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ABSTRACT. Hurricane Emily unleashed its fury on the Outer Banks of North Carolina on 31
August 1993. Storm surge was a major cause of damage along the Outer Banks. The highest flood
water (11-11.5ft) occurred in the Buxton area near Cape Hatteras, North Carolina. It was reported
that this flood water was from storm surges along the sound side of the barrier islands. An experimental
forecast was conducted for this event in real time using Croatan-Albemarle-Pamlico estuary systems
(CAPES) storm surge prediction model developed at North Carolina State University (NCSU). It uses
as input parameters the projected hurricane track, minimum center pressure,maximum sustained wind
speed and radius of maximum wind speed provided by the National Hurricane Center (NHC). The
forcing of the model also includes fresh water input from sound system rivers, and of coastal waters
intruding into the sound via Ocracoke,Hatteras and Oregon inlets. The predicted maximum surge
along the sound side of the Outer Banks was within 85-90% of the post-storm highwater-mark survey
data provided by the U.S. Geological Survey (USGS). Albeit, an after the fact simulation using the
post-storm analysis of the track of Emily provided by the NHC, the maximum storm surge along
the sound side of the Outer Bancks predicted by the model was within 95-98% of the maximum
highwater mark data. The location of the predicted maximum surge for both pre and post model
runs was near Cape Hatteras, which agreed well with USGS’s survey data. We conclude that the
CAPES storm surge model is capable of providing accurate storm surge forecasts in and around the
CAPES, but such forecasts are sensitive to not only the observed storm size and intensity but in

particular, the projected storm track.

Key words — Numerical modelling, Storm surge, Simulation, Storm surge model.

1. Introduction

The Outer Banks of North Carolina is a chain of
barrier islands that separate the Atlantic Ocean and
the Croatan-Albemarle-Pamlico Estuary System
(CAPES) (Fig 1). CAPES is the largest lagoonal estuary
in the United States. It covers a total area of approxi-
mately 5500 km® with an average depth of 45 m
(Pictrafesa et al. 1986). As shown in Fig. 1, the CAPES
has a very complex coastline and bathymetry. It is
comprised primarily by two major bodies of water,
the Pamlico Sound and the Albemarle Sound, which
are linked by the relatively smaller Croatan and Roanoke
Sounds. The sound system is supplied with fresh water
from several rivers including the Neuse, Pamlico,
Roanoke, Alligator, Tar, Chowan, Pungo and others.
The sources of salt water for the CAPES are the
barrier island inlets which include Ocracoke, Hatteras
and Oregon inlets. These inlets connect the Pamlico
Sound to the Atlantic Ocean. Albemarle, Croatan and
Roanoke sounds have no direct connection with the
coastal ocean, but interact via the opening at the north
end of Pamlico Sound, Oregon inlet.

The coast of North Carolina expericnces a high
frequency, 12 to 15, of extratropical cyclones during
the late fall, winter and early spring (Cione et al.
1993) and the occasional tropical cyclone during late
spring, summer and carly fall. The effect of these
wecather systems, whether they achieve landfall or
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Fig. 1. The study region
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Fig. 2(a). Hurricane Emily of 1993 : Satellite imagery of hurricane Emily as it approaches the Carolina Coast

simply have a close encounter with the shallow coastal
lagoonal system, can result in flooding on both the
mainland and the "sound-side” of the Outer Banks
(Necuherz et al. 1993). Storm-induced flooding along
the coast of the United States is predicted by the NHC
using the SLOSH (Sea, Lake, and Overland Surge
from Hurricanes)model (Jarvinen and Lawrence 1985)
based on the method developed by Jelesnianski (1972).
However, storm surges in bays and estuaries, such as
the CAPES, are more difficult to predict using this

mcthod because of irrcgular coastine and complex

local topography (Hsu 1991).

To improve the flooding forecast in and around
the CAPES, North Carolina State University developed
a three-dimensional hydrodynamic model of the CAPES.

It was used for the first time in a real-time flood
forecast prior to the offshore passage of Hurricane
Emily (Fig. 2a) of August 1993 and in several winter
extratropical and summer tropical storm cases thereafter.
Verifications of the predicted surges from a two-
dimensional version of the CAPES model against
observations under winter storm conditions has been
conducted by Neuherz er al. (1993). In their study,
the CAPES model is initialized with a uniform wind
vector created by linearly averaging the three time
scrics of winds from Norfolk, VA, Cherry P, NC
and Cape Hatteras, NC. Even with these simplifications,
Neuherz et al. (1993) found that the model is capable
of providing accurate forecasts of the location and
timing of flooding events in and around the CAPES
when the ficld over the CAPES can be treated uniform.
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Fig. 2(b). Hurricane Emily of 1993 : The NHC best track positions for hurricane Emily from 22
August to 6 September 1993 (after Burpee et al. 1994).

However, when the size of the storm is small enough
to cause considerable spatial wind variation within the
CAPES, a two-dimensional surface wind field must be
described.This approach is taken in the present paper.
Experimental forecasts performed with the current
version of the CAPES model, which employs a spatially
and temporally detailed atmospheric forcing model,
such as winter cyclones and summer hurricanes, have
indicated a good prediction skill. In- this paper, we
will present the simulated storm surge in the CAPES
caused by Hurricance Emily using Emily’s "best tract",
the track of the storm center determined by post-storm
analysis of all available observations and the appro-
ximate time of NOAA research flights (Fig. 2b, from
Burpee et al. 1994),

2. Background of the event

Hurricane Emily was spawned as a tropical
depression in mid-August, 1993 from an African easterly

wave. It achiecved minimum hurricane status near 28°N,
61°W on 26 August. It weakened into a tropical storm
6 hours later, but reached hurricane strength again on
27 August as it headed generally westward (Burpee
et al. 1994). As shown in Fig. 2b, Emily passed over
the coastal waters off Cape Hatteras, NC between 0900
UTC 31 August and 0100 UTC 1 September. During
this period, Emily was a category 3 hurricane with
maximum surface wind speeds of the order 50 ms™!
(Burpee et al. 1994). Emily remained a compact system
with a relatively small radius of maximum wind speed
(<50 km) off the Carolina coast. Emily’s eye was
moving northward when it passed over the coastal
waters, with part of the western eyewall over the outer
banks near Cape Hatteras. The lowest sea-level pressure
of Emily reached 960 hPa at 0100 UTC 1 September.
Subsequendy, the hurricane trned and followed an
eastward track out over the Atlantic Ocean as shown
in Fig. 2b.
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According to the Climate Summary of South-East
Regional Climate Center (August 1993), about 160,000
tourists and residents had to be evacuated from the
NC’s barrier islands. This alone caused an estimated
loss of $10 millon to local business. This summary
reported that:

“Emily, the first major Atlantic Hurricane of the
1993 season, unleashed its fury on the Banks of North
Carolina on 31 August. The center of the storm remained
about 25 miles offshore turning northward during the
afternoon. The western part of the eyewall contained
the destructive power which passed over Hatteras Island.
Hardest hit by the category three hurricane was a
25-mile stretch of Hatteras Island between Cape
Hatteras and Rodanthe to the north. Government-owned
buildings and hundreds of homes and business sustained
structural damage. Some were damaged by flood
waters and mud as well. A large number of vehicles
were swept off roads by flood waters. There was
significant flooding on the sound side of the barrier
islands."

In fact, post-storm estimates by the U.S. Geological
Survey indicate that the highest flood water, about
32m (11-11.5 ft) was from the sound-side of the
barrier islands near Cape Hatteras. Thus sound-side
flooding was a major cause of damage along the Outer
Banks.

As it happens sound-side flooding due to the
approaching hurricane was predicted 24 h in advance
using the CAPES storm surge model. The projected
hurricane track, minimum center pressure, maximum
sustained wind speed and the radius of maximum wind
speed provided by the National Hurricane Center (NHC)
a day before the actual arrival of Hurricane Emily had
been used to construct the surface wind field over the
CAPES. The predicted storm surge location and height
were supplied to the National Weather Service's Raleigh
Office and then to its Cape Hatteras Office prior W
and during the event. The predicted storm surge was
in close agreement with the post-storm highwater-mark
survey data provided by the U.S. Geological Survey.
The predicted maximum flood level 2.9 m (~10 ft)
was within 85-90% of the estimated maximum
walter-surface elevation 3.2 m (11-11.5 ft), on the sound
side at the Buxton area near Hatteras (Fig 1). Following
the storm, the model was rerun using the best storm
track and more precise storm. A briefl description of
the model and the after-fact simulation result will be
presented in the following sections.
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3. The modelling and visualization system

(a) Modelling component

The major component of the storm surge prediction
system is the three-dimensional hydrodynamic model
configured for the CAPES. This model is described
in detail in Pietrafesa er al. (1986), Pietrafesa and
Janowitz (1991) and Lin (1992). For convenience, the
basic hydrodynamrc equations that govern the water
motion in the CAPES are given below:

u m ., du
_a?“fv‘_"‘_gg"'"v_z (M

2
%—:' u—-—ggyﬂ+A a_ @)
and %’;1-—; I udz+— j vdz 3)

where u,v are the horizontal components of velocity
in x and y directions, z is positive upward,  represents
time, g the gravity, f the Coriolis parameier, T the
surge height (i.e., the water level anomaly above
mean sea level), h the depth of water, and A, the
eddy viscosity coefficient. As in classical storm surge
models (Welander 1961, Jelesnianski 1972), the
nonlinear advection terms are neglected; though they
can be incorporated as necessary.

At the water surface, the turbulent stress is balanced
by the wind stress:

pAv%ﬂ JSF @

where p is the water density. The wind stress is
determined by the quardratic wind stress law using
surface winds measured at 10 m (wq):

T3=Cp Pa ! Wio | Wio )
where p, is air density and Cp is the drag coefficient
determined by :

IWjol<11m/s

1 cp={ I
D=1 049+0.0651 W)l 1#Wyl211m/s

©6)

The surface winds over the sounds are estimated
from the observed track of Emily, minimum pressure,
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Fig. 3. The model domain and its surrounding environment

maximum wind speed and radius of maximum wind
speed via the following idealized hurricane wind model;

_ 1 R Y].
Wi0= Whax " B/ Rpax €Xp| T [ 1 - | Jt,.»m o, cos o)

b Rmax

(6a)
where w,,. is the maximum wind speed, R, is
the radius of maximum wind speed, R is the actual
radius from the center of the storm, b is a shape
factor and is set to 14 in this study, and o is
defined as,

JJ it R<R_,

if R >R

The bottom friction is computed using a linear
stress law suggested by (Winant and Beardsley 1979):
av’|

P"‘vg‘

=prvl__, 7
z==~h
where r is a friction coefficient with velocity
dimension.

At the lateral boundaries, the following flux
conditions are prescribed:

- - 0,
M n‘*:{ -Q/w,

0

where 3 = j Vidz is the volume flux per unit
~h

width, ”is the unit vector normal to the boundary

at land boundaries
at river mouths and inlets

®)
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Fig. 4(a). The simulated water level anomaly (storm surge) and surface currents in the Croatan-Albemarle-Pamlico Esmary

System (CAPES) at 6.5 h

and pointing outward from the CAPES, Q the total
discharge rate and w the width of the river mouth
or inlet.

At a river mouth or inlet, a constant normal flux
is specified based on estimated total discharge rate
divided by the actual width of the river mouth or
inlet. Observed mean discharge rates of 529,134 and
175 m° (Lin 1992) were prescribed for the Chowan,
Pamlico and Neuse rivers respectively. These discharge
rates were fixed in the model. Sensitivity of the water
levels to the variations of river discharge rates is
discussed later. Again, actual observations, if available,
can be employed in the model.

The domain of the hydrodynamic model is shown
as the gridded area in Fig. 3. The flooding area and
flood level are then estimated from the predicted water
levels along the grid boundaries using a linear extrapo-
lation scheme. Observed bathymetry data within the
gridded domain are used in the hydrodynamic model,

and real topography of the surrounding area is used
in the flood area computation. As can be seen from
the model equations and boundary conditions, the water
level change inside the sound is due to surface wind
stress, lateral mass fluxes via major inlets and tributary
rivers, and bottom friction. Thermohaline effects are
not considered. For more details of the model numerics
and parameter setting, the reader should refer 1o Lin
(1992) and Lin et al. (1995).

(b) Visualization component

An important part of the CAPES storm surge
prediction system is the built-in visualization compo-
nent. The visualization program is created using the
IBM software, Data Explorer (DX). The time sequences
of model produced storm surge forecasts in digital-data
format are converted into DX format and then imported
into the visualization program. The projected track of
storm which is provided by the National Hurricane
Center (NHC) is also imported into the visualization
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Fig. 4(b). The simulated water level anomaly (storm surge) and surface currents in the Croatan-Albemarle-Pamlico Estuary

System (CAPES) at 8h

program and is synchronized with the time sequence
of the predicted storm surge. Therefore, at each time
frame, storm surge height, surface current vector and
the location of the storm can be presented to the
forecasters.The forecasters can also explore each image
further 10 view the details of the cumrent pattern and
water-level distribution at any location within the sound
by using the zoom function of the DX program or to
view a different side of the CAPES system by using
the rotate function of the DX program. Finally, the
entire time sequence of the forecasts are animated and
videos are made upon request. The time required to
complete the entire work from receiving the hurricane
forecast information to make the storm surge forecast,
perform visualization and produce a hard copy of video
can be done within several hours.

4. Results

The simulated sea level anomaly and surface currents
at 65, 8 12 and 15 h are shown in Figs. 4(a-d)

respectively. The simulation time (in actual hours) is
shown by the digital clock displayed in each figure.
The simulation starts from the =0h. Thus 6 O’clock
corresponds to forecasts verified at 6h after the
initialization. The image in each figure is displayed
with a 90° rotation so that North points to the right.
The area of land is marked with three-dimensional
topography with colours ranging from green to brown.
The water level anomaly is shown as the three-
dimensional iso-surfdce with different levels of colour
calibrated as indicated in the colour bar. Red and
yellow colours correspond to storm surges of greater
than 1.5m, while the deep blue and blue colours
indicate water levels at least 0.5 m lower than normal.
The light green and light blue colours represent water
levels within 0.5m of its normal value. The water level
anomaly on the sound side of Cape Hatteras (marked
by the thick blue vertical bar) is numerically displayed
in cm. At this location, the actual flood level was
observed to exceed 3.2 m based on post-storm
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Fig. 4(c). The simulated water level anomaly (storm surge) and surface currents in the Croatan-Albemarle-Pamlico

Estuary System (CAPES) at 12h

high-water mark survey by the U.S.Geological Survey
(USGS).

As shown in Fig. 4(a), as Emily approached the
NC coast southeast of Cape Hatteras, surface waters
flowed southward and water level rose in the southern
portion of the Pamlico Sound piling up against the
sound side of the Outer Banks. The water level near
Cape Hatteras decreased rather dramatically. This
decrease of water level before Emily’s arrival was
verified by on-site observations at the NWS Cape
Hatteras Office. Water then began to rise near Cape
Hatteras at about 8 h as Emily passed the direct
offshore (Fig. 4b). At this time, waters derived from
Albemarle Sound continued to flow southward through
the Croatan Sound into the Pamlico Sound and the
flood level continued to increase in the southern portion
of the Pamlico Sound, particularly -along the soundside
of the Outer Banks where flood level exceeds 1 m.
The highest soundside flood level near Cape Hatteras
reached 3.11 m at about 12 h (Fig. 4c). The surface

current pattern at this time shows that the high mound
of water mechanically driven by the hurricane to the
southern part of the Pamlico Sound began to retreat
northward toward Cape Hatteras due to a shift of wind
direction. In the meantime, waters continued to be
driven by the wind from Albemarle Sound through
Croatan Sound and into the Pamlico Sound. Therefore,
a strong convergence occurred near Cape Hatteras.
This explains why the highest flood water occurred in
the Buxton region, near Cape Hatteras. Water level
started to fall in the Pamlico sound after 12 h. As
indicated in Fig. 4(d) verified at 15 h after the storm
surge peaked at Cape Hatteras at around 12h, waters
flowed from the Pamlico Sound through the Croatan
Sound into the Albemarle Sound. At 15 h the height
of the storm surge near Cape Hatteras decreased to
1.16m.

Comparing to the pre-storm model run made on
30 August 1993, the hindcast run showed an impro-
vement of about 8-10% over the predicted maximum
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Fig. 4(d). The simulated water level anomaly (storm surge) and surface currents in the Croatan-Albemarle-Pamlico System

(CAPES) at 15h

flooding occurred in the Buxton area. We believe that
this improvement was due to the refined storm track.
The projected storm center which was used to derive
the wind ficld on 30 August 1993 was too close to
the coast. As a result, the shift of wind direction which
is responsible for the convergence of surface currents
near Cape Hatteras was not correctly prescribed.

Besides storm track, bottom friction and river &
inlet fluxes also affect the storm surge. In order o
study the sensitivity of the storm surge to these model
parameters, we have examined the time evolution of
the predicted storm surge near Cape Hatteras under
four different parameter settings:

(a) Control Experiment (CE): climatological river
and inlet fluxes were used. The lincar bottom
friction parameter was set to 0.1 cm/s;

(b) Double-Friction Experiment (DFE): same as CE
except for a doubling of the linear bottom
fricion parameter to 0.2 cm/s;

TABLE 1
Average fresh and salt water fluxes prescribed through
major inlets and rivers (m3fs)

Inlets Rivers
Oregon -3280 Chowan 5980
Hatteras -3810 Pamlico © 2260
Ocracoke -5630 Neuse 1980

(c) Closed-Inlet Experiment (CIE): same as CE
except for setting the fluxes through all inlets
to 0;

(d) Severe-Flood Experiment (SFE): same as CE
except for using a 20-year flood condition for
river discharge rates. Based on Lin (1992), the
volume fluxes discharged into the CAPES
through Chowan, Pamlico and Neuse rivers in
a 20-year flood condition are 5980, 2260 and
1980 m%/s respectively (Table 1).
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Fig. 5. Time evolution of storm surge near Capes Hatteras
in the control (solid curve), double friction
(long-dash curve), severe flooding (dottted curve)
and closed-inlet (short-dash curve) experiments

As shown in Fig. 5, the time-series of the surge
height near Cape Hatteras in all four cases have a
similar pattern. This suggests that the time-evolution
of the storm surge in the CAPES is not significantly
affected by bottom and lateral boundary conditions,
but rather by the time-dependent wind stress. However,
some difference in the magnitude of the water level
exists among the different cases. With a doubling of
bottom friction, the maximum height of the storm surge
was reduced by 22cm at the peak surge stage and by
32 cm an hour later. This suggests that proper treatment
of bottom friction can lead to an improved surge
prediction. A similar magnitude of modification may
be caused by a severe flooding. Although the peak
surge was only increased by 17 cm, the extra amount
of surge near Cape Hatteras caused by the flood water
from the rivers reached 30 cm four hours after the
peak surge (occurred at 12 h). This can be explained
by the time delay needed for a flash flood to travel
across the CAPES from the river mouths to the Outer
Banks. The effect of "turning off" the tidal fluxes
through inlets was very small. Near Cape Hatteras, the
maximum difference between the control run and the
closed inlet experiment was only 7 cm. This suggests
that tidal fluxes through inlets play only a minor role
in modulating the storm surge within the CAPES.

5. Concluding remarks

In summary, the CAPES storm surge model

reproduced major observed current and water level
changes in and around the CAPES during the flooding
event of Emily, 31 August-1 September 1993. The
model predicted the correct order of magnitude of the
flood level on the soundside of the outer banks. A
comparison between pre-storm prediction and post-storm
simulation indicates that the magnitude and the location
of maximum flood level are sensitive to the track of
the storm center, particularly for a compact, inicnse
storm like Emily.

The CAPES storm surge model contains © veral
unique features:

(1) Explicit treatment of volume fluxes from rivers;

(2) Explicit treatment of inlet discharge and tdal
fluxes;

(3) Three-dimensional formulation for the velocity
field which allows for independent treatment of
surface stress and bottom friction.

However, the model has a number of drawbacks
as well. These include: (1) linearization, (2) infinite
vertical walls at land boundaries, and (3) simplified
hurricane winds. The model is currently under further
refinement, including the specification of time-
dependent lateral boundary conditions, the incorporation
of an improved flooding scheme and the consideration
of nonlinear effects. Sensitivity analysis indicates that
development of site-specific, regional storm surge
models for geographically complex regions, such as
the CAPES which takes into consideration the effects
of riverine discharges, may improve local storm surge
forecasts.
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