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ABSTRACT    An  integrated  storm  surge  modeling  and  traffic  analysis  were  conducted  in  this  study  to  assess  the
effectiveness of hurricane evacuations through a case study of Hurricane Irma. The Category 5 hurricane in 2017 caused
a  record  evacuation  with  an  estimated  6.8  million  people  relocating  statewide  in  Florida.  The  Advanced  Circulation
(ADCIRC)  model  was  applied  to  simulate  storm  tides  during  the  hurricane  event.  Model  validations  indicated  that
simulated pressures, winds, and storm surge compared well with observations. Model simulated storm tides and winds
were used to estimate the area affected by Hurricane Irma. Results showed that the storm surge and strong wind mainly
affected coastal counties in south-west Florida. Only moderate storm tides (maximum about 2.5 m) and maximum wind
speed  about  115  mph  were  shown  in  both  model  simulations  and  Federal  Emergency  Management  Agency  (FEMA)
post-hurricane assessment near the area of hurricane landfall.  Storm surges did not rise to the 100-year flood elevation
level. The maximum wind was much below the design wind speed of 150–170 mph (Category 5) as defined in Florida
Building Code (FBC) for south Florida coastal areas. Compared with the total population of about 2.25 million in the six
coastal counties affected by storm surge and Category 1–3 wind, the statewide evacuation of approximately 6.8 million
people was found to be an over-evacuation due mainly to the uncertainty of hurricane path, which shifted from south-east
to  south-west  Florida.  The  uncertainty  of  hurricane  tracks  made  it  difficult  to  predict  the  appropriate  storm  surge
inundation zone for evacuation. Traffic data were used to analyze the evacuation traffic patterns. In south-east Florida,
evacuation traffic started 4 days before the hurricane’s arrival. However, the hurricane path shifted and eventually landed
in  south-west  Florida,  which  caused  a  high  level  of  evacuation  traffic  in  south-west  Florida.  Over-evacuation  caused
Evacuation  Traffic  Index  (ETI)  to  increase  to  200%  above  normal  conditions  in  some  sections  of  highways,  which
reduced the effectiveness of evacuation. Results from this study show that evacuation efficiency can be improved in the
future  by  more  accurate  hurricane  forecasting,  better  public  awareness  of  real-time  storm  surge  and  wind  as  well  as
integrated storm surge and evacuation modeling for quick response to the uncertainty of hurricane forecasting.
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1    Introduction

Storm  surge  is  one  of  the  major  hazards  affecting
hurricane  evacuation  planning  and  operations  in  United
States.  When  a  hurricane  approaches  the  coast,

emergency  management  agencies  and  residents  rely  on
the  forecasting  information  relating  to  hurricane  tracks
and  storm  surge  for  preparedness  and  evacuation
planning.  Traditionally,  storm  surge  and  evacuation
planning  are  two  different  research  areas,  with  the
literature  mainly  focusing  on  an  individual  area  such  as
evacuation traffic  only  [1,2]  or  storm surge  only  [3–14].
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Literature  on  integrating  storm  surge  study  with  traffic
analysis  for  hurricane  evacuation  assessments  and
planning  is  scarce.  Based  on  a  case  study  of  Hurricane
Irma  in  2017  landed  in  Florida,  this  paper  presents  an
integrated study of storm surge modeling with evacuation
traffic data analysis to enhance the understanding of how
storm  surge  predictions  affect  evacuation  traffic  to
support hurricane preparedness and responses.
Numerical  models  have  often  been  used  in  predicting

storm  surges  to  support  coastal  hazard  mitigation  and
evacuations.  Xu  et  al.  [5]  conducted  hydrodynamic
modeling  in  Colombo,  Sri  Lanka.  Ullman  et  al.  [6]
integrated the advanced circulation (ADCIRC) model and
a hydrological model to investigate the combined effects
of  storm  surge  and  rainfall  runoff  on  coastal  flooding.
Wang  et  al.  [7]  studied  Hurricane  Michael’s  impacts  on
morphological  and  sedimentological  features  along  the
north-west  Florida  coast.  Shen  et  al.  [8]  modeled
Typhoon-induced storm surge and waves in  the  Yangtze
River  Estuary.  Ding  et  al.  [9]  coupled  a  fully-integrated
process  model  and  a  parametric  cyclonic  wind  model  to
investigate  storm  surge  and  wave.  Wang  and  Yang  [10]
investigated  the  nonlinear  effects  of  sea-level  rise  on
storm  surge.  Xiao  et  al.  [11]  studied  the  extent  of
saltwater  intrusion  into  the  surficial  aquifer  affected  by
storm  surge  in  coastal  east-central  Florida.  Pan  and  Liu
[12]  applied  a  storm  surge  model  to  study  the  effect  of
human  projects  on  storm  surge  in  the  Yangtze  Estuary.
Sun  et  al.  [13]  studied  a  risk  analysis  of  seawall
overtopping  by  storm  surge  during  a  typhoon.  Li  et  al.
[14]  conducted  a  numerical  study  of  combined  wave
overtopping  and  storm  surge  overflow  of  HPTRM
strengthened levee.
Hurricane  evacuations  [1,2]  are  often  based  on  the

forecasting of coastal hazard areas to be affected by storm
surges  and  wind.  If  storm  surge  and  wind  are
overestimated  because  of  the  uncertainty  of  hurricane
forecasting,  too  many people  may have  to  be  evacuated,
which  may  cause  traffic  congestion  and  the  widespread
gasoline  shortage.  Massive  evacuation  during  Hurricane
Irma is a very good case study for analysis of evacuation
traffic.  Hurricane  Irma,  the  first  Category  5  hurricane  in
the  2017  Atlantic  hurricane  season,  was  one  of  the
strongest and most catastrophic hurricanes recorded in the
Atlantic  basin  [15,16].  Owing to  its  strong winds,  heavy
rains, and high surf across the Caribbean Islands and the
south-eastern United States Irma caused 44 direct  deaths
in  these  areas,  including  7  direct  deaths  in  the  United
States  [16];  most  causalities  were  in  the  Caribbean
Islands, however, where Irma’s winds were the strongest.
It  was  estimated  that  this  hurricane  caused  costs  of
approximately  50.0  billion  USD  in  wind  and  water
damage in the United States [17], making Irma the fifth-
costliest  hurricane  to  affect  the  United  States.  Hurricane
Irma originated from a tropical wave in the west coast of
Africa on August 27, 2017 [16]. It then became a tropical
depression and further developed into a tropical storm in
the  region  of  western  of  Cabo  Verde  Islands  on  August
30.  Once  Irma  entered  the  Florida  Straits,  it  turned
northward and intensified to Category 4 strength and then
made landfall  near Cudjoe Key on September 10, with a
minimum central pressure of 931 mb. After moving away
from  the  Florida  Keys,  Irma  weakened  to  a  Category  3
hurricane.  As  a  Category  3  hurricane,  it  made  its  final
landfall  near  Marco  Island  (Fig. 1),  Florida  later  on
September 10, with a minimum central pressure of 936 mb.
Owing  to  the  influence  of  land,  Irma  weakened  quickly
and  became  a  Category  2  hurricane  on  00:00  UTC

 

 
Fig. 1    Study area and the track of Hurricane Irma in September, 2017.
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September  11.  A few hours  later,  it  further  weakened  to
be a Category 1 hurricane. While moving northward over
Florida,  it  became  a  tropical  storm  by  12:00  UTC
September 11, 2017. Around the time when Irma made its
final landfall near Marco Island, a spotter in Marco Island
reported  a  maximum  gust  of  112  knots,  and  a  123-knot
wind  gust  was  reported  in  Naples  pier.  In  the  Miami-
Dade  and  Broward  County  metro  area,  almost  all  of  the
inland  observations  reported  sustained  winds  just  below
hurricane  force.  A  Key  West,  FL,  station  recorded  wind
speed  of  32.2  m/s,  which  was  the  highest  wind  speed
recorded  at  National  Oceanic  and  Atmospheric
Administration  (NOAA)  water  level  stations  along  the
eastern  Gulf  of  Mexico  and  the  south-east  United  States
during  Hurricane  Irma.  Meanwhile,  the  peak  water  level
at  seven  stations  along  the  south-east  United  States
exceeded their respective historical maximum water level
values.  The  station  at  the  I-295  Bridge,  FL,  recorded  a
peak  water  level  of  1.603  m  above  mean  higher  high
water (MHHW) [18].
Analysis  of  traffic  data  during  Hurricane  Irma

evacuation will benefit hurricane hazard preparedness and
responses  in  the  future.  Because  of  the  high  density  of
population  near  the  coast,  potential  storm  surge  and
winds  are  the  major  factors  for  residents  to  consider  in
making their decisions for evacuation. Valuable real-time
traffic  data  during  Hurricane  Irma  were  collected  by  the
Florida  Department  of  Transportation  (FDOT)
telemetered  traffic  monitoring  sites  (TTMS)  at  63
locations  [19].  A week before  Hurricane Irma struck the
Florida  coast,  the  Florida  Governor  declared  a  state  of
emergency,  based  on  potential  storm  surge  area  of  the
forecast hurricane track. With both the Atlantic and Gulf
coasts  of  the  state  threatened,  record  evacuations  ensued
with an estimated 6.8 million people relocating statewide
[19].  A  mandatory  evacuation  order  was  issued  for  all
Monroe  County––though  roughly  25%  of  residents  did
not  evacuate––and  portions  of  23  other  counties.  The
large-scale  evacuation  strained  roadways,  with  gridlock
and  traffic  congestions  reported  by  FDOT  [19]  along
Interstates  Highway  95  and  75,  and  Florida’s  Turnpike
(Fig. 2). To relieve the traffic congestions, FDOT opened
the  highway  shoulder  for  evacuation  traffic  (Fig. 2).  A
total  of  191764  people  sought  refuge  in  public  shelters.
All major airports saw disruption of services, resulting in
the cancellation of 9000 flights. However, the uncertainty
of  hurricane  tracks  causes  difficulties  in  evacuation
traffic.  Three  days  before  the  hurricane  landfall,  it  was
forecast  to  move  (as  shown  later  in  Fig. 13)  along  the
Florida  east  coast,  which  caused  a  high  level  of
evacuation  traffic  in  the  east  coast.  Some  residents  in
south  Florida  drove  from  east  coast  to  the  west  coast.
However,  Hurricane  Irma  finally  made  landfall  in  the
west coast (Fig. 1).
In this study, storm surge modeling and traffic analysis

is  conducted  to  evaluate  the  effectiveness  of  Hurricane
Irma  evacuation.  Storm  surge  and  wind  are  used  to
identify  hazard-affected  counties,  which  can  be  used  to
estimate the number of evacuees. Whether the evacuation
was  reasonable  or  an  overreaction  can  be  evaluated  by
comparing the number of people living in areas ultimately
affected  by  the  storm  surge  and  wind  to  the  6.8  million
people  evacuated  during  Hurricane  Irma.  Uncertainty  of
hurricane  forecasting  is  a  challenging  issue  for
emergency evacuation. Large amount of statewide traffic
data are used to investigate the evacuation traffic patterns
and  traffic  congestions  in  response  to  the  shift  of  the
hurricane  track  in  forecasts.  Deficiencies  in  evacuation
planning  and  operation  during  Hurricane  Irma  are
analyzed.  Results  from  this  study  will  be  helpful  for
emergency management agencies and coastal residents in
providing  improved  understanding  of  the  storm  surge
dynamics for better preparedness against hurricanes in the
future. 

2    Numerical  modeling  methodology  for
storm surge and tides 

2.1    Numerical model

To simulate storm surge on the Florida coast induced by
Hurricane  Irma,  the  ADCIRC  model,  developed  by
Luettich et  al.  [20],  was employed.  This model  has been
widely applied to storm surge modeling around the world
[4–6,16–18,20]. It can be applied to simulate water levels
and  currents  through  solving  the  depth-integrated
continuity equation and two-dimensional depth integrated
momentum  equations.  These  equations  are  solved  by
finite  element  method  in  space  and  finite  difference
method in time. The basic governing continuity (Eq. (1))
and  momentum  (Eqs.  (2)  and  (3))  of  the  model  are
expressed in Cartesian coordinates:
 

∂ζ

∂t
+
∂UH
∂x
+
∂VH
∂y
= 0, (1)

 

 
Fig. 2    Hurricane  Irma  evacuation  traffic  showing  traffic
congestions in Florida Turnpike in 2007 evacuation.
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]
+

1
H
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ρ0H
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∂V
∂t
+U
∂V
∂x
+V
∂V
∂y
+ f U =

− ∂
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[
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ρ0
+g (ζ −αη)

]
+

1
H

MY +
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ρ0H
−τ∗V, (3)

t x y
ζ

h+ ζ h
f = 2Ωsinϕ Ω

ϕ ps

g
η

a
ρ0 τSX

x τSY

y τ∗ =Cf

√
U2+V2/H

Cf

MX = Eh2
[
∂2UH/∂x2+∂2UH/∂y2]

x MY = Eh2[∂2VH/
∂x2+∂2VH/∂y2]

y Eh2

where    is  the  time;  ,    are  the  horizontal  coordinates,
aligned in the east and north directions respectively;   is
the  free  surface  elevation;  U  is  the  depth-averaged
horizontal velocity in x direction; V is the depth-averaged
horizontal  velocity  in  y  direction;  H  is  the  total  water
column  depth,  ;    is  the  bathymetric  depth;

  is  the  Coriolis  parameter;    is  the  angular
speed  of  the  earth;    is  the  degrees  latitude;    is  the
atmospheric  pressure  at  the  free  surface;    is  the
acceleration  due  to  gravity;    is  the  Newtonian
equilibrium tide potential;    is  the earth elasticity factor;
 is the reference density of water;   is the applied free

surface  stress  in    direction;    is  the  applied  free
surface  stress  in    direction;    is  the
bottom  stress;    is  the  bottom  friction  coefficient;

  is  the  depth-integrated
momentum  dispersion  in    direction; 

  is  the  depth-integrated  momentum
dispersion  in    direction;    is  the  horizontal  eddy
viscosity.  Through  using  highly  flexible,  unstructured
grids,  ADCIRC  can  precisely  fit  irregular  coastline  and
islands, and conveniently adopt high grid resolution in the
study area  while  low grid  resolution  in  others.  ADCIRC
has  shown  good  success  in  modeling  tides,  storm  surge
and wind driven circulation in many geographical regions
including the Gulf of Mexico.
ADCIRC  simulations  require  wind  and  pressure  as

meteorological  forcing  and  empirical  formula  using
observed  parameters  of  the  hurricane  at  each  time  steps
were  used  to  model  storm  surge.  Specifically,  a
temporally  and  spatially  varying  wind  field  was
calculated  based  on  the  Holland  pressure  (Eq.  (4)),  and
the gradient balance wind velocity (Eq. (5)).
 

P(r) = P0+ (P∞−P0)exp
[
−
(Rmax

r

)B]
, (4)

 

VG(r) = − f r
2

+


(

f r
2

)2

+
(P∞−P0) B
ρ

(Rmax

r

)B

exp
[
−
(Rmax

r

)B]
1/2

, (5)

P(r) rwhere    is  the  pressure  at  a  radial  distance    from

P∞
P0 r

Rmax

VG(r)
ρ f

Rmax B

typhoon  center;    is  the  ambient  or  environmental
pressure (1013 mb);   is the typhoon central pressure; 
is  the  distance  from calculating  point  to  typhoon  center;

  is  the  radius  of  maximum  winds;  B  is  Holland’s
pressure  profile  parameter;    is  the  gradient  balance
wind velocity;   is the density of air and   is the Coriolis
parameter.    and   were  determined  by  observations
of wind and pressures. 

2.2    Model setup

To  simulate  the  generation  and  propagation  of  storm
surge during Irma, this study utilized a model domain that
was  large  enough  to  cover  Irma’s  5-d  movement  track
before  it  made  landfall  in  the  Florida  Keys.  The
computational  domain  covers  the  entire  Gulf  of  Mexico
and  Caribbean  Sea  as  well  as  part  of  the  North-western
Atlantic Ocean. An unstructured triangular mesh system,
which  fits  well  to  irregular  coastline  and  islands
(Fig. 3(a)),  was  used  for  the  computation  domain.  It
consists  of  87313  nodes  and  169624  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 coast of Florida. The spherical coordinate system
is  adopted  for  this  model  mesh.  The  bathymetry  at  each
node  (Fig. 3(b))  was  calculated  based  on  General
Bathymetric Chart of the Oceans (available at the website
of  GEBCO);  calculated  bathymetry  within  the  model
domain  ranges  from  approximately  8400  m  in  the  deep
ocean to less than 1 m in the coastal area. The model was
forced  by  tide  constituents  and  10  m  height  wind  field.
Only one open-ocean tidally forced boundary was set up
 

 
Fig. 3    (a) Computational model mesh; (b) bathymetry (m).
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for  the  two-dimensional  ADCIRC  model.  At  the  open
boundary,  the  principal  tidal  constituents  obtained  from
Le-provost  data  set  were  enforced.  Simulation  time  step
was  set  as  1  s.  Bottom  friction  for  hydrodynamic
modeling  was  parameterized  using  the  spatially  varying
Manning  coefficients,  which  was  ranging  from  0.016  to
0.035  in  accordance  with  the  varying  bathymetry  of
model domain. 

3    Model  validation  and  time  series
analysis

Time  series  of  observations  of  atmospheric  pressure,
wind  speeds,  and  storm  tides  at  several  NOAA  stations
were used to validate model simulations. In addition, the
time  series  of  both  observations  and  model  simulations
were  used  to  analyze  the  dynamic  responses  of  air
pressure, wind speeds, and storm tides in responses to the
hurricane.  Simulation  of  Hurricane  Irma  storm  surge
began  on  September  6,  2017  (0000  UTC)  following  a
ramp-up  period  of  2  d.  It  ended  at  23:00  UTC  on
September  11,  2017,  which  coincided,  with  the  last
available  Tropical  Cyclone  Best  Track  data.  Observed
data  sets  were  obtained  from  NOAA’s  Center  for
Operational  Oceanographic  Products  and  Services  (CO-
OPS).
Accurate  calculation  of  atmosphere  pressure  and  wind

speed is essential in storm surge modeling. In this study,
atmosphere  pressure  and  wind  speed  were  calculated  by
applying  the  Holland  pressure  (Eq.  (3))  and  the  gradient
balance  wind  velocity  (Eq.  (4)).  Comparisons  of  the
modeled  and  observed  pressure  as  well  as  wind  speeds
during  Irma  at  Key  West,  Naples,  Old  Port  Tampa  and
Clearwater Beach stations are presented in Figs. 4 and 5.
Wind  speed  substantially  increased  when  the  hurricane
center made landfall near Naples. The wind speeds inside
the  typhoon  core  were  substantially  lower  than  those
outside  the  typhoon  core.  Minimum  pressure  and
maximum  wind  speed  were  all  observed  on  September
10.  Observed  mean  minimum  pressure  at  these  four
stations was about 961.65 mb, while the simulated mean
value  was  961.38 mb.  Comparisons  suggest  that  there  is
no  significant  difference  between  the  modeled  and
measured values  of  pressure  and wind speeds.  Averaged
correlation  coefficient  and  root-mean-square  error  of  the
simulated  pressure  from the  measured  are  0.98  and  3.19
mb,  respectively  at  these  five  stations.  These  two
statistical  indicators  for  wind  speed  are  calculated  to  be
0.91 and 3.12 m/s. Therefore, the generated pressure and
wind  field  can  be  used  as  forcing  factors  in  the  storm
surge model. Time series of pressure and wind speed also
show that, after Hurricane Irma made landfall near Marco
Island and Naples, pressure gradually increased and wind
speed decreased due to the effects of land and dryer air as
the  hurricane  moved  north  through  stations  of  Naples,

Old Port, and Clear Water (near Tampa).
The modeled sea levels were compared to recorded data

set at four NOAA coastal stations as shown in Fig. 6. Sea
levels  are  referenced  to  mean  sea  level.  The  agreement
between  the  modeled  and  observed  sea  levels  is  quite
reasonable at each station with correlation coefficients of
0.86 or higher. Time series of modeled and observed sea
levels  indicate  that  the  modeled  storm  surge  and  tides
with  respect  to  the  peak  value,  peak  time  and  trend  all
match  well  with  the  general  trend  of  the  observed  data.
Besides,  obvious  negative  storm  surge  can  be  seen  in
these  figures.  During  September  10,  when  this  area  was
severely affected by Hurricane Irma, abnormally low sea
levels  occurred  at  these  stations,  such  as  −1.45  m  at  St

 

 
Fig. 4    Time  series  of  model  computed  and  observed  pressure
at NOAA coastal stations.

 

 

 
Fig. 5    Time  series  of  model  computed  and  observed  wind
speed at NOAA coastal stations.
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Petersburg  station.  The  above  validations  confirmed  the
capacity of the model to simulate storm surge in Florida’s
south-western  coastal  region.  Hence,  the  model  was
applied  to  investigate  estuarine  response  to  Hurricane
Irma. Summary of statistics of the model performance is
given  in  Table 1  for  atmosphere  and  wind  speed,  and
Table 2 for storm tides. 

4    Model  simulations  of  wind  fields  and
storm tides

Storm tide is the water level rise during a storm due to the
combination  of  storm  surge  and  the  astronomical  tide.

Storm  surge  is  affected  by  hurricane  wind  and  pressure
and  by  coastal  topography  and  bathymetry.  Having
satisfactorily  validated  the  storm  surge  model  by
comparing model simulations with observations as shown
in  Figs. 4–6,  snapshots  of  model  simulations  of  wind
fields and water levels at different times are presented in
Figs. 7–12  to  demonstrate  the  dynamics  of  storm  tides
affected by the hurricane. The Florida Keys is a coral cay
archipelago  located  off  the  southern  coast  of  Florida,
forming  the  southernmost  portion  of  the  continental
United States, and acting like a long breakwater or barrier
to protect the south-west Florida coast.  The snapshots of
storm surge  distributions  can be  used to  investigate  how
the Florida Keys may reduce the storm surge impacts on
Florida coast. Tidal phases at each snapshot are shown in
Fig. 6 of the time series of storm tides.
At  07:00  UTC,  September  10,  the  hurricane  eye  was

located south of the Florida Keys with winds between 20
and  30  m/s  (Fig. 7).  Because  the  hurricane  eye  was  still
away  from the  coast,  storm surge  was  not  observed  yet.
However,  the  effect  of  Florida Keys on water  levels  can
be viewed by the negative elevations north of the Florida
Keys, because the Florida Keys acted as a barrier to block
the  water  movement  from  the  south  to  the  north.  As
shown in Fig. 7(b), the water elevation in the corner area
between  Florida  Keys  and  the  Florida  coast  was  about
0.5–1 m lower than other areas.
At  11:00  UTC,  September  10,  the  hurricane  center

moved  to  Key  West  (Fig. 8).  Wind  speed  was  about
25–30 m/s in Key West area, about 15–25 m/s in Miami
and  Fort  Myers  areas,  and  about  10–15  m/s  in  Tampa
area. Because of the effects of low tide, water levels were
generally lower than those at 7:00 am UTC in the region.
A storm surge cone was shown near Key West,  with the
elevation about 1 m higher than the nearby waters. Due to
the  barrier  effects  of  the  Florida  Keys  that  reduced  the
flows  from  the  south  to  the  north,  water  surface
elevations north of the Florida Keys were generally lower
than  that  in  the  south  of  the  Florida  Keys,  with  a
maximum  difference  of  about  1  m.  This  shows  that  the
Florida  Keys  acts  as  a  barrier  that  effectively  reduces
storm surge elevation in the south-west Florida coast.
At  15:00  UTC,  September  10,  the  hurricane  center

moved  to  the  north  of  Key  West,  getting  closer  to  the
south-west  Florida  coast  (Fig. 9).  Wind speed was  about
25–30  m/s  in  Key  West,  about  20–25  m/s  in  the  Miami
and  Fort  Myers  areas,  and  about  10–15  in  Tampa  area.
Because of the counter clockwise movement of hurricane
wind,  water  levels  increased  to  about  0.5–1  m  on  the
eastern coast of Florida and to the south of Florida Keys.
However, in the coastal waters of west Florida and north
Florida Keys, water was driven away from the coast and
Florida  Keys.  As  a  result,  water  surface  elevations  were
lower than those in the east coast of Florida. For the areas
between Florida Keys and south-west Florida coast, water

 

 
Fig. 6    Time  series  of  model  computed  (line)  and  observed
(dot)  water  levels  caused  by  storm  surge  and  tides  at  NOAA
coastal stations.

 

  

Table  1    Statistics  (RMSE)  of  comparison  between  observed  and
simulated values of atmospheric pressure and wind speed
stations atmosphere pressure (mb) wind speed (m/s)

Key West 3.99 2.81

Naples 2.29 3.30

Old Port Tampa 2.03 2.48

Clearwater Beach 2.09 2.76

Note: RMSE = root mean square error.
 

  

Table  2    Statistics  (RMSE)  of  comparison  between  observed  and
simulated values of storm tides
stations storm tides (m)

Naples 0.35

Port Manatee 0.21

St Petersburg 0.23

Clearwater 0.22
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Fig. 7    Wind field and water levels at 07:00 UTC, September 10, 2017.

 

 

 
Fig. 8    Wind field and water levels at 11:00 UTC, September 10, 2017.

 

 

 
Fig. 9    Wind field and water levels at15:00 UTC, September 10, 2017.
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Fig. 10    Wind field and water levels at 19:00 UTC, September 10, 2017.

 

 

 
Fig. 11    Wind field and water levels at 23:00 UTC, September 10, 2017.

 

 

 
Fig. 12    Wind field and water levels, 03:00 UTC, September 11, 2017.
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surface  elevation  was  about  −0.5  to  −1  m,  about  1–2  m
lower  than  those  in  Miami  area,  showing  the  negative
storm  surge.  In  Tampa  Bay  area,  the  water  level  was
about 0 to −0.5 m.
At  19:00  UTC,  September  10,  the  hurricane  center

made  landfall  near  Marco  Island  in  the  south-west
Florida,  south  of  Fort  Myers  (Fig. 10).  The  wind  speed
was  about  25–30 m/s  near  Fort  Myers,  about  15–25 m/s
in  Miami  and  Tampa  areas.  Because  of  the  counter
clockwise  rotation  of  hurricane  winds,  wind  directions
were  away  from  the  coast  in  the  north  of  the  hurricane
center,  and  toward  the  coast  in  locations  south  of  the
hurricane  center.  Therefore,  water  levels  in  the  south  of
the  hurricane  center  near  Key  West  increased  to  about
1  m,  while  water  levels  near  Fort  Myers  decreased  to
–1.0  m.  Near  the  Miami  area  in  the  south-east  coast  of
Florida,  because  wind  directions  were  about  parallel  to
the  south-east  Florida  coast  and  the  Florida  Keys,  no
substantial increase of water levels were observed. Water
levels  were  raised  by  about  0.2–0.6  m  in  Miami  area,
−0.6 to −1.0 near Fort Myers, and about −0.2 to −0.6 near
the Tampa area.
At  23:00  UTC,  September  10,  4  h  after  the  hurricane

landfall,  the  hurricane  center  moved  to  the  Fort  Myers
area (Fig. 11). In the areas south of the hurricane center in
south-west  Florida,  wind  speeds  were  between  15  and
25  m/s  toward  the  coast  of  south-west  Florida,  and  the
maximum  storm  surge  reached  2–2.5  m.  In  the  Miami
area, water levels decreased by 0 to −0.5 m because wind
directions were away from the south-east coast of Florida.
In  the  coastal  areas  between  Fort  Myers  and  Tampa
(north  of  the  hurricane  center),  wind  directions  were
away from the coast, with speeds about 20–30 m/s. As a
result, water levels from Fort Myers to Tampa decreased
to  about  −0.5  and  −1  m.  This  shows  that,  while  wind
hazards  were  the  strongest  near  the  hurricane center,  the
maximum  storm  surge  was  not  in  the  hurricane  center.
Instead, the maximum storm surge was some distance to

the south of the hurricane center.
At  3:00  UTC,  September  11,  the  hurricane  center

moved north to the area between Tampa and Fort Myers
(Fig. 12). Near the hurricane center, winds with speed of
25–30  m/s  moved  southward  approximately  parallel  to
the coast. Wind direction was away from the coast in the
areas  north  of  the  hurricane  center,  and  was  toward  the
coast  in  the  south  of  the  hurricane  center.  Wind  speeds
toward the coast have decreased to about 10–20 m/s. As a
result,  no  obvious  storm  surges  were  observed  on  south
Florida  coast.  In  the  coastal  area  north  of  Tampa  and
Tampa  Bay,  water  levels  decreased  to  about  −1.0  m,
resulting  in  negative  storm  surge  because  strong  winds
were  away from the  coast.  Although winds  continued  to
create  hazardous  effects,  storm  surge  gradually  reduced
because  of  the  reductions  in  the  wind  speeds  as  the
weakened hurricane traveled north. 

5    Integrating  storm  surge  and  hurricane
track  forecasting  with  traffic  analysis  for
hurricane evacuation assessment 

5.1    Storm  surge  and  wind  analysis  for  determining
hurricane affected areas

Analysis  of  areas  affected  by  storm  surge  and  winds
during  Hurricane  Irma  can  provide  a  good  evaluation
whether  the  evacuation  operation  was  reasonable.  The
maximum  storm  surge  along  Florida  coast  during
Hurricane  Irma  is  shown  in  Fig. 13(a).  Hurricane  made
landfall  in  south-west  Florida  as  a  Category  3  hurricane
with  maximum  wind  speed  about  115  mph.  The
maximum surge  from our  model  simulation  is  about  2.5
m.  The  surge  inundation  did  not  reach  the  Federal
Emergency Management Agency (FEMA) 100-year flood
elevation  (Fig. 13(b)),  which  has  been  used  by  the  state
for  coastal  construction  permit  and  flood  insurance.

 

 
Fig. 13    (a) Moderate storm surge with maximum about 2.5 m; (b) storm surge inundation showing below FEMA 100-year flood elevation
for coastal construction permit and flood insurance; (c) population density distribution.
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Therefore,  houses  built  above  the  100-year  flood
elevation zone were not inundated by storm surges during
Irma.  In  addition,  as  shown  in  the  population  density
distribution  (Fig. 13(c)),  maximum storm surge  occurred
in  the  coastal  area  of  Everglades  National  Park  with
almost  no  regular  residents.  The  results  are  consistent
with FEMA post-hurricane assessment [21].
When  Hurricane  Irma  made  landfall  near  Naples  and

Marco Island in south-west Florida, its strength decreased
to  Category  3  (115  mph)  (Fig. 14(a)).  As  it  continued
moving  north,  it  further  decreased  to  Category  1  near
Tampa [22],  and then became a  tropical  storm as  shown
in  Fig. 1.  For  building/house  design  and  construction  in
south  Florida  coast,  design  wind  speed  in  Florida
Building Code (FBC) (2010) [23] is about 160–170 mph
(above  Category  5)  (Fig. 14(b)).  In  the  Tampa  area,
design wind speed is 150 mph in the coast and 140 inland
(Category 4–5), which is far above the Category 1 winds
that  occurred  when  Hurricane  Irma  passed  Tampa.
Therefore,  the  design  wind  speed  by  FBC  is  far  above
Irma’s  wind  speed  in  these  areas  as  it  moved  north
through  Florida.  Houses  built  by  following  FBC  could
resist  the  wind  forces  during  Hurricane  Irma.  The
analysis  is  consistent  with  FEMA’s  post  hurricane
assessments  [21].  FEMA  [21]  found  that  Irma  wind
speeds did not approach the design wind speeds required
in the last six editions of the FBC since 2002. The FEMA
post-hurricane  assessment  team  found  that  buildings
designed  and  constructed  complying  with  the  FBC  met
expectations  by  performing  well  structurally  during
Hurricane  Irma.  For  houses  built  before  2002,  it  is
difficult to find reliable data for their general design wind
speeds.  The post-hurricane assessment reports by FEMA
[21] show that most damaged homes were mobile homes
or very old homes.
To  approximately  evaluate  whether  the  evacuation  of

6.8 million people during Hurricane Irma is reasonable or

overreacted,  we can approximately define the six coastal
counties  as  shown  in  Fig. 14(c)  (Monroe,  Collier,  Lee,
Charlotte,  and  Sarasota,  Manatee,  and  Hillsborough)  as
the  hurricane  hazard  zone  for  evacuation  of  the  entire
population.  Hurricane strength changed from Category 3
(115  mph)  near  Naples  to  Category  1  (74–95  mph)  in
Sarasota  and  Manatee  Counties.  This  already  includes  a
very  good  safety  factor  because  those  living  in
houses/buildings above the 100-year flood zone and built
after  the  effective  FBC  of  2002  were  indeed  safe  for
residents who stayed at home. In addition, for Category 1
hurricanes, common practice is to stay at home and board
up  windows,  instead  of  evacuation  [24].  The  total
population of those six counties is 2.25 million, which is
only  about  33%  of  the  6.8  million  who  relocated
statewide  during  Hurricane  Irma.  Therefore,  the
evacuation  during  Hurricane  Irma  was  a  substantial
overreaction.  The  overreacted  evacuations  were  mainly
caused by the uncertainty of hurricane forecasting and the
unavailability  of  real-time  forecasting  and  analysis  of
storm  surge  and  winds  for  public  access.  Overreacted
evacuations  caused  traffic  congestions  [19]  and
widespread  gasoline  shortage  during  Irma  evacuation
[25], which slowed down the evacuation. 

5.2    Traffic  analysis  of  overreacted  evacuation  during
Hurricane Irma

Although  the  hurricane  finally  landed  in  south-west
Florida with effects mainly in six coastal counties with a
total population of 2.25 million, the overreacted statewide
evacuation  relocated  about  6.8  million.  As  described  in
reports [19,25], the massive evacuation during Hurricane
Irma  caused  traffic  congestions  and  widespread  gasoline
shortage.  This  section  reports  how  real-time  traffic  data
were  used  to  analyze  evacuation  traffic  patterns.  The
forecasts  of  hurricane  tracks  and  affected  areas  from

 

 
Fig. 14    (a) Wind field with maximum 115 mph when Irma made landfall; (b) building design wind speed in FBC (150–170 mph, about
Category 5 in south Florida coast, much larger than Irma’s landfall wind speed of 115 mph, Category 3); (c) areas affected by Irma’s CAT
1–3 wind with total population about 2.25 million.
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National  Hurricane  Center  (NHC)  [22]  were  also
presented  to  show  how  hurricane  forecasting  affected
evacuation  traffic.  NHC’s  forecasted  hurricane-affected
area as shown in Figs. 15–19 do not have details of storm
surge and wind speeds in the affected area.
A  metric,  namely  the  Evacuation  Traffic  Index  (ETI),

was  defined to  measure  the  level  of  change with  respect
to  normal  daily  traffic  for  each  roadway  section  on  the
studied highways  before  and during Irma’s  landfall.  The
ETI for a roadway section is defined as follows (Eq. (6)):
 

ET I=
Evacuation Tra f f ic-Normal Daily Tra f f ic

Normal Daily Tra f f ic
×100.

(6)

In  addition,  a  Geographic  Information  Systems  (GIS)-
based analysis was employed to visually illustrate the ETI
values of corresponding highway sections with respect to
different  dates  and times.  The level  of  evacuation traffic
change  is  simply  presented  as  the  percentage  change  of

traffic for the days before and during the hurricane event
in  September  2017  and  those  for  the  same  days  of
September 2018. It is worth mentioning that 2018 hourly
traffic  volumes  were  the  most  updated  data  set,  which
was made publicly available by the FDOT at the time of
conducting this study. The negative ETI values reveal that
there is no traffic change compared to the daily traffic on
that  highway  segment.  On  the  other  hand,  the  positive
percentages  show  how  much  extra  traffic  was  on  the
highways  in  comparison  to  an  average  day  without
evacuation traffic.
Traffic data were obtained from FDOT. Real-time data

were collected by the FDOT TTMS from September 6 to
September 10, 2017. In total, there are 63 TTMS located
on the Florida’s major highways, namely I-95, I-75, I-10,
I-4,  and  turnpike  (SR-91).  The  uncertainty  in  hurricane
path  forecasting  [26]  by  NHC  made  it  difficult  for
evacuation.  As  shown  in  Figs. 15–19,  forecasted
hurricane path shifted from east coast on September 6 to

 

 
Fig. 15    (a) Hurricane track and affected coast (red lines) forecasted by NHC (left); (b) the ratio of traffic volume (right) on September 6 (4
d before landing).

 

 

 
Fig. 16    (a) Hurricane track and affected coast (red area) forecasted by NHC (left  panel);  (b) the ratio of traffic volume (right panel) on
September 7, 2017 (3 d before landing).
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Fig. 17    (a)  Hurricane track and affected  coast  (red  lines)  forecast  by  NHC ((left  panel);  (b)  the  ratio  of  traffic  volume (right  panel)  on
September 8, 2017 (2 d before landing).

 

 

 
Fig. 18    (a) Hurricane track and affected coast (red area) forecasted by NHC ((left panel); (b) the ratio of traffic volume (right panel) on
September 9, 2017 (1 d before landing).

 

 

 
Fig. 19    (a) Hurricane track and affected coast (red area) forecasted by NHC ((left panel); (b) the ratio of traffic volume (right panel) when
Irma landed on September 10, 2017.
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west  coast  on  September  10.  Before  the  hurricane  made
landfall  in  Florida,  Florida  officials  ordered  6.8  million
people  to  evacuate.  There  were  77000  people  located  in
450 shelters.
The  evacuation  caused  traffic  congestion.  Four  days

before hurricane landing, the center of the hurricane path
was forecast to be along Florida’s east coast (Fig. 15(a));
people  in  south-east  Florida  started  to  move  north  along
I-95 and north-east through Florida Turnpike (Fig. 15(b)).
Above  normal  traffic  was  shown  in  I-75,  Turnpike,  and
I95. Three days before the hurricane landfall, the forecast
hurricane path was along the east  coast  toward the north
(Fig. 16(a)).  The  congested  traffic  flow (Fig. 16(b))  with
traffic  volume above  twice  normal  traffic  volume shows
that people in Florida east coast moved north and west to
escape from hurricane impacts.  However,  because of the
large number of vehicles during the evacuation, the traffic
congestions  made  evacuation  ineffective.  The  situation
would  have  been  improved  if  some  people  left  1–2  d
earlier. Because the most probable projection of hurricane
track  was  on  the  east  coast  of  Florida  on  September  7,
some  residents  in  the  east  coast  also  moved  to  the  west
coast.  Some residents  living in  the west  coast  such as  in
Fort  Myers  and  Tampa  Bay  areas  stayed  at  home  until
September  8  (2  d  before  hurricane  landing),  when  the
forecast hurricane track shifted toward the west coast.
Two days before hurricane landing, the NHC forecast a

shift of hurricane track from east coast to central Florida
(Fig. 17(a)).  All  coasts  in  south  Florida  were  listed  for
potential  storm  surge  impact.  Traffic  flow  in  south-
eastern  Florida  area  (Fig. 17(b))  were  below  normal
because  most  people  completed  the  evacuation  on
September  7.  However,  along  the  east-west  interstate
highway  I-10,  the  traffic  volume  was  high,  about
75%–200%  above  normal  condition.  This  indicates  that
people drove west  to escape from the hurricane impacts.
Above  normal  traffic  volume  along  I-75  north  from
Tampa  indicates  that  residents  in  Tampa  area  continued
to be evacuated.  It  also indicates that  some residents  did
not  leave  on  September  7  because  of  the  forecast
hurricane track on September 7 was along the east coast.
On  September  9  (1  d  before  hurricane  landfall),  the

NHC forecast the hurricane path shift to the west coast of
south Florida,  and all  coasts  in  south Florida were listed
for  potential  storm  surge  impacts  (Fig. 18(a)).  Traffic  in
south  Florida  was  below normal  condition  because  most
of the residents had evacuated. Busy traffic was shown in
north I-75 and I-10, indicating residents in central Florida
were still leaving to the north and west to escape from the
potential  impact  along  the  forecast  hurricane  path
(Fig. 18(b)). The ratio of traffic volume in some sections
of the interstate highway I-10 and I-75 were 126%–200%
above  normal  traffic  volume.  On  September  10  when
Hurricane  Irma  made  landfall  in  south-west  Florida,  all
traffic  in  Florida  was  below  normal  condition  (Fig. 19),

indicating that the evacuation was almost complete.
In  addition  to  the  spatial  analysis  of ETI  above,  time

series  of  traffic  speed and volume during the  evacuation
period  in  2017  at  I-17  near  Ocala-Gainesville  [19]
obtained  from  FDOT  are  presented  in  Fig. 20,  showing
how  traffic  speed  was  slowed  down  due  to  congestion.
Comparison to the traffic volume during the same period
in 2016 indicates a large increase of traffic volume during
Hurricane  Irma  evacuation  starting  on  September  6,  4  d
before  Hurricane  Irma  landing.  Traffic  congestions
occurred on September  6  (average traffic  speed of  about
30 mph) and September 7 (15 mph) in the state highway
that  requires  minimum speed  of  45  mph.  FDOT opened
the emergency shoulder to use on September 7 to ease the
traffic  congestion  [19].  On  September  7,  general  traffic
speed  was  about  40–50  mph,  far  below  the  normal
70  mph  before  evacuation  traffic  starting  at  noon  of
September 6. 

6    Discussions

Approximately  6.8  million  people  were  ordered  to
evacuate  [19].  Although the evacuation was successfully
completed  before  the  hurricane  landing,  some  problems
as shown below have been identified from this study that
need  to  be  addressed  for  the  improvements  of  hurricane
evacuations in the future.
a)  Overreacted  evacuation  and  traffic  congestions

caused by uncertainty of hurricane forecasting
As  shown  in  Fig. 13,  because  Hurricane  Irma  made

landfall  in  south-west  Florida,  a  large  percentage  of
evacuees  in  south-eastern  Florida  would  have  stayed  at
home  if  more  accurate  forecast  information  of  hurricane
track  was  provided.  However,  because  the  forecast
central path of the hurricane 3–4 d before its landing was
along  the  south-east  coast  (Figs. 15–16),  many  residents
in  south-east  Florida  coast  evacuated.  Some  drove  to
south-west  Florida area and later  found out  they were in
the path of the shifted hurricane so that they had to move
away  again.  Over-estimated  evacuation  was  the  major
cause for evacuation traffic congestion that slowed down
 

 
Fig. 20    I-75 Northbound traffic volumes show above highway
traffic capacity at I-75 Ocala Station during evacuation in 2007.
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the evacuation.  In addition,  the worry of evacuation also
caused  widespread  fuel  shortage  throughout  the  state  of
Florida [25], which made it difficult for those who really
needed  to  evacuate.  The  uncertainty  of  track  forecasting
in  advance  (e.g.,  more  than  3  d)  is  largely  due  to  the
uncertainty  of  the  forecast  of  the  environmental  factors
themselves [27–29]. It may not be helpful for planning an
evacuation a long time in advance (such as 4–5 d before
the hurricane landing). As shown in the shift of Hurricane
Irma track from south-east to south-west coast within 4 d,
those  that  traveled  to  the  west  coast  had  to  make  quick
decisions  to  go  back  as  the  hurricane  path  changed
toward  their  direction.  Computational  evacuation
modeling can be used in the future to support evacuation
operations  in  response  to  the  uncertainty  changes  in
hurricane forecasting.
b) Overreacted evacuation caused by lack of publically

available real-time storm surge data
Figures 15–19  show  general  storm  surge  affected

coastal  area  in  the  hurricane  forecasting  provided  by
NHC.  Comparing  to  our  storm surge  model  simulations,
the  general  storm  surge  area  by  NHC  does  not  give  the
magnitude of storm surge. Its affected areas cover a much
larger  area  than  our  storm  model  simulations  as
evidenced  by  comparing  Fig. 16  to  Fig. 10.  For  the
hurricane  impacted  area  in  south-west  Florida,  FEMA
report  [21]  indicates  that  hurricane  caused  moderate
flooding  but  was  not  considered  a  storm  surge  design
event  (i.e.,  exceedance  of  the  1-percent-annual-chance
flood),  which  is  consistent  with  our  storm  surge  model
result  of  maximum 2.5 m of  moderate storm surge.  This
indicates  that  evacuation  was  unnecessary  for  residents
living  in  houses  built  by  following  FEMA  design  flood
elevation. However, due to the worry about the potential
strong surge because of the lack of real time storm surge
forecasting  map  for  the  public,  many  evacuated  even
though  their  houses  were  above  the  actual  storm  surge
elevation,  and  this  contributed  to  the  traffic  congestion.
The  storm  surge  model  calibrated  in  this  study  will  be
able to provide real-time predictions of storm surge in the
hurricane event in the future.
c) Overreacted evacuation caused by lack of familiarity

with the FBC
Many  residents  may  not  have  good  knowledge  of  the

wind  load  criteria  for  house/building  design  and
construction  as  given  in  FBC.  The  first  edition  of  FBC
was  published  in  2002  [21]  and  has  been  continuously
improved  up  to  the  latest  7th  edition  today  [23],  which
aims to set the criteria for building strong houses to resist
hurricane wind forces. Soon after Hurricane Irma, FEMA
Mitigation Assessment  Team (MAT) conducted building
performance  observations  [21].  FEMA  MAT  focused
primarily  on  one  and  two-family  dwellings,  but  also
assessed  some  multi-family  dwellings  (apartments  and
condominiums).  They  found  that  estimated  wind  speeds

from  Hurricane  Irma  in  Florida  did  not  approach  the
design wind speeds specified in the last six editions of the
FBC,  which  is  consistent  with  our  wind  field  model  as
shown  in  Fig. 14.  The  FEMA  team  also  found  that
buildings  designed  and  constructed  complying  with  the
FBC  met  expectations  by  performing  well  structurally
during  Hurricane  Irma.  Therefore,  residents  living  in
houses designed and built  after 2002 and following FBC
should  have  been  safe  by  staying  at  home  without
evacuation,  if  their  houses  were  not  located  in  coastal
flood  zone.  However,  the  fears  of  wind  damages  made
many residents evacuate, which increased the chances of
evacuation traffic congestion and gasoline shortage.
Findings of this study provide valuable information for

the  improvement  of  hurricane  evacuation  planning  and
operations  in  the  future  to  avoid  overestimated
evacuations. Overestimated massive evacuation can cause
the shortage of gasoline and supplies like food and water,
which  became  critical  for  those  who  really  need  to
evacuate. The case study of coastal hazard and evacuation
during  Hurricane  Irma  indicates  the  need  for
interdisciplinary  research.  Findings  of  this  research  can
help  emergency  management  agencies  to  make  more
reliable decisions for hurricane evacuations. 

7    Conclusions

Storm  surge  modeling  and  traffic  analysis  were
conducted to evaluate the effectiveness of the evacuations
during Hurricane Irma. The Category 5 hurricane caused
a record evacuation with an estimated 6.8 million people
relocating  statewide  in  Florida.  Coastal  storm  surge  and
wind  analysis  indicate  that  the  scale  of  evacuation  was
overestimated.  Only  moderate  storm  tides  (maximum
about 2.5 m) and maximum wind speed of about 115 mph
(Category  3)  from  model  simulations  are  found  to  be
consistent  with  FEMA  post-hurricane  assessment  [21].
Storm  surges  did  not  reach  100-year  flood  elevation  for
coastal  construction  permit  and  the  maximum wind  was
much  below  the  design  wind  speed  of  150–170  mph
(Category  5)  of  FBC in  south  Florida  coastal  areas.  The
analysis from this study is consistent with FEMA’s post-
hurricane  observations  of  moderate  flood  and  no
structural  damages  for  houses  built  after  2002  and  after
the  FBC  was  implemented.  Other  than  for  the  total
population  of  about  2.25  million  in  the  six  coastal
counties affected by storm surge and Category 1–3 wind,
the statewide evacuation was considered an overreaction.
Uncertainty  of  hurricane  forecasting  is  one  of  the  major
factors  for  the  overestimation  of  this  evacuation,  in
addition  to  the  lack  of  public  awareness  of  real-time
storm surge forecasting and the building strength against
the wind.
Traffic  data  were  used  to  analyze  evacuation  traffic
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patterns.  Evacuation  traffic  started  4  d  before  the
hurricane’s  arrival  in  south-east  Florida.  However,
hurricane  path  shifted  and  eventually  landed  in  south-
west Florida,  which caused massive evacuation traffic in
south-west Florida. Evacuation almost completed in south
Florida  but  continued  in  north  Florida  1  d  before  the
hurricane  landfall.  Traffic  analysis  indicates  that
evacuation traffic was mainly affected by the changes in
forecast  hurricane  path.  Overestimated  large-scale
evacuation  caused  traffic  in  excess  of  highways’  traffic
capacity,  and  that  reduced  the  effectiveness  of
evacuations.  Results  from  this  study  indicate  that
evacuation efficiency can be improved by more accurate
hurricane  forecasting,  better  public  awareness  of  real-
time  storm  surge  and  wind  as  well  as  evacuation
modeling  for  quick  response  to  the  uncertainty  of
hurricane  forecasting.  Considering  the  uncertainty  of
hurricane  forecasting,  evacuation  too  early  may  add
unnecessary  traffic  flow  and  gasoline  consumption  that
may affect those who really need to evacuate. 
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