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ABSTRACT

Making use of the fetch- and duration-limited nature of wind-wave growth inside tropical cyclones, an

algorithm is developed to estimate themaximum significant wave height and dominant wave period of surface

waves generated by tropical cyclone wind fields. The results of the maximum significant wave height and

dominant wave period are further approximated by simple power functions of the maximumwind speed. The

exponents of the power functions are almost constant, and the proportionality coefficients can be approxi-

mated by second-order polynomial functions of the radius of maximum wind speed (RMW). The predicted

maximum values agree well with results derived from simultaneous wind and wave measurements obtained

during 11 hurricane reconnaissance and research missions in six hurricanes.

1. Introduction

Tropical cyclones (TCs) are among the most hazardous

natural disasters. They cause tremendous damage and

pose extreme challenges for ship operations. Presently,

satellite and other TCmonitoring efforts primarily address

the wind velocity; there is no operational spaceborne ca-

pability for similar synoptic and continuous observations

of wave parameters. To properly evaluate the damage

potential of a TC, it is critical to consider not only wind

but also sea state parameters such as the significant wave

height and dominant wave period.

Recent analyses of the wind and wave data collected

during several hurricane reconnaissance and research

missions have established that the wave development in-

side TCs follows essentially the same fetch- or duration-

limited principle governing the wave growth under steady

wind forcing conditions (Hwang 2016; Hwang and Walsh

2016; Hwang and Fan 2017). This is an important result

because at the foundation of the fetch- or duration-limited

wave growth is a pair of dimensionless equations de-

scribing the growth of wave height and wave period sub-

ject to wind forcing. The three most important wind and

wave parameters (the wind-wave triplets: surface wind

speedU10, significant wave heightHs, and dominant wave

periodTp) are thus connected by twoequations for a given

fetch or duration. Defining the fetch or duration of a

TC wind field thus holds the key to accessing the robust

and versatile wind-wave growth functions for resolving

(U10 andHs andTp) with only (U10 orHs orTp) measured.

Through a reverse-engineering procedure, Hwang

and Fan (2017) developed a scaling model of the effec-

tive fetch and duration of TC wind fields using the si-

multaneous wind and wave data collected from four

hurricane reconnaissance and research missions during

Bonnie 1998 and Ivan 2004 (Wright et al. 2001; Fan et al.

2009). The main features of the fetch and duration

scaling model are 1) the fetch and duration increase

linearly with the radial distance r from the TC center

along any radial transect, analogous to a circular race

track; 2) the slope and intercept of the linear radial de-

pendency can be formulated as Fourier series of the

azimuth angle f, with consideration of the continuous

and cyclical azimuthal dependency; and 3) the derived

Fourier coefficients show quasi-linear dependency on

the radius of maximum wind speed (RMW) rm. It is

recognized that the circular race track paradigm is only a

coarse approximation to facilitate the estimation of sea

state parameters using the hurricane wind input.
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With the scaling model supplying the fetch and duration

in the wind-wave growth functions,Hs and Tp are given in

simple algebraic equations of U10 and r along each radial

transect. Furthermore, the radial dependency of wind

speed can be approximated by a power function of r;

therefore, the formulas forHs andTp along a radial transect

are given as algebraic equations of r alone. Their maximum

values,Hsmaxf and Tpmaxf, can be obtained by seeking the

locations where the radial gradients of the algebraic func-

tions become zero. The search of the maximumHs and Tp

inside the 2DTCcoverage area is rendered to be the search

of the maxima of 1D (azimuthal) Hsmaxf and Tpmaxf.

The similarity relationships of fetch- and duration-

limited wind-wave development are rather robust, and

they can be formulated with different reference scaling

wind speeds. For example, Hwang (2006) presents the

results with different velocity scalings, including the sur-

face wind speedU10, the wind friction velocity u*, and the

wind velocity at the elevation equal to one-half of the

dominant wavelength Ul/2. The wind speed in the hurri-

cane reconnaissance simultaneous wind and wave data is

measured at flight levels mostly between 1500 and 3100m,

but Hwang and Fan (2017) misinterpreted it as the surface

(10m) value. The resulting scaling model for the effective

fetch and duration should therefore be applied with the

flight-levelwind speed. There aremanypublications on the

subject of adjusting the flight level to the surfacewind (e.g.,

Powell 1980; Dunion et al. 2003; Franklin et al. 2003;

Uhlhorn and Black 2003; Uhlhorn et al. 2007). In this pa-

per, we use a correction factor of 0.9 for the eyewall region

based on the analysis of the vertical wind profiles derived

from GPS dropwindsondes (Franklin et al. 2003). Further

discussion on the subject is presented in section 5.

Section 2 describes the fetch- and duration-limited

wind-wave growth serving as the theoretical foundation

of the algorithm. Section 3 presents the parametric

models of surface wind speed, significant wave height,

and dominant wave period, with emphasis on the r de-

pendence. The result is used to develop the algorithm for

estimating the maximum significant wave height and

dominant wave period. Section 4 discusses the computa-

tional results for storm intensity U10max ranging from 20

to 80ms21 and rm from 10 to 100km. The predicted

maximumwave parameters (Hsmax andTpmax) are further

approximated by power functions of U10max with the

proportionality coefficients and exponents depending on

rm. The predicted maximum values compare well with

those derived from simultaneous wind and wave obser-

vations in 11 hurricane reconnaissance and research

missions during six hurricanes. Section 5 presents a dis-

cussion of the fetch- and duration-limited wind-wave

similarity functions scaled with different reference wind

speeds, in particular, the flight level versus 10-m surface

wind. This discussion is prompted by the misinterpretation

of the hurricane hunterwind data inHwang andFan (2017)

as described in the last paragraph. Section 6 offers a

summary.

2. Fetch- and duration-limited wind-wave growth

From1998 to 2005, theNASAScanningRadarAltimeter

(SRA; Walsh et al. 1985, 1989) was deployed in NOAA

hurricane reconnaissance and researchmissions tomeasure

the ocean surface directional wave spectra inside TCs.Over

the years, detailed analyses of four sets of data in deep-

water conditions have been published (Wright et al. 2001;

Moon et al. 2003; Fan et al. 2009). Recent analyses of these

simultaneous and collocated wind and wave data (Hwang

2016; Hwang and Walsh 2016; Hwang and Fan 2017) have

established that the wave development inside TCs follows

the same fetch- and duration-limited wind-wave growth

functions established with data from field experiments

conducted in nonhurricane conditions (e.g., Sverdrup and

Munk 1947; Hasselmann et al. 1973, 1976; Donelan et al.

1985; Hwang and Wang 2004; Hwang et al. 2011).

Wind-wave generation has been among the most ex-

tensively investigated subjects in surface wave research.

Efforts duringWorldWar II and prior were documented

in the technical report by Sverdrup andMunk (1947). By

that time the concept of fetch- and duration-limited

wind-wave growth had been well established, as sum-

marized in the dimensionless plots of their Figs. 6 and 7

describing the growth of wave phase speed and wave

height as wind speed, fetch, or duration increases.

In subsequent years, the wave research gradually pivoted

towave spectral representation in recognitionof themultiple

oscillation scales in the ocean surface wave motion. The

spectral variance and dominant wave frequency became the

characteristic wave properties in wind-wave growth studies.

The fetch- and duration-limited growth are represented by

fetch-limited similarity h#(x#) and v#(x#) and duration-

limited similarity h#(t#) and v#(t#), where the subscript #

indicates dimensionless variables: h# 5h2
rmsg

2/U4
10,

v# 5vpU10/g, x# 5 xf g/U
2
10, and t# 5 tdg/U10, xf is fetch,

td is duration, the root-mean-square (rms) wave elevation

hrms is related to the significant wave height byHs5 4hrms,

the angular frequency of the spectral peak component vp

is 2p/Tp, and g is the gravitational acceleration.

Hwang and Wang (2004) obtain the first- and second-

order fitting equations for the combined data from five

fetch-limited field experiments conducted under quasi-

steady wind forcing and near-neutral stability conditions

(Burling 1959; Hasselmann et al. 1973, 1976; Donelan et al.

1985; Dobson et al. 1989; Babanin and Soloviev 1998);

these fetch-limited datasets are collectively referred to as

the BHDDB data. The simultaneous wind and wave data
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from hurricane reconnaissance missions show that the

wave development in a TC falls in the region where the

first- and second-order growth functions overlap (Hwang

2016; Hwang and Walsh 2016; Hwang and Fan 2017), and

the simpler first-order fitted equations can be applied:

h
#
5 6:193 1027x0:81# ,

v
#
5 11:86x20:24

# . (1)

Through the connection between fetch and duration by the

group velocity, which is the energy propagation velocity of the

wave field, the fetch-limited growth curves can be mathe-

matically converted to the duration-limited growth curves:

h
#
5 1:273 1028t1:06# ,

v
#
5 2:94t20:34

# . (2)

Leaving the dimensional variables explicitly in the

equations, (1) and (2) are rewritten as

H2
s g

2

16U4
10

5 6:193 1027

 
x
f
g

U2
10

!0:81

,

2pU
10

T
p
g

5 11:86

 
x
f
g

U2
10

!20:24

, and (3)

H2
s g

2

16U4
10

5 1:273 1028

�
t
d
g

U
10

�1:06

,

2pU
10

T
p
g

5 2:94

�
t
d
g

U
10

�20:34

. (4)

To make use of the fetch- and duration-limited wave

growth equations, it is necessary to define the fetch xf and

duration td of a TC wind field. Through reverse engineer-

ing using the simultaneous wind and wave data from four

hurricane reconnaissance and research missions, Hwang

andFan (2017) obtain a scalingmodel of the effective fetch

and duration. The analyses show that in themain region of

the TC coverage area (tentatively defined as 50 # r #

200km) the fetch and duration can be represented by

linear functions of the radial distance r from the TC center:

x
hx
(r,f)5 s

hx
(f)r1I

hx
(f), x

vx
(r,f)5 s

vx
(f)r1 I

vx
(f)

(5)

and

t
ht
(r,f)5 s

ht
(f)r1 I

ht
(f), t

vt
(r,f)5 s

vt
(f)r1 I

vt
(f) ,

(6)

where f is the azimuth angle referenced to the TC

heading, positive counterclockwise (CCW). Hwang and

Fan (2017) assign different fetches and durations for

wave height and wave period to account for the ob-

served systematic deviation of the hurricane data from

the ideal growth functions in different TC azimuthal

regions (Hwang and Walsh 2016). The distinction is

denoted by the dual subscripts of fetch xij or duration tij;

that is, the subscriptshx andvx indicate that the associated

variables are applicable to h#(x#) and v#(x#), respectively.

Similarly, ht and vt indicate that the associated variables

are applicable to h#(t#) and v#(t#), respectively.

The intercepts I and slopes s of the linear functions in

(5) and (6) are then expressed in Fourier series:

q5 a
0,q

1 2 �
N

n51

(a
n,q

cosnf1 b
n,q

sinnf), (7)

where q can be shx, Ihx, svx, Ivx, sht, Iht, svt, or Ivt.

The harmonics an,q and bn,q display a systematic quasi-

linear variation with the rm:

Y5 p
1Y
r
m
1 p

0Y
, (8)

where Y represents an,q and bn,q in (7). The fitting co-

efficients p1Y and p0Y are listed in Table 3 in Hwang

and Fan (2017).

Rearranging (3) and (4), Hs and Tp inside TCs can be

written as (Hwang 2016)

H
s
5 8:103 1024U1:19

10 x0:405hx ,

T
p
5 9:283 1022U0:526

10 x0:237vx and (9)

H
s
5 1:553 1024U1:47

10 t0:531ht ,

T
p
5 3:533 1022U0:690

10 t0:310vt . (10)

[As noted in section 1, Hwang and Fan (2017) mis-

interpreted the hurricane hunter flight-level wind as the

surface wind, and the developed fetch and duration model

is in fact applicable to the flight-level wind instead of the

surface wind. This point is further discussed in section 5.

The algorithm for maximum wave properties, however, is

formulated with U10 as the reference wind speed.]

3. Algorithm of maximum significant wave height
and dominant wave period

Because fetch and duration are linear functions of r

[(5) and (6)], (9) and (10) are in the general form of

Z(f, r)5KUa
10[I(f)1 s(f)r]b, 50# r# 200 km, (11)

whereZ is a sea state variable (i.e.,Hs or Tp), and I and s

are the intercept and slope of the effective fetch or du-

ration. The proportionality constant, and the exponents

of the wind speed and fetch or duration in (9) and (10),

are given as K, a, and b in (11).
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For the purpose of estimating the maximum significant

wave height and dominant wave period without the ne-

cessity of computing the waves over the full TC coverage

area, we seek a simple expression of the wind field radial

dependence such as the modified Rankine vortex (e.g.,

Holland 1980;Holland et al. 2010). Because the wind speed

and fetch or duration both increasemonotonically from the

TC center toward the rm, the wave growth inside r# rm is

monotonic with the maximum occurring at rm. The search

for the maximum Hs and Tp inside the TC coverage area,

therefore, needs only be carried out in the region r $ rm,

where the wind profile can be approximated by

U
10
(f, r)5U

10maxf

�
r

r
m

�20:5

, r $ r
m
, (12)

where U10maxf is the maximum wind speed along the tran-

sectwith azimuth anglef and (11) can be expressedwith r as

the only dependent variable along any radial transect:

Z(f, r)5KUa
10maxf

�
r

r
m

�20:5a

[I(f)1 s(f)r]b . (13)

The radial location r* where the maximum value of Z

occurs along a radial transect of constantf (i.e.,Zmaxf5
Hsmaxf or Tpmaxf) can be obtained by taking dZ/dr 5 0,

which produces

r*(f)5
0:5aI(f)

bs(f)2 0:5as(f)
. (14)

The task of finding themaximum significant wave height

or dominant wave period (Zmax5Hsmax or Tpmax) of the

2D wave field inside TCs is reduced to searching for the

maximum of the 1D Zmaxf 5 Z[f, r*(f)]:

Z[f, r*(f)]5KUa
10maxf

�
r*(f)

r
m

�20:5a

[I(f)1 s(f)r*(f)]
b .

(15)

4. Results and discussion

a. Dependence on hurricane properties

The Hsmax and Tpmax results obtained from the algo-

rithm described in section 3 are calculated for rm ranging

from 10 to 100 km and U10max ranging from 20 to

80m s21. The result based on azimuth-independent

U10maxf (i.e., U10maxf 5 U10max) is described for the

purpose of providing a conservative estimation. Employ-

ing an azimuth-dependent U10maxf may decrease slightly

the magnitude of the calculated Hsmax and Tpmax.

Figures 1a and 1b display the Hsmax and Tpmax de-

pendence on U10max for rm 5 20, 50, 80, and 100 km,

and Figs. 1c and 1d show their rm dependency for

FIG. 1. The (a) Hsmax and (b) Tpmax results for rm 5 20, 50, 80, and 100 km plotted as functions of U10max. The

(c) Hsmax and (d) Tpmax results for U10max 5 20, 40, 60, and 80m s21 plotted as functions of rm. Results computed

with the fetch- and duration-limited functions are shown with black and cyan curves, respectively.
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U10max 5 20, 40, 60, and 80m s21. The results com-

puted with the fetch- and duration-limited functions

are shown with black and cyan curves, respectively.

The two sets of computations are qualitatively simi-

lar except that the duration results exhibit a wider

range of the estimates.

The computed Hsmax and Tpmax increase with U10max

monotonically, and they can be approximated by power

functions:

Q
q
(U

10
, r

m
)5A

Qq
(r

m
)U

aQq(rm)

10max , (16)

whereQ can beH or T to representHsmax or Tpmax, and

q can be x or t to indicate whetherQ is derived from the

fetch or duration function.

Using the computed Hsmax and Tpmax with rm from

10 to 100 km and U10max from 20 to 80m s21 as the

database (Fig. 1), proportionality coefficients and expo-

nents derived from least squares fitting of (16) are shown in

Fig. 2. The exponents are basically constant: aHx 5 1.19,

aHt 5 1.47, aTx 5 0.53, and aTt 5 0.69. The AQq

dependency on rm can be represented by second-order

polynomials:

A
Qq
(r

m
)5 p

2
r2m 1 p

1
r
m
1 p

0
. (17)

The fitting coefficients (p2, p1, p0) are (1.10 3 1025,

22.99 3 1024, 9.76 3 1022) for AHx, (4.47 3 1026,

28.20 3 1025, 3.08 3 1022) for AHt, (1.19 3 1024,

27.943 1023, 1.82) forATx, and (7.463 1025,23.803 1023,

9.293 1021) for ATt. The AHx, AHt, ATx, and ATt values

calculated from the fitted second-order polynomials are

shown in Figs. 2a and 2c with cyan symbols.

b. Comparison with hurricane hunter measurements
and error estimates

Over the years, many hurricane reconnaissance

and research missions carried the NASA SRA to

measure the 3D surface wave topography inside TCs.

Eleven of the datasets have been processed to get

the detailed directional wave spectra, from which

Hs and Tp are calculated (Table 1). The fetch and

duration scaling model and the algorithm for maxi-

mum wave parameters described in sections 2 and 3

are based on the first four datasets in Table 1. These

were collected in deep water from two hurricanes

(Bonnie in 1998 and Ivan in 2004) along 6–12 radial

transects, with the number of wave spectral obser-

vations ranging from 233 to 600 per observation pe-

riod. Figure 3 shows the comparison of Hsmax and

Tpmax predicted by the algorithm with those observed

in the four hurricane reconnaissance missions with

green symbols.

Also shown in Fig. 3 with red symbols are results from

the remaining seven datasets in Table 1, including one

FIG. 2. The proportionality coefficients and exponents for the power function [(16)] describing the dependency of

Hsmax and Tpmax onU10max and rm: (a)AHx andAHt, (b) aHx and aHt, (c)ATx andATt, and (d) aTx and aTt. In (a) and

(c), the second-order polynomial approximations from (17) of the proportionality coefficients are illustrated with

cyan symbols.
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collected during Bonnie’s 1998 landfall (Walsh et al.

2002) and six previously unpublished (one each from

Floyd in 1999 and Lili in 2002, and two each from

Humberto in 2001 and Frances in 2004); the number of

spectral observations per observation period ranges

from 79 to 213. The agreement between the predicted

Hsmax andTpmax with observed values in these seven sets

is similar to the four sets used in the algorithm devel-

opment. Overall, themean and standard deviation of the

ratio between predicted and measured values are 1.13

and 0.20, respectively, forHsmax, and 1.01 and 0.07 for

Tpmax. Separately, the mean and standard deviation of

the ratio between the predicted and measured values

for the first four datasets are 1.06 and 0.13 for Hsmax,

and 1.03 and 0.03 for Tpmax; for the last seven datasets,

they are 1.17 and 0.21 for Hsmax, and 1.01 and 0.08 for

Tpmax.

Figure 4 shows contourmaps ofHsmax(U10max, rm) and

Tpmax(U10max, rm), which is an alternative display of the

dependency of maximum wave parameters on U10max

and rm, as illustrated in Fig. 1. Solid and dashed lines

show the results computed with the fetch- and duration-

limited functions, respectively. The red and green

markers show the maximum significant wave height and

dominant wave period data (with the corresponding

values printed beside the markers) based on the 11

hurricane reconnaissance and research missions as de-

scribed in the previous two paragraphs. In general, the

algorithm performs well for Tpmax prediction, and it

overestimates slightly the Hsmax results for TCs with

lower U10max or smaller rm.

The results in Fig. 4 are reproduced as lookup ta-

bles in the appendix (Table A1), separating the

computations of the fetch and duration functions.

For operational applications, U10max is given in

knots (kt, 1 kt 5 0.51m s21), rm in nautical miles

(n mi, 1 n mi 5 1.852 km,) Hsmax in feet, and Tpmax

in seconds; Hsmax and Tpmax are rounded to the

nearest integers.

c. Limitations

The algorithm of maximum wave height and wave

period presented in this paper is based on the fetch- and

duration-limited wave growth nature observed from

analyses of simultaneous wind and wave observations in

hurricane reconnaissance and research missions. These

simultaneous wind and wave data provide the necessary

information for constructing an effective fetch and du-

ration model of the hurricane wind fields. Because of

the limited number of datasets, the RMW is the only

hurricane parameter in the fetch and duration model.

The hurricane hunter may or may not pass through the

location of maximum wind speed; there are inherent

uncertainties in the values of the hurricane intensity and

radius of maximum wind speed listed in Table 1.

As has been discussed in Hwang and Fan (2017),

hurricane translation velocity Vh has been identified as

an important parameter impacting wave growth inside

hurricanes (Young 1988, 1998; Bowyer and MacAfee

2005; MacAfee and Bowyer 2005; Young and Vinoth

2013) but the available hurricane hunter wind and wave

datasets only cover a narrow range of Vh, so it was not

included in the fetch and duration model developed in

Hwang and Fan (2017).

It is recognized that there are many variables in hur-

ricane properties aside from the hurricane intensity,

radius of maximumwind, and translation velocity. Other

factors such as wind field asymmetry, multiple eyewalls,

rapidity of development, and track stability may all

modify the properties of the hurricane wind field. The

wind field modification leads to the modification of the

surface waves generated. Some of these factors can be

obtained from sources such as Automated Tropical

Cyclone Forecasting System (ATCF) and the National

TABLE 1. Some basic information related to the hurricane hunter datasets used in this paper.

File ID

(NameYear-Day)

UFLmax

(m s21) Hsmax (m) Tpmax (s) Start time End time Vh (m s21) fh (8N) rm (km)

Bonnie1998-24 45.7 10.9 13.3 2029 UTC 24 Aug 1998 0144 UTC 25 Aug 1998 4.5 13 74

Ivan2004-09 74.0 12.7 15.2 1615 UTC 9 Sep 2004 2010 UTC 9 Sep 2004 5.6 62 13

Ivan2004-12 59.5 12.0 13.8 1039 UTC 12 Sep 2004 1541 UTC 12 Sep 2004 4.3 65 17

Ivan2004-14 69.6 13.1 14.4 2009 UTC 14 Sep 2004 0249 UTC 15 Sep 2004 4.8 25 42

Bonnie1998-26 38.8 10.8 14.3 1638 UTC 26 Aug 1998 2235 UTC 26 Aug 1998 4.5 0 74

Floyd1999-13 61.4 12.2 14.2 2012 UTC 13 Sep 1999 0051 UTC 14 Sep 1999 5.0 70 32

Humberto2001-23 49.0 6.5 10.7 2005 UTC 23 Sep 2001 2357 UTC 23 Sep 2001 4.5 210 32

Humberto2001-24 36.9 6.0 10.8 2054 UTC 24 Sep 2001 0058 UTC 25 Sep 2001 6.5 250 42

Lili2002-30 36.7 5.7 11.2 1922 UTC 30 Sep 2002 0003 UTC 1 Oct 2002 4.0 45 75

Frances2004-31 70.2 12.1 14.7 1641 UTC 31 Aug 2004 1922 UTC 31 Aug 2004 5.8 80 32

Frances2004-01 62.5 10.0 14.5 1639 UTC 1 Sep 2004 2011 UTC 1 Sep 2004 5.5 70 25
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Hurricane Center (NHC) ‘‘best track’’ hurricane data-

base (HURDAT). Many publications have addressed

the uncertainties of these sources. For example, Torn

and Snyder (2012) estimated errors in track and in-

tensity; Landsea and Franklin (2013) reported errors in

track, intensity, and wind radii using NHC forecaster

surveys; and Sampson et al. (2017) reported errors in

radius of 34-kt winds (R34) estimates in NHC basins.

The RMW is not listed in HURDAT, and its de-

termination is not trivial (e.g., Mallen et al. 2005; Lajoie

and Walsh 2008; Takagi and Wu 2016). We can expect

an error of 15 n mi on average and much larger values

when there is a lack of observations or during eyewall

replacement; an error estimate at 30% seems reasonable

too. As an example, using the fetch function (see Table

A1) for a hurricane with U10max 5 100 kt and assuming

630% rm uncertainty, the expected Hsmax range for re-

ported 20n mi rm is from about 31 to 34 ft and the Tpmax

is 13 s (rounded to integers); theHsmax range increases to

41–70 ft and the Tpmax values range to 15–20 s if the re-

ported rm is 50 n mi.

With the above reservations, the algorithm developed

in this paper is expected to work well for hurricanes

moving along stable tracks and at slow to moderate

translation velocities, such that the effect of resonant

propagation as detailed in Bowyer and MacAfee (2005)

and MacAfee and Bowyer (2005) does not become a

significant factor of wave growth.

5. Scaling wind speed: Flight level versus 10-m
surface wind

The maximum wave height and wave period algo-

rithm described in this paper is based on the wind-wave

growth functions with U10, Hs, and Tp serving as the

scaling variables. The growth functions can be ex-

pressed as fetch, duration, and wave-age similarity

functions:[h#(x#), v#(x#)], [h#(t#), v#(t#)], and [h#(v#)],

respectively (Hwang and Wang 2004 and references

therein). They can also be expressed with different

scaling wind speeds such as the friction velocity u* or

wind speed at the elevation equal to one-half the

dominant wavelength Ul/2 (e.g., Hwang 2006 and ref-

erences therein).

In the conventional approach to obtaining the wind-

wave growth functions, the fetch and duration are

known physical quantities, respectively, the unimpeded

upwind distance from the measurement station to the

land–water interface and the time lapse between wave

measurement and the start of a wind event. Such phys-

ical measurements of fetch and duration cannot be ap-

plied to the TC wind fields. Instead, the effective fetch

and duration of TC wind fields are obtained through

reverse engineering, making use of the established wave

growth functions and the simultaneously measured wind

speed, significant wave height, and dominant wave pe-

riod of the hurricane hunter datasets (Hwang and Fan

2017). Asmentioned in section 1, Hwang and Fan (2017)

FIG. 3. Comparison of the predicted and observed (a)Hsmax and (b)Tpmax. The results from the four datasets used

in the algorithm development are shown with green symbols; those from seven datasets not used in the algorithm

development are shown with red symbols.
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misinterpreted the flight-level windUFL in the hurricane

hunter datasets to be the surface windU10; it is necessary

to discuss the impact of the scaling wind speed on the

effective fetch and duration.

The relationship between flight-level and surface

(10m) wind velocities is of great interest, and significant

improvement in the vertical wind profile has been

achieved with the use of theGPS dropwindsonde system

initiated in 1997 (e.g., Powell 1980; Dunion et al. 2003;

Franklin et al. 2003; Uhlhorn and Black 2003; Uhlhorn

et al. 2007). For example, Franklin et al. (2003) report

that the dropwindsonde-derived mean wind profile near

the eyewall is characterized by a broad maximum cen-

tered at 500m above the surface. Below the maximum,

the wind decreases logarithmically, with the altitude

corresponding to the frictional boundary layer be-

havior. Above the maximum, the winds decrease be-

cause of the hurricane’s warm core. A similar wind

speed vertical profile is observed in the outer vortex

with the maximum centered near 1000m above the

surface with reduced vertical wind gradients both

above and below the maximum (their Figs. 8 and 9;

Franklin et al. 2003). Their Table 2 lists the recom-

mended operational wind adjustment factors RU for

reconnaissance flight-level winds to the surface in the

eyewall and the outer vortex. For 700-and 850-hPa

flight levels (about 3100 and 1500m, respectively),

RU 5 0.90 and 0.80 for the eyewall, and 0.85 and 0.80

for the outer vortex.

For the four datasets analyzed in Hwang and Fan

(2017), three of them include the flight-level in-

formation (I09, I12, and I14 during Hurricane Ivan

in 2004, corresponding to entries 2–4 in Table 1).

Figure 5a shows the histograms of the three datasets:

the altitude h of I09 is mostly at 1500m with small

fractions at 2500 and 3100m, I12 is mainly at 2500m,

and I14 is mainly at 3100m with a small fraction at

2600m. Figures 5b–d show the wind-wave growth

function in terms of h#(v#) for the three datasets,

presented with both scalings using the flight-level

wind speed and the adjusted surface wind using the

adjustment factor RU 5 0.85. The reference curves

are the growth functions, derived by first- and second-

order fitting of measurements from nonhurricane

fetch-limited experiments under quasi-steady wind

velocity and near-neutral atmospheric stability con-

ditions (Hwang and Wang 2004). The results from the

two wind scalings show similar agreement with the

reference curves. Using different scaling winds causes

the data cloud to slide along the reference curves and

does not alter the data scatter. The systematic de-

viation of the data from the reference curves is mainly

associated with the azimuthal location of wind

and wave measurements made inside the hurricane

(Hwang 2016; Hwang and Walsh 2016; Hwang and

Fan 2017).

The result from the h#(v#) analysis indicates that

the fetch- and duration-limited growth functions

FIG. 4. Contour maps of (a) Hsmax and (b) Tpmax showing their dependence on U10max and rm. Solid

and dashed lines show the results computed with the fetch-limited and duration-limited functions, re-

spectively. The red and green markers show Hsmax and Tpmax (with the corresponding values printed be-

side the markers) based on 11 hurricane reconnaissance and research missions. The four green markers

are used in the algorithm development and the seven red markers are not used in the algorithm

development.
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[(1) and (2)] can be applied to hurricanes with surface

wind speed U10 scaling, as given in (3) and (4), or flight-

level wind speed UFL scaling, that is, with U10 replaced

by UFL in (3) and (4). Because the effective fetch xf and

duration td of the TC wind fields are derived from the

wave growth functions, they will take on different values

depending on the scaling wind speed used for the deri-

vation. Specifically, the equations with U10 scaling are

given in Hwang and Fan (2017):

x
hx10

5 4:243 107U22:93
10 H2:47

s ,

x
vx10

5 2:293 104U22:22
10 T4:22

p and (18)

t
ht10

5 1:503 107U22:77
10 H1:88

s ,

t
vt10

5 4:813 104U22:22
10 T3:22

p . (19)

With UFL scaling, they become

x
hxFL

5 4:243 107U22:93
FL H2:47

s ,

x
vxFL

5 2:293 104U22:22
FL T4:22

p and (20)

t
htFL

5 1:503 107U22:77
FL H1:88

s ,

t
vtFL

5 4:813 104U22:22
FL T3:22

p . (21)

[Equations (19) and (21) rectify the mistakes of the

coefficients in the wave period duration equation

published in Hwang and Fan (2017); the computa-

tions presented in that paper used the correct

equations.]

Figures 6a and 6b show comparisons of the wave

growth results of the hurricane and nonhurricane data

expressed in terms of the fetch-limited similarity v#(x#)

and h#(x#) and the duration-limited similarity v#(t#) and

h#(t#). The scaling wind speed isU10 in the nonhurricane

data and UFL for hurricanes. The hurricane data are

sorted into the left- and right-hand sides of the hurri-

cane; each half plane is further divided into inner and

outer subgroups according to the distance from the

hurricane center (30–80 and 80–200km). Both hurricane

and nonhurricane data groups show similar degrees of

scatter, and they indeed can be described by the same

wave growth functions shown with solid and dashed

curves (Hwang and Wang 2004). The apparently larger

data scatter of the results in the hurricane inner sub-

groups in both the left and right half planes is an in-

dication of more complex wind and wave conditions as

well as larger uncertainties in the wind and wave mea-

surements in the region near the radius of maximum

wind speed. In particular, the closer to the hurricane

FIG. 5. (a) Histogram of flight altitudes in the three hurricane hunter datasets (I09, I12, and I14) during Hurricane Ivan in 2004.

(b)–(d) The corresponding wind-wave growth functions in terms of the wave-age similarity h#(v#) scaled with flight-level and

surface winds.
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center, the farther away from the radius of maximum

wind is the larger contribution of swell from nonlocal

wind generation. For example, near the hurricane cen-

ter, the wind speed is almost zero but the waves remain

high and long.

The equations for retrieving Hs and Tp using the

growth functions with UFL as the scaling wind speed

are

H
s
5 8:103 1024U1:19

FL x0:405hxFL,

T
p
5 9:283 1022U0:526

FL x0:237vxFL and (22)

H
s
5 1:553 1024U1:47

FL t0:531htFL ,

T
p
5 3:533 1022U0:690

FL t0:310vtFL. (23)

The fetch and duration scaling model developed in

Hwang and Fan (2017) is based on the flight-level

wind speed (unintentionally), so (22) and (23) are

used in the computations presented in section 4. Be-

cause the maximum significant wave height and

dominant wave period generally occur near the hur-

ricane eyewall, the adjustment factor RU 5 0.9 is used

in the graphic presentations given with U10 as the

reference wind speed (Figs. 1, 2, and 4).

6. Summary

In this paper, we present an algorithm for predicting

the maximum significant wave height and dominant

wave period using the fetch and duration model of TC

wind fields establishedwith simultaneous wind andwave

data acquired during four hurricane reconnaissance and

research missions. The results of Hsmax and Tpmax show

power dependence on the wind speed [(16) and (17)].

For the significant wave height, the wind speed expo-

nents are about 1.19 and 1.47 based on the fetch and

duration functions, respectively; for the dominant wave

period, they are about 0.53 and 0.69, respectively. The

variation of the proportionality coefficients of the power

functions can be expressed as second-order polynomials

of rm [(17)]. The predicted values by the algorithm

compare well with those observed during 11 hurricane

reconnaissance and researchmissions, including the four

used in the algorithm development (Figs. 3 and 4).
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APPENDIX

Lookup Table of Maximum Wave Height
and Wave Period

Presented as a set of design values, Table A1 re-

produces the results of Fig. 4, separating the computa-

tions of fetch and duration functions. For operational

applications,U10max is given in knots, rm in nautical miles,

Hsmax in feet, and Tpmax in seconds. TheHsmax and Tpmax

values obtained by the fetch functions are displayed in the

top half of the table. The corresponding values obtained

by the duration functions are given in the bottom half.

The Hsmax and Tpmax values are rounded to the nearest

integers. It is not clear how far the power-law wind speed

dependency and the second-order polynomial rm de-

pendency can be applied. The maximum U10 and rm in

Table A1 are 150kt and 70n mi, respectively.
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