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A B S T R A C T

To study the influence of ocean surface roughness on summer precipitation over the southeastern United States, we perform singular value decomposition (SVD)
analysis between the mean summer precipitations and the significant wave height from 1979 to 2017 over the Gulf of Mexico (GOM). The first dominant mode shows
that the swell energy in the northern GOM is much larger than that in the southern GOM, especially over the region adjacent to the southeastern United States (SE-
US). Meanwhile, the precipitation in the SE-US is much heavier than the other regions. Composite analysis shows that when the first pattern takes place, the wind
speed is much smaller near the region of the SE-US, the swell energy is much stronger. There is a cyclonic wind anomaly at 850 hPa over the SE-US, which results in
much stronger upward motion, therefore much heavier rainfall in this region. To further study the effect of the swell on the precipitation in the SE-US, we also design
two numerical experiments using the Coupled Ocean-Atmosphere-Wave-Sediment Transport (COAWST) Modelling System. In the control (CTL) experiment, the pop-
ular Charnock aerodynamical roughness length parameterization is adopted. In the other experiment, a newly developed wave-dependent roughness scheme is used.
The precipitation in the SE-US is better simulated in the wave-dependent roughness experiment than in the CTL experiment. In summer, the 10-m wind speed is much
weaker in the northeastern Gulf of Mexico, and that means the swell is dominant in this region. The wave-dependent surface roughness strengthens the wind, which
means that the momentum flux is transferred from the ocean to the atmosphere under swell dominant conditions. The increase of the shear term and the cyclonic
wind anomaly in the lower layers of the atmosphere leads to a stronger upward motion which makes rainfall much heavier in the SE-US.

1. Introduction

The wind stress at the sea surface represents the momentum ex-
change across the air-sea interface, which can influence many aspects
of air-sea interactions, such as the generation of capillarity and gravity
surface waves, ocean currents, and the mixed layers (Babanin et al.,
2012; Grachev and Fairall, 2001). The momentum exchange is the main
issue for many recent studies highlighting the impact of ocean waves on
the dynamical processes across the air-sea interface (Smedman et al.,
2003; Hanley and Belcher, 2008; Carlsson et al., 2009; Sullivan and
McWilliams, 2010; Sullivan et al., 2014; Jenkins et al., 2012;
Rutgersson and Sullivan, 2005; Wahle et al., 2017; Zou et al., 2017,
2018). Sea surface roughness is one of the important factors for under-
standing the relation between surface wind and air-sea momentum flux.
The modification of momentum, enthalpy and moisture exchanges by
the sea surface roughness affects the marine atmospheric boundary
layer (MABL) processes. A good understanding of the momentum trans-
fer between the wave field and the atmosphere is necessary. The classi-
cal Charnock relation (Charnock, 1955) is often adopted for atmos-

pheric and oceanic modeling to calculate the air-sea momentum flux,
which does not explicitly take into account the wave-state effects on the
sea surface roughness.

wave effects are commonly thought to be confined within a thin
layer above the water surface and are usually modeled as an aerody-
namic roughness length in atmospheric circulation models. However,
field observations, over Lake Ontario by Drennan et al. (1999), Baltic
Sea by Smedman et al. (1994), the Atlantic and Pacific Oceans by
Donelan et al. (1997) and Grachev and Fairall (2001)) and numerical
modelling (Sullivan et al. 2000, 2008; Rutgersson and Sullivan 2005;
Nilsson et al., 2012; Wu et al., 2017) have shown that the atmospheric
surface layer can be strongly modulated by waves, especially swell
wave.

The southern United States (US) is vulnerable to floods, droughts,
hurricanes, and severe thunderstorms. Precipitation in this region is
strongly affected by moisture transport from the Gulf of Mexico and is
also related to the large-scale processes, including El Niño-Southern Os-
cillation (ENSO) (e.g., Arcodia et al., 2020), North Atlantic Oscillation
(NAO) (e.g.,Schubert et al., 2009), North Atlantic subtropical high
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(NASH) (e.g., Li et al., 2011), and the Great Plains low-level jet (GPLLJ)
(e.g., Weaver and Nigam 2008). Ocean surface waves can play an active
role in the climate systems. However, the effect of wave-dependent
roughness on the climate systems is not well understood. Shimura et al.
(2017) implemented wave-dependent surface roughness within the
GCMs. They found that in the climate simulations with wave-dependent
roughness, the reduced roughness and enhanced wind speeds in the
tropics (enhanced trade winds) lead to an enhancement of the Hadley
circulation. The spatial and temporal distribution of precipitation is
also changed by the wave-dependent sea surface roughness.

The work presented here focuses on understanding how wave-
dependent roughness impacts precipitation in the southeastern U.S. To
achieve the objective, both data analysis using the singular value de-
composition (SVD; Bretherton and SmithWallace, 1992; Wallace et al.,
1992) and the numerical simulations using a coupled atmosphere-wave
model are conducted. The atmosphere-wave interaction is modeled
with two different parameterizations for sea surface roughness. One is a
wind-dependent roughness parameterization (Porchetta et al., 2019)
and the other is a wave-dependent roughness (Charnock, 1955). The
impacts of wave-dependent roughness on the atmospheric are investi-
gated by comparing the wave-dependent simulation with those that
have only wind-dependent roughness. The rest of the paper is organized
as follows, Section 2 presents data and methods, section 3 introduces
the model and the configuration, Section 4 is the results, the discussions
and conclusions are followed by Section 5.

2. Data and methods

The significant wave height, meridional and zonal 10 m wind,
850 hPa geopotential height and wind vectors are from ERA Interim
product (Dee et al., 2011, 2014). ERA-Interim product can be down-
loaded from ECMWF's data archives, it has a horizontal spatial resolu-
tion of 0.75° × 0.75° and 60 vertical pressure layers from the surface to
0.1 hPa. Its coverage period begins in January 1979 to August 2019.
The four daily analyses at 0000, 0600, 1200, and 1800 UTC are ob-
tained by four-dimensional variational (4D-VAR) analysis systems with
a 12 h analysis window (Courtier et al., 1994; Simmons et al., 1999).
The wave-model component of ERA-Interim is based on the 3rd genera-
tion spectral wave model (WAM model) and has a horizontal resolution
of 110 km. The wave model is run with shallow water physics where
appropriate and discretized using 24 directions and 30 frequencies.
More information can be found in Berrisford et al. (2011).

The gridded daily precipitation data used in this study is the Na-
tional Oceanic and Atmospheric Administration (NOAA) Climate Pre-
diction Center (CPC) Daily US Unified Gauge-Based Analysis of Precipi-
tation Data (Chen et al., 2008), which is available from https://
psl.noaa.gov/data/gridded/data.unified.daily.conus.html. The gauge
analysis here covers the United States on a fine-resolution of
0.25° × 0.25°and is quantitatively consistent with that covering the
global land on a coarser resolution (i.e., 0.5°). The CPC analysis pro-
vides 24-h precipitation accumulations each day (1200-1200 UTC), and
it spans from 1948 to present.

Our primary tool for data analysis is SVD, a technique designed to
identify pairs of spatial patterns describing the maximum temporal co-
variance between two fields, for example, precipitation and significant
wave height. As input to the SVD routine, we use anomaly fields nor-
malized by the standard deviation at each grid point. We perform SVD
analysis between the mean summer precipitation fields (left field) and
the significant wave height (right field) from 1979 to 2017 over the
Gulf of Mexico (GOM). The summer season is referred to June-July-
August (JJA). Composite analysis is also used in this study, which is a
useful tool to smooth out the anomalies of individual cases and refine
the most prominent dynamic and thermodynamic features.

3. Model description and configuration

The model used is the Coupled Ocean-Atmosphere-Wave-Sediment
Transport (COAWST) Modelling System (Warner et al., 2010), which
includes three state-of-the-art advanced numerical model components
representing the atmosphere, ocean and wave environments. Previ-
ously, the COAWST model has been applied to study wave-current in-
teraction in the Gulf of Mexico (Abolfazli et al., 2020). In this study, the
modelling system is consisted of two model components: atmosphere
(Weather Research and Forecasting, WRF) and wave (Simulating Waves
Nearshore, SWAN). SWAN is coupled to WRF model through the Model
Coupling Toolkit (Larson et al., 2005).

WRF is the next generation, fully compressible, non-hydrostatic,
prognostic model suitable for idealized and realistic numerical simula-
tions of the atmosphere, allowing to run on different scales ranging
from synoptic to mesoscale. The model with the Advanced Research
WRF (ARW) dynamical core (Skamarock et al., 2008) is used in this
study, it uses a terrain-following hydrostatic-pressure coordinate in the
vertical. Over the land, the model has four soil layers, and the unified
Noah land-surface model (Chen and Dudhia, 2001) is used. The other
physical options include the Rapid Radiative Transfer Model (RRTM)
longwave radiation (Mlawer et al., 1997), Dudhia shortwave radiation
(Dudhia, 1989); the Kain-Fritsch cumulus parameterization scheme
(Kain, 2004), the WRF single moment 6-class (WSM 6) microphysics
scheme (Hong and Lim, 2006), and the Mellor-Yamada-Nakanishi and
Niino (MYNN) planetary boundary layer (PBL) scheme (Nakanishi and
Niino, 2006).

The SWAN model is the third-generation, phase averaged, wind
wave model based on the spectral action balance equation (Booij et al.,
1999). In this study, the exponential growth of wind input and white-
capping parameterization developed by Komen et al. (1984) is used,
and the parameterization for bottom friction is the one based on the em-
pirical JONSWAP formulation (Hasselmann et al., 1973). The depth-
induced wave breaking is included using the parameterization of
Battjes and Janssen (1978) with proportionality coefficient of the rate
of dissipation (α = 1.0) and the ratioγof maximum individual wave
height over depth (γ = 0.73).

To further investigate the possible influence of the swell on the pre-
cipitation in the SE-US, we also design two experiments (Table 1) using
the COAWST model. In the control (CTL) experiment, the Charnock
aerodynamical roughness length parameterization is used, where α is
the Charnock parameter and is assumed to be constant (Charnock,
1955). This parameterization is intended to effectively for fully devel-
oped wind waves over deep water. The other parameterization is pro-
posed by Porchetta et al. (2019) (hereafter abbreviated as PS2019),
which modifies the parameterization by Drennan et al. (2003) that has
a poor performance in regions of swell. Drennan et al. (2005) suggested
that a more elaborated roughness length parameterization including
not only the swell magnitude but also the direction of the swell waves
could improve the model. In the PS2019 experiment, the dependence
on the alignment between wind and wave directions has taken into ac-
count. Using this new roughness length parameterization in numerical
models might facilitate a better representation of the momentum trans-
fer between the sea surface and the atmosphere. The impacts of wave-

Table 1
The design of the experiments.
Experiment Formula Reference

CTL Fairall et al. (2003)

PS2019 Porchetta et al. (2019)

Where Hs represents the significant wave height, Cp the wave phase speed at
the peak frequency.
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dependent roughness on the atmospheric are investigated by compar-
ing the wave-dependent simulation with those that have only wind de-
pendent roughness.

The WRF model domain (the outer box in Fig. 1) is centered at 25°N,
88°W with dimensions of 296 × 246 horizontal grid points and spacing
of 9 km, and 45 vertical levels, which are unevenly distributed in the
vertical from the surface to 50 hPa (top of the model). The simulation
was driven with initial conditions from National Centers for Environ-
mental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR)
Version 2, and lateral boundary conditions are updated every 6 h. The
analyses are available on the surface, and on 37 pressure levels from
1000 to 1 hPa, available from http://dss.ucar.edu/datasets/ds094.0/.
The SWAN domain (the inner box in Fig. 1) is on a rectangular grid with
a horizontal grid spacing of 5 km. The spectral directional resolution is
10°.

When coupling with SWAN model, WRF provides the wind speeds
for the SWAN and it gets significant wave heights (Hwave), peak peri-
ods (Pwave) and peak wavelengths (Lwave) from the SWAN model in
order to estimate the wave-dependent sea surface roughness (z0) at the

Fig. 1. The domain of the atmosphere-wave coupling model and topography
(unit: m). The outer box is the WRF domain, and the inner box is for SWAN do-
main. The exact positions of 19 buoy stations are picked from the National
Data Buoy Center (NDBC) are also marked with asterisk.

ocean-atmosphere interface according to Porchetta et al. (2019) every
30 min.

4. Results

Fig. 2 shows the first two significant coupled modes of co-variability
with the first dominant mode explaining 48.6% while the second cou-
pled mode explaining 34.6% of the total covariance. The significant
wave height of Fig. 2c shows a similar pattern with the mean swell en-
ergy proportion to the total wave energy at the surface (Fig. 2a) follow-
ing the method of Högström et al. (2015). In summer, the swell energy
in the northern of GOM is much larger than that in the south part, espe-
cially over the region which is adjacent to the southeastern part of the
United States (SE-US). When this wave pattern takes place, the precipi-
tation (Fig. 2a) in the SE-US is much heavier than the other re-
gions.When comes to the second mode, there will be more precipitation
(Fig. 2b) in the northern part of the United States, and the maximum is
located in the middle of the United State. At the meanwhile, there will
be less precipitation in the SE-US. The significant wave height of Fig. 3d
show a similar pattern with the mean magnitude of wind stress (Fig. 3b,
calculated following the method of Zijlema et al. (2012)) in summer
over the GOM. Overall, the mean magnitude of wind stress is much
smaller in the eastern part of GOM than the western part.

Fig. 4 displays the normalized time coefficients series corresponding
to the left and right singular vector in the first mode of SVD analysis of
US precipitation and significant wave height in the summer from 1979
to 2017. These two time series have a correlation coefficient of about
0.7. Years with normalized time coefficients values larger than 0.5
standard deviation from the times series mean are defined as high (pos-
itive values) anomaly years. The low (negative values) anomaly years
are referred to when the normalized time coefficients values smaller
than −0.5 standard deviation. Fig. 5 shows the precipitation and signif-
icant wave height differences between the higher and lower anomaly
years. Both of them depict a similar pattern with the first coupled mode
displayed in Fig. 2. That is to say that when the precipitation in the SE-
US is much heavier than the other regions, the significant wave height
over the region which is adjacent to SE-US is much higher.

The analysis of satellite data and reanalysis wave hindcasts (Hanley
et al., 2010; Semedo et al., 2011) shows that the swell is dominant at
least 70% of the time in the mid and high latitudes and 95% dominant
in the tropics. In summer, the wind is much weaker near the region of
the SE-US, the swell energy is much stronger and is dominant in this re-
gion. It has been confirmed that there is upward momentum flux by

Fig. 2. The first (a,c) and second mode (b,d) of SVD analysis of US precipitation (top; unit:mm/h) and significant wave height (bottom; unit:m).
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Fig. 3. The spatial distribution of the mean summer swell energy proportion to the total wave energy (a) at the surface and wind stress (b; unit:N/m2) calculated from
the ECMWF data.

Fig. 4. The normalized time coefficients series corresponding to the left and
right singular vector in the first mode of SVD analysis of mean summer US pre-
cipitation and significant wave height from 1979 to 2017.

several field measurements and numerical simulations (eg., Smedman
et al., 1999; Grachev and Fairall, 2001; Sullivan et al., 2008; Semedo et
al., 2009) under swell conditions, which means that the momentum
flux is transferred from the wave field to the atmosphere. Fig. 6 displays
the 850 hPa geopotential height and wind vector differences between
the higher and lower anomaly years. It can be seen that there is a cy-
clonic wind anomaly at 850 hPa in the SE-US, which indicates that a
stronger upward motion caused by the convergence in the lower of the
atmosphere will make a heavier rainfall in this region.

To further investigate the possible influence of the swell on the pre-
cipitation in the SE-US, we also conduct two experiments (Table 1) us-
ing the COAWST model. Both the CTL and the PS2019 experiment is
simulated from June to August in 2017. The year is chosen for the rea-
son that both of normalized time coefficients values of the first mode
are larger than 0.5 standard deviation from the times series mean.

To validate the model performance, we define two variables: Bias,
and the root mean square error (RMSE). Bias is a way of measuring the
mean error in the model and can show if the model tend to produce
over- or underestimated values.

(1)

where N is number of grids, xm is the modeled value and xobs is the
observed value. The root mean square error (RMSE) also describes the
error in the model but gives more weight to outlying values thus pro-
viding further information about the spread in error size.

(2)

Fig. 5. The precipitation (a; unit: mm/h) and significant wave height (b;
unit:m) differences between the higher years and lower years.

Nineteen buoy stations from the National Data Buoy Center (NDBC)
are used for model validation of the 10-m wind speed. The locations of
the selected buoys are also marked with asterisk in Fig. 1. Table 2 dis-
plays the monthly mean Bias and RMSE in this two experiments, it can
be seen that in has a negative BIAS overall in the PS2019 experiment,
while the RMSE is much smaller compared with the CTL experiments.
Overall, the performance of the PS2019 experiment is much better.

Fig. 7 displays the spatial distribution of the mean precipitation in
both experiments and the difference between them. In summer, the
heavy precipitation is mainly located in the SE-US. The SE-US precip-
itation in the PS2019 experiment is evidently stronger that in the
CTL experiment, which is the same as in the observation (Fig. 2a).
Fig. 8 shows the spacial distribution of the 10-m wind speed. In the
northeastern GOM, the 10-m wind speed is much smaller relative to
the surrounding region. The swell can create significant variation in
the drag at lower wind speeds and have moderate effect at higher
wind speeds (Vincent et al., 2020). The wave-dependent surface
roughness increases the simulated wind speed (Fig. 8c). The physical

4
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Fig. 6. The 850 hPa geopotential height (shading; unit: gpm) and wind vector differences (vectors; unit: m/s) between the higher and lower anomaly years.

Table 2
The mean BIAS and RMSE of the 10-m wind speed (unit:units: m/s) in differ-
ent experiments compare with the buoy.
Station BIAS RMSE

CTL PS2019 CTL PS2019

42001 −0.27 −0.44 2.31 2.3
42002 −0.03 −0.42 2.46 2.38
42003 0.25 0.12 2.45 2.37
42012 0.27 0.14 2.68 2.58
42013 −0.03 −0.29 2.4 2.35
42019 −0.13 −0.61 2.65 2.52
42020 −0.43 −0.77 2.58 2.62
42022 0.03 −0.21 2.33 2.3
42023 −0.09 −0.21 2.18 2.13
42035 −0.14 −0.51 2.66 2.54
42036 0.54 0.31 2.63 2.46
42039 0.48 0.31 2.7 2.58
42040 0.44 0.26 2.87 2.72
42043 0.18 −0.05 2.74 2.35
42044 0.67 0.36 2.33 2.21
42045 0.32 −0.04 2.71 2.62
42047 −0.21 −0.55 2.8 2.57
42055 0.07 −0.25 2.6 2.43
42056 0.1 −0.28 2.35 2.17

explanation for this wind strengthening is that ocean waves supply
momentum to the atmosphere instead of extracting momentum as
they do in the wind wave conditions.

Fig. 9 shows the spatial distribution of 850 hPa wind and geopoten-
tial height difference, there is a cyclonic wind anomaly at 850 hPa in
the SE-US, which is similar to that in Fig. 6. The vertically integrated
moisture flux between 1000 hPa and 100 hPa (Fig. 10) in the PS 2019
experiment is much larger than that in the CTL experiment, which
makes the precipitation much larger in the SE-US.

Turbulent kinetic energy (TKE) is a measure of turbulence and mix-
ing in the atmosphere; it is directly related to the transport of momen-
tum, heat and moisture through the MABL. Thus, understanding the
variation of individual budget terms is crucial for understanding energy
exchange mechanism within the MABL. The MYNN scheme in the WRF
model is a popular, high-order closure PBL scheme. TKE prognostic
equation in MYNN takes the form of

Fig. 7. The spacial distribution of the mean precipitation (shading; unit: mm/h)
in CTL experiment (a) and PS2019 experiment (b), the difference between them
is illustrated in (c).

(3)

where q2 (= ) is twice the turbulent kinetic energy per
unit mass, (u', v', w') are the turbulent velocity components, ( , , )
denote the mean components, and the angled brackets denote an en-
semble average. Here is the turbulent component of potential tem-
perature and is the mean component, and is the dissipation rate of
TKE, given by

5
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Fig. 8. The spacial distribution of the mean 10-m wind speed (shading; unit: m/s) in CTL experiment (a) and PS2019 experiment (b), the difference between them is
illustrated in (c).

Fig. 9. The spacial distribution of the mean 850 hPa wind (vectors; unit: m/s) and the geopotential height (shading; unit: gpm) in CTL experiment (a) and PS2019 ex-
periment (b), the difference between them is illustrated in (c).

6
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Fig. 10. The spacial distribution of the vertically integrated moisture flux be-
tween 1000 hPa and 100 hPa (unit: × 10−6 g/s/cm2) difference between the
two experiments.

(4)

where B1 is a closure constant and L is the mixing length.
The second-order turbulent fluxes such as , are expressed in

terms of gradient diffusion by

(5)

where SM and SH are stability functions for momentum and heat, re-
spectively.

The first term on the right-hand side (hereafter abbreviated as RHS)
of equation (3) denotes buoyancy production (QBUOY). The other

terms on the RHS denote shear production (QSHEAR), turbulence trans-
port of TKE (QWT), and parameterized dissipation of TKE (QDISS), re-
spectively; the formulations of these terms can be found in Nakanishi
and Niino (2006). These terms can be output by the WRF model di-
rectly. Fig. 11 displays vertical distribution of the twice TKE, QBUOY,
QSHEAR, and QWT difference averaged from 24°N to 35°N between the
two experiments. The twice TKE has an increase in the region from
90°W to 82°W relative to the CTL experiment. The QSHEAR term shows
a similar pattern with twice TKE, which has the largest difference com-
pared to the other terms. The QBUOY and QSHEAR terms are sources
for TKE, the QWT term can only redistribute the TKE vertically and the
last one is a sink for TKE. The QSHEAR term is the main source for the
change of TKE. In the summer, the wind speed is much smaller near the
coastal region of the SE-US, the swell energy is much stronger and dom-
inant in this region. There will be more momentum transferred from the
wave field to the atmosphere, and shear term can contribute to the in-
crease of TKE, making the MABL more turbulent. There is a cyclonic
wind anomaly at 850 hPa in the SE-US, which indicates that a stronger
upward motion caused by the convergence in the lower of the atmos-
phere leads to a heavier rainfall in this region.

5. Discussions and conclusions

We perform SVD analysis between the mean summer precipitations
fields and the significant wave height from 1979 to 2017 over the Gulf
of Mexico. In summer, the swell energy in the north of Gulf of Mexico is
much larger than that in the south part, especially over the region
which is adjacent to the SE-US region. When the swell energy domi-
nates, the precipitation in the SE-US is much heavier than the other re-
gions. Composite analysis of precipitation and significant wave height
differences between the higher and lower anomaly years depict a simi-
lar pattern with the first coupled mode in the SVD analysis. In summer,
the wind speed is much smaller near the region of the SE-US, the swell
energy is much stronger. It has been found that there is upward momen-
tum flux by several field campaigns and numerical simulations (eg.,
Smedman et al., 1999; Grachev and Fairall, 2001; Sullivan et al., 2008;

Fig. 11. The vertical distribution of the twice TKE (a; unit: m2/s2), QBUOY (b: unit: m2/s2), QSHEAR (c; unit: m2/s2), and QWT difference (d: unit: unit: m2/s2) aver-
aged from 24°N to 35°N between the two experiments.

7
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Semedo et al., 2009) under swell conditions, which means that more
momentum flux is transferred from the wave field to the atmosphere.

To further study the effect of the swell on the precipitation over the
SE-US, we also design two experiments using the COAWST model: One
(CTL) using the Charnock aerodynamical roughness length parameteri-
zation (Charnock, 1955) and the other (PS2019) using a parameteriza-
tion proposed by Porchetta et al. (2019), which takes into account the
dependence on the alignment between wind and wave directions. Nine-
teen buoy stations from the National Data Buoy Center (NDBC) are used
for model validation of the 10-m wind speed. Simulated with speed is
much better in the PS2019 experiment than in the CTL experiment.

The simulated precipitation over the SE-US in the PS2019 experi-
ment is evidently larger than that in the CTL experiment. In the north-
eastern Gulf of Mexico, the 10-m wind speed is much smaller relative to
the surrounding region. The wave-dependent surface roughness will
make the wind speed increase. There will be more momentum trans-
ferred from the wave field to the atmosphere, and shear term can con-
tribute to the increase of TKE, making the MABL more turbulent. At the
same time, there is a cyclonic wind anomaly at 850 hPa in the SE-US,
which indicates that a stronger upward motion caused by the conver-
gence in the lower of the atmosphere will make a heavier rainfall in this
region. The vertically integrated moisture flux in the PS2019 experi-
ment is much larger than that in the CTL experiment, which makes the
precipitation much heavier in the SE-US.

Transfers of momentum and heat flux between the atmosphere and
wave play an important role in weather and climate. Predicting the evo-
lution of sea states under wind forcing in the ocean through atmos-
phere-wave coupled systems requires a fundamental understanding of
the mechanisms of atmosphere-wave interaction. The wave-dependent
physical processes are either parameterized simply using ocean surface
winds or are not considered in many other atmospheric models. An in-
accurate sea surface roughness parametrization is likely to contribute to
systematic errors in the large-scale circulations within GCM simula-
tions.

In addition, ocean waves are generally thought to act as a drag on
the surface wind with a downward momentum transfer from the atmos-
phere into the waves. Observations (Smedman et al., 1994; Donelan et
al., 1997; Drennan et al., 1999; Grachev and Fairall, 2001) during swell
dominated conditions have reported that momentum can also be trans-
ferred from the waves into the atmosphere. This upward momentum
transfer leads to an acceleration of the wind near the free surface, most
of the atmosphere-ocean coupled models only allow the momentum
transfer to be directed from the atmosphere to the ocean. Sea surface
roughness parameterization that includes the angle between the wind
and the wave direction is consistent with the wind profiles obtained by
the large eddy simulation (LES) of Sullivan et al. (2000). Porchetta et al.
(2019) showed that although the wave propagating direction deviates
from the wind direction to a certain extent in the case of wind waves,
the wave propagating direction deviates from the wind direction to a
greater extent in the case of swell condition. This roughness parameteri-
zation can improve model performance in the swell dominated regions,
which will be an effective method to study the influences of the swell to
the precipitation in the SE-US. In this work, we do not consider ocean
circulation in order to study impacts of wave-dependent roughness on
atmospheric climate. Investigation of impacts on atmosphere-ocean cli-
mate is the next step of this work.
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