds to that of the wind speed, due
to the decrease in wind speed over regions with large
SSR. As a result, the severe reduction in wind associated
with the large SSR in AW-002002 acts to decrease the
significant wave height. The reduction in surface wind
speed and consequently wave height is consistent with
previous atmosphere-wave numerical experiments (Weber
et al, 1993; Doyle, 1995, 2002; Janssen and Viterbo,
1996; Lionello et al., 1998; Desjardins et al., 2000; Zhang
and Perrie, 2001; Warner et al., 2010).

The wind speeds and significant wave heights predicted
by each experiment were compared with the observations.
Figure 8 represents the time series of the measured and
computed wind speeds and significant wave heights at
Buoy 22107 (33.0833°N, 126.033°E, as indicated by the
red star in Fig. 2a). On September 17, Sanba impacted
the station, resulting in a 23m/s wind speed and a 6 m
peak significant wave height. In all experiments, the
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Fig. 8.
22107 (33.0833°N, 126.033°E), shown as a red star in Fig. 2a.

simulated typhoon passes through the station about
12 hours earlier than the observed time, because it moves
faster than observed as it approaches the coastal region
(Fig. 2). The choice of SSR parameterisation results in
approximately 10m/s difference in the maximum wind
speed and 3m difference in the maximum significant
wave height. The maximum wind speed depends on the
ratio of Cp to Cy according to the WISHE mechanism.
When the enhanced SSR parameterisation is included
(e.g. AW-002002), the maximum wind and wave inten-
sities are significantly reduced in the coupled model. For
example, AW-002002 yielded the highest reduction in
wind intensity and wave heights. AW-MO2004 produced
the results closest to the observed values, as shown by
comparing the track and intensity (Fig. 2).

3.3. Effect of the SSR on the enthalpy flux

TC intensity and evolution are influenced by two main
atmosphere—ocean interaction processes mentioned above;
exchange of momentum and enthalpy fluxes due to SSR
(Ooyama, 1969; Emanuel, 1986, 1995; Rotunno and

Time series of measured (black lines) and simulated (coloured lines) (a) wind speed and (b) significant wave height at Buoy

Emanuel, 1987; Zhang and Perrie, 2001; Bao et al., 2012;
Bryan, 2012; Kwon and Kim, 2017). The enhanced SSR
due to wind waves results in momentum transfer from
the atmosphere to the ocean, and then surface wind speed
decreases via this interaction. On the other hand, an
increase in enthalpy flux from the ocean to the atmos-
phere produces an intensification of the synoptic system
by serving as energy input (Kwon and Kim, 2017).

The effect of surface gravity waves on air-sea heat flux
is important as well, especially the effect of sea spray in
TC conditions (Liu et al., 2010, 2012). Although it is
hard to figure out the effect of surface gravity waves on
air-sea transfer by considering SSR only, heat and mois-
ture transports are also modified by the SSR parameter-
isation methods because the exchange coefficients for
heat and moisture are a function of momentum rough-
ness length as well as thermal and moisture roughness as
seen in Egs. (5) and (6). According to Kang and Kwon
(2016), precipitation bands and low-pressure systems are
mainly influenced by changes in the heat exchange coeffi-
cient. However, changes in momentum flux also have an
influence on heat and moisture transport via wind speed
changes that are dependent on SSR, although this is an
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September 16; (a) AW-CTL, (b) AW-JA1991, (c) AW-MO2004, (d) AW-002002.

indirect impact. In addition, Lionello et al. (1998) found
that heat and moisture fluxes increase when they are
computed using the same wave-dependent roughness as
applied for momentum flux, and decrease when they are
computed using the Charnock (1955) relation, where they
are a function of wind speed only, and the effects become
proportionally larger for extreme storms.

As previously mentioned, the SSR modulates the inten-
sity of the moisture and heat fluxes and the consequent
convection, resulting in a change in precipitation rate.
Because of enthalpy flux change due to the SSR param-
eterisation methods, the lower atmosphere can become
warmer and moister, which contributes to destabilisation
of the air mass, resulting in changes to the precipitation
pattern. The spatial distribution of the daily mean latent
and sensible heat fluxes on September 16, and the 12-
hour accumulated precipitation on September 15 and 16,
computed in each experiment are shown in Figs. 9 and
10, respectively. The increased SSR enhanced the turbu-
lent heat flux (sum of sensible and latent heat flux) from
the ocean to the atmosphere, which is to be expected
from Egs. (2), (3), (5), and (6). As a result, the amount of
precipitation increased due to the large heat and moisture
fluxes. The turbulent heat flux and the 12-hour accumu-
lated precipitation have similar spatial distributions in all
experiments, while their intensity and area depend on the
SSR parameterisation methods. The amounts of turbulent
heat flux and 12-hour accumulated precipitation

produced by AW-002002, in which the largest momen-
tum roughness length was predicted, are larger than in
the other simulations as expected (Fig. 4). The thermal
and moisture roughness lengths produced by AW-
MO2004 have smaller values than in the other simula-
tions because the momentum roughness length estimated
is relatively small (Fig. 4). However, the amounts of tur-
bulent heat flux and precipitation in AW-MO2004 are
comparable to the other simulations. This can be partly
explained by the change of wind field due to the momen-
tum roughness length. The enthalpy flux is also a func-
tion of wind speed, as well as thermal and moisture
roughness length, as expressed in Egs. (2) and (3). The
amount and spatial distribution of precipitation predicted
by AW-MO2004 are rather close to the observed value;
that is, the amount of 12-hour accumulated precipitation
along the coast of Korea is underestimated in the sensi-
tivity experiments, except for AW-MO2004 and AW-
002002. In AW-MO2004 and AW-002002, the intensity
and location of precipitation are improved; a large
amount of 12-hour accumulated precipitation is obtained
along the southwestern coast of Korea in AW-002002
and the band along the south coast of Korea simulated
in AW-MO2004 is in good agreement with the observa-
tions (Fig. 10). The increase in turbulent heat flux due to
the SSR increase contributes to the intensification of
warm and moist air through the increase in sensible and
latent heat flux from the ocean to atmosphere, which is a
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primary energy source for TCs. According to the WISHE
mechanism, the TC intensity depends on the Cp/Cy
ratio. The WISHE mechanism tells that if the Cp/Cy
ratio becomes large, the TC intensity becomes weak.
Therefore, the increase in enthalpy exchange coefficient
through the SSR increase can strengthen the TC intensity
when the Cp increase has little impact in reducing it (e.g.
Kwon and Kim, 2017). In the present application, when
the effect of wave-induced SSR is included, precipitation
close to the observed values is obtained, especially in the
coastal region of Korea; for example, the band along the
east coast and the frontal angle across the peninsula (Fig.
10). When the effect of the waves was included, Sanba
absorbed more moisture and turbulent heat fluxes due to
the increase in SSR.

4. Summary and conclusion

Recent studies on the impact of an interactive ocean on
NWP model predictions have shown that coupled air-sea
interaction is an important physical mechanism in deter-
mining the intensity and structure of extreme weather
events, and that the inclusion of an interactive ocean in
an NWP model can improve weather prediction, particu-
larly for localised severe weather (Kim and Jin, 2016).
Consequently, it is regarded as natural to include a wave
model in the NWP model to accurately predict extreme
weather events, such as extreme TCs.

The wave effect is a well-known physical process in air-
sea interaction. It is usually represented by parameterising

SSR. However, the wave-induced SSR parameterisation
under the high wind regime is still widely uncertain because
the observation is sporadic. Understanding the physical
processes is still qualitative. Our results show that the par-
ameterisation methods for wave-dependent SSR at the air-
sea interface have a strong influence on simulated TC struc-
ture and intensity, even though air-sea coupling in a TC is
useful for improving model intensity forecasts. This is
because SSR parameterisation has an influence on air-sea
momentum and enthalpy exchange processes, which are
regarded as the primary energy sink and source of a TC
(Kwon and Kim, 2017).

From this perspective, we attempt to show the magni-
tude of uncertainties given by the different choice of
roughness parameterisations. In order to estimate SSR,
many experimental formulae, depending on wind speed
or sea surface state, have been proposed and discussed.
In the present study, we selected the most commonly-
used schemes to examine the impact of various wave-
induced SSR parameterisation methods on extreme wea-
ther prediction, and examined the sensitivity of TC fore-
casts using a coupled regional atmosphere-wave
modelling system. Five wave-induced SSRs parameterised
by wave age, wave steepness, both wave age and wave
steepness, wave-induced stress, and input wave age were
used in the sensitivity experiments, along with a wind-
dependent SSR parameterisation as a control experiment.

In all the simulations, the SSRs estimated from each
experiment show similar spatial distributions, but differen-
ces of several orders of magnitude in regions associated
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with high wave activity. The typhoon’s predicted track in
all simulations is close to the observed one and is not sensi-
tive to the SSR parameterisation schemes, which is consist-
ent with previous studies. As the forecast lead time
increases, all the tracks predicted by the experiments devi-
ated slightly from the observed track, and the typhoon
moved northward faster than in the observations as it
approached the shallow water area. However, our results
show that the various parameterisation schemes used to
estimate SSR lead to significant differences in both typhoon
intensity and wave fields in the coupled atmosphere-wave
model. This indicates that air-sea interaction is modified by
the SSR parameterisation method. In other words, the SSR
parameterisation scheme affects the aerodynamic turbulent
roughness length, air-sea momentum and enthalpy fluxes,
resulting in changes in the wind velocity profiles.
Consequently, SSR influences the ocean surface wind
stress, which also affects the intensity of the ocean waves.

A change in drag coefficients due to the SSR parameter-
isation methods caused a change in typhoon intensity
because of frictional convergence changes (Kwon and Kim,
2017), which resulted in alteration of wind fields, and then
wave fields. Regarding the effect on surface winds, signifi-
cant wave height reduction is also induced by SSR increase,
which affects the intensity of ocean waves by decreasing the
wind speed over large SSR regions. Comparison of model
wave heights with observed data from a buoy indicates that
the increase in SSR reduced the wind speed, and conse-
quently energy transfer to the waves, resulting in smaller
wave heights. In addition, the increase in SSR produced an
increase in turbulent heat flux and rainfall rates, and the
change of momentum flux also has an influence on heat
and moisture transport via wind speed changes due to SSR,
although this is an indirect impact.

This work is based on a single TC forecast and there-
fore, the validation requires a large number of TC fore-
casts and the current study does not guarantee that the
use of wave age based parameterisation improves the skill
of TC intensity or structure prediction. However, the
results clearly show the magnitude of uncertainties given
by the different choice of SSR parameterisations, which is
the main objective of this study. It should be noted that
significant difference in both the forecast of TC intensity
and the wave fields is caused by the choice of SSR param-
eterisation even though air-sea coupling is useful for
improving TC intensity forecasts. In this study, our results
underlined the uncertainty and sensitivity of wave-induced
SSR parameterisations for a coupled NWP model.

Although the results in this study are deduced from the
case of a single typhoon, the SSR parameterisation
method which considered the input wave age clearly
showed improvement. This improvement is demonstrated
in the TC intensity, associated wave fields, and

precipitation in the coupled NWP model. These results
suggest that this parameterisation is more suitable for the
present application than the others. However, this cannot
be generalised too much, but this finding may be applic-
able empirically to the forecast of TC in some sense. In
the future, we plan to conduct further analysis using other
case studies. In addition, sea spray has a significant
impact on air-sea heat and moisture fluxes, and the evap-
oration caused by it favours for TC intensification by
enhancing the surface enthalpy flux. Therefore, the impact
of SSR parameterisation incorporating a sea spray factor
will also be examined using a coupled NWP model. We
expect that further study will enable us to gain a better
understanding of air—sea interactions and lead to improve-
ments in weather prediction, particularly for localised
severe weather. And finally, it may provide valuable guid-
ance as to which methods are useful for predicting wea-
ther phenomena in a coupled NWP modelling system.
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Appendix A
Sea surface roughness parameterisations

When wave fields are not used for calculation of sea
surface fluxes in the WRF (AW-CTL), the SSR is
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computed using the formulation proposed by Charnock
(1955). However, when sea states are considered in the
WRF, there are five available expressions for including
wave-induced roughness at the sea surface. In the
COAWST modelling system, three closure models have
been implemented for wave-induced SSR. The first is the
wave steepness-based model of Taylor and Yelland
(2001), which provides a good estimation of SSR under
swell conditions, but it produces underestimates in young
windseas (Drennan et al., 2005). The second closure
model is that of Drennan et al. (2003), which is based on
wave age, and neglects wave steepness, and shows a
better performance for young sea states. The third is the
model of Oost et al. (2002), in which the effect of the
wave steepness is indirectly considered along with the
wave age.

Table 1. A.1 Wind-dependent SSR

Experiment  Formula Reference Coefficients

AW-CTL % =g

w?

Charnock (1955) o
0.0185 (Wu, 1980)

where wu, represents the wind friction velocity, g the gravity
acceleration, and z, the sea surface roughness.

Table 2. A.2 Wave-dependent SSR

In addition to these, two more parameterisations were
implemented in this study; those of Janssen (1989, 1991)
and Moon et al. (2004). When the parameterisation of
Janssen (1989, 1991) is used, the SSR is estimated in the
wave model using the total stress, which is expressed as
the sum of turbulent, wave-induced, and viscous stress,
and then transferred to the atmosphere model. Moon
et al. (2004) used a fully coupled wave-wind model and
proposed a different relationship dependent on the input
wave age, which is the wave age determined by the peak
frequency of the wind energy input. In this study, the
regression constants for the parameterisation of Moon
et al. (2004) are used as suggested by Fan et al. (2012).

The simulation names, expressions, references, and
regression coefficients of the six parameterisations used for the
SSRs considered in this study are briefly described as follows:

Experiment Formula Reference Coefficients
AW-DR2003 2y (Q) B3 Drennan et al. (2003) Aj Bs
=) 3.35 -34
AW-002002 z—‘l‘ = Ay (i—‘) Oost et al. (2002) Ay By
N 50/2n —4.5
AW-TY2001 B=As (’LL) ’ Taylor and Yelland (2001) As Bs
» 1200 4.5
AW-MO2004 2 = Ag (f) ’ Moon et al. (2004) Asg Bs
1.85'223’3'10 0.012U3
Fan et al. (2012)
AW-JA1991 gz — _ 001 Janssen (1989, 1991) Ttot = Tturb + Twave + Tvis

2n oo S,
Twave = Pu Jo Jo (T)dcd()

where H, represents the significant wave height, C, the wave phase speed at the peak frequency, L, the wavelength at the peak of the

wave spectrum, and c,; the input wave age determined by peak frequency of wind energy input (f,).
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