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Abstract
Storm surge induced by hurricane is a major threat to the Gulf Coasts of the United States. 
A numerical modeling study was conducted to simulate the storm surge during Hurricane 
Michael, a category 5 hurricane that landed on the Florida Panhandle in 2018. A high-reso-
lution model mesh was used in the ADCIRC hydrodynamic model to simulate storm surge 
and tides during the hurricane. Two parametric wind models, Holland 1980 model and 
Holland 2010 model, have been evaluated for their effects on the accuracy of storm surge 
modeling by comparing simulated and observed maximum water levels along the coast. 
The wind model parameters are determined by observed hurricane wind and pressure data. 
Results indicate that both Holland 1980 and Holland 2010 wind models produce reason-
able accuracy in predicting maximum water level in Mexico Beach, with errors between 1 
and 3.7%. Comparing to the observed peak water level of 4.74 m in Mexico Beach, Hol-
land 1980 wind model with radius of 64-knot wind speed for parameter estimation results 
in the lowest error of 1%. For a given wind model, the wind profiles are also affected by 
the wind data used for parameter estimation. Away from hurricane eye wall, using radius 
of 64-knot wind speed for parameter estimation generally produces weaker wind than those 
using radius of 34-knot wind speed for parameter estimation. Comparing model simulated 
storm tides with 17 water marks observed along the coast, Holland 2010 wind model using 
radius of 34-knot wind speed for parameter estimation leads to the minimum mean abso-
lute error. The results will provide a good reference for researchers to improve storm surge 
modeling. The validated model can be used to support coastal hazard mitigation planning.
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1  Introduction

Storm surge is one of the major natural hazards, which can cause damages to coastal infra-
structures and environments (Yang et al. 2014; Li et al. 2018; Bilskie and Hagen 2018; Ull-
man et al. 2019; Siverd et al. 2020). Because field measurement stations are often limited, 
numerical modeling has often been often been used to study storm surge dynamics, coastal 
morphology, and coastal hazard impacts. Siverd et al. (2019) assessed the temporal evolu-
tion of storm surge across coastal Louisiana. Yang et al. (2020) conducted a storm surge 
modeling in Salish Sea. Sun et  al. (2015) conducted risk analysis of seawall overflowed 
by storm surge. Pan and Liu (2020) investigated storm surge impact on human projects in 
Yangtze Estuary. Li et al. (2015) studied storm surge overflow of levees during Hurricane 
Katrina. Cheng and Wang (2019) investigated beach changes induced by Hurricane Irma. 
Xiao et al. (2019) found that storm surge has effects on the extent of saltwater intrusion 
into the surficial aquifer in coastal east-central Florida. Yuan et al. (2014) found that storm 
surge overflow and wave overtopping affect erosion in HPTRM-Strengthened Levees. Shen 
et al. (2020) studied sea level rise effects on storm surge in Yangtze River Estuary. Wang 
and Yang (2019)’s study shows the nonlinear response of storm surge to sea-level rise. 
Wang et al. (2020) investigated the impacts of Hurricane Michael on coastal morphology. 
Results indicate that the magnitude of dune erosion was mostly controlled by the storm 
wave height (on top of the storm surge) and prestorm beach width. Sedimentological char-
acteristics of storm deposits along the barrier islands, within Apalachicola Bay, and in the 
surrounding coastal marsh were examined using 116 sediment cores and 40 grab sedi-
ment samples Because storm surges are forced by large-scale hurricane wind and pressure, 
improvement of the accuracy of storm surge modeling is important for hurricane impact 
and hazard impact studies.

Wind fields have significant effects on the accuracy of storm surge modeling. Ding 
et al. (2020) integrated a process model and a parametric cyclonic wind model to simulate 
storm surges and waves. Yang et al. (2014)’s storm surge study was based on the wind field 
(H*Wind) and hurricane track data from NOAA’s Hurricane Research Division (HRD) 
(http://www.aoml.noaa.gov/hrd). The hurricane track data included hurricane center loca-
tion, central atmospheric pressure, maximum sustainable wind speed, and radius of maxi-
mum wind. Because the H*Wind field only occupies a region centered on the hurricane 
eye and has a radius ranging between 400 and 500 km, the wind field for the rest of the 
model domain outside the 500  km radius was determined based on Holland’s method 
(Holland 1980). Pan et al. (2016) evaluated several wind models by comparing simulated 
wind speeds at some observed locations. However, because of the complexity and asym-
metric distributions of accrual wind fields, comparison of wind speeds at limit locations 
is not sufficient to describe the accuracy of overall wind fields during the hurricane by 
parametric cyclonic wind models. Therefore, it may be more reasonable to evaluate para-
metric cyclonic wind models by comparing simulated and observed storm surges in the 
coast, especially the maximum storm surge near the landfall location. Storm surge induced 
by Hurricane Michael in 2018 provides a good case study for evaluating some parametric 
cyclonic wind models (Fig. 1).

Hurricane Michael was the first category 5 (on the Saffir–Simpson Wind Scale) hur-
ricane to make land fall in the contiguous USA since 1992 and the first to hit the Florida 
Panhandle, land fall being near to Mexico Beach and Tyndal Air Force Base. The dam-
ages were primarily due to surge waves, inundation and high winds in the worst affected 
areas of Mexico Beach (Fig. 2). Mexico Beach is located in a sandy barrier island in the 
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Florida Panhandle. According to the United States Census Bureau, the city has a total area 
of 4.7 km2, of which 4.6 km2 is land. National Flood Insurance Program (NFIP) VE zone 
(highest risk in the 100-year floodplain) for Mexico Beach is 4.27 m. Hurricane Michael 
caused sand dune erosion along the beach (Wang et  al. 2020). Hurricane Michael was 
the second major hurricane of the 2018 Atlantic hurricane season (Beven II et al. 2019). 
Michael caused 74 deaths including 59 in the USA and approximately $25.6 billion in total 
damages (Beven II et al. 2019; NCEI 2019), making it the eighth most expensive Atlantic 
hurricane to affect the USA. It continued on its path of destruction after landfall through 
states of Georgia, the Carolinas and Virginia. As a tropical disturbance in its early stages, 
Michael caused extreme flooding in Honduras and significant wind damage in Cuba.

Fig. 1   Hurricane Michael track during simulation, at 6-h intervals; observed maximum water marks caused 
by storm tides were obtained from USGS

Fig. 2   Google photo of Mexico 
Beach after Hurricane Michael, 
showing damaged houses near 
beach by hurricane-induced 
storm surge and wind
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The origin of Michael is attributed to a large low-pressure area in the southwest-
ern Caribbean Sea, near the Yucatan Peninsula on October 1, 2018. It slowly became 
organized into a tropical depression by early hours of October 7 and became a named 
tropical storm later that day. While continuing in a general northward path, Michael 
rapidly intensified into a major hurricane of category 3 on October 9, 18:00 UTC. It 
attained maximum intensity of 160 mph wind gusts and a minimum central pressure of 
919 mbar, at 17:30 UTC on October 10, shortly before land fall. It was then estimated 
to be a high end category 4 hurricane, but post season reanalysis by National Hurricane 
Center (NHC) showed that it was indeed a category 5 hurricane at land fall. After its 
landfall, Michael weakened rapidly as it made its way through the southeastern USA 
and reorganized into an extra tropical storm on October 12, over the Atlantic Ocean near 
Chesapeake Bay (Beven II et  al. 2019). National Hurricane Center was closely moni-
toring the storm from October 7 and Florida was preparing for the impact. The State 
of Florida declared emergency for 35 counties by October 9. President Trump made 
a federal emergency disaster declaration on the same day (FDEM 2018). Four coastal 
counties in Florida ordered mandatory evacuation. It is estimated that 375,000 peo-
ple were evacuated even though it amounted to 75% of those were ordered to evacuate 
(FEMA report 2020). This created some strain on roadways, especially I-10 west with 
major delays reported in Mobile and Pensacola, and on US highways near Panama City. 
Major airports in the region including Tallahassee, Pensacola, Fort Walton suspended 
operation from October 9th onwards. Environmental Protection Agency (EPA) assessed 
three Superfund sites in the Florida Panhandle, 11 in Georgia and found no releases. It 
also assisted Federal Emergency Management Agency (FEMA) and Florida in debris 
removal and management. US Army Corps of Engineers, along with Florida Depart-
ment of Environmental Protection (FLDEP) and EPA restored drinking and waste water 
services (EPA Public affairs 2019).

United States Geological Survey (USGS) and the National Data Buoy Center (NDBC) 
have many wind, wave and tide levels recording stations. Most wind recording stations 
in the zone of influence of Michael did not have reliable recorded data during the period 
or the data are completely absent, owing to the unprecedented wind speed. NDBC off-
shore station 42,003 on October 9, 2100 UTC recorded 50-kt wind, while station 42,039 
recorded only 45  kt 12  h later. Coastal station PACF1 near Panama City experienced a 
maximum wind of 100 kt on October 10, 18:00 UTC while another station near Apalachic-
ola (APCF1) recorded a lower 75 kt at the same time. A number of USGS water mark loca-
tions along the Florida coast presented the maximum water levels while the station APCF1 
recorded the time series of water levels above MSL. The precise location of this station is 
at the mouth of the Apalachicola river, indicating that the recorded water level might be 
influenced by the river discharge. Figure 1 shows locations of various observation stations 
and the path of the hurricane from October 7 UTC to October 12 UTC, 2018.

In this study, a numerical modeling study was conducted to investigate the storm surges 
in the Gulf of Mexico resulting from Hurricane Michael.

A high-resolution model mesh was used to resolve the Caribbean islands and Cuba as 
well. Two parametric cyclone wind models with inputs of wind speeds at different hurri-
cane radii, Holland (1980) model and Holland (2010) model, are investigated to examine 
their effects on the accuracy of storm surge modeling. Wind and pressure data for esti-
mating wind model parameters are obtained from HURDAT 2 (Hurricane Data version 
2) archives for Hurricane Michael. Results from this study will provide a good reference 
for appropriate selection of a wind parametric model to adequate characterization of wind 
fields for more accurate storm surge simulations. It will also be helpful for emergency 
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management agencies and local governments to better understanding of the dynamics of 
storm surge for better preparing hurricane hazard mitigation plans for future hurricanes.

2 � Numerical modeling methodology

2.1 � Descriptions of circulation model and parametric wind model

The Advanced Circulation (ADCIRC) model developed by Luettich et al. (1992) was used 
to simulate the storm surge due to Hurricane Michael. ADCIRC produces reliable results 
while simulating coastal storm surge, as shown by number of studies around the world (Yin 
et al. 2017; Westerink et al. 2008; Lin et al. 2010; Fritz et al. 2010). It simulates water lev-
els and velocities by solving the coupled equations of depth-integrated generalized wave-
continuity equation (GWCE) and two-dimensional depth integrated (2DDI) momentum 
equations. These equations are solved by finite element method in space and finite differ-
ence method in time. The governing equations GWCE in Eq.  (1) and 2DDI momentum 
Eq. (2) to (3) are

The variables in the equations are described below: t is the time; x and y are the horizon-
tal co-ordinates, positive in the east and north directions, respectively. � is the free surface 
elevation, h is the bathymetric depth, and H is the total water column depth = h + � ; U and 
V are the depth-averaged horizontal velocity components in x and y directions, respectively. 
f = 2Ω sin� is the Coriolis parameter where Ω is the angular speed of the earth and � is 
the degrees latitude. ps is the atmospheric pressure at the free surface, g is the acceleration 
due to gravity, � is the Newtonian equilibrium tide potential, α is the earth elasticity factor, 
and �0 is the reference density of water. �SX and �SY are the applied free surface stresses in 
x and y directions, respectively. Bottom stress is calculated as �∗ = Cf

√

U2 + V2∕H where 
Cf  is the bottom friction coefficient. MX = Eh2

[

�2UH∕�x2 + �2UH∕�y2
]

 is the depth-
integrated momentum dispersion in x direction; MY = Eh2

[

�2VH∕�x2 + �2VH∕�y2
]

 is the 
depth-integrated momentum dispersion in y direction where Eh2 is the horizontal eddy vis-
cosity. ADCIRC is highly flexible due to its capability of solving the model equations on 
unstructured grids, precisely fitting irregular coastline and islands. Additionally, unstruc-
tured grids offer the convenience of a high grid resolution in the area of focus while low 
grid resolution in the open ocean. Various studies have also demonstrated the high skill 
of ADCIRC in modeling tides, storm surge, and wind-driven circulation in the Gulf of 
Mexico as well.

In order to simulate storm surge due to the hurricane, ADCIRC requires the pressure 
and wind velocity fields due to the hurricane as input meteorological forcing. Two para-
metric wind models by Holland (1980) and Holland et al. (2010) were investigated for their 
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effects of resulting symmetric wind and pressure fields on the accuracy of storm surge sim-
ulations. Holland (1980) described analytical radial profiles of pressure and wind velocity 
of a hurricane using two parameters, namely radius of maximum wind at any instant and a 
hyperbolic pressure profile parameter.

where P(r) is the pressure at point at a radial distance r from center of the hurricane, P∞ 
is the ambient or environmental pressure (1013  mb), P0 is the central pressure, Rmax is 
the radius of maximum winds, and B is Holland’s pressure profile parameter; VG(r) is the 
gradient balance wind velocity; � is the density of air; and f  is the Coriolis parameter. Hol-
land (2010) presented a revised parametric wind model. The two models differ only in the 
calculation of the shape parameter B as described below.

2.1.1 � Shape parameter B determined by Holland (1980) wind model

where vm is the observed maximum wind, � is the density of air in kg/m3 and e is 2.718.

2.1.2 � Shape parameter B determined by Holland (2010) wind model

This method uses an empirical formula involving pressure, time rate of change of center 
pressure, translational speed and latitude of the eye of the hurricane to calculate B.

where �P0

�t
 is the change in center pressure over time in hPa/hr, � is the latitude of the center 

of the storm, and vt is the translational velocity of the storm. The exponential parameter x 
associated with the translational velocity is calculated as x = 0.6

(

1 −
P∞−P0

215

)

.
In order to calculate the second parameter Rmax in Eq.  (5), we use National Oceanic 
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profiles are generated by interpolating only Vmax and the wind radius (34 kt, 50 kt or 64 kt) 
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and employing the above method at each hourly time step. In short, two different methods 
of Holland 1980 and Holland 2010 were used to generate symmetric wind profiles, which 
would be used in the ADCIRC model as meteorological forcing.

2.2 � Model setup

The model domain in this study was large enough to cover the path of Hurricane Michael 
for 5 days starting from 6 am October 7 UTC. The model runs approximately 36 h after 
landfall as well. The computational domain covers the entire Gulf of Mexico and Carib-
bean Sea as well as areas of North West Atlantic Ocean. An unstructured triangular mesh 
system, which fits well to irregular coastline and islands (Fig.  3), incorporating higher 
resolution near all coastal boundaries, was used for the computation domain. It consists 
of 87,367 nodes and 169,692 triangular elements with a varying resolution ranging from 
25 km on the edges of the model in Atlantic Ocean to less than 1 km near the gulf coast 
of Florida. General Bathymetric Chart of the Oceans (https​://www.gebco​.net/) was used 
for bathymetric data and ranges from approximately 8400 m in the deep ocean to less than 
1 m in coastal areas (Fig. 4). The model was forced by tidal constituents at the open ocean 
boundary. Principal tidal constituents were obtained from Le-provost tidal database. Simu-
lating time step was set as 10 s. USGS river discharge data for Apalachicola River for the 
days of model run was also used as an input at the boundary of the Apalachicola River 
(https​://water​data.usgs.gov/fl/nwis/uv?site_no=02359​170). Bottom friction for hydrody-
namic modeling was parameterized using the spatially varying Manning coefficient values, 
which was ranging from 0.019 to 0.03 depending on varying bathymetry of model domain. 
By referring to Kerr et al. (2013) and model validations of storm surge modeling, Man-
ning coefficient was specified as 0.019 for depth deeper than 100 m, 0.024 for depth from 
7 m up to 100 m, 0.027 for depth from 3 m up to 7 m, and 0.03 for depth less than 3 m. 
During execution, the Manning’s n values are converted to equivalent quadratic friction 

Fig. 3   Computational model mesh

https://www.gebco.net/
https://waterdata.usgs.gov/fl/nwis/uv?site_no=02359170
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coefficients in the ADCIRC model before the bottom stress is calculated. The equivalent 
quadratic friction coefficient is calculated according to the following formula at each node 
at each time step:

where Cd is the drag coefficient with minimum value of 0.002, t is the time, g is the accel-
eration due to gravity, n is the Manning’s n, h is the depth, and η is the water surface 
elevation.

3 � Field observed data

HURDAT2 is a 6 hourly dataset available for all known tropical storms since 1851 
(Landsea and Franklin 2013). Data for Hurricane Michael (https​://www.nhc.noaa.gov/
data/#hurda​t) consists of its center location (longitude, latitude), translational velocity of 
the eye, center pressure, Coriolis parameter, observed maximum velocity of the hurricane, 
and observed maximum radii of 34-kt, 50-kt and 6-kt winds in the northeast, southeast, 
southwest and northwest (NE, SE, SW, NW) directions, at every 6-h intervals starting from 
6 am UTC of October 7. Velocities are reported in knots, and the radii are reported in nau-
tical miles. These are converted to m/s and m, respectively, for calculations in this study.

USGS high-water mark data are available for many locations in the Florida panhan-
dle (https​://stn.wim.usgs.gov/FEV). However, some of those points were well outside the 
model mesh while some others had unverified data, and were not used for validation. Data 
from 17 stations from Fort Walton Beach in the west to Cedar Key Boat Ramp in the east 
which were within or very close to the mesh boundary of the model were selected for vali-
dation. NDBC station at Apalachicola recorded the time series of water level during the 

(8)Cd(t) =
gn2

3
√

h + �(t)

Fig. 4   Model bathymetry in meters

https://www.nhc.noaa.gov/data/#hurdat
https://www.nhc.noaa.gov/data/#hurdat
https://stn.wim.usgs.gov/FEV
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passage of the storm (https​://www.ndbc.noaa.gov/stati​on_histo​ry.php?stati​on=apcf1​). The 
water levels were measured with MLLW as vertical datum. This was converted to NAVD88 
vertical datum so as to compare with the model time series output. Forcing on the open 
oceanic boundary of the domain consists of tidal constituents available in the Le provost 
tidal database available with the ADCIRC model. The Western North Atlantic, Caribbean, 
and Gulf of Mexico tidal database include M2, N2, S2, K2, O1, K1, and Q1 constituents 
(https​://adcir​c.org/produ​cts/adcir​c-tidal​-datab​ases/) for the given time period.

4 � Validations of parametric wind models

As described previously, different symmetric wind profiles were obtained using Eqs.  4 
and 5, and the two parameters B and Rmax were calculated using Holland 1980 and Hol-
land 2010 formulae. The profiles differ if radii of different wind velocities (34 kt, 50 kt, or 
64 kt) observed were used to calculate the two parameters as well because the wind profile 
curves have to fit data at those points. First step in validating the model input was to com-
pare the observed and calculated Vmax. Figure 5 shows the comparison. Both Holland 1980 
and Holland 2010 formulae when used along with 50-kt and 64-kt wind radii resulted in 
unrealistically small Rmax. However, to illustrate the validation method, Vmax resulting from 
Holland 1980 formula with 50-kt and 64-kt wind radius each is also plotted in Fig. 5. H80_
v34 in the figure represents that the method is Holland 1980 and the radius of 34-kt wind 
was used to determine the two parameters. Similarly, H10_v34 means that the method used 
was Holland 2010 and the radius of 34-kt wind was used to determine parameters. Figure 6 
shows the comparison of calculated and observed center pressure.

The calculated maximum wind speed using Holland 1980 matched very well with 
observed maximum wind speed, no matter what the outer wind radius (34  kt, 50  kt or 
64 kt) chosen. Maximum wind calculations based on Holland 2010 slightly underestimated 
the maximum wind especially at higher wind speeds, due to fact that the empirical for-
mula calculating the parameter B involves temperature, latitude of the center of the hur-
ricane, and translational speed of the hurricane. Calculated pressure had very small error 
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(4–7 hPa) with that of the observed, and the values did not change with the method (Eq. 4) 
as both methods use the same formula for pressure.

Wind speeds calculated by parametric models are compared to observed data at selected 
radius from hurricane eye. Figure 7 shows the comparison of wind speeds at the radius of 
34-kt wind speeds using the two methods of Holland 1980 and Holland 2010. When Hur-
ricane Michael was a tropical depression with winds speed less than 34 kt, available data of 
radii below 34-kt wind speeds were used. Results indicate that when Michael reached the 
hurricane strength, calculated wind speeds match well with observations at the radius of 
34-knot wind observations before the hurricane made the landfall at about 17:30 UTC on 
October 10. Figure 8 shows the comparison of model calculated wind speeds at the radius 
of observed 64-kt wind speed, which also show good agreements between calculated and 
observed values for the period when the cyclone reached the hurricane level before landing 
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on Mexico Beach. A very low error in calculation resulted when the storm was a hurricane. 
It can also be inferred, from Figs. 6 and 7, that the parametrizations were best useful for 
hurricanes before landfall, as the errors increase after landfall (6 pm UTC on October 10).

Figure 9 illustrates the different characteristics in hurricane wind field when 34-kt and 
64-kt wind radii was used in Holland 1980 model. The results are similar if Holland 2010 
model was used. The radius of the hurricane eye wall determined by data of 64-kt wind 
radius is smaller than that determined by data of 34-kt wind radius. Arrows represent the 
profile sections for Fig. 9 where comparisons of wind profiles using the 34-kt and 64-kt 
wind at the indicated times are depicted. For comparison of formulae, only profiles Hol-
land 2010 with 34-kt wind radius are shown in Fig. 10 to avoid clutter. For Holland 1980 
parametrization, if the 64-kt wind radius was used in a given time step, the calculation 
of 34-kt wind at the observed radius would produce large errors. Based on the sensitivity 
study results, as use of more observation radii for the best profile would result in larger 
total errors, only one radius of observed wind among the 64 kt, 50 kt and 34 kt was used 
per time step. As a result, three separate profiles were available to force the model. These 
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three different wind profiles were used to simulate storm surge separately, and their per-
formance was evaluated by comparing the maximum storm tides with those observed at 
various stations in the domain. Figure 10 shows that the Holland 1980 profiles resulted in 
very low error in maximum velocity compared to the Holland 2010 profiles. Obviously 
when a larger radius of 34-kt wind was used, the result was a larger Rmax. Conversely when 
a smaller radius of 64  kt was used, unrealistically small Rmax less than 10  km resulted, 
which was one reason why the 64 kt radii were not preferred. Another reason was that 50 kt 
radius and 64 kt radius resulted in very steep exponential decays at outer radii which in 
turn resulted in lower than observed storm surge values, especially at stations away from 
the eye of the storm. The profile using 50 kt radius wind was not plotted to avoid clut-
ter. Because of these reasons, only 34 kt radii were chosen in the case of Holland 2010 
parameterization.

Figure  10 also shows the limitation of the parametric wind model with wind fields 
controlled by model parameters determined by data from selected locations. Although 
the model calculated wind speed matches well with observations at the location of data 
selected (e.g., radius of 64 knot speed), the calculated wind speed may not match obser-
vation in another station (e.g., radius of 34 wind speed). Therefore, more accurate spa-
tial and temporal distributions of wind field may need to be described from advanced and 
expensive hurricane model simulations, such as the European Centre for Medium-Range 
Weather Forecasts (ECMWF) Model and the Global Forecast System Model (GFS) Model 
by NOAA. However, due to their convenient use in applications, parametric wind models 
are still very popular if appropriate models are selected and validated by observations.

5 � Evaluating the effects of parametric wind models on hydrodynamic 
modeling of storm surges

Different wind fields obtained from different parametric wind models will result in differ-
ent storm surges in the coast. Effects of wind models on hydrodynamic model of storm 
surge were studied by comparing model simulated and observed storm tides in the coast. 

Fig. 10   Comparison of wind profiles using Holland 1980 with radii of 34-kt, 64-kt wind speed, and Hol-
land 2010 with radius of 34-kt wind speed, at times in UTC as indicated
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Data are available from USGS and NOAA observations. Firstly, 17 USGS high-water mark 
stations were identified which were within the model domain (Fig. 1). Secondly, the station 
near Apalachicola within the model domain recorded water levels as well, which was used 
to validate the time series output of water levels under different wind fields obtained from 
different parametric wind models.

Table 1 shows the comparison of three model output maximum surge heights at these 
17 recording stations with the observed values. For most locations, the maximum surge 
was overestimated by the Holland 1980 and under estimated by Holland 2010. At stations 
beyond Alligator Point, the model hurricane fields had lesser influence and so both fields 
recorded smaller values of maximum height than those observed. The maximum water lev-
els due to wind field generated using Holland 2010 method had a lower mean absolute 
error of 0.27 m, in comparison with MAE of 0.46 m due to Holland 1980, if both meth-
ods used the 34-kt wind radius to determine the wind profile. The MAE of Holland 1980 
method using 64-kt wind was 0.61 m, more than both the other methods. Figure 11 shows 
a bar diagram of the same comparison. It is to be noted that the stations appear on the chart 
from west to east. It is worth noting that at Mexico Beach, the Holland 1980 profile using 
64-kt wind radius produced the lowest error, 0.05 m while the Holland 1980 using 34-kt 
wind radius had an error of 0.09 m. The Holland 2010 model had the maximum error in 
this location, 0.1775. This is attributed to the fact that the station was almost at the radius 
of maximum wind just before and during landfall and was directly under the forcing of 
maximum wind which was lower for Holland 2010 method. Due to the fact that Holland 
1980 using 64-kt wind radius was the best near the landfall point, the storm surge output 
due to this method was also used in the validation of the time series of storm surge at 
Apalachicola.

The time series of surface elevations simulated by using the three different wind fields 
and pressure from different parametric wind models (Holland 1980 with 34 kt radii, Hol-
land 1980 with 64 kt radii and Holland 2010 with 34 kt radii) were compared to the obser-
vations at NOAA station at Apalachicola. The time series was plotted (Fig. 12) 24 h after 
the model start time, allowing for model spin up. From 6 am of October 8 to 6 am of Octo-
ber 9 before hurricane winds affected the coastal area, water level variations were influ-
enced mainly by diurnal tides, and hydrodynamic model simulated tidal variations repro-
duced well the tidal pattern as shown in the observations. The amplitude of this variation 
in the model was slightly over observed tidal amplitude before and after the passage of 
the hurricane force winds over the station. A varying river discharge (https​://water​data.
usgs.gov/fl/nwis/uv?site_no=02359​170) applied at the boundary of the simplified river 
at Apalachicola had some influence on the amplitude. The model simulated storm tides 
using all methods were well correlated with the observations. The Holland 2010 model 
was slightly better than other models correlated well and had a mean absolute error of 
0.1375  m, considering only the period shown on the plot (Table  2). In comparison, the 
Holland 1980 with 34-kt wind and Holland 1980 with 64-kt wind had a mean absolute 
error of 0.1517 m and 0.1433 m, respectively.

https://waterdata.usgs.gov/fl/nwis/uv?site_no=02359170
https://waterdata.usgs.gov/fl/nwis/uv?site_no=02359170
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Fig. 11   Bar chart of model maximum surge at stations

Fig. 12   Comparison of time series of model-simulated storm surge elevations with observations at NOAA 
station at Apalachicola station by using different wind formulae

Table 2   Comparison of error 
in time series of water surface 
elevations at Apalachicola station 
using different wind models

Wind model Holland 
1980 
(34 kt)

Holland 
1980 
(64 kt)

Holland 
2010 
(34 kt)

RMSE (m) 0.23 0.19 0.18
Correlation coefficient 0.96 0.96 0.96
Mean absolute error (MAE) (m) 0.15 0.14 0.13
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6 � Comparison of wind fields under Holland 1980 and Holland 2010 
wind models

As discussed above, wind profiles derived from different parametric wind models are dif-
ferent. In addition, controlling data points of observed radius of a given magnitude of wind 
speed also affect the wind profiles. One of the important parameters, the radius of maxi-
mum wind speed (Rmax), or the radius of the hurricane wall, obtained using different wind 
models with different radii of maximum wind speed for parameter estimation is shown in 
Fig. 13.

It shows that, as the increase in hurricane strength from tropic depression on October 
7 to hurricane on October 8, the radius of maximum wind gradually decreased. When the 
cyclone reached the hurricane strength at 6 am on October 8 until its landfall at about 6 pm 
October 10, the radii of maximum wind speeds were generally small. Using radius data of 
64-kt wind speed for wind model parameter estimations resulted in smaller radii of maxi-
mum wind speeds than those obtained by using radius data of 34-kt wind speed for wind 
model parameter estimations. However, as shown in Fig. 10, the wind profiles for smaller 
radii of maximum wind speeds generally decreased faster than those derived from larger 
radii of maximum wind speeds. Referring to Table 1, the Holland 1980 with the same 64-kt 
wind radius profile gave very low Rmax as well, but were used as meteorological forcing for 
surge simulations, resulting in the lowest error of 4 cm over a range of 4.5 m, in maximum 
surge value at the Mexico Beach station. It is also noted that the same method resulted in a 
larger overall mean absolute error (taking all 17 stations). When the Holland 1980 method 
using 34-kt wind radii were used, the overall RMS error was lower. Also, this method pro-
duced only a slightly larger error at Mexico Beach (8 cm over a range of 4.5 m). However, 
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Fig. 13   Comparison of radius of maximum wind obtained by Holland 1980, Holland 2010 model with radii 
of 34-kt and 64-kt wind speed for parameter estimations
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for the sake of brevity, only two simulations based on Holland 1980 using 64-kt wind radii 
and Holland 2010 using 34-kt wind radii are discussed and compared in detail below.

Spatial distributions of wind field are shown in Fig.  14 at 12-h intervals from 6  pm 
October 9 UTC to 5 pm October 10 UTC, time of land fall. The wind fields at any given 
instant in the model using 34-kt wind radius (here Holland 2010) have a larger eye wall 
compared to the model using 64-kt wind radius as shown by the red region at the center of 
the wind field. Higher wind velocities identified as blue rings close to the eye of the hur-
ricane were also larger in the Holland 2010 model. The sizes of the wind fields indicated 
by the yellow rings are significantly larger in the Holland 2010 model with the radius of 
34  kt for parameter estimation, which results in relative higher storm surge along coast 

Fig. 14   Comparison of wind fields by using Holland 1980 on the left column and Holland 2010 on the right 
column
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away from hurricane landing location. However, the maximum wind speed is slightly 
higher in the Holland 1980 model with radius of 64-kt wind speed for parameter estima-
tion, which results in higher peak storm surge in the location of hurricane landing as shown 
in Table  1. For Holland 1980 wind model, however, the exponential decay of velocities 
radially outward (determined by the parameter B) from the eye wall of the hurricane is 
faster so that the wind speeds in the regions outside the hurricane eye wall are generally 
weaker than derived from Holland 2010 model. The maximum velocity obtained from the 
Holland 1980 model approximately at landfall is slightly higher (69 m/s) than the maxi-
mum velocity obtained from Holland 2010 model (66  m/s). In short, the Holland 1980 
model resulted in slightly faster winds at the center than the Holland 2010 model, but wind 
speeds from Holland 1980 model decay faster as distance increasing from the hurricane 
eye wall. Although both models are reasonably validated by observed wind data at selected 
locations, validations of winds at selected locations for the simple parametric wind model 
are unable to accurately describe the entire complex wind fields. Therefore, comparison of 
model simulated and observed storm surges can be used as another validation for examin-
ing whether wind fields are reasonably described or not.

7 � Comparison of spatial distributions of storm tides resulting 
from Holland 1980 and 2010 wind models

The water surface elevations, or the storm tides as the combination of storm surge and 
tides, from two different wind models were compared as described in Fig. 15a–c. The time 
stamps are, respectively, the same as the wind fields as shown in Fig. 14a–c. Left panes 
represent model output of Holland 1980 using 64-kt wind radii and the right ones that of 
Holland 2010 using 34-kt wind radii. In the early stages, the difference between the two 
model outputs, especially near the coastlines, was very small, as the major influence on 
the water surface elevation is the diurnal tides in the gulf coast. In Fig. 15a, the difference 
in output could be directly seen as a higher water surface elevation around the eye of the 
hurricane, Holland 2010 model having a larger size than that of Holland 1980 owing to the 
larger hurricane eye. This higher elevation region beneath the eye wall was visible in sub-
sequent plots as well (Fig. 15b). The coasts were not experiencing surge due to hurricane 
yet. The coastal and near shore areas were showing marked difference in elevation close 
to land fall, as noticed in Fig. 15c, where Holland 1980 showed a slightly higher eleva-
tion than Holland 2010 very close to the land fall region. However, storm surges resulting 
from Holland 2010 extended to a large area of coastal line. The effect of a larger hurricane 
forced wind field is evident at landfall. At points away from the eye wall, higher storm 
surges resulted when Holland 2010 model was used. The coast to the left of the hurricane 
track experienced negative surge as indicated in both the models. This was due to the coun-
ter clockwise rotation of the hurricane, wind would blow out to the ocean, pushing water 
away from the shore. After the land fall, the hurricane intensity decreased drastically, but 
was fast moving over land, and the waves on the shore were mainly due to the tidal forcing. 
Additionally, the model winds were erratic after the landfall as described in the validation 
section and were not used in this section.

Figure 16 shows the time series of water surface elevations at Mexico Beach where 
hurricane Michael landed on. There were no recording stations for water levels in Mex-
ico Beach. A highest-water mark obtained by USGS after the hurricane was available 
which recorded roughly 4.7  m of water level, above the FEMA’s 100-year flood risk 
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elevation of 4.27 m. From above discussion as shown in Table 1, comparing to observed 
maximum water mark, model simulated maximum water level is satisfactory, with 1% 
error for Holland 1980 wind model and 3.7% error from Holland 2010 wind model. 
The difference of maximum elevation between Holland 1980 and Holland 2010 models 
was not significant at this location in Mexico Beach. But it can be seen that the Holland 
1980 model showed a slightly higher elevation close to landfall owing to its slightly 
faster maximum wind compared to the Holland 2010 model and the proximity of the 
location to the eye wall. However, as detailed in the above discussion, different distribu-
tions of wind fields affect the storm surges along the coast (Fig. 15), which shows more 
difference in other observation stations as shown in Table 1 and Fig. 11.

Fig. 15   Comparison of storm surge modeled by using Holland 1980 on the left column and Holland 2010 
on the right column. Location of Mexico Beach is indicated with a star mark in a 
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An important factor to consider while prescribing the wind field is the radius of observed 
wind velocity that is used for wind model parameter estimation. Using the larger radius 
wind data for parameter estimation results in stronger wind fields away from the hurricane 
eye wall, which will produce higher storm surges for a larger coastal region. Final selection 
of an appropriate parametric wind model will depend on the comparison between model 
simulated and observed storm tides among stations along the coast. For the case study of 
Hurricane Michael, the Holland 2010 wind model using the radius of 34-knot wind speed 
for parameter estimation would be recommended because it results in an acceptable error 
of 3.7% in maximum water level in Mexico Beach and the minimum mean absolute error 
over 17 stations. The storm surge hydrograph reproduced from this study will be helpful 
for researchers to investigate temporal inundation process in Mexico Beach, which can be 
used to study storm surge impacts on coastal infrastructures and beach erosion, and prepare 
hurricane resilience plans. For potential hurricanes in north west Florida coast, the model 
can be used to predict the storm surges so that emergency responses actions can be taken to 
reduce hurricane losses. Storm surge predictions can also be used predict potential coastal 
flooding on roadways so that evacuation traffic can avoid flooded roads.

8 � Conclusions

Adequate estimation of wind field has significant effects on the accuracy of storm surge 
modeling. Two symmetric wind models, Holland 1980 and Holland 2010 models, have 
been evaluated in the case study of storm surge modeling during Hurricane Michael, a 
category 5 hurricane landed on Mexico Beach in Florida coast. A circulation model 
(ADCIRC) was setup to simulate storm surge and tides. The hydrodynamic model was 
forced with tidal constituents at the ocean boundary and wind forcing on the surface. 
Results indicate that both Holland 1980 and Holland 2010 wind model produced reason-
able accuracy in predicting maximum water level in Mexico Beach, with error between 1 

FEMA 100-year flood elevation = 4.27 m

Fig. 16   Comparison of time series of storm surge at Mexico Beach using two model wind fields, Holland 
1980_64knot (minimum error at Mexico Beach station for peak surge) and Holland 2010_34knot (mini-
mum mean error over 17 stations)
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and 3.7%. The peak storm surge is above the FEME’s 100-year flood risk elevation. Com-
paring to the observed peak water level of 4.74 m in Mexico Beach, Holland 1980 wind 
model with radius of 64-knot wind speed for parameter estimation results in the lowest 
error of 1%. However, wind fields away from hurricane wall using radius of 64-knot wind 
speed for parameter estimation are generally weaker than those using radius of 34-knot 
wind speed. As the results, comparing to 17 water mark observations along the coast and 
hourly measurements at NOAA gage in Apalachicola, Holland 2010 wind model using 
radius of 34-knot wind speed for parameter estimation shows the minimum average error 
and root-mean-square error, indicating that Holland 2010 wind model more reasonably 
describes the wind field outside of the hurricane eye wall. The spatial distribution of maxi-
mum water levels along the coast shows that the coastline to the west of Mexico City of 
hurricane landing was less affected due to the negative storm surge as the hurricane force 
wind was away from the land to the ocean. The effects of hurricane on the coastal areas 
east of Mexico Beach were fortunately reduced by a number of barrier islands. While the 
results of wind model evaluations will provide a valuable reference for the improvement of 
storm surge modeling, the storm surge model validated for Hurricane Michael can be used 
to support hurricane response and mitigation planning in Florida.
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