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ABSTRACT

Simultaneous wind and wave measurements have been obtained inside tropical cyclones in several hurri-
cane hunter missions. Analyses of these datasets show that the surface wave development inside hurricanes
follows essentially the same duration- and fetch-limited growth functions established in steady wind forcing
conditions. This paper explores the application of several parameterization functions of wind-wave systems to
quantify the energy and momentum exchanges inside hurricanes from an initially limited input of the envi-
ronmental parameters, such as the wind field alone. A critical prerequisite to applying the wind-wave growth
functions is the knowledge of fetch and duration for the hurricane wind field. Four sets of simultaneous wind
and wave measurements from hurricane hunter missions are analyzed to derive a fetch and duration scaling
model. Time series of 2D hurricane wind fields can then be used to investigate the detailed spatial distribution
and temporal evolution of the sea state parameters and the associated air-sea energy and momentum ex-

changes following the hurricane development.

1. Introduction

Tropical cyclones are among the most powerful natural
phenomena. They bring very strong winds over an area
several hundred kilometers in diameter. In the ocean, the
strong winds generate high waves. The wind and wave
actions produce tremendous air—sea exchanges.

Many analyses of wind and wave measurements under
hurricane conditions have shown that fetch- and
duration-limited wave growth functions derived from
steady wind forcing conditions are applicable to the
wave fields generated by hurricanes (Young 1988, 1998,
2003, 2006; Young and Burchell 2006; Young and
Vinoth 2013; Hwang 2016; Hwang and Walsh 2016). For
the fetch- and duration-limited wave systems, the wind-
wave triplets (reference wind speed Uy, significant wave
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height H,, and spectral peak wave period 7)) are closely
related. Given the fetch or duration information, the full
set of the triplets can be computed knowing any one of
the three because the fetch- or duration-limited wave
growth functions supply two equations connecting the
wind-wave triplets. In addition, the air-sea energy and
momentum exchange rates through the wave motion, E,
and M,, respectively, are functions of the wind-wave
triplets. The ability to define the fetch and duration of
the hurricane wind field thus provides a means to esti-
mate the air-sea exchanges inside hurricanes based on
an initially very limited input such as the wind field alone
(Hwang 2016; Hwang and Walsh 2016).

In a case study of Hurricane Bonnie 1998 during its
category 2 stage, the wind and wave measurements in-
side the hurricane are used to retrieve the effective fetch
x; and duration #; (Hwang 2016; Hwang and Walsh
2016). The results show that x; and ¢, vary approximately
linearly with the distance r to the measurement location
from the hurricane center; the slope and intercept of the
linear regression function vary systematically with the
azimuth angle ¢ relative to the hurricane heading.
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TABLE 1. Some basic information of the four datasets, collected in hurricane Bonnie 1998 (B24) and Ivan 2004 (109, I12, and I14), used for
the analysis in this paper; the headers U10, rm, ¢h, Hs, and Tp represent U, 7,,, ¢y, H,, and T,

Data ID B24 109 112 114
Start time 2029 UTC 24 Aug 1998 1615 UTC 9 Sep 2004 1039 UTC 12 Sep 2004 2009 UTC 14 Sep 2004
End time 0144 UTC 25 Aug 1998 2010 UTC 9 Sep 2004 1541 UTC 12 Sep 2004 0249 UTC 15 Sep 2004
HRD U10 max (ms ') 444 594 554 61.6
HRD rm (km) 74.0 13.0 17.0 42.0
Vh (ms™1) 45 5.6 43 48
¢h (°N) 13.0 62.0 66.0 25.0
SRA U10min (ms™") 1.4 1.8 0.8 12
SRA U10 max (ms™*) 45.7 74.0 59.9 69.6
SRA Hs min (m) 4.4 1.6 29 3.6
SRA Hs max (m) 10.9 12.7 12.0 13.1
SRA Tp min (s) 8.0 5.8 8.2 8.9
SRA Tp max (s) 13.3 152 13.8 14.4
# SRA spectra 233 376 456 600

In this paper, wind and wave measurements in four
hurricane scenes are assembled for the purpose of
constructing a fetch and duration scaling model appli-
cable to a wider range of hurricanes. Section 2 describes
the datasets. Section 3 presents the analysis and for-
mulation of the fetch and duration scaling model. Sec-
tion 4 illustrates an application of the fetch and duration
scaling model to a time series of 2D hurricane wind fields
to study the temporal evolution and spatial distribution
of the energy and momentum exchanges following the
hurricane progression. Also discussed in this section is
the azimuthal and radial distributions of the wind and
wave properties from hurricane hunter observations,
and a comparison study of our fetch model with other
published works. Section 5 is a summary.

2. Description of datasets

The four wind and wave datasets used for the present
analysis are from the National Aeronautics and Space
Administration (NASA) and National Oceanic and
Atmospheric Administration (NOAA) combined hur-
ricane hunter missions during Bonnie 1998 (Wright et al.
2001; Moon et al. 2003) and Ivan 2004 (Fan et al. 2009).

The NASA scanning radar altimeter (SRA) acquires
3D ocean surface topography. For hurricane hunter
missions, the SRA typically produces the 3D topography
at about 25-m horizontal resolution with a cross-track
swath of about 1200-m coverage (Walsh et al. 1985, 1989;
Wright et al. 2001). The surface topography is then used
for computing the 2D wavenumber spectra of surface
waves using the resampled 256 X 256 grids of 7-m spac-
ing. The spectra are typically saved with an ensemble
average of five consecutive segments, which is equivalent
to about 9km along the groundtrack for each spectrum.

The NOAA Hurricane Research Division (HRD)
routinely produces observation-based surface wind

analyses for hurricanes (e.g., Powell et al. 1996). The
storm-centered analysis of the wind fields performed at
HRD is incorporated with the wave data in real time
(Wright et al. 2001).

Table 1 lists some basic information of the four
datasets, including the start/stop time, hurricane advanc-
ing speed V), and advancing direction ¢, estimated from
the time series of the hurricane eye position, and the range
(maximum and minimum) and number of the (Ujq, H,,
and 7)) triplets in each dataset. The time series of hurri-
cane wind fields will be further discussed in section 4b.

The first three columns of Fig. 1 show the wind-wave
triplets (Ujo, Hy, and T,) of the four datasets in the order
of B24,109, 112, and 114 from top to bottom. These wind-
wave datasets are typically composed of 6 to 12 transects
radiating from the hurricane center plus several seg-
ments connecting the consecutive transects. In the
fourth column, a 2D wind field is shown for each cor-
responding dataset. These 2D wind fields are selected at
approximately the middle of the SRA data acquisition
durations (109, 112, and I14) or closest to the data ac-
quisition duration when the middle-time wind field is not
available (B24). The coordinates for all the displays in
this paper have been rotated such that the hurricane
heading is toward the top of the page. The maximum
wind speed Uy, and the radius of maximum wind speed
r,» based on these 2D wind fields are also listed in Table
1. In the subsequent analysis of the fetch and duration
scaling model (section 3), the r,, based on the 2D wind
fields are used except for dataset B24, for which we use
the number (74km) documented in Table 1 of Moon
et al. (2003).

Figure 2 shows the similarity relation of the wind-
wave triplets in terms of the dimensionless wave vari-
ance as a function of dimensionless frequency: ny(wy),
where 7, = n2,82U", ws = 0,Uipg” ", and g is the
gravitational acceleration; the root-mean-square (rms)
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FIG. 1. Color-coded, wind-wave triplets inside hurricanes along several groundtracks: (column 1) Uy, (column 2) Hy, (column 3) T,
(column 4) A representative 2D wind field for each case. (top to bottom) Cases B24, 109, 112, and 114 are arranged.

surface elevation 7., is related to the significant wave stability conditions; the combined dataset covers a
height by H; = 47);ms and w, = 27/T,,. Superimposed in  broad range of wave conditions, particularly the wave
the background for reference are the results from a age (the inverse dimensionless frequency). The BHDDB
dataset (Burling 1959; Hasselmann et al. 1973; Donelan  dataset is used as the basis for establishing the first- and
et al. 1985; Dobson et al. 1989; Babanin and Soloviev = second-order fitted fetch- and duration-limited growth
1998; also known as BHDDB) combining five field ex- functions (Hwang and Wang 2004; Hwang 2006), which
periments with quasi-steady winds and near-neutral will be described further in section 3; the fitted growth
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FIG. 2. The wave growth function in terms of nu(w;) for the surface waves inside hurricanes: (a) B24, (b) 109, (c) I12, and (d) I14. The
data are shown with different symbols in eight pie-shaped slices: two slices in each of the four hurricane quarters [left (L); back (B); right
(R); front (F)] shown in the inset. Measurements with 7 < 20 km and r > 220 km are marked with + and x, respectively. In the background
are quasi-steady data BHDDB (light blue) and hurricane data from directional buoy recording (Y88/06: Young 1988, 2006; light green);
the reference growth curves shown are dotted (H73: Hasselmann et al. 1973), dashed-dotted (D85: Donelan et al. 1985), and solid and
dashed for the second- and first-order fittings through the BHDDB quasi-steady wind forcing data (H04: Hwang and Wang 2004).

functions are shown with dashed and solid curves in
each panel.

Also plotted in the background with light green color
are hurricane data collected by directional wave buoys
in northwest coast of Australia over a period of more
than 20 yr (Young 1998, 2006); the growth curves used in
Young’s (1988, 1998, 2006) discussions of hurricane
waves are based on Hasselmann et al. (1973) and
Donelan et al. (1985), which are also illustrated and la-
beled H73 and D85, respectively. Interestingly, the de-
grees of data scatter of the hurricane and steady wind
datasets are not that different, and the growth curves
derived from ideal (steady and homogeneous) wind-
wave generation are applicable to both hurricane and
steady wind data groups.

There are systematic differences in the agreement
between the growth curves and the wind-wave mea-
surements in different sectors of the hurricane coverage
area. For convenience of comparison, the data are
shown with eight different symbols (two for each quarter
referenced to the hurricane heading; see inset). As

observed in Hwang (2016, p. 47), based on analyzing a
subset of B24 (60 spectra) reported in Wright et al.
(2001), ““The most variable wave conditions are in the
backside of the hurricane, spanning the approximate
upper and lower bounds of ‘hyper’ and ‘hypo’ growth
conditions compared to the reference growth curves;
with more hyper cases in the present measurements. In
contrast, the wave conditions tend to be average to hy-
per in the right-hand sector and hypo in the left-hand
sector.” More extensive discussions are presented in the
analysis of the full set of B24 data (Hwang and Walsh
2016). Similar conclusions on the fetch- and duration-
limited nature of wave growth and azimuthal variation
are applicable to the other three datasets. Data points
showing large deviation from the growth curves are ei-
ther very close or very far from the hurricane center,
indicating severe swell contamination; these data points
are marked with a + (for r < 20km) and x (for r >
220km). Further discussion of azimuthal and radial
variation of the wind and wave properties inside hurri-
canes is given in section 4d.
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3. Fetch and duration analysis

Fetch- or duration-limited wave growth functions
constitute two dimensionless equations describing the
development of characteristic wave height and wave
period as a function of fetch or duration: n,(x4) and
wy(xy) or nu(ty) and wy(ty). For gravity waves, the di-
mensionless parameters are given as ny = 15,.8°Uo! =
H22(16U%) ", 0y =2mUn(Tpg) ', x =x;gUs . 1 =
1,8U;y, and % is the variance of the ocean surface
displacement. Keeping the wind-wave triplets (Uyg, Hy,
and T,) explicitly in the equations, the fetch-limited
condition can be expressed as (Hwang and Wang 2004;
Hwang 2016)

H2 5 X,g 0.81

58 _ -7 f
=6.19X 107" [ —=-

16U%, (UZ > :

~0.24
27Uy =11.86 il 1)
Tg . .

Similarly, for the duration-limited condition,

2 t 1.06
HY£=1.27x10-8(ULg> :

16U?0 10
27U, ( tdg) o
=294( 4] . 2)
T g U, (

p

The two similarity formulas allow the determination of
the full set of the wind-wave triplets given only one
of the three as input, subject to the condition that the
fetch or duration is known for (1) or (2), respectively.
Typically, these equations are used to obtain wave in-
formation (H, and 7,) from wind input. Indeed, they
have been used for wave forecast/hindcast prior to the
advent of numerical wave models, and after numerical
wave models become prevalent the fetch- and duration-
limited wave growths are important benchmark tests for
fine tuning the various source and sink functions.

The common fetch or duration parameters on the
right-hand side of the pair of equations can be removed
to produce a similarity relation of the wind-wave triplets
sans fetch or duration:

g (2mU, 342
22 =294 X107 —— . 3
16U}, T.g )

In the absence of fetch or duration measurements, (3)
is a very useful diagnostic formula for discerning the
wind-sea nature of a wave field.

As noted above, to use the wave growth functions (1)
or (2), it is necessary to know the fetch or duration in
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addition to the wind input. For a water body with a
well-defined land-water interface, the determination
of the wind fetch is straightforward. Similarly, for a
wind event that remains steady following a relatively
sharp rise, the wind duration can be estimated rea-
sonably accurately. It is, however, much more difficult
to define the fetch or duration for the evolving hurri-
cane wind field.

Making use of the wind-wave triplets measured inside
Bonnier 1998 (Wright et al. 2001; Moon et al. 2003),
Hwang (2016) and Hwang and Walsh (2016) retrieve the
effective fetches and durations at the measurement lo-
cations inside the hurricane by rearranging the variables
in (1) and (2):

x,, =424 X 10" U 2B H2Y,
nx s

X, =229 X10'U*# T3, and 4)
t,, =175x10'U;7 " HY7,
nt s
t,, =481 X 10" U 2T, 7. Q)

As explained in Hwang and Walsh (2016), the wind
generations in different quarters are not on equal foot-
ing because of the advancing wind field and differences
in the base sea state from upstream feeding. To account
for the observed systematic deviation from the reference
growth curves of the hurricane wind waves in different
sectors (Fig. 2), the fetches or durations for H, and T,
are allowed to be different.

The results show that the effective fetch and duration
increase about linearly with the distance r to the mea-
surement location from the hurricane center. The slope s
and intercept / of the linear function vary systematically
with the azimuth angle ¢ referenced to the hurricane
heading; all angles in this paper are positive counter-
clockwise (CCW):

xnx(r, b)) = snx(¢>)r + Inx(¢),

x, (r,d)=s ($)r+1 (¢), and (6)
t'r]t(r’ d)) = S"qr(d))r + In[(d))a
t,(rd)=s,(d)r+1,(d). 7)

Following the same procedure and applying the fetch
and duration retrieval along flight transects (Fig. 1) of
the four datasets listed in Table 1, the slopes and
intercepts are shown in Fig. 3 with black squares; they
are also listed in Table 2 (the headers s_ex, I_ex,
s_ox, I ox, s_et, I et, s_ot, and I_ot represent
Snv> Luxs Soxs Lox, Sni> Ly, Sorand I,,). In  the present
analysis, we use the data with r between 50 and
160 km for linear fitting to minimize swell contamination
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FIG. 3. Slope 5, and intercept I, of g = s,(¢p)r + 1,(¢), where g can be Xy, Xox, by OF £, The results obtained from datasets B24,109, 112,
and 114 (Table 1) are shown in the four quadrants; upper left (UL), upper right (UR), lower left (LL), and lower right (LR), respectively.
The solid, dashed and dotted curves corresponding to the first-, second-, and third-order Fourier series are also superimposed in each
panel. For each dataset, s and I are plotted (a),(b) for x,,, (c),(d) for x,, (e),(f) for t,,, and (g),(h) for ¢,,.

(Hwang and Walsh 2016). A “‘processing transect’ is
defined as those data within a 30° azimuthal pie slice, that
is, ¢ = 0° = 15°,30° = 15°, ..., that include at least five
data points falling within the specified r range (50 to
160 km) in the pie slice. The representative azimuth angle
of the processing transect is the mean of the azimuth
angles of the included data.

The slopes and intercepts can be decomposed as the
Fourier series

N
+2 (a,  cosng +b, sinng),

q=4a,

®)

where g can be sy, Ly, Soxs Lox, Sy Ints Sor T 1. The
curves computed with N = 1,2, and 3 are superimposed
on the data with solid, dashed, and dotted lines, re-
spectively, in Fig. 3.

The harmonic parameters a,,, and b,, ;, are computed
from the trapezoid rule of integration (the following
equation is applicable for n = 0 to N):

217

21
J gcosnddep, b =ij gsinng do.
0 w2 )

)

a
nq 21

The results processed from the four datasets show a
systematic, quasi-linear variation with the radius to
maximum wind r,, (Fig. 4):

Y =Pyl Pay (10)
where Y represents a, 4 and b,, ; in (8). The fitting co-
efficients p;y and p,y are listed in Table 3. In-
terestingly, Young (1988) also shows that r,, plays an
important role for scaling the effective fetches of dif-
ferent hurricanes [his (5)] based on the analysis of a
synthetic dataset composed of numerical simulations
with different hurricane advancing speed, maximum
wind speed, and radius of maximum wind. Further
discussion on several different fetch models is given in
section 4e.

Equations (6) to (10) complete the scaling model of
the effective fetch and duration for hurricanes. For the
situation of using the 2D wind field to obtain the wave
parameters and the subsequently derived air-sea en-
ergy and momentum exchanges, the following de-
scribes the procedure to get the effective fetch or
duration:

(i) rotate the coordinates of the wind field to be

referenced to the hurricane heading;

(it) find r,, and obtain a,, , and b,, , by (10) using the p;y
and p,y values listed in Table 3;

(iii) obtain sy, Iy, Swx and Ly O Sy, Ly, Sorand I, by
(8); and

(iv) calculate the fetches or durations of wave height
and wave period for any location inside hurricane
by (6) or (7), respectively.
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and duration, where g can be sy, Ly, Swxs Loxs Sqis Ints Sor OT L. The harmonics a,, 4, and b,, ; show linear dependence on r,,,, n = 0,1,2,3
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4. Discussion

a. Wind-wave triplets, air-sea exchanges, and growth
functions

Given the fetch or duration information, the key in-
formation of Hy and T, can be calculated from the
growth functions with the Uj, input (Hwang 2016;
Hwang and Walsh 2016):

H,, =8.10X 107 UL*x%%,

T,,=928X107U*x2, and (11)
H, =155x10"*U "5,
T,, =353 X107 U™, (12)

The subscript w is added to the wave variables in (11)
and (12) to emphasize that the wave growth functions
yield the wind-sea components of the surface waves.
Figure 5 presents the scatterplots comparing the SRA-
measured H, and T, and those calculated with the wave
growth functions using the modeled fetch and duration.
The four columns from left to right are wave height
from fetch-limited growth function, wave height from

duration-limited growth function, wave period from
fetch-limited growth function, and wave period from
duration-limited growth function (labeled Hys, Hyq, Ty,
and 7,4, respectively, at the lower-right corner in the top
row of Fig. 5). For reference, also shown in the figure are
the dashed lines corresponding to 1:1 agreement, and
the dotted lines are the 20% envelops, that is, [1.2:1 and
1:1/1.2].

The four rows from top to bottom are cases B24, 109,
112, and I14. Different plotting symbols are used for data
in different quarters of the hurricane coverage area
(green diamond, blue square, black circle, and red tri-
angle for front, left, back, and right quarters, re-
spectively; see Fig. 2, inset). The mean and standard
deviation of the ratio between the modeled and the
measured quantities are printed at the lower edge of
each panel; these statistics are calculated with the data
points with r between 45 and 200 km to exclude regions
with severe contamination from nonlocal swells (Hwang
2016; Hwang and Walsh 2016).

The ranges of the mean and standard deviation of the
ratios are very good for cases B24 and I14 (rows 1 and
4)—0.97 to 1.02 and 0.07 to 0.14, respectively—and good
for cases 109 and 112 (row 2 and 3)—0.81 to 1.06 and 0.09
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TABLE 3. Linear fitting coefficients of fetch and duration harmonics as a function of radius of maximum winds Y = py,r,, + p2, (8),
where Y represents a, , and b, ;in (7),andn = 0,1,2,3 (bo, = 0); the headers s_ex, I_ex, s_ox, I_ox, s_et, I_et,s_ot, and I_ot represent s,

I‘qxs Sexs Loxs Sats Inn Ser, and I,,,.

q S_ex I ex S_0X I ox s_et I et s_ot I ot

a0,q
pl —-140x107% 195 —3.04x107% 322 —7.88E-04 1.07 107" —-147x107%  1.60 X 107!
p2 157 —3.54 x 10 327 —1.42 x 107 9.04 X 1072 -242 158 x 107! -6.73

al,q
pl -102x1072 126 -134 %1072  1.09 —5.17E-04 576 X 1072 —6.11E-04 4.81 x 1072
p2  510x107' —4.77 x 10! 9.85x 107" —522 % 10 239X107% —223 399 X 1072 —2.18

bl,q
pl  521x107% —-823x107' —-127%x107% 116 1.54E-04 —2.81 X 1072 —5.75E-04 530 X 1072
p2 —687x1072  3.02 x 10 1.51 -1.02 x 107 525%107%  852%X107' 690X 1072 —4.50

a2,q
pl  555x107° —411x107' 123x107% -1.10 3.22E-04 —231x 107>  6.14E-04 —528 X 1072
p2 —479x10°t  225x100  —1.01 693 x 100  —263%x107% 127 —491 X 1072 3.4

b2,q
pl —332x107% -152x10"' —-200%x107% 151 —2.88E-04 596 X 107> —9.14E-04 6.68 X 1072
p2  211x107t 886 1.26 —9.80 x 10 158 x 1072 —-216x 107 543 %x 1072 -4.14

a3,q
pl 644 %1077 -532x107"  145x1072 —921x107'  3.19E-04 —2.61 X 107> 6.23E-04 -391 x 1072
p2 -329x 107" 285x 10" —847x107' 545x 10" -152x1072 131 —341x107% 218

b3,q
pl 191 x1073 -228x107' —570%x 1073  1.01 1.09E-04 -953x 107 —1.37E-04 3.62 X 1072
p2 -225x107' 211 x 10 1.80 X 107" —471x 10"  -1.06x 107> 872x 107"  3.06x 107> —1.68

to 0.24, respectively. Several factors may have contrib-
uted to the performance difference in the model com-
putations: (i) As shown in Fig. 1 and Table 2, B24 and
114 contain 10 to 11 processing transects inside the
hurricane coverage region (compared to 6 for 109 and
112), thus providing a better azimuthal resolution for
resolving the Fourier coefficients [(8), (9)] used for the
fetch and duration models (Fig. 3). (ii) Between the two
cases with six processing transects, results from 112 are
better than those from 109, probably because of the
more uniform distribution of the six processing transects
in I12 compared to those irregular ones in 109 (Fig. 1).
(iii) 109 tracks show many zigzag paths signifying aircraft
maneuvering that may have caused data quality de-
terioration. (iv) The linear dependence on r,, for the
Fourier components a,,, and b,, , (Fig. 4) may be overly
simplified, but a more elaborate design would require
more than four cases available for the present analysis.
We hope that eventually more datasets of wind-wave
triplets inside hurricanes will become available to refine
the fetch and duration scaling model.

With wind-wave triplets (Ujo, Hy, and T),) available,
the total energy and momentum exchange rates across
the air-sea interface can be computed (Hwang and
Sletten 2008; Hwang and Walsh 2016):

E =a.p, Ul ., =0200;77,, and (13)

M, =a,p, Ul ), =0.400;n,. (14)

Figure 6 compares E; and M, calculated with the wind-
wave triplets from hurricane hunter measurements and
those with wave properties computed through the wave
growth functions using the U, input and modeled fetch
and duration. The four columns from left to right are for E,
by the fetch functions, E, by the duration functions, M, by
the fetch functions, and M, by the duration functions. The
four rows are B24, 109, 112, and 114 from top to bottom.

Similar to Fig. 5, the mean and standard deviation of
the ratios between the modeled E, and M, and the ref-
erences are printed at the lower edge of each panel. For
cases B24 and 114 (rows 1 and 4), the ranges of the mean
and standard deviation of the ratios are 1.02 to 1.15 and
0.16 to 0.45, respectively; for cases 109 and I12 (rows 2 and
3), they are 1.04 to 2.44 and 0.28 to 5.28, respectively. In
general, the computed results using the fetch model
contain more outliers and the statistics are worse than
those using the duration model. The exact cause for this
difference in performance using the fetch and duration
functions is not clear at this stage. The duration compu-
tation is judged to be more accurate at the present state of
modeling the effective fetch and duration.

b. Temporal evolution of air-sea exchanges

The two growth functions each for the fetch- and
duration-limited conditions provide a means to obtain
the full set of wind-wave triplets (Usq, Hy, and T,) with
only one of the three measured. At the present, time
series of 2D hurricane wind fields are routinely
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FIG. 5. Comparison of measurements and modeled wave height and wave period using the fetch- and duration-limited growth functions.
(column 1) H; using the fetch growth function, (column 2) H, using the duration growth function, (column 3) 7,, using the fetch growth
function, and (column 4) T}, using the duration growth function. Cases B24, 109, 112, and 114 are arranged from top to bottom.

generated by the NOAA HRD real-time wind analysis
(HWIND); the spatial resolution of these wind fields
available in the legacy data archive site is nominally
6km X 6km. By taking advantage of the similarity re-
lationship of the wind-wave triplets under fetch- and
duration-limited growth, the key wave parameters (H,
and 7)) as well as the air-sea energy and momentum
exchange rates (E, and M,) can be computed to evaluate

the complex azimuthal and radial variations of these
variables.

Here, we show the temporal evolution of the wave and
air—sea interaction properties derived from the time
series of Ivan 2004 wind fields. The time series covers the
duration between 1930 UTC 6 September and 1500 UTC
16 September. A detailed modeling study of this
hurricane has been reported by Fan et al. (2009); the



FEBRUARY 2017

HWANG AND FAN

(a) _ of9”

B24 DA afPA A

50} 21 50t A
& .

Etf Etd

oW 1043017 | ) |#7 1.0240.16

(b) o

0 50 0 50

R

(f)
S

2
o A
- O

o

Modeled

0 116032 1.0940.33

0
0 100 0 100

©F o] A @ , %2,
R A ~a
51 Q‘}f el 5 * =
& 55 &
° Mtf 5 Mtd
0 1.05+0.22 0 1.04+0.23
0 8 0 5
oA
h N
(h) A

.1640.43 0
10 20 0

154045
10 20

0

Measured
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modeled waves compare very well with measurements
from three hurricane hunter deployments (109, 112, and
114 in Table 1). Figure 7 shows some basic information
about the wind field time series, including the following:

1) (Fig. 7a) Maximum wind speed Ujq,: The wind
speeds corresponding to the thresholds of categories
1 to 5 of the Saffir-Simpson hurricane wind scale (33,
43,50,58,and 70m sfl) are shown with dashed lines.

Over a long stretch of the record time, the hurricane
is in categories 4 and 5.

2) (Fig. 7b) Radius of maximum wind r,,,: The hurricane
maintains a tight core with r,, less than 20 km most of
the time prior to 13 September; the r,, then increases
to about 40km with some fluctuation.

3) (Fig. 7c) Azimuth angle of the position of maximum
wind with respect to the hurricane heading ¢,,: The
position of the maximum wind is mostly on the right
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FIG. 7. Some basic information extracted from the time series of 2D wind fields for Hurricane Ivan 2004 discussed
in this paper: (a) Uiom, (b) 1, (€) oy (d) Vi, and (€) ¢y (bottom) The coordinates of the hurricane centers color
coded with the maximal wind speed. The locations closest to daily 0000 UTC are circled and the time printed in the

format (day):(decimal hour).

front quarter, but it also shifts slowly back and forth
between the rear and front quarters on the right half
plane in a somewhat random fashion; in two in-
stances, the locations of maximum wind are in the
left front quarter.

4) (Fig. 7d) Hurricane translation speed Vj;: It starts out at
about 8ms™ !, decreases to about 4ms ™', then increases
back to about 6 to 8ms ™! over the period of the record.

5) (Fig. 7e) Direction of hurricane translation ¢ with
respect to east (positive CCW): The hurricane
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F1G. 8. Time series of (a) E,4 and (b) M, calculated with
the energy and momentum balance equations combined with the
duration-limited wave growth functions and comparison with com-
putations using U, alone combined with two different formulas of
the bulk coefficients; see text for further detail.

moves steadily toward west then northwest and
north.

6) [Fig. 7 (bottom)] A map of the hurricane trajectory:
The hurricane center is identified with an x and the
color of the marker corresponds to the maximum
wind speed; the ones with times closest to daily
0000 UTC are circled, the time printed is in the format
(day):(decimal hour).

The energy and momentum exchanges computed with
the duration model and integrated over the hurricane
coverage areas, E;4, and M,,, respectively, are shown
in Fig. 8 with black solid curves; the circular area of
integration is centered at the hurricane eye with a
250-km radius.

To examine the impact of the wave factors, the energy
and momentum exchanges are estimated with U, alone.
Two sets of computations are presented; the first set uses
the mean energy exchange coefficient and the bulk drag
coefficient formula described in Hwang and Walsh
(2016):

E = (a)p,Up; (a)=47x107, and

(15)
_ 2.
M,y = Cioup,Uins

Crop =1073(=0.16U7, +9.67U,, + 80.58). (16)

The second set uses the drag coefficient formula de-
scribed in Liu et al. (2008) for the momentum exchange:
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M, =Cy,p,Uki Cyp =1073(0.069U,, +0.73).
(17)

The energy exchange is computed by

E, = 3.5pau§}<; Uy = C?(')SLUIO. (18)
The integrated energy and momentum exchange rates
over the hurricane coverage area computed with wind
speed input alone are shown in Fig. 8 with red circles for
the first set and magenta pluses for the second set.

All three sets of exchange computations {I: energy
and momentum exchanges considering Uy, Hy, and T,
[(13)-(14)]; II: Uyo only with bulk coefficients [(15)—
(16)]; and III: U, only with bulk coefficients [(17)—
(18)]} show a clear temporal evolution, with a generally
increasing trend continuing to just before 14 September,
at the time the strongest wind speed is 66.4ms . In-
terestingly, the energy and momentum exchanges are
much weaker during the two earlier periods with much
stronger maximum winds: 69.5 to 70.2ms ' at 0130 and
0730 UTC 9 September and 69.9 to 69.1ms ' at 1330
and 1930 UTC 11 September. This point will be further
discussed in the next subsection when the spatial dis-
tributions are described.

Notably, during the earlier period before about
11 September, the three sets of computations produce
very similar results, suggesting that the wave effects are
relatively moderate during the earlier period. As time
increases, the three computations diverge, and different
choices of the drag coefficient and energy exchange
coefficient can produce large differences in the com-
puted exchanges.

¢. Ocean surface drag coefficient, spatial variation,
and wave modification

Our main purpose of investigating the effective fetch
and duration for the hurricane wind field is to extract the
surface wave information because many air-sea in-
teraction processes are modified by the surface wave
conditions. Here, we present an example of using the
wind-wave growth functions to derive the spatial pat-
terns of the wave parameters and the relevant air-sea
exchange rates from the wind input.

Figure 9a shows the 2D wind field of Ivan 2004 at
1330 UTC 13 September. Using the information from
the temporal analysis (section 4b), the wind field is ro-
tated such that the heading is toward the top of the page.
The maximum wind speed and its coordinates relative to
the heading (marked with a red plus symbol in the fig-
ure) as well as the integrated exchanges over the 250-km
circle are (Usopms s Poms Ecas Mia) = (66.3ms™ !, 35km,
278° 4.95 TW, 0.66 TN). The energy and momentum
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FIG. 9. Wave and air-sea exchange properties derived from the hurricane wind field: (a) the input HRD Uj, field for Hurricane Ivan at
1330 UTC 13 Sep 2004; the output includes wave and air-sea exchange fields of (b) Hy,, (¢) Ty, (d) w4, (€) log(ny), (f) ag, (8) E, (h), ay,
and (i) M,. The bottom row shows the durations and fetches: (j) t,;, (k) tu, (1) X, and (m) x,,,; all quantities are in MKS units except
durations in (j) and (k) are given in h and fetches in (1) and (m) are given in km.

exchanges of this case are among the highest in the time
series (Fig. 8).

The procedure of surface wave and air-sea exchange
computation starts with the calculation of the effective
fetch or duration (section 3), from which the wave height
and wave period are derived through the wave growth
functions using the wind field as input to complete the
wind-wave triplets (Uso, H,, and T),). The bottom row of
Fig. 9 shows the duration and fetch (£, o, X5, and x,,y),
and the top row shows the wind-wave triplets (the results
of H,, and T,,, based on the duration growth functions
are shown here) and the dimensionless frequency and
variance (wy and 7my). The middle row shows the co-
efficients and rates of energy and momentum ex-
changes (ag, E,, ay, and M,). They all display complex
spatial patterns difficult to be expressed as some simple
functions of the wind speed alone. In particular, the
spatial patterns of Hy, and T, deviate significantly
from the Uy, distribution; the resulting exchange pat-
terns in terms of a g and ay, or E,and M, are very similar
to the wy pattern, showing strong intensities in the

forward left and backward right sectors of the hurricane
for this wind field. In the remaining of this subsection,
we focus on the subject of momentum exchange co-
efficient «y,, which is also the ocean surface drag co-
efficient Cyq.

From the fluid dynamics point of consideration, the
drag coefficient is a dimensionless factor given as the
ratio of the surface stress v normalized by the “free-
stream” velocity U.. outside the boundary layer (e.g.,
Schlichting 1968):

T U

C,= pa—Uozo = (19)
Given that the marine boundary layer is modified by the
surface wave motion and that the dynamic effects of
surface waves decay exponentially with distance away
from the air-sea interface at a decay rate scaled by the
wavelength, it is logical to set the reference wind speed
at some elevation proportional to the surface wave-
length. For example, the dynamic pressure from the
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10%ay, (blue dashed—dotted contours, labeled 5, 15, 25, .. .).

wave motion is reduced to about 4% of the surface value
at an elevation one-half of the surface wavelength, so
U, seems to be a suitable reference wind speed (e.g.,
Hwang 2004, 2006, and references therein).

To use the reference wind speed U,j,, the surface
wave information is needed. Unfortunately, frequently
the wind velocity is the only input of the environmental
parameters for estimating the surface wind stress so the
wind speed at a fixed elevation becomes the standard
reference for normalizing the surface wind stress. For
ocean applications, Ujg, the neutral wind speed at 10-m
elevation, has been used for reference; the correspond-
ing surface drag coefficient is denoted as Cj,. There are
many empirical formulas expressing C; as functions of
U,o. Figure 10a shows a couple of them: the black solid
and dotted lines are the empirical drag coefficient for-
mulas given by (16) and (17), respectively. Also shown
in the figure are field data collected in the open-ocean
conditions with black (Felizardo and Melville 1995;
Powell et al. 2003; Jarosz et al. 2007), red (Holthuijsen
et al. 2012), and magenta (Powell 2006) symbols; except
for those black data with U;p < 15ms™', the measure-
ments are collected inside hurricanes; more detailed
discussions of these datasets have been given in Hwang
and Walsh (2016).

The surface drag coefficient can be obtained from the
momentum balance considerations. For example, Fan
et al. (2010) show the wind speed dependency of the
drag coefficient obtained from numerical computation
of the air-sea momentum fluxes for hurricane wind
conditions. The upper and lower bounds of their mod-
eled results are shown with blue dashed-dotted and
dashed curves respectively in Fig. 10a. Bell et al. (2012)
calculate the Cy( inside a hurricane using the conserva-
tion of azimuthally averaged absolute angular momen-
tum in the atmospheric boundary layer. The results are
shown with connected blue squares in Fig. 10a.

Hwang and Walsh (2016) consider the momentum
balance of a wind-wave system, which yields parame-
terization equations of the momentum exchange rate
and exchange coefficient given in (14). These parame-
terization functions allow the computation of the ex-
change and its coefficient at the same spatial resolution
of the wind field, which is nominally 6km X 6km
(Fig. 9). We have replotted the 2D maps of Ujg and ay,
in Fig. 10b, in which the contours of U;, and 10%a, (or
equivalently 10*Cy,) are shown in the same figure with
solid black and dashed-dotted blue lines, respectively,
the labeled contour values are (10, 20, ...)ms ™! for the
former and (15, 25, ...) for the latter.
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labeled 5, 15, 25, ....), (b) Hy,, (c) Ty, (d) w4, and (e) comparison of the momentum exchange coefficient a, (cyan symbols; green dots
show raw data without azimuthal averaging) with field observations of drag coefficient Cy, emphasizing data collected in hurricane
conditions (black, red, magenta, and blue symbols). The time of the hurricane wind field (at 0730 UTC 09 Sep 2004) has the highest

maximum wind speed (70.2m s 1) of the time series.

The complicated correlation between Ujq and Cyg is
clearly illustrated in Fig. 10b. For example, the region
with U;p = 60ms ™' forms a croissant-shaped enclosure
that transects over areas of very low to very high Cy or
ayy values. The maximum wind speed is in the right front
quarter of the hurricane, and the location is marked
with a red plus symbol in the contour map. As discussed
earlier for Fig. 9, (Uyom: I's G Ecas Mys) = (66.3ms™ 1,
35km, 278° 4.95TW, 0.66 TN) for this case.

When the complex spatial distributions of Uy and Cyg
as illustrated in Fig. 10b is averaged over the whole
region, the right, left, and back sectors, the results of
C10(Ujp) of the various integrations are shown with cyan
symbols in Fig. 10a. The largest data scatter among the
different integrations as well as different datasets is in
the very high wind speed region. To illustrate the point,
the raw data without azimuthal averaging are displayed
as green pluses in Fig. 10a with the marker size pro-
portional to the data density within the (U, Cio)

plotting grids; they scatter somewhat randomly with
very wide spread in high winds. To reduce clutter and
swell contamination, only data with Uy > 20m s !and
r <250km are displayed. It is interesting to observe that
the apparent “‘outlier” C;( data spike reported in the
Holthuijsen et al. (2012) hurricane analysis is in the left
sector of the hurricane, consistent with the results shown
in Fig. 10b.

The high wind speed range is also where most em-
pirical formulations diverge, as demonstrated by the two
empirical expressions superimposed in the figure: the
black solid line for the second-order regression fitting
[(16)] of the open-ocean observations by Felizardo and
Melville (1995), Powell et al. (2003), and Jarosz et al.
(2007) (FPJ) and the black dotted line for (17) by Liu
et al. (2008). The wide spread Cyq values for a narrow
range of high wind speed band is in fact a feature very
common in the hurricane wind field, as illustrated in the
next two examples.
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FIG. 12. As in Fig. 11, but for hurricane Bonnie at 1830 UTC 24 Aug 1998.

Figure 11 shows the results for Ivan 2004 at 0730 UTC
9 September. For simplicity, we present only the con-
tour maps of the wind-wave triplets (Figs. 11a—c), the
dimensionless frequency (Fig. 11d), and the momentum
exchange coefficient, which is superimposed in the Uy
field (Fig. 11a). This one has the largest maximum wind
speed in the temporal sequence of the wind fields. It is at
an earlier stage of development with a very small radius
of maximum wind speed: (Uiom, > Gy Einy Mia) =
(702ms ™', 13.5km, 267°, 1.75 TW, 0.31 TN). Although
the maximum wind speed is the highest in the sequence,
the integrated E,4 and M, 4 are relatively small because
of the tight and small region of high wind coverage. For
example, the wind speed drops to about 30ms ™! at r ~
100 km, compared to about 40ms ™' at the same distance
for the case illustrated in Figs. 9 and 10 (1330 UTC
13 September). The corresponding wave height and
wave period are also much weaker than those at
1330 UTC 13 September. Expressed as Cio(Ujg), the
average over the whole region, the right, left, and back
sectors, are show in Fig. 11e with cyan symbols, and the
raw data are shown with green dots; other datasets
shown in the figure are the same as those in Fig. 10a.

Very large variations are again observed in the high
wind region, which reflects the complicated correlation
between Ujg and Cy as illustrated in Fig. 11a.

Figure 12 shows the results for Bonnie 1998 at
1830 UTC 24 August in the same format as Fig. 11. This
wind field has a very large radius of maximum wind with
the following basic information: (Uigm, > P> Eias
M,4) = (444ms~', 95km, 307°, 3.24 TW, 0.43 TN). Al-
though the maximum wind speed is relatively low at
444ms~ ", the E,4 and M,, are comparable to those of
Ivan 2004 around 11-12 September with maximum wind
speed approaching 70ms ™' (Figs. 7, 8). The average re-
sults of Cyo(U,p) are show in Fig. 12e with cyan symbols,
and the raw data are shown with green dots; the results
again show that the complicated correlation between Uy
and Cyg asillustrated in Fig. 12a cannot be represented by
some simply linear or nonlinear regression curves.

Although formulas of Cjo(Uyg) are likely to remain a
constant presence in many air-sea interaction computa-
tions, such expressions are dimensionally inconsistent.
Furthermore, the choice of 10 m as the reference eleva-
tion is mainly due to the necessity of standardization or
convenience rather than the dynamic significance of that
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particular height in the marine boundary layer. From the
fluid dynamics’ considerations and dimensional analysis,
we cannot expect a consistent similarity function to come
out from such expressions. This is reflected on the very
large number of Co(U,o) formulas published in the lit-
erature; each one appears to show good agreement with a
particular collection of measurements.

On the other hand, if the empirical Cy(Ujp) formula is
to be used for air-sea exchange computations, the
analysis presented in Fig. 8 indicates that a non-
monotonic wind speed dependence with decreasing drag
coefficient above approximately 35ms~' such as (16)
indeed yields results closer to the calculations in-
corporating Ui, Hy, and T,

d. Azimuthal and radial variations of hurricane wind
and wave properties

The simultaneous wind and wave data collected in
several hurricane hunting missions provide us a rare
opportunity to investigate the wave growth properties in
the interior of hurricanes. The most significant result
derived from our analyses is the conformation of the

wave development following the same growth functions
established for steady wind forcing conditions in the
majority region of the hurricane interior.

Another important result derived from analyzing
these simultaneous wind and wave data are the spatial
distribution of the wind and waves properties. In par-
ticular, significant differences in the azimuthal distri-
butions between wind speed, wave height, and wave
period are noticed for the Hurricane Bonnie 1998
dataset (B24); the locations of the high and low are
about (315°, 135°) for wind speed, shifting slightly CCW
for wave height, and become close to (0°, 180°) for wave
period (Hwang and Walsh 2016). The results are re-
produced in Figs. 13a—c, showing the azimuthal distri-
butions of Uy, Hy, and T), at several radial distances
normalized at R, = r/r,,. We have done the same pro-
cessing of azimuthal variation for the Ivan 2004 datasets
109,112, and 114 (Figs. 13d-1). The CCW shifting of wave
properties from the wind speed distribution is very
similar to that observed in B24, although the azimuthal
resolution of 109 and I12 is less than satisfactory due to
the small number (six) of radial transects.
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in this paper (Table 1). The corresponding f, values are also shown as circles in (a) to (c).

In terms of the dimensionless frequency or the inverse
wave age, which is among the most important parame-
ters in evaluating the air-sea energy and momentum
exchanges, the youngest waves in the back quarter and
oldest waves in the left quarter as observed in B24 are
also generally applicable to Ivan 2004 datasets 109, 112,
and I14, as illustrated in Fig. 14 showing the results in
eight sectors (inset of Fig. 2).

The asymmetric distribution of wave properties
showing much higher wave height and longer wave-
length in the front section of the hurricane has also been
discussed by Wright et al. (2001), Black et al. (2007), and
Holthuijsen et al. (2012). Some of the discussion further
includes the multiple spectral components in different
sectors of the hurricane; for example, see Figs. 5, 12-14
in Wright et al. (2001), Figs. 9-10 in Black et al. (2007),
and Figs. 9 and Al in Holthuijsen et al. (2012). King and
Shemdin (1978) represent another earlier work ad-
dressing the asymmetry of hurricane waves based on
airborne synthetic aperture radar (SAR) measurements
in several hurricane passes. The quantity of data is much
smaller than the other three works mentioned above,
and their SAR processing only yields wavelength and
wave direction information of the SAR images. The

complicated nonlinear motion effect on the SAR im-
aging of ocean surface waves was not fully appreciated
at the time, so the difference of the directional and
wavelength information between SAR images and sur-
face waves was not discussed.

e. Comparison with other fetch models for hurricane
wave calculation

The practice of applying fetch-limited wave growth in
hurricane wind forcing condition has a long history (e.g.,
Bretschneider 1959, 1972; Bretschneider and Tamaye
1976; King and Shemdin 1978; Shemdin 1980; Young
1988; Young and Burchell 1996; Bowyer and MacAfee
2005; MacAfee and Bowyer 2005; Young and Vinoth
2013).

The primary concern of these models is to obtain the
largest wave height for a given hurricane for the pur-
pose of providing the design wave criteria. There is less
emphasis on exploring the spatial distribution (azi-
muthal and radial variations) inside the hurricane. For
example, the “trapped-fetch waves”” model described
in Bowyer and MacAfee (2005) and MacAfee and
Bowyer (2005) focuses on the numerical computation
in the right half plane of the hurricane (in the Northern
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Hemisphere) because the forward motion enhances
wind speed in that sector. Using a model wind field, the
computation tracks wave development using the
Bretschneider fetch growth functions for wave height
and wave period as time increases and the wind field
moves along. The wave is followed until it either out-
runs or falls behind the wind field. For the right con-
dition when the wave group velocity matches the
hurricane forward motion, the effective fetch can reach
the 1000-km range with very high and long waves
produced by relatively low winds; they have shown
several examples of waves in excess of 20 m produced

by winds of about 44ms ™! (category 2 hurricane). The
computation is in good agreement with nearby buoy
recording. Unfortunately, because the V), range in the
available datasets is very limited (Table 1), we are
unable to investigate its impact on our fetch and du-
ration model described in section 3.

The hurricane fetch model developed by Young and
colleagues (Young 1988; Young and Burchell 1996;
Young and Vinoth 2013) can be applied to the in-
stantaneous wind field without Lagrangian tracking of
the wave development; therefore, they are more suit-
able for comparing with the fetch model described in
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this paper (section 3). Their fetch model can be ex-
pressed as

Xy = H0 WUy Vi), (20)
where f is a logarithmic function, and f, is a second-
order bivariable polynomial function. The three ver-
sions of their fetch model, denoted as Y88, Y96, and
Y13, subsequently, differ only in the coefficients of the f,
polynomial function. Figures 15a, 15b, and 15c¢ show
respectively the three versions (Y88, Y96, and Y13) of
the f, function. Figure 15d displays the resulting effec-
tive fetch for the four cases discussed in this paper
(Table 1).

Applying Young’s model fetch to the hurricane
hunter wind measurements, the wave height, wave pe-
riod, energy, and momentum exchange rates can be
calculated as described earlier. Figure 16 shows H, T,
E,, and M, computed with the Y13 fetch for the four
datasets discussed in this paper. To compare with the
computations using the fetch model described in section
3 (referred to as the H fetch model hereinafter), the left
two columns correspond to the first and third columns of
Fig. 5, and the right two columns correspond to the first
and third columns of Fig. 6. As in Figs. 5 and 6, the
mean and standard deviation of the ratio between the
modeled and the measured quantities are printed at
the lower edge of each panel.

Figure 17 shows the dimensionless frequency or the
inverse wave age parameter calculated for the four
hurricane hunter datasets; the top four panels are the
results using the Y13 fetch model, and the bottom four
panels are those using the H fetch model. The reference
results obtained from the simultaneous wind and wave
measurements are given in Fig. 14. Overall, the H fetch
model produces more realistic spatial distribution of the
wave parameters from the wind speed input.

5. Summary

Surface waves inside hurricanes are found to adhere
to the fetch- and duration-limited nature of wind-wave
growth. This opens up a door to a large wealth of
knowledge derived from decades of wind-wave re-
search. At the foundation of this wealth of knowledge
is a pair of equations connecting the three critical wind
and wave parameters: the wind-wave triplets (U, Hj,
and T,). The situation of ‘‘two equations, three un-
knowns” makes it feasible to obtain the full set of
wind-wave triplets knowing only one of the three. Fur-
thermore, the equations governing the energy and mo-
mentum balances of the wind-wave systems are given as
functions of the wind-wave triplets; thus, the growth
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functions can be used to quantify the critical information
of air-sea energy and momentum exchanges across the
air-sea interface.

To access this vast wealth of knowledge, it is necessary
to establish the effective fetch and duration of the hur-
ricane wind field. Through reverse engineering using
four sets of wind-wave triplets acquired in hurricane
hunter missions, a scaling model for the effective fetch
and duration is formulated. Computed wind-wave trip-
lets using the growth functions coupled with the mod-
eled fetch and duration are in good agreement with
the wind-wave triplets obtained in hurricane hunter
missions.

Applying the fetch and duration model to the time
series of 2D hurricane wind fields, the temporal varia-
tion and spatial distribution of the wave properties and
air—sea exchanges following the hurricane development
can be studied in great detail.
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