
 
 

 

 

 

Supplemental Material 
 

 

 

© Copyright 2023 American Meteorological Society (AMS)  

For permission to reuse any portion of this work, please contact 

permissions@ametsoc.org. Any use of material in this work that is determined to be “fair 

use” under Section 107 of the U.S. Copyright Act (17 USC §107) or that satisfies the 

conditions specified in Section 108 of the U.S. Copyright Act (17 USC §108) does not 

require AMS’s permission. Republication, systematic reproduction, posting in electronic 

form, such as on a website or in a searchable database, or other uses of this material, 

except as exempted by the above statement, requires written permission or a license 

from AMS. All AMS journals and monograph publications are registered with the 

Copyright Clearance Center (https://www.copyright.com). Additional details are provided 

in the AMS Copyright Policy statement, available on the AMS website 

(https://www.ametsoc.org/PUBSCopyrightPolicy). 

http://www.ametsoc.org/PUBSCopyrightPolicy
mailto:permissions@ametsoc.org
https://www.copyright.com/
https://www.ametsoc.org/PUBSCopyrightPolicy


Supplementary Materials for 

The impacts of adjusting momentum roughness length on strong and 
weak hurricanes forecasts: a comprehensive analysis of weather 

simulations and observations 
Meng Li1, Jun A. Zhang2,3, Leo Matak1, and Mostafa Momen1,* 

1Department of Civil and Environmental Engineering, University of Houston, Houston, Texas, USA 
2 NOAA/AOML/Hurricane Research Division, Miami, Florida, USA 

3Cooperative Institute for Marine and Atmospheric Studies, Miami, Florida 

 

*Corresponding author: Dr. Mostafa Momen, Email: mmomen@uh.edu 

 

Contents of this file 

Supplementary Texts S1-S6, Supplementary Figures S1 to S10, Supplementary References 

 

Table of Contents 
S1. Details of the governing equations for the atmospheric and wave models ...................................... 1 

The atmospheric model ............................................................................................................................. 1 
The wave model ......................................................................................................................................... 2 

S2. The sensitivity of category 3-5 hurricane forecasting accuracy to various models and values of 
surface momentum roughness length ............................................................................................................ 3 
S3. The sensitivity of category 1-2 hurricane forecasting accuracy to various models and values of 
surface momentum roughness length ............................................................................................................ 7 
S4. The impacts of surface momentum roughness on hurricane forecasting using various grid 
spacings ......................................................................................................................................................... 9 
S5. Mean Absolute Error Metric .......................................................................................................... 11 
S6. Impacts on Wind-Speed Radius Profile ......................................................................................... 12 
S7. The hurricane wind profiles for category 3-5 hurricanes using WRF-YSU-1 with various surface 
momentum roughness lengths ..................................................................................................................... 12 
S8. The wind profiles from dropsondes observations .......................................................................... 13 
References .................................................................................................................................................. 14 
 

 



 1 

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  

𝜕!𝜇" + 𝜕#𝑈# = 0 ,  

𝜕!𝑈$ + 𝑢$𝜕#𝑈# + 𝜇"𝛼𝜕$𝑝 +
%
%!
𝜕&𝑝𝜕$𝜑(𝛿$' + 𝛿$() − 𝑔 0

%
%!
𝜕&𝑝 − 𝜇"1 𝛿$) = 𝐹$. 

𝜂 denotes the vertical coordinate as 𝜂 = *!+*"
*#+*"

, where 𝑝" is the hydrostatic pressure, 𝑝, and 𝑝! are 

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

𝑢$ = (𝑢, 𝑣, 𝑤) for 𝑖 = (𝑥, 𝑦, 𝜂) is the covariant velocity in horizontal and vertical directions. The 

vertical coordinate metric is defined as 𝜇" =
-*!
-&

 and 𝑈$ = 𝜇"𝑢$ 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 𝛼" and 𝛼. 

𝑔 is the gravitational acceleration and 𝜑 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 (Janjić 1990, 1994; Mellor and 

Yamada 1982). 
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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) 
-.
-!
+ -/$.

-0
+ -/%.

-1
+ -/&.

-2
+ -/'.

-3
= 4

2
 , 

where 𝑁(𝑥, 𝑦, 𝜎, 𝜃) = 𝐸(𝑥, 𝑦, 𝜎, 𝜃)/𝜎 is the action density spectrum, and 𝐸(𝑥, 𝑦, 𝜎, 𝜃) shows the 

wave energy density spectrum. In this formula, 𝑥 and 𝑦 are Cartesian coordinates, 𝜎 is the relative 

frequency as observed in a frame of reference moving with the current, and 𝜃 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 𝑐0 and 𝑐1, respectively. 

The fourth term is the changes of the relative frequency due to the velocity 𝑐2 in the frequency 

space, and the fifth term is the refraction due to the 𝑐3 in the directional space.  

Previous studies have shown that the action density spectrum  𝑁(𝑥, 𝑦, 𝜎, 𝜃) 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, 𝜎, 𝜃), 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 
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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'5 and 𝑉'5 – to the wave model SWAN. Then, the wave model SWAN estimates the significant 

wave height 𝐻6 and mean wavelength 𝐿6 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-
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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.  
 

 

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 
momentum roughness lengths from different models using 8 km grid spacings.   
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S3. The sensitivity of category 1-2 hurricane forecasting accuracy to various 

models and values of surface momentum roughness length 

 

FIG. S4 | Weak hurricanes intensity timeseries for various surface momentum roughness length models 
using 8 km grid spacings. 
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FIG. S5 | Weak hurricanes track with various surface momentum roughness lengths from different models 
using 8 km grid spacings.    
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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 

 

 

FIG. S6 | The time series of hurricane intensity with various surface momentum roughness lengths for 
WRF-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. 

 

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 20th percentile 
to the 80th 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. 

 

 

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 20th percentile to the 80th percentile of the errors. In total, 450 samples from 50 
simulations (10 hurricanes × 5 models) were used. 
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S6. Impacts on Wind-Speed Radius Profile  

 

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 z0. The radius of 
the maximum wind (RMW) does not appear to change significantly with changing the surface 
roughness (increasing z0 seems to weaken the hurricane and make it smaller in general).  

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

YSU-1 with various surface momentum roughness lengths 

To investigate the impacts of different z0 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 𝑢7  and tangential velocity 𝑢3 

profiles are shown. We find that, compared with the default cases, the magnitude of 𝑢3 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 𝑢". R represents the distance to the hurricane eye, and 𝑅#$ 
denotes the radius of the maximum wind speed.  

S8. The wind profiles from dropsondes observations  

 

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 

 Katrina Maria Igor Lorenzo Joaquin Ike Dorian Cristobal Sum 
Sondes 
Count 84 28 75 98 118 227 111 111 852 

 

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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