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S1. Details of the governing equations for the atmospheric and wave models

The atmospheric model

We employ the Advanced Research WRF (ARW) core of version 4.2.2 WRF modeling system
to simulate hurricanes. The WRF model is an extensively used atmospheric modeling system
designed for numerical weather prediction (Skamarock et al. 2008). The ARW solver of the WRF
model features the fully compressible non-hydrostatic Eulerian equations with available
hydrostatic options. It adopts the Arakawa C-grid in the horizontal directions, e.g., the east-west
velocity component. In the vertical direction, a terrain-following sigma coordinate based on the
hydrostatic pressure (Park et al. 2013; Laprise 1992) is employed. The governing equations
continuity and momentum equations of WRF can be written as

at,ud + a]U] =0 ,

0:U; + u;0;U; + pgadip + aidanpaﬂp(&l +0i2)— g (aid opp — .Ud) 8i3 = F;.

Pd—DPt

7 denotes the vertical coordinate as n = — where pg is the hydrostatic pressure, p; and p; are

Pt

respectively the hydrostatic pressure at the bottom and top boundaries. In the above equations,

u; = (u,v,w) fori = (x,y,n) is the covariant velocity in horizontal and vertical directions. The

. ) . d ) _
vertical coordinate metric is defined as y; = alnd and U; = pyu; is the velocity in flux form. The

inverse density of dry air and the inverse density of the full parcel of air are defined as a4 and a.
g 1s the gravitational acceleration and ¢ is the geopotential height. Here, the full pressure p is the
sum of the water vapor and dry air pressures. The right-hand side F; is the forcing term that

represents the model physics, projections, sinks, and sources.

Instead of resolving the eddy down to their smallest scales, the Planetary Boundary Layer
(PBL) scheme is used to model the sub grid scale (SGS) fluxes in the entire atmospheric column
including the mixed boundary layer and the stable layer. Previous studies show that there are
significant differences between the hurricane boundary layer and the regular atmospheric boundary
layer (Momen et al. 2021; Zhang et al. 2017, 2009, 2011; Zhang 2010; Li et al. 2019). In the
current study, the Yonsei University scheme (YSU) PBL scheme (Hong et al. 2006; Hong 2010)
and Mellor-Yamada-Janjic (MYJ) PBL scheme are considered (Janji¢ 1990, 1994; Mellor and
Yamada 1982).



For all simulated cases, the initial and boundary conditions are obtained from the National
Centers for Environmental Prediction (NCEP) FNL Operational Global Analysis data (NCEP
National Centers for Environmental Prediction/National Weather Service/NOAA/US Department
of Commerce 2000). This data is from the Global Data Assimilation System (GDAS) and the FNLs
are made in the Global Forecast System (GFS). The initial and boundary conditions are available
on 1-degree resolution and provided operationally every six hours. For the atmospheric
simulations, the time steps are selected to ensure the Courant-Friedrichs-Lewy (CFL) values based

on the maximum wind speed to not exceed 0.5.

The wave model

The wave model adopted in this study is Simulating Waves Nearshores (SWAN). SWAN is a
third-generation wave model mainly used for simulating wind-generated surface gravity waves by
solving the Eulerian formulation of the two-dimensional discrete spectral balance of action density
equation with many different types of parameterizations including wind wave growth, white
capping, wave breaking, and wave-wave interaction (Ris et al. 1999). The evolution of the wave

spectrum can be described as follows (Holthuijsen 2010; Hasselmann et al. 1973)

ON = 0cyN . OcyN = 9dcgN . OcgN S
_+ x_l_ Y + a 0 -2

ot ox oy do 20 o’

where N(x,y,0,0) = E(x,y,0,0)/0 is the action density spectrum, and E (x, y, g, 8) shows the
wave energy density spectrum. In this formula, x and y are Cartesian coordinates, o is the relative
frequency as observed in a frame of reference moving with the current, and 6 is the wave direction
normal to the wave crest of each spectral component. The first term on the left-hand side denotes
the local change rate of action density in time, the second and third terms represent the propagation
of wave action density in geographic space with wave group velocities ¢, and c,,, respectively.
The fourth term is the changes of the relative frequency due to the velocity c, in the frequency

space, and the fifth term is the refraction due to the cy in the directional space.

Previous studies have shown that the action density spectrum N (x,y, g, 8) is conserved in the
presence of the ambient ocean current while the energy density spectrum is not (Warner et al.
2010; Ris et al. 1999). If the wave spectrum is represented by the action density spectrum
N(x,y,0,0), the balance equation would be a hyperbolic type of equation. One of the features of

the hyperbolic equation is that it retains the initial disturbances. The state in a grid point is



determined directly by that in the upwave grid point. Thus, a first-order implicit upwind scheme
is formulated to discretize the SWAN governing equation in both the geographical and spectral

space. For the spectral space, a second-order central approximation is supplemented.

The Coupled Ocean-Atmosphere-Wave-Sediment Transport (COAWST) Modeling System
(Zambon et al. 2014; Olabarrieta et al. 2012; Warner et al. 2010) is used for the WRF-SWAN
coupled cases in this study. The Model Coupling Toolkit (MCT) is selected as the coupler in the
COAWST system to exchange data fields between the atmospheric model, the ocean model, the
wave model, and the Community Sediment Transport Model (Jacob et al. 2005; Warner et al.
2008). In this paper, the atmospheric model WRF-ARW provides surface wind speed at 10m —
U,o and V; — to the wave model SWAN. Then, the wave model SWAN estimates the significant
wave height H,, and mean wavelength L,, for calculating the aerodynamic roughness length in the
WRF-ARW atmospheric model. The two-way coupled system is made possible by the MCT

coupler.

For the wave simulations, SWAN has four options for the initial condition. The default initial
spectra are computed from local wind velocities with a Joint North Sea Wave Project JONSWAP)
shape. The second option is the zero initial spectral densities, meaning that the waves are generated
in the wave model only by the wind. The third option is to set the wave spectrum in the entire
computational domain based on wave parameters like significant wave height, peak or mean wave
period, etc. The fourth option is to read the initial wave field from restart files. In this study, after
testing all the options, we select the third option to create a JONSWAP wave spectrum. For strong
hurricanes, the significant wave height is set to 8 m and the mean wave period is set to 14 s. For
weak hurricanes, the significant wave height and the mean wave period are 4 m and 7 s,
respectively. This setting provided the best results for the considered hurricane cases. In the
directional space, the number of mesh is set to 36, while in the frequency space, the number of

mesh is set to 25 with the frequency ranges from the 0.04 Hz to 1 Hz.
S2. The sensitivity of category 3-5 hurricane forecasting accuracy to various
models and values of surface momentum roughness length

We also examined the sensitivity of surface momentum roughness to category 3-5 hurricane

forecasting accuracy using different models including WRF-COAWST, WRF-YSU-1, and WRF-



YSU-2. The hurricane intensity, track, and surface roughness are depicted in Figs. S1, S2, and S3,
respectively. As indicated in the results, the overall intensity predictions in these strong hurricanes
are improved among the three considered models using the relatively smaller surface momentum
roughness length values.
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FIG. S1 | The hurricane intensity with various surface momentum roughness lengths from different models
using 8 km grid spacings.
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FIG. S2 | The hurricane track with various surface momentum roughness lengths from different models
using 8 km grid spacings.
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FIG. S3 | The averaged surface momentum roughness over the hurricane eyewalls with various surface
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S3. The sensitivity of category 1-2 hurricane forecasting accuracy to various

models and values of surface momentum roughness length

Cristobal (COAWST) Gert (COAWST) ke (COAWST)

80 80 80
< 70 (a) 70
E/()U 60
5. 50 C e et o0
TN SIS T TN TN L0
F30{ s . e, oL B0
=2 2
— 10 10 10
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
s Joaquin (COAWST) © Nicole (COAWST) Time Series (hr)
—~ 4 J
n -, d - e
.70 ( ) 70 ( ) = Best Observed Track
g 6 -~
VSB ~ (r)g -, 2 s =+ Clzcoawst = 0.0001
‘E;O o et s et JIO }I‘\\' i “ Clzcoawst = 0.01
%30 el em =T . 304 €. T et = = Clzcoawst = 1
=2 et . 20 . : **» Clzcoawst = 100
0 - — 10
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
8 Cristobal (YSU-1) %0 Gert (YSU-1) <0 Ike (YSU-1)
—~ 4
= 70f (F) 70
Eoo 60
290 RS 50
TA| AITEES ez | 0
T 301 & ... 30
=2 et T 20
10 10 10
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
%0 Joaquin (YSU-1) . Nicole (YSU-1) Time Series (hr)
— J
w0l (i
E 70 ( ) 70 (J) N = Best Observed Track
=3 .. B d BTy £ . =+ Claysut = 0.0001
.‘?4{) Z\._. —.-.__;-‘ ~ | 40 .I e Clzysy-1 = 0.01
2] . N === = : - = Cloyeyg = 1
£330 . 301, - 2YSU-1
=20 MR 20 R . T * =+ Clzysy-1 = 100
~ 10 - P 10 -
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
© Cristobal (YSU-2) “ Gert (YSU-2) “ Tke (YSU-2)
= 7o) (k) 701 (1) 701 (m)
=
£ 60 60 R T e
=50 o 50 50 L
T ST em | 40 10] 4=
=20 N N 20 201 0 Trrrreesmmtt
~ 10 10 10
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
" Joaquin (YSU-2) " Nicole (YSU-2) Time Series (hr)
—
0~ n = (6]
? {‘U ( ) 70 ( ) ’. = Best Observed Track
20 01N, RIS N = Clavsus = 00001
=001 e m = T 501 & > .~ Clzyai_o = 0.01
AN D S——— T | a0 Y CNlal S Jlzysy—s = 0.
g 0f ., T T T 77 301 #, = = Clzysyo=1
2] Creeeaaii e 0] Trreaaa.ertTTT . o Claysy—s = 100
10 10

0 6 12 18 24 30 36 42 48 "0 6 12 18 24 30 36 42 48
Time Series (hr) Time Series (hr)

FIG. S4 | Weak hurricanes intensity timeseries for various surface momentum roughness length models
using 8 km grid spacings.



Cristobal (COAWST)
E

21°N Pl
93°W 90°W 87°W 84°W

T6°W 72°W 68°W T7.5°W 70°W 62.5°W
Joaquin (COAWST) Nicole (COAWST)

42°N
40°N 40.5°N —=— Best Observed Track
38N 39°N - ¢~ Clzcoawst = 0.0001

36°N 375°N s Clzcoawst = 0.01
34N .
. 36°N
s 345°N
SN 5
28°N 33N
6°W 62°W 56°W 625°W 57.5°W 525°W 47.5°W

Clzcoawst = 1
Clzcoawst = 100

T6°W 72°W 68°W T1.5°W 70°W 62.5°W
Joaquin (YSU-1 Nicole (YSU-1)

42°N
40°N 40.5°N —=—  Best Observed Track
38N 30°N e~ Clzysu_; = 0.0001

36°N

37.5°N v ~1=0.01
34°N 36N 2YSU-1
32°N me- (Claygyo1 =1
30°N 34.5°N Cede e CleSU—l =100

28°N 33°N
68°W 62°W 56°W 62.5°W 57.5°W 52.5°W 47.5°W

FE
93°W 00°W ST 84°W

T6°W 72°W 68"W TT5W T0W 625°W
Joaquin (YSU-2 Nicole (YSU-2)

42°N
40°N 40.5°N —=— Best Observed Track
38N 39°N - Clzysy—z = 0.0001

36°N

37.5°N e (Ol _o=10.01
34°N 36N 2YSU—2
32°N me- (Clzysyo=1
30°N 34.5°N o Clzysu_g = 100

28°N 33°N
68°W 62°W 56°W 62.5°'W 57.5°W 52.5°W 47.5°W

FIG. S5 | Weak hurricanes track with various surface momentum roughness lengths from different models
using 8 km grid spacings.

The sensitivity of surface momentum roughness to category 1-2 hurricane forecasting accuracy
using different models including WRF-COAWST, WRF-YSU-1, and WRF-YSU-2 are

investigated in this section. The hurricane intensity and track are depicted in Figs. S4, and S5,



respectively. Different from the strong hurricanes, for the weak hurricanes, the default cases
outperform other cases, indicating that the original surface momentum roughness is optimum for

considered category 1-2 hurricanes.

S4. The impacts of surface momentum roughness on hurricane forecasting

using various grid spacings
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FIG. S6 | The time series of hurricane intensity with various surface momentum roughness lengths for
WREF-YSU-1 using 2 km grid spacings.
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FIG. S7 | The time series of hurricane intensity with various surface momentum roughness lengths for
WRF-YSU-1 using 32 km grid spacings.
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FIG. S8 | The normalized intensity MAPE with various surface momentum roughness lengths for WRF-
YSU-1 using 2 km, 8 km and 32 km grid spacings. The error bars show the range from the 20™ percentile
to the 80™ percentile. (a) shows the statistics for category 3-5 hurricanes, while (b) shows the statistics for
category 1-2 hurricanes.
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To examine the grid resolution dependency of our results, we carried out three computational
grid spacings of 2 km, 8 km, and 32 km for WRF-YSU-1. The time series of hurricane intensity
for 2km and 32km are show in figure S6 and S7. Figure S8 shows the normalized intensity MAPE.
For category 3-5 hurricanes, compared with cases using the default momentum roughness,
decreasing the surface roughness length improves the wind intensity regardless of the grid
resolution. On the other hand, for category 1-2 hurricanes, the cases using the default momentum
roughness perform the best. These results show that our findings on the impacts of surface
momentum roughness on hurricane forecasting accuracy are general and applicable for different

grid resolution simulations.

S5. Mean Absolute Error Metric

We also calculated the absolute error metric for wind intensity of the default cases. As Fig. S9
indicates, the results are similar to MAPE, and YSU-1 has the best performance in predicting the
intensity of the hurricanes in the considered cases.

)
o
o

15.0 1

M AEntensity (m/s)

0.0-

B WREF-MYJ B WRF-YSU-0 T WRF-YSU-2
El WRF-COAWST 0 WRF-YSU-1

FIG. S9 | Overview of the simulated results for hurricane absolute mean 10 m wind intensity forecast errors
from different models using their default momentum roughness lengths with 8 km grid spacing. The error bars
show the range from the 20™ percentile to the 80™ percentile of the errors. In total, 450 samples from 50
simulations (10 hurricanes x 5 models) were used.
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S6. Impacts on Wind-Speed Radius Profile

Katrina Maria Dorian [gor Lorenzo

301 40 1
s | 50 1
T 40 40
= 25
o 40 - 30
2 30- A 20
2] 30 1 5
-z _ 20
= 201 151
v 901 Z
%ﬁ &l 20 1
. 10 1 1 107
10 1 10 1
0 250 0 250 0 250 0 250 0 250
Radius (km) Radius (km) Radius (km) Radius (km) Radius (km)
S Cl:\'g[‘;l = 0.0001 e Cl:\'g[‘;l = 0.01 T C'I:yglj_] =i - S—" Cl:yg[‘;l = 100

Fig. S10 | 8-km radially averaged wind speed-radius plot for five strong hurricane cases in the first or last
12 h of simulation.

To investigate how the change in surface momentum roughness impacts the wind speed-radius
profiles, Fig. S10 shows the radially averaged wind speed-radius plots. As the figure indicates, the
maximum surface wind (peak of the profiles in Fig. S10) decreases by increasing zo. The radius of
the maximum wind (RMW) does not appear to change significantly with changing the surface
roughness (increasing zo seems to weaken the hurricane and make it smaller in general).

S7. The hurricane wind profiles for category 3-5 hurricanes using WREF-

YSU-1 with various surface momentum roughness lengths

To investigate the impacts of different zy values on hurricane boundary layer winds, the wind
profiles at the hurricane eyewalls are depicted in figure S11 for different imposed surface
momentum roughness length values. Both the radial velocity u, and tangential velocity ug
profiles are shown. We find that, compared with the default cases, the magnitude of uy close to
the ground (up to ~ 500 m) is relatively smaller for cases with larger surface momentum roughness

length, while it is relatively larger for cases with smaller surface momentum roughness lengths.
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FIG. S11 | The wind profiles at the hurricane eyewalls with various surface momentum roughness lengths
from different models using 8 km grid spacings. The dashed lines represent the radial velocity u,., and the
solid lines represent the tangential velocity ug. R represents the distance to the hurricane eye, and Ry,

denotes the radius of the maximum wind speed.
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The wind profiles from dropsondes observations
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FIG. S12 | The observational data obtained from GPS dropsondes. Different velocity bins are illustrated
using different colors. The horizontal line indicates the standard deviation.
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TABLE S1 | List of GPS dropsondes count for each hurricane

Sondes

84 28 75 98 118 227 111 111 852
Count

The observational data in figure S12 are taken from 852 high-resolution wind profiles collected
with the GPS dropsondes from hurricanes Katrina, Maria, Lorenzo, Igor, Joaquin, Ike, Dorian, and
Cristobal (see Table S1 for sondes count). These wind profiles are divided into seven groups based
on the 200 m wind speed ranging from 10m/s to 80m/s with a 10 m/s interval. The observed
momentum roughness length for each velocity group is obtained by fitting the log law to the mean
wind profile and extrapolating it to the zero wind speed similar to previous studies (Holthuijsen et

al. 2012; Powell et al. 2003).
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