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ABSTRACT

A revision to the Holland parametric approach to modeling the radial profile of winds in hurricanes is

presented. The approach adopted uses information readily available from hurricane archives or in hurricane

warning information and the profile can be readily incorporated into existing parametric models of the

hurricane surface wind field. The original model utilized central and environmental surface pressures, max-

imum winds, and radius of maximum winds. In the revision a capacity to incorporate additional wind ob-

servations at some radius within the hurricane circulation was included. If surface observations are used, then

a surface wind profile will result, obviating the need for deriving a boundary layer reduction from the gradient

wind level. The model has considerably less sensitivity to data errors compared to the original and is shown to

reproduce hurricane reconnaissance and surface wind profiles with high accuracy.

1. Introduction

Parametric radial profiles of hurricane winds form the

basis of current approaches to assessing wind return

periods and the development of engineering standards

in hurricane-prone regions. In particular, the profile

developed by Holland (1980, hereafter H80) has been

used extensively for reconstructing hurricane wind

fields, with various modifications, in a wide range of

applications. Examples of this use include the following:

engineering applications (Georgiou 1985; Vickery and

Twisdale 1995; Vickery and Skerlj 2000; Powell et al.

2005); to drive a slab boundary layer model (Thompson

and Cardone 1996; Vickery et al. 2009); to aid re-

construction of historical cyclones (Boose 2004); as

a real-time analysis tool for surface winds (Xie et al.

2006); and for simulating ocean waves (Peng et al. 2006).

The use of such a simple approach is made possible by

the remarkable consistency and relative uniformity of

hurricane circulations, and indeed those of all intense

vortices. As first noted by Leonardo da Vinci, all intense

vortices are characterized by inward exponentially in-

creasing winds to a maximum, then a rapid drop to a calm

center. When normalized by the maximum wind and its

radius, it is difficult to differentiate a radial profile of

hurricane winds from an oceanic eddy, a tornado, or a

wing-tip vortex. Uniformity is maintained by the manner

in which perturbations that develop in the swirling flow

are rapidly stretched by the strong shearing deformation,

allowing the vortex swirl to retain its exponential shape

(McWilliams 1984; Melander et al. 1988; Shapiro 2000).

Historical studies exploited this feature to construct an

approximation of the full vortex circulation given only

a small number of observed or estimated parameters. Our

purpose here is to present an updated version of the H80

radial wind model that removes some difficulties with

the original, including the dependence on an accurate

knowledge of the maximum winds and their radius and

the lack of a straightforward way of fitting the outer and

inner winds’ version, and that can more readily accom-

modate modern observing system data. In doing this, we

follow the principles adopted in the revised pressure wind

relationship developed in Holland (2008, hereafter H08).
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H08 specifically addresses determination of the b param-

eter. Further improvements to the radial wind model that

are made here include

d Improved ability to accommodate both external and

core wind observations;
d Reduced dependence on an accurate knowledge of the

radius of maximum winds;
d Capacity to handle bimodal wind profiles associated

with secondary eyewall generation; and
d Reduced issues with lack of resolution in some cy-

clones in the vicinity of the maximum winds, which can

lead to an underestimate of the true maximum winds,

or an overestimate of external winds if the core is ar-

tificially enhanced (H80).

We are only interested in upgrading the analytic repre-

sentation of the radial profile of hurricane winds in

a manner that can be readily applied to a wide variety of

hurricane profile shapes and in ensuring that this method

has low sensitivity to observing system errors in the un-

derlying parameters; the choice of approach to develop-

ment of the full 2D wind field is left to the user of the

profile. The revised wind model can be easily substituted

for H80 in existing hurricane wind field models.

A brief background to radial wind profiles is pre-

sented in section 2, together with the two profiles that we

will use for comparison with the new profile. Section 3

describes the new radial profile, together with an anal-

ysis of sensitivity to errors and application to real data.

Section 4 presents a comparison of the model to real

data and our conclusions are presented in section 5.

2. Previous approaches

Historical examples of parametric radial profiles that

have been used in hurricane applications include the

Rankine combined vortex approximation (named after

the Scottish engineer, William Rankine) and the rect-

angular hyperbola approximation to the associated

surface pressure field first proposed by Schloemer (1954)

and extended by H80.

A Rankine combined vortex consists of a region of

solid-body rotation, or constant vorticity, at the center

surrounded by a circulation with zero vorticity:
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where ym are the maximum winds, r
ym

is the radius of

maximum winds, and x is a scaling parameter that

adjusts the profile shape (Depperman 1947). Although

a pure Rankine vortex set is x 5 1, smaller values are

normally used to accommodate the angular momentum

loss by surface friction in a typical hurricane. Following

Riehl (1954), we use x 5 0.5.

Schloemer (1954) suggested that the radial surface

pressure profile can be approximated by a rectangular

hyperbola, which then can be differentiated to find the

wind speed. H80 showed that an improved relationship

could be obtained by use of a modified rectangular hy-

perbola of the following form:
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where ps is the surface pressure at radius r; pcs is the

central pressure; Dps 5 pns 2 pcs is the pressure drop from

a defined external pressure pns to the cyclone center; and

e is the base of natural logarithms. The exponent b is

a scaling parameter that defines the proportion of pres-

sure gradient near the maximum wind radius, or alterna-

tively the maximum wind speed for a given pressure drop.

Using (2) in the cyclostrophic wind equation leads to
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(3)

where yc is the cyclostrophic wind, ym is the maximum

wind at the gradient level (in m s21), Dps (in hPa), and

the air density r (in kg m23) at the gradient level.

Several other wind profile relationships have been

developed for specific purposes, two of which we shall

make use of for comparative purposes. The first profile

follows Emanuel (2004):
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where r0 is a large radius where the vortex perturbation

drops to zero; and a, n, m are scaling parameters.

Following Emanuel et al. (2006) we set r051200 km,

a 5 0.25, m 5 1.6, and n 5 0.9 for this study. The second

radial wind profile is from DeMaria (1987):
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where c is a scaling parameter similar to b in (3), and d is

another empirical parameter, which we set to 1 follow-

ing Leslie and Holland (1995).

A number of other radial wind profiles exist (e.g.,

Willoughby et al. 2006; Fujita 1952) but are not consid-

ered further here. The Willoughby et al. profile has been

shown to be able to accurately fit known profiles.

3. The revised radial wind profile

a. Derivation

We retain the rectangular hyperbolic form of the radial

pressure variation in (2), although the explicitly derived

form of the radial variation of winds is empirically ad-

justed from the previous version in (3). First, we follow

the principle used in H08 and eliminate the intermediate

step of first calculating the gradient level flow and then

reducing this field to the surface. Rather we generalize

the formulation to incorporate observations of winds at

any level (e.g., surface or flight level). Second, we allow

a variable exponent in (3) to accommodate both the

maximum wind assessments and data in the outer circu-

lation. Thus, (3) becomes
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where the subscript s refers to surface values (at a nominal

height of 10 m). Parameter bs is related to the original

b by bs 5 bgs
x, where gs is the reduction factor for gradient-

to-surface winds. If we set x 5 0.5 and keep bs constant

following H80, then it is often impossible to accurately

reproduce both the core and external wind structure in

hurricanes (e.g., Willoughby and Rahn 2004). Allowing x

and/or bs to vary with radius substantially improves this

reproduction. We experimented with various combina-

tions of varying x and bs and settled on keeping bs con-

stant and allowing x to vary linearly. Hence, application of

(6) requires the following data: the central pressure (with

or without maximum winds), radius of maximum winds,

an external pressure and collocated surface wind speed,

and surface air density.

If the maximum surface winds and central pressure

have been directly or reliably independently observed,

then we can estimate the bs parameter (following H80) by

b
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However, if the analysis uses Dvorak or other remote

assessment, we recommend the approach adopted by

H08 of estimating the central pressure first and then

deriving the bs parameter and yms:
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where Dps in hPa, ›pcs/›t the intensity change in hPa h21;

u is the absolute value of latitude in degrees; and yt the

cyclone translation speed in m s21.

The surface air density can be derived to good ap-

proximation by (H08)
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where R 5 286.9 J kg21 K21 is the gas constant for dry

air, Tvs is the virtual surface temperature (in K), qs is the

surface moisture (in g kg21), Ts is the surface tempera-

ture and SST is the sea surface temperature (both in 8C),

and RHs is the surface relative humidity (assumed at 0.9

in the absence of direct observations). Thus, the only

external input required in (9) is an estimate of the SST

and the surface pressure from (2). This enables an im-

proved fit with error reduction of several percent for

intense cyclones. However, it is not critical and a con-

stant value of density can be used if preferred. Alter-

natively if there is a good estimate of the maximum

winds, then the alternate method in (6) can be used as it

does not require an explicit estimate of the density.

Next we need to determine the variation in the expo-

nent of (3). First we keep x 5 0.5 for r # r
ym

for consis-

tency with H08, and this will be shown a posteriori to be

unimportant. We could adjust the profile using least

squares to observed winds at various radii by an iterative

solution of (3) to provide a functional form of x. For

general purposes, however, such information is not readily

available so we assume a linear variation of x with radius:
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with xn being the adjusted exponent to fit the peripheral

observations at radius rn.

Equations (2) and (6)–(10) define the revised wind

profile model. Two points are noted:

d The wind field thus derived is both at the surface and

empirically adjusted; therefore, it will not be in gra-

dient balance with the surface pressure profile. Should

there be a need for a pressure profile, then this can still

be derived from the original pressure formulation in

(2). It will provide the same good pressure fit but will

not be in exact balance with the winds. If a gradient-

level wind is required (e.g., to enable application of

a boundary layer model to estimate the surface winds),

this can be achieved by applying the wind model di-

rectly to gradient-level observations.
d The wind profile is not necessarily just the azimuthal flow;

if observations of the total flow are used, the profile will

represent total winds (including the radial component).

b. Structure and sensitivity analysis

As a basis for an overall discussion on structure and

sensitivity to basic parameters, we adopt a baseline hurri-

cane composed of the following: pns 5 1005 hPa, yns 5

17 m s21 (the peripheral wind observation used in fit-

ting the profile), rn 5 300 km, pcs 5 950 hPa, r
yms

5

20 km, SST 5 288C, ›pcs/›t 5 3 hPa s21, u 5 208, and

yt 5 5 m s21. From (8) these parameters result in values

of bs 5 1.8 and yms 5 56 m s21. The resulting wind pro-

file (H10 in Fig. 1) is a marked improvement on the older

(H80) version, in that the profile now passes through both

the defined maximum and peripheral winds. For the H80

model, a close fit to the maximum wind would have led to

a marked underestimate of the outer circulation. On this

occasion the modified Rankine vortex also would have

been a good fit, but that is by chance. Derived parame-

ters shown in Fig. 2 indicate that the model has standard

physical characteristics of a stable profile of angular

momentum increasing with radius and a vortex ring in

the maximum wind zone.

The overall sensitivity to errors in the specified input

parameters is investigated in Fig. 3. The sensitivity anal-

ysis was conducted by randomly applying 50 changes

drawn from within one standard deviation of a normal

distribution, as indicated by the error range in each panel.

Errors in specifying the maximum winds (Fig. 3a) are

largely confined to the vicinity of the maximum winds

and have a minor impact on the outer circulation. This is

a result of the constraint on the profile passing through

the outer wind observations and is a substantial im-

provement on H80. A similar effect is seen for errors in

the radius of maximum winds (Fig. 3b), and even errors

of up to 50% in this radius result in relatively small er-

rors in the overall wind profile. Both of these changes do

produce an amplified response inside the eye as a result

of the locally strong gradients.

By comparison, errors in specifying the outer wind pa-

rameters tend to extend through much of the profile (Figs.

3c,d), although large errors in these parameters are re-

quired to have a marked impact on the total wind field.

This means that archived values of the subjectively de-

fined radius of the outer closed isobar, or gale-force winds,

can likely be used to good effect, as can scatterometer

data. Note in Fig. 3d that the profile errors resulting from

FIG. 1. Profiles for the standard hurricane defined in the text: the

revised wind profile (H10), the original profile of H80, and (left

axis) both the modified and original Rankine vortex profiles, and

(right axis) the surface pressure profile.

FIG. 2. Relative vorticity and angular momentum profiles, nor-

malized by their maxima.
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placing the outer observation at larger radii are greater

than for an equivalent displacement inward.

The lack of sensitivity to maximum wind radius is of

considerable benefit when applying profiles to archived

storms, for which the maximum wind radius is often not

known and is normally unobtainable before the satellite

era. If some external wind observation is available, then

Fig. 3b indicates that using a generic maximum wind

radius at around the mean for the region will still enable

a reasonable assessment of the overall wind profile to be

made, especially if there is some independent estimate

of the central pressure. Of course, Figs. 3c,d do show

that this will only work reasonably if the outer wind

observation is not substantially in error from incorrect

location or speed.

c. Secondary wind maxima

A number of severe hurricanes develop secondary

wind maxima that evolve in time, usually migrating in-

ward to displace and finally replace the original maxi-

mum (e.g., Willoughby et al. 1982). There are several

ways in which the standard profile can be modified to

accommodate these cases. We adopt the straightforward

approach of adding a perturbation that has similar char-

acteristics to the primary wind profile. This requires only

an estimate of the secondary wind maximum, its radius,

and the radial extent of the perturbation.

The maximum perturbation wind ymsp is obtained by

taking the secondary wind maximum and subtracting the

wind value from the standard profile at the same radius.

Next we calculate a perturbation pressure change, Dpsp,

from the outer radius of the perturbation to the inner

using a rearranged (3) with x 5 0.5 and rm 5 r to obtain

the following:

Dp
sp

5
y2

mspr
s
e

100b
s

. (11)

A wind perturbation is then developed using (6)–(10)

but using the perturbation quantities. Finally, this per-

turbation is added back to the original wind profile,

with some minor smoothing to ensure an even fit at the

extremities. Figure 4 shows an example of applying a

40 m s21 secondary wind maximum at 100-km radius with

FIG. 3. Sensitivity to randomly applied pseudoerrors drawn from a normal distribution with the range of the errors

indicated: (a) maximum winds, (b) radius of maximum winds, (c) outer wind, and (d) radius of outer wind. In (a)–(d),

the ordinate is the change in azimuthal winds from the base profile, with positive indicating the perturbed profile is

higher than the base and vice versa.
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the perturbation constrained between 60 and 150 km to

the standard hurricane profile. This approach can be ap-

plied to multiple secondary maxima if required.

Care should be taken in applying this approach if

dynamical instabilities are an issue (e.g., for model bo-

gus applications). Applying a large perturbation may

result in a change of vorticity gradient and resulting

barotropic instability.

4. Application to observations

a. Aircraft reconnaissance data

Figure 5 shows the degree to which the present model

(hereafter referred to as H10), Emanuel’s model in (4),

and DeMaria’s model in (5) can reproduce aircraft re-

connaissance data. The observations are from 457 aircraft

reconnaissance flight-level profiles for six North Atlantic

hurricanes representing a range of sizes and intensities:

Iris (1995), Opal (1995), Georges (1998), Mitch (1998),

Floyd (1999), and Michelle (2001). The data were obtained

from a National Oceanic and Atmospheric Administration

(NOAA) Hurricane Research Division project that pro-

cessed the data in terms of distance from the storm center

as well as the storm quadrant and are in storm-relative

coordinates (Willoughby et al. 1982). For this exercise, we

produce H10 profiles directly at flight level by fitting to the

maximum and outer-flight-level wind observations. Both

the wind profile and reconnaissance data are binned into

5-km intervals and then normalized by the rym
. Thus, the

first bin includes wind data from r
y

m
to rym

1 5 km, the

second from r
ym

1 6 km to r
ym

1 10 km, and so on. There

are 30 possible bins since the flight-level profiles extend

out to a maximum radius of 150 km. Model performance

is evaluated using linear correlation, bias, and root-

mean-square error (RMSE) compared to the aircraft

data for each RMW-relative ‘‘bin.’’ Statistical signifi-

cance is determined using a two-sided t test of the null

hypothesis that the correlation is due to random chance

alone.

Figure 5a shows the linear correlation between all of the

flight and H10 profiles as the dark, solid line. The corre-

lation is statistically significant at the 99% level for all bins

and has a minimum at bin 8. The average correlation is

0.82, indicating that H10 explains 67% of the variance in

the flight-level data across all 457 flight level profiles. This

means that H10 is quite good at capturing variations be-

tween radial profiles, including the intensity, size and

varying profile shapes. Bias in applying H10 (Fig. 5b) has

a maximum of 4 m s21 near bins 1–2. The average for the

whole profile is just over 1 m s21, and the bias at any bin is

typically less than 10% of the observed wind. The RMSE

for each radial bin (Fig. 5c) is low at all locations beyond

r
y

m
, with a maximum RMSE of around 6 m s21 at bin 2

and a minimum of 2.6 m s21 at bins 10–11.

FIG. 4. Result of adding a secondary wind maximum of 40 m s21

at a radius of 100 km to the wind profile in Fig. 1 with the total

perturbation constrained between 60 and 150 km.

FIG. 5. Results of application of H10 (black), Emanuel in (4) (dark gray), and DeMaria in (5) (light gray) to 457 Atlantic aircraft

reconnaissance profiles for (a) linear correlation, (b) bias (m s21), and (c) rmse (m s21). Significance at the 99% level is denoted by the

solid part of the line in (a).
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The overall profile of the error statistics validates our

choice of a linear variation of the exponent, x, in (6). There

is little evidence of major variation in errors across the

domain and across a wide range of profiles. We next

compare H10 with Emanuel’s model in (4) and DeMaria’s

model in (5). Out to bin 2, the correlations for (4) and (5)

are comparable to H10 (Fig. 5a), an expected result since

all profiles use maximum winds as an input parameter. At

larger radii both (4) and (5) are unable to capture a ma-

jority of the observed variance in the flight-level data, and

the fit becomes statistically insignificant at outer radii. The

average variance explained across all radial bins is 19% for

(5) and 20% for (4), compared to 67% for H10. Model bias

(Fig. 5b) is slightly positive for (4) over most of the domain

and is similar to H10, except in the outer region, where it

becomes negative and .5 m s21. Equation (5) has a large

negative bias across most of the domain and exceeds

25 m s21 at the outer radii. Both H10 and (4) outperform

(5) in terms of model bias. RMSE (Fig. 5c) is comparable

for all models out to bins 2–3. At larger radii, the RMSE

decreases steadily for H10 to 2 m s21, whereas (4) remains

steady and then increases sharply, and (5) increases linearly

to .25 m s21. These results demonstrate the usefulness of

anchoring the wind profile at some outer observation as

well as at the radius of maximum winds.

b. Stepped frequency microwave radiometer
surface data

Data from the stepped frequency microwave radi-

ometer (SFMR; Uhlhorn et al. 2007) on hurricane re-

connaissance aircraft in the North Atlantic provide

a method of comparing the surface wind version of H10

directly with observations. The SFMR data in this

analysis were provided courtesy of the NOAA/Hurri-

cane Research Division’s archive of Air Force re-

connaissance flights during the 2008 hurricane season. A

total of 11 tropical cyclones were processed for wind

profiles including: Bertha, Cristobal, Dolly, Edouard,

Fay, Gustav, Hanna, Ike, Kyle, Omar, and Paloma.

The analysis was restricted to SFMR data from within

300 km of the cyclone center and the center fix was

determined using the Hurricane Database (HURDAT)

6-h location coordinates linearly interpolated to nearest

1 min. Unique wind profiles were determined by iden-

tifying inflection points in the SFMR distance from the

tropical cyclone (TC) center data with a requirement

that each profile had at least 5 min of time separation.

Since the SFMR data has a high temporal and spatial

resolution, a 35-point running mean was applied to each

profile, which is roughly equivalent to smoothing to the

5-km bins used for the aircraft flight data. The following

postprocessing steps were then taken before the profiles

were used in the final analysis:

d The profile data must have a maximum wind of at least

33 m s21 (hurricane strength or greater);
d The radial wind profile must extend at least 150 km; and
d To account for questionable SFMR wind profiles, we

required that 10 , r
yms

, 70 km.

Some assumptions were required in applying H10, since

the SFMR data alone do not contain temperature, mois-

ture, or pressure information. First, we assumed the mean

temperature of the environment was 288C, the relative

humidity was fixed at 90%, the central pressure was the

nearest 6-h minimum pressure assigned in HURDAT, and

a standard environmental pressure of 1020 hPa was used.

In total, 121 wind profiles from the 2008 hurricane

season were thus included in the SFMR verification

analysis. The results in Fig. 6 are consistent with the

verification analysis using flight-level wind data. We find

that H10 is superior especially in reproducing the outer

surface-wind profile of the tropical cyclone in compari-

son to the Emanuel and DeMaria models. H10 provided

moderate to high correlation coefficients at all bins and

FIG. 6. Results of application of H10 (black), Emanuel in (4) (dark gray), and DeMaria in (5) (light gray) to 121 Atlantic SFMR surface

wind profiles for (a) linear correlation, (b) bias (m s21), and (c) rmse (m s21). Significance at the 99% level is denoted by the solid part of

the line in (a).
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low mean bias and root-mean-square error, especially

from bins 5–10. In comparison to the flight-level verifi-

cation, H10 does not perform as well in reproducing the

SFMR profile data, but this difference is likely due to

the key assumptions that were made in constructing the

profiles (i.e., assuming mean temperature, relative hu-

midity, and a standard environmental pressure).

In summary, the verification analysis using both air-

craft flight-level wind data and SFMR data provides

robust evidence that H10 can be used to confidently

reconstruct wind profiles in hurricanes.

5. Conclusions

We have developed a revised version of the H80 para-

metric radial profile of hurricane winds by allowing a var-

iation in the wind equation exponent to fit to inner and

outer wind observations. Input data consist of an outer

wind and surface pressure, sea surface temperature, radius

of maximum winds, and central pressure. All of these

parameters are readily available from most hurricane ar-

chives or warnings. If both maximum winds and central

pressure are independently measured, then either or both

may be used. Furthermore, the profile can be applied di-

rectly at the surface, or at any level for which observations

are available, obviating the need in H80 for using some

form of boundary layer reduction to derive a surface wind

from a gradient level profile. Secondary wind maxima can

be included by adding a perturbation with specified am-

plitude and radial range to the standard profile.

The revised model is dynamically stable and has a

damped response to errors in the input data. It provides an

accurate fit to observed hurricane reconnaissance obser-

vations for a range of North Atlantic hurricanes. For the

457 reconnaissance legs used, the model explained 67% of

the variance, produced a bias of ,10% at all radii, and was

demonstrated to be an improvement on two other wind

profile models. A similar result was obtained for applica-

tion to surface SFMR data.

By retaining much of the original model, changes to

existing techniques based on this model can be accom-

modated with minimal effort. The revised model also can

be applied with similar numerical efficiency, enabling

massive numbers of simulations for catastrophe modeling

statistics. If there are several observations around the

periphery of a hurricane [e.g., from the Quick Scatter-

ometer (QuikSCAT)], then a series of profiles can be

produced and then analyzed to produce a full surface

wind field. Alternatively a symmetric, gradient-level

vortex can be produced for use in driving a slab boundary

layer model to arrive at a surface wind field.

We suggest that existing systems, models, and proce-

dures using the H80 model adopt this revised parametric

approach. We have retained the basic characteristics of the

original model, so required changes to code and approach

will be minimal. The end result should be more accurate,

robust, and less prone to errors in any of the input pa-

rameters. If no direct external wind observations are

available, then an estimate of the radius of gale-force

winds will suffice. As shown in Fig. 3d, errors in this radius

will not have a marked effect on the accuracy of the wind

field, whereas the anchoring of the profile in the outer

domain will produce a marked improvement.
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