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1 Introduction

Hurricane-induced storm surge and flooding remain
a severe threat to coastal communities despite progress
made over the past several decades on improved hur-
ricane track and intensity forecasts. The accuracy of
a storm surge forecast depends not only on the track
and intensity, but also on the distribution of the forecast
wind field. A variety of numerical and statistical mod-
els have been developed for forecasting (e.g., Holland
1980; Jelesnianski et al. 1992; Skamaroc et al. 2005)
and hind-casting hurricane wind fields (e.g., Powell and
Houston, 1998; Houston et al., 1999). The extensive
resources needed in the use of full physics mesoscale
models have kept them from being adopted in routine
operational forecasts of hurricane winds. Instead, sim-
ple parameterized models are widely used in the simu-
lations of hurricane wind fields and for providing hur-
ricane forcing for storm surge and inundation forecast-
ing. Holland’s model (Holland 1980) assumes that for a
generic tropical cyclone (TC), surface pressure field fol-
lows a modified rectangular hyperbola, as a function of
radius, to give:

P(r) = Pe + (P, — Pe) exp~Rmad/)® 1)

and the tangential wind field is given by the pressure
field via cyclostrophic balance:

V(r) = [E (%)B (Pn - Pc) exp—(Rmax/r)B

Pa
rf)2 12 rf
+ (7) ] -2
where P(r) is the surface pressure at a distance of r from
the hurricane center, P, the ambient surface pressure, P¢
the hurricane central surface pressure, Rmax the radius of
maximum wind (RMW), B a hurricane shape parameter,
f the Coriolis parameter, and V(r) the velocity at a dis-
tance r from the hurricane center.

Holland model is an axisymmetric model, meaning
that the asymmetric structure of a hurricane cannot be
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represented by the model no matter how B is determined.
However, it is well known that an actual hurricane is
rarely axisymmetric. Within the same hurricane, the
differences in wind speeds at different azimuthal direc-
tions can be substantial. Highly asymmetric structures
in a landfalling hurricane often lead to large errors in
storm surge forecasting (Houston et al., 1999). Vari-
ous factors can contribute to the asymmetric structure of
a hurricane, such as hurricane’s system motion (Geor-
giou 1985), friction (Shapiro 1983), vertical shear and
environmental conditions (Wang and Holland 1996), the
near discontinuity of the surface friction and the latent
heat flux (Chen and Yau, 2003) and the g effect (Ross
and Kurihara, 1992). There is no consensus on how
these factors should be incorporated into parametric hur-
ricane models.

On the other hand, in recent years other resources
have been made available in the public domain such as
the TC forecast guidance issued by the National Hur-
ricane Center (NHC) of the National Oceanic and At-
mospheric Administration (NOAA), observations from
buoy stations and the near real time hurricane surface
wind analysis provided by Atlantic Oceanographic and
Meteorological Laboratory, Hurricane Research Divi-
sion (HRD) (referred to as the HRD winds, hereafter)
that may be used to initialize hurricane winds and vali-
date wind forecasts.

In this study, an algorithm to produce near real-time
forecasts of hurricane wind fields is developed by us-
ing the NHC hurricane forecast guidance and real time
buoy observations. Near real-time HRD surface wind
analysis and buoy wind observations are used to vali-
date model forecasts. The method is described in Sec-
tion 2. A statistical analysis of the model error relative
to traditional Holland model was carried out for all 2003
and 2004 hurricanes. Case studies were also carried out
for four recent hurricanes, namely Floyd (1999), Gor-
don (2000), Lily (2002) and Isabel (2003). In the case
study, the wind fields computed with the new asymmet-
ric wind model (AWM) were compared with those pro-
duced by the Holland model (HM), optimized Holland
model (OHM), buoy observations and HRD wind anal-
yses.



2 Method

We use the forecasting of Hurricane Isabel (2003)
wind field on September 18 0000 UTC as an example to
illustrate the asymmetric hurricane forecasting system.
First, NHC TC forecast guidance issued at 1500 UTC
SEPT 17 2003 (as listed below) is retrieved from the
NHC:

FORECAST VALID 18/0000UTC 31.4N 73.5W
MAX WIND 95 KT...GUSTS 115 KT.
64 KT...100NE B8OSE 60SW 9ONW.
50 KT...125NE 100SE 8OSW 125NW.
34 KT...275NE 250SE 150SW 200NW.

The forecast is effective at September 18 0000UTC.
The forecast storm center is at 31.4N 73.5W. The 1-
minute average maximum sustained surface wind is 95
kt with gusts up to 115 kt. The storm structure is charac-
terized by the radial extent of the 34, 50 and 64 kt wind
in four quadrants (Northeast, Southeast, Southwest and
Northwest) relative to the storm center.

In order to incorporate the NHC forecast guidance
into the Holland model, Ryax in Eq. 2 is modified to
become a function of the azimuthal angle 6;

Roax(6) = P16™ 1 + Pod" 2+ .+ P10+ P, (3)

P(r,6) = P + (P — Po) exp ®m=@0° (4

V(r) = [E (M)B (P, — P) exp-Rrs@/1)°
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where P is the atmospheric pressure, P is the hurricane
center pressure, Py, is the environment pressure, V(r) is
the wind speed, p, the atmosphere density, and f the
Coriolis parameter.

From Eqg. 5 we determine the initial values of B us-
ing Vimax, Pn and P at the initial time (1500UTC, Sept
17, 2003):

()

VZawa€
Pn-Pc

where Vimax = V(r = Ryax), € = 2.7183.

Then, the NHC forecast guidance is used to curve-fit
the polynomial (Eq. 3) to obtain Ryax as a function of 6
For example, in the NHC forecast for 0000UTC Sept 18
listed above, in the southeast quadrant, the radius of the
64 kt wind is 80 NM. Eq. 2 can be solved based upon
this information and the corresponding Rmax solution is

Bo =

(6)

23.7 NM. The Ryax Values computed for the four quad-
rants for the 0000UTC Sept 18 forecast are 29.62, 23.70,
18.96, 29.62 NM for the northeast, southeast, southwest
and northwest quadrants, respectively. Next, the coeffi-
cients of the 4th order polynomial (Eq. 3) are obtained
by a polynomial curve-fitting of the Ryax values. For the
hurricane Isabel case, the coefficients at 0000UTC Sept
18 are estimated as follows:

n=>5

P, = 2561010
P, =21710-7
Ps; = -5.7010-5
P;s=4.8310-3
Ps =0.176

The same procedure is used to compute to at the initial
time (1500UTC, Sept 17 2003).

3 Resaultsand Discussions

In this section, we present the results for model vali-
dation. We begin with an extensive statistical validation
by conducting 144 hurricane wind hindcasts for all 2003
and 2004 Atlantic and Gulf of Mexico hurricanes except
those whose buoy observations or HRD surface wind
analysis were incomplete (for validation purposes), or
whose NHC forecast guidance were too few to produce
valid Ryax in all four quadrants. For all cases, 6h and
12h wind forecasts are made. A 6h (12h) wind forecast
utilizes NHC storm track and intensity forecast guidance
that is validated 6h (12h) from the time when the wind
forecast is made.

In the following, both 6h and 12h forecast results
are presented. The forecast results using the AWM, HM
and OHM models are compared against the buoy data as
well as HRD surface wind analyses. The average RMS
errors estimated by using the buoy data are 4.4 m/s, 4.4
m/s, 7.9 m/s and 4.9 m/s for the AWM 6h, AWM12h,
HM 6h and OHM 6h forecasts, respectively. The aver-
age RMS errors estimated by using the HRD wind anal-
yses are 3.4 m/s, 3.3 m/s, 9.9m/s and 4.8 m/s for the
AWM 6h, AWM12h, HM 6h and OHM 6h forecasts, re-
spectively. Thus, both AWM 6h and 12h forecasts are
generally in closer agreement with buoy observations
and HRD surface wind analyses than the 6h forecasts
computed by the HM and the OHM.

Next, consider the forecast error in more details for
four historical hurricanes, namely, Floyd (1999), Gor-
don (2000), Lily (2002) and Isabel (2003). These four
cases are chosen because there are more complete buoy
observations and HRD surface wind analysis available
for these cases (for validation purposes). Forecasts were
made for these four historical hurricanes using the asym-
metric hurricane wind model described in Section 2. Com-



parisons of the difference in the hurricane maximum wind
speed between the buoy measurements and forecasts us-
ing different hurricane wind models are shown in Ta-
ble 1. When the hurricane center is far away from a
buoy station, the winds measured by the buoy reflect pri-
marily the ambient winds. To focus on the validation
of hurricane wind fields, only the difference between
the buoy measurements and the forecasts valid for lo-
cal peak winds are presented. Note that both the 6h and
12h forecasts are updated hourly. The advantage of the
asymmetric model is clearly demonstrated. As shown
in Table 1, the overall RMS error for 6h (a) and 12h (b)
forecasts using the asymmetric model was 2.26 m/s and
2.33 m/s, respectively, considerably smaller than that of
the 6h forecast using the Holland model (c) (6.93 m/s)
and the optimized Holland model (d) (5.18 m/s).

Storm/Buoy a b c d
Floyd 44014 -257 -179 -362 -6.83
Floyd FPSN7 -122 077 521 5.83
Floyd BUZM3 370 213 -7.18 -1044
Floyd CLKN7 022 -543 143 -295
Floyd VENF1 400 570 17.82 8.57
GordonDPIA1  -0.01 -059 011 -213
Gordon SANF1  -1.79 -1.29 4.39 3.26
Gordon 42041 -097 -0.38 3.89 2.60
Gordon LONF1 -0.71 -058 573 4.56
Gordon SPGF1 183 181 8.15 6.93

|sabel 44014 452 236 3.85 2.18
|sabel 44025 -1.04 -1.21 1.34 -1.94
Isabel CHLV2 061 014 0.89 -0.07
|sabel 41001 037 163 2.80 -0.55
|sabel DUCN7 442 246 1.70 1.82
Lily DRYF1 -1.73  -1.73 8.15 5.65
Lily LONF1 -0.33 -0.60 8.40 5.52
Lily SANF1 -1.54 -2.02 7.44 4.67
Lily SMKF1 -1.00 -1.31 7.89 4,95
Lily BURL1 194 1.60 9.27 5.77
RMS Error 227 233 6.93 5.18

Table 1: Comparison of the maximum wind speed
differences (in m/s) from buoy station measurements
using different models: (a) new model 6h prediction
(b) new model 12h prediction (c) non-optimized ax-
isymmetric Holland model (d) optimized axisymmet-
ric Holland model

Forecasts for Hurricane Floyd were made from 2100-
UTC September 7 to 0900UTC September 17, a 228-
hour period. Figure 1 shows the time series of Floyd’s
winds at buoy stations FPSN7, CLKN7, VENF1 and
44014. For each panel, five time series are shown; 1)
buoy data; 2) the HM-derived wind; 3) the OHM-derived
wind; 4) the new asymmetric wind model (AWM) 6h;
and 5) the AWM 12h forecast results. The wind speed
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Figure 1. Time Series of wind speed during hurri-
cane Floyd (1999) at NDBC buoy station a) FPSN7
b) CLKN7 c) VENF1 and d) 44014

at each hour is the forecast result using the NHC fore-
cast guidance available 6h and 12h prior to the forecast
time. The buoy data are adjusted to a standard 10 m
height based on Large and Pond (1981).

The hurricane tracks, hurricane center minimum pres-
sures and the maximum wind speed used in the axisym-
metric HM runs were the same as those used in the AWM.
In the axisymmetric HM runs without optimization, B
was set to 1.0, as in the SLOSH model (Jelesnianski et.
al., 1992), and Ry« Was specified based on climatolog-
ical values suggested by Hsu and Yan (1998) and the
NHC forecast guidance available 6 h before the forecast
validation time. For the OHM runs, the parameters B
and were optimized using the NHC forecast guidance
available 6 hours before the forecast validation time.

Figure 1 shows that wind forecasts from the AWM
showed better agreement with buoy measurements than
those forecast from the HM. As shown in Fig. 1 a), b)
and c¢), the HM overestimated the maximum wind speed,
while in Fig. 1 d, it underestimated the maximum wind
speed. The RMS error for the 6h and 12h forecasts us-
ing the AWM are 3.07 m/s and 4.19 m/s, respectively,
whereas the RMS for the Holland model reached 10.14
m/s (without optimization) and 8.22 m/s (with optimiza-
tion) (Table 1). For all buoy stations, the Holland model
tended to overestimate the wind speed before the peak



Figure 2: Two dimensional wind structures of Floyd
(1999) at Sept-11-13:30a) HRD wind analysisb) New
asymmetric model forecast (Dt=6h) c) New asym-
metric model forecast (Dt=12h) d) non-optimized
Holland model €) optimized Holland model

wind. Compared to the HM, the OHM improved the
forecast overall. Thus, although optimization can lead
to some improvement in hurricane wind forecasts using
the axisymmetric Holland model, the optimization using
the asymmetric model provided the best hurricane wind
forecasts.

Figure 2 shows the two-dimensional wind fields of
Floyd at September 11-1300UTC. The five panels of the
figure are, respectively, a) the wind field of HRD surface
wind analysis; b) the AWM 6h forecast; c) the AWM
12hr forecast; d) the HM 6h forecast; and €) the OHM
6h forecast. It is shown that the AWM 6 h and 12 Hur-
ricane forecasts were able to capture the main charac-
teristics of the asymmetric structure and the intensity of
the hurricane winds. Stronger winds appear in the north-
east quadrant, consistent with the HRD hurricane wind
analyses. The average RMS error from the HRD surface
wind analysis is 4.18 m/s and 5.45 m/s for the asymmet-
ric model’s 6h and 12h forecasts, 8.29 m/s and 6.77 for
the HM 6h and OHM 6 h forecasts, respectively (Table
2). The HM described neither the magnitude nor the
asymmetric structure of the HRD data correctly. The
OHM depicted hurricane wind strength better than the
HM, but because it cannot describe the hurricane asym-
metric wind structure, its RMS error is larger than those
of the AWM 6h and 12h forecasts.

Hurricane/Time a b c d
Floyd1999.0911 13_30 377 437 1112 11.06
Floyd1999_0912_01_30 357 338 7.12 444
Floyd1999.0913_19_30 439 761 401 6.33
Floyd1999_0915_07_30 502 645 1094 5.28
Gordon2000.0917.16.30 955 755 1148 9.48
Gordon2000.0917.13.30 538 7.85 1234 1197
Gordon2000.0917.19.30 7.99 6.70 10.68 8.79
Isabel2003.0911_17_30 432 428 14.07 8.81
Isabel 2003_0913_07_30 259 309 1267 391
| sabel 2003.0914_07_30 466 315 1184 376
Lily2002.0928_01_30 229 350 412 3.50
Lily2002.0928.19_30 18 316 535 414
Lili2002_0928_23_56 277 287 571 4.65

Table 2: Comparison of the root mean square er-
rors (m/s) from the HRD wind analysis using differ-
ent methods: (a) new model 6h prediction (b) new
model 12h prediction (c) non-optimized axisymmet-
ric Holland model (d) optimized axisymmetric Hol-
land model

4 Conclusions

An asymmetric wind model is developed by incor-
porating an asymmetry term into the Holland model.
This new asymmetric Holland model is further enhanced
by using various near real-time data that are available,
to optimize the parameters in the model. 6h and 12h
forecasts of the wind fields for hurricane Floyd (1999),
Gordon (2000), Lily (2002) and Isabel (2003) using this
new model are compared against both the NDBC buoy
data and HRD surface wind analysis, and the results are
quite promising. Furthermore, the scheme developed
within may be used to forecast and hindcast hurricane
wind fields. It can be applied in numerical simulations
of storm surge and waves induced by hurricanes. An
automated real time wind forecast system has been de-
veloped using this algorithm. It should be noted that the
accuracy of the forecast wind from the AWM strongly
depends on the accuracy of the forecast (track and wind
radii) guidance issued by the NHC. The AWM model
provides a method to make use of the NHC forecast
guidance, especially regarding the wind structure. The
AWM translates the text of NHC forecast guidance of
the 4-quadrant radii of the 34, 50 and 64 kt wind speed
and other real-time surface wind data into gridded wind
forecasts that can be used by storm surge and wave mod-
elers. It should be noted that real-time forecasting of
hurricane winds is not only a challenge in making the
forecasts due to errors and uncertainties in hurricane
track and intensity forecasts, but also a challenge in quan-
tifying the uncertainty in the forecasts due to uncertain-
ties in hurricane wind analysis.
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