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ABSTRACT

For wind-generated waves, the wind-wave triplets (reference wind speed, significant wave height, and
spectral peak wave period) are intimately connected through the fetch- or duration-limited wave growth
functions. The full set of the triplets can be obtained knowing only one of the three, together with the input of
fetch (duration) information using the pair of fetch-limited (duration limited) wave growth functions. The air—
sea energy and momentum exchanges are functions of the wind-wave triplets, and they can be quantified with
the wind-wave growth functions. Previous studies have shown that the wave development inside hurricanes
follows essentially the same growth functions established for steady wind forcing conditions. This paper
presents the analysis of wind-wave triplets collected inside Hurricane Bonnie 1998 at category 2 stage along 10
transects radiating from the hurricane center. A fetch model is formulated for any location inside the hur-
ricane. Applying the fetch model to the 2D hurricane wind field, the detailed spatial distribution of the wave
field and the associated energy and momentum exchanges inside the hurricane are investigated. For the case
studied, the energy and momentum exchanges display two local maxima resulting from different weightings of
wave age and wind speed. Referenced to the hurricane heading, the exchanges on the right half plane of the
hurricane are much stronger than those on the left half plane. Integrated over the hurricane coverage area, the
right-to-left ratio is about 3:1 for both energy and momentum exchanges. Computed exchange rates with and
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without considering wave properties differ significantly.

1. Introduction

Despite the complicated temporal and spatial dis-
tributions of the hurricane wind field, many analyses
have shown that the generated surface waves follow
the same similarity relationship as those produced by
steady winds in fetch-limited conditions. For example,
Young (1988) presents the analysis of a set of synthetic
directional wave spectra simulated with model hurri-
cane wind fields. Using the Joint North Sea Wave
Project (JONSWAP) fetch-limited growth function of
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significant wave height H; (Hasselmann et al. 1973), he
derives the effective fetch corresponding to the hurri-
cane wind speed. The effective fetch is then used to
compute the expected peak wave period T, based on
the JONSWAP fetch-limited wave period growth
function. The wave periods derived from the numerical
model and fetch-limited growth function are in very
good agreement.

Subsequently, Young (1998, 2006) report the results
from examining more than 20yr of directional buoy
recordings. Restricting the data to the condition that the
buoy is within 8 times the radius of maximum wind
speed from the hurricane center, he shows that the key
parameters defining the directional wave spectra are not
distinguishable between the hurricane waves and those
observed in ideal steady wind fields. As a consequence
of the wave spectral similarity, the wave growth function
connecting the dimensionless wave variance and the
dimensionless frequency nu(wy) is the same for both sets
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of wave fields generated by hurricane winds and steady
winds. The dimensionless parameters are given by
My = 108 Urst and oy = w,Ujog ", where the root-
mean-square (rms) wave elevation ), is related to
the significant wave height by Hy = 4,5, and the
spectral peak angular frequency w, is 277Tp’1, Uy is
the reference neutral wind speed at 10-m elevation,
and g is the gravitational acceleration. The similarity
relation connects the three wind and wave variables
(U0, Hy, and T,), which are referred to as the wind-
wave triplets in this paper.

The nature of fetch- and duration-limited wave
growth inside hurricanes is further elucidated with H
and T, measured by the airborne scanning radar altim-
eter (SRA) system and Uy from National Oceanic and
Atmospheric Administration (NOAA) Hurricane Re-
search Division (HRD) analysis in hurricane hunter
missions. Using the 60 wave spectra of Hurricane
Bonnie 1998 reported by Wright et al. (2001) and 12 wave
spectra of Hurricane Ivan 2004 reported by Black et al.
(2007), Hwang (2016) presents an analysis of the wave
development inside hurricanes in terms of the wave age
similarity, that is, ns(ws) discussed in the preceding par-
agraph as well as fetch- and duration-limited growth
functions, that is, nu(xs), we(xy), nu(ty), and wg(ty). In di-
mensionless form, the fetch xyand duration 7, are given
as xy =x;gU; > and t = 1,8U;!, respectively. The 60
wave spectra of Hurricane Bonnie 1998 provide suffi-
cient information for resolving the hurricane coverage
area into three sectors (right, left, and back), as dis-
cussed in Black et al. (2007).

The 60 wave spectra reported by Wright et al. (2001)
represent about a quarter of the full suite of the SRA
wave measurements collected in that hurricane hunter
mission. The full set contains 233 spectra along 10
transects radiating from the hurricane center. Here, we
report the analysis of the full dataset that yields a much
finer resolution in the azimuthal and radial variation of
the surface wave development inside the hurricane
(section 2).

The wave growth functions can be used to estimate
the total (frequency integrated) rate of energy input or
dissipation between air and water through the wave
motion (e.g., Hwang and Sletten 2008; Hwang 2009).
Similarly, the total rate of air-sea momentum ex-
change (momentum flux) can be parameterized with
the wind-wave triplets (appendix). Section 3 describes
the azimuthal and radial variation of the energy and
momentum exchanges inside the hurricane computed
with the wind-wave growth functions; the close cor-
relation between momentum exchange and ocean
surface wind stress is discussed. Section 4 presents a
summary.
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2. Surface wave development inside hurricane
a. SRA wave observation

The SRA wave measurements inside Hurricane Bonnie
1998 reported here span the time between 2030 UTC
24 August to 0144 UTC 25 August. Detailed discussions
of the mission have been presented by Wright et al.
(2001) and Moon et al. (2003); the information on the
SRA operation and data analysis can be found in Walsh
et al. (1985, 1989). Figures 1a to 1c show the wind-wave
triplets (Uyo, Hy, and T),) plotted with respect to the
position relative to the moving hurricane center. The
flight tracks and the hurricane eye positions on Earth
coordinates are given in Fig. 1 of Wright et al. (2001),
which is reproduced in Fig. 1f for convenience. During
the 4.7-h data acquisition time, the hurricane was mov-
ing in a steady north-northwest (NNW) direction. The
advancing velocity estimated from the hurricane center
positions is about 4.5 ms !, 13°N; in this paper the azimuth
angle increases counterclockwise (CCW). Using the
hurricane heading as the reference, the dimensionless
wave variance and peak frequency are plotted in Figs. 1d
and le. In the remainder of this paper, the 2D hurricane
data are plotted in the same format as Figs. 1d and le,
with the hurricane heading pointing toward the top
of the page, and subscript / is added to the Cartesian
coordinates, that is, (x;, y,), when referencing the hur-
ricane heading. The data show the three-sector structure
as discussed in Black et al. (2007) and Hwang (2016). For
example, in dimensionless terms, the waves are youngest
(large wy) in the back quarter of the hurricane, the wave
age increases systematically (CCW in Northern Hemi-
sphere), and the most mature waves are in the left-hand
sector (Fig. 1le). Except for the region close to the eye,
the dominant wave phase speed is less than the local
wind speed, and they are classified as wind seas. During
the period of data acquisition, the radius of the maxi-
mum wind speed r,,, is about 74 km; see Table 1 of Moon
et al. (2003). As will be shown later (in the discussion of
Fig. 7), there is significant swell contribution within
about 45km from the hurricane center, and the waves
near the eye region are mixed seas.

Figure 2 presents the wind and wave properties as
functions of the radial distance r from the hurricane
center with different colors and symbols to identify the
data in four different quarters (Fig. 2f): green triangles,
blue squares, black circles, and red diamonds for front
(F), left (L), back (B), and right (R), respectively. In
terms of the azimuth angle ¢ referenced to the hurricane
heading, the ranges for the four quarters are —45° ~ 45°,
45° ~135°,135° ~ 225°, and 225° ~ 315°. For the U, Hj,
and T, plots (the top row), the data in the same quarter,
but along different radial transects, can be recognized by
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FIG. 1. (a) Uy, (b)

H, (0)
the east-west and north-south distances (x, y) with respect to the hurricane center in Earth coordinates. In (d) and (e), the coordinates are
rotated such that the hurricane heading is toward the top of the page (x;, y;,) are the left-right and front-back distances with respect to the
hurricane center; data highlighted in ovals are discussed in more detail in the text. The data acquisition was completed in about 4.7 h, while
the hurricane was moving. (f) Figure 1 of Wright et al. (2001) is reproduced, showing the longitude and latitude coordinates of the flight
tracks with the positions of the hurricane centers superimposed. The time displayed in hour:minute UTC (hh:mm) is referenced to 24 Aug
1998; 24 h is added crossing over to 25 Aug 1998.

the identical symbol but with clear offset. When given in
dimensionless form (Figs. 2d and 2e in the bottom row),
the wind-wave parameters more or less sort into the four
quarters, but the identity of an individual radial transect
is still recognizable. Obviously, it is desirable to have a
design describing the continuous azimuthal and radial
variation of the surface wave field. One such design is
presented in section 2b.

Figure 3 illustrates the same wind and wave data
shown in Fig. 2 but given as a function of ¢ at several
radial distances: R, = r/r,, = 0.25, 0.50, 0.65, 0.75, 1.10,
and 2.00 (r,, = 74km). The range sorting bandwidth is
AR, = *£0.05. Because the range band at R, = 1.00 has
wide gaps, the R, = 1.10 band is shown for the wind and
waves near the radius of maximum wind speed. The
data gaps are usually associated with rainbands or
aircraft maneuvering, causing deterioration of data
quality.

For the wind field (Fig. 3a), the azimuthal variation can
be sorted roughly into two groups: inward and outward of

= 0.75 (r,, = 74km, r = 56km). The outer group
(A and o) shows smooth, quasi-sinusoidal variation with a
broad region of high winds in the right-front sector

WEST LONGITUDE (DEG)

T, (d) log(my), and (e) wy measured by the SRA inside Hurricane Bonnie 1998. (a), (b), and (c) are plotted in

centered near ¢ = 315°. The inner group (+, X, and *)
seems to develop higher harmonics, and the azimuthal
distribution is more distorted with the peaks moving
toward about ¢ = 220° to 270°.

The azimuthal distributions of H; (Fig. 3b) and T,
(Fig. 3c) are close to sinusoidal. The peak is near 0° for
T, but more complicated for Hy; for the outer group (A
and o), the peak locations are similar to those of Uy, and
for the inner group (+, X, and *), the peaks shift toward
the hurricane heading (0°). The difference between the
inner and outer groups separated by R, = 0.75 are more
localized; the magnitudes of H and T, at different r
show relatively small variations compared to U, with
larger spread of the magnitude in the right quarter be-
tween 225° and 360° for H, and in the back quarter be-
tween 135° and 225° for T),.

The dimensionless wind-wave parameters of mu
(Fig. 3d) and wy (Fig. 3e) also sort roughly into two
groups separated by R, = 0.75, mainly reflecting the Uy
distribution. The waves are youngest (largest wy) near
r = r,, and become more mature toward both the inner
and outer regions. The azimuthal distribution of 7y is
approximately a mirror image of the wy distribution as
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FIG. 2. As in Figs. 1a—e, but plotted with respect to the radial distance from the hurricane center; flight tracks in four different quarters
(L/B/R/F) are shown in different colors and symbols. (f) The four quarters and an inner region (I) discussed in this paper; the radius of the
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the hurricane center.
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a result of the negative power similarity relationship
connecting the two parameters; the subject of similarity
is discussed next.

b. Fetch-limited growth functions

The fetch-limited wave growth functions are among
the most versatile and robust wind-wave similarity re-
lations. Although theoretical analyses generally assume
steady-state and homogeneous wind forcing (e.g.,
Sverdrup and Munk 1947; Hasselmann et al. 1973;
Young and van Vledder 1993; Komen et al. 1994; Young
1999; Janssen 2004; Zakharov 2005; Badulin et al. 2005,
2007; Gagnaire-Renou et al. 2011; Zakharov et al. 2015),
the applicability of the established wave growth func-
tions are found to encompass a much wider range of
conditions, including rapidly accelerating and de-
celerating wind fields such as mountain gap winds (e.g.,
Garcia-Nava et al. 2009; Romero and Melville 2010;
Ocampo-Torres et al. 2011; Hwang et al. 2011b) and
violent forcing of evolving hurricanes (e.g., Young 1988,
1998, 2003, 2006; Young and Vinoth 2013; Hwang 2016).
The range of applicable wavelengths in field obser-
vations is also quite broad, extending from the com-
monly encountered deca- and hectometer scales in the
references listed above to meter scale and shorter. For
example, the wavelengths produced by ~8.5ms™!
wind in a sheltered bay during the first 2h are between
2 and 8 m (Hwang and Wang 2004). Also, Sletten and
Hwang (2011) apply the fetch-limited growth functions
to the development of decimeter-scale waves gener-
ated by a mild breeze (~3.5ms ') to explain the ob-
served difference of approximately 80 to 170 m in the
shoreline detection by L- and P-band airborne syn-
thetic aperture radar imagery (Kim et al. 2007); the
Bragg resonance wavelengths are 0.19 and 0.55m,
respectively.

The analysis of Hwang (2016) confirms that the
waves inside hurricanes (except near the eye region)
are in a relatively young stage, and the wave growth can
be described by the same functions developed with the
steady wind forcing database (e.g., Hwang and Wang
2004; Hwang 2006):

n, =6.19X1077x)%;  w, = 11.86x, "%,
M, =2.94 X 103w, 2. (1)

Figure 4 shows the wind-wave similarity relation 7s(ws)
for several different types of wind forcing conditions,
including a dataset combining several field experi-
ments with quasi-steady winds and near neutral sta-
bility conditions [Burling 1959; Hasselmann et al. 1973;

HWANG AND WALSH

2609

Donelan et al. 1985; Dobson et al. 1989; Babanin and
Soloviev 1998 (BHDDB)] and used as the basis for
establishing the fetch-limited growth functions by
Hwang and Wang (2004); the accelerating and de-
celerating mountain gap winds in the experiments of
Garcia-Nava et al. (2009) (G09) using a moored buoy
station and Romero and Melville (2010) (R10) em-
ploying the airborne SRA system; the analysis of the
combined data is given by Hwang et al. (2011b); and
the full set of Hurricane Bonnie 1998 data sorted into
the four quarters referenced to the hurricane heading
and discussed in this paper (F/L/B/R).

Using the criterion that wy ~ 0.8 (c, = 1.25U;()
corresponds to the fully developed wave condition
(Pierson and Moskowitz 1964), most of the hurricane
data inside r = 30km (marked with an x) cannot be
considered as local wind generated. The swell con-
tamination is also observed in Young’s (1998, 2006)
buoy data; see Fig. 4a in Hwang (2016). In contrast to
the SRA data with precise localization, buoy data with
wy = 0.8 are probably measurements far away from the
hurricane center. The swell contamination will be fur-
ther discussed in section 2c.

The solid and dashed reference lines in Fig. 4 are
the second- and first-order, power-law fitted curves
(labeled HO4) based on the analysis of the quasi-steady
BHDDB data (Hwang and Wang 2004). We also plotted
the growth curves of Hasselmann et al. (1973) (H73) and
Donelan et al. (1985) (D8S5). These curves were used
in Young’s (1988, 1998, 2006) discussions of hurricane
waves. Minor differences of various proposed growth
functions have been discussed in great extent (e.g.,
Donelan et al. 1985; Kahma and Calkoen 1992, 1994;
Young 1999; Hwang and Wang 2004; Hwang 2006;
Zakharov et al. 2015; and references therein), and
they are not repeated here. Itis emphasized that the
buoy-recorded hurricane datasets reported by
Young (1998,2006) are in very good agreement with
the SRA measurements conducted inside hurricanes;
see Fig. 4a in Hwang (2016).

Some systematic deviation from the reference curves
is detectable for the data groups in the four quarters of
the hurricane. In particular, underdeveloped wave
variance appear in the left quarter (blue squares) and
parts of the back and front quarters (black circles with
wy < ~2 and magenta triangles with wy around ~2;
both groups are from the flight segments that are the
farthest from the hurricane center and highlighted with
ovals in Figs. 1d and 1e). Overall, the data scatter of the
hurricane waves as a whole is comparable to the non-
hurricane waves, and they can be described reasonably
well by the curves derived from the quasi-steady
BHDDB dataset.
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FIG. 4. The wave growth function in terms of nu(wy) for the
surface waves inside Bonnie 1998. The data are shown with
different symbols in four hurricane quarters (L/B/R/F); mea-
surements within the 30-km circle from the hurricane center are
marked with an x. On the background with light-colored sym-
bols are the following: BHDDB, data from several field exper-
iments with quasi-steady wind forcing and neutral stability
conditions; G09 and R10, rapidly accelerating and decelerating
mountain gap winds; and HO4, where the solid and dashed lines
are the reference curves from second-order and first-order fit-
ting through the BHDDB quasi-steady wind forcing data
(Hwang and Wang 2004). For comparison, H73 and D85 are the
growth functions of Hasselmann et al. (1973) and Donelan et al.
(1985), respectively.

One plausible explanation of the systematic differ-
ence observed in the mu(wy) relation (Fig. 4) is that the
wind generations in different quarters are not on equal
footing. With reference to the azimuthal distributions of
Uio, H, and T, shown in Fig. 3 and focus on the data
points at R, = 1.1 (red triangles, radial distance near the
local maximum wind speed), the Uy ranking for the four
quarters is in the order of R > F > B > L. For the cy-
clonic wind forcing, each quarter receives some boost (in
the form of preestablished wave field) from the upwind
quarterinthe order R = F = L = B = R... Thus, Fis
the quarter with the second highest winds and the largest
boost from R; L has the lowest winds but good boost
from F; and the conditions in both the B and R quarters
are much closer to pure local wind generation because of
the weaker upstream feeding. The advancing of the
hurricane further aids the forward sectors by holding the
waves in the generation region longer, whereas in the back-
ward sectors the advancing hurricane decreases the effective
wind duration and fetch.
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Using the fetch-limited growth functions for the wave
variance (or equivalently, significant wave height) and
peak wave period, the effective fetch x,,, and x,,, can be
calculated from the first set of equations in (1) (mks
units):

x,, =424 X100, HIY,
x,, =229 X10'U 2T ()

The subscripts nx and wx indicate that the associated
variables are derived from the functions ny(xs) and wy(xy),
respectively. To account for the observed systematic
deviation of the hurricane wind waves in different sec-
tors as shown in Fig. 4, the fetches for H; and T, are
allowed to be different.

The SRA wind-wave triplets provide the necessary
measurements on the right-hand side of (2) for in-
vestigating the effective fetch inside the hurricane.
Figures 5 and 6 show x,, and x,,, calculated along the
10 transects. Making the analogy of a circular race
track for the wind blowing inside the hurricane, the
effective fetch is expected to increase linearly with the
distance from the hurricane center. The computed
fetch along each transect (left column of Figs. 5 and 6)
is expressed as

x, (rnd)=a ($)r+A, (),
X, (r.d) = a, (@) + A, (). (3)

With kilometers as the unit of 7, x,,,, and x,, in (3), the
azimuthal variations of the slopes (a,, and a,,) and in-
tercepts (A, and A,,) from least squares fitting are
shown in the right columns of Figs. 5 and 6 and as lookup
tables (LUTSs) in Table 1. The formulas may produce
negative fetch in some azimuth angles for small r values,
so an additional condition of minimum fetch value is
imposed. Several values between 1 and 50km were
tested for the minimum fetch, and they only produced
minor differences in the resulting wave computation
near the hurricane center, mainly because the number of
instances of negative fetches of the preconditioned for-
mulas is small. The results presented below are based
on a minimum fetch of 5km.

Using (3), the effective fetch for any location inside
the hurricane can be calculated. Applying to the Bonnie
1998 measurements, the results of the fetch growth of
wave variance and wave period are shown in Fig. 7. For
comparison, the nonhurricane datasets displayed in
Fig. 4 are also plotted in the background. Excluding
those data points near the eye region (marked by x
and + for r < 30 and 30 = r < 45km, respectively), the
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data scatter of the wind waves inside the hurricaneisnot c¢. Wind-wave triplets and fetch growth functions
worse than those generated in nonhurricane conditions,

and the same functions established for steady wind The fetch-limited growth functions can be used to
forcing conditions are applicable to the wave growth estimate the key wave parameters of significant wave
inside the hurricane. height and dominant wave period, given the knowledge
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FIG. 6. As in Fig. 5, but for the fetch of spectral peak wave period.
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TABLE 1. Lookup tables for the effective fetches x,, and x,,,.

¢ () Ay (km) Ay Ay (km) Qo
-13 100.00 0.50 100.00 0.50
7 94.72 0.14 —104.50 3.60
22 108.79 —0.01 79.43 1.12
67 77.47 0.93 181.65 0.71
115 —33.58 1.78 —9.26 2.60
157 37.75 0.40 27.46 0.29
200 43.45 0.70 40.29 0.37
242 134.73 0.69 114.20 0.37
270 107.65 0.46 160.67 —0.07
292 149.25 0.30 135.62 0.45
330 109.42 0.81 35.62 1.59
347 100.00 0.50 100.00 0.50
367 94.72 0.14 —104.50 3.60

of wind speed and wind fetch as a function of position
inside the hurricane (Hwang 2016):

H,, =810X107*U}"x%:4%,
T,, =928 X 102U %7 4)

The subscript w is appended to the wave variables in (4)
to emphasize that the wind-sea portion is obtained with
the fetch-limited wave growth functions. The computed
Hg, and T, are compared to the SRA in situ mea-
surements of H and 7}, in Fig. 8, showing the ratios Ry =
st( Ul(), )C.,lx)/HY(SRA) and RTU = pr(UlOa wa)/Tp(SRA)
plotted as functions of r on the left column and as
functions of ¢ on the right column. Excluding the region
close to the hurricane center, the ratios generally stay
within 1.00 = 0.10, indicating wind-sea dominance in
most of the hurricane coverage area.
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During the period of data acquisition, the radius of
maximum wind speed r,, is about 74 km, as documented
in Table 1 of Moon et al. (2003). The result shown in the
left column of Fig. 8 indicates that local wind waves
dominate from outward of slightly less than r,,, and to at
least 2.5r,, distance from the hurricane center (the
maximum range of the SRA data). There are some ex-
ceptions: in the outer region of the front quarter for the
wave height (the green triangles near r = 120 to 160 km
in Fig. 8a; corresponding to the data points in the upper
ovals in Figs. 1d and 1e) and the outer region of the back
quarter for the wave period (the black circles near r =
165 to 180km in Fig. 8b; corresponding to the data
points in the lower ovals in Figs. 1d and 1e). Inside the
circle of maximum wind speed, r < r,, = 74km, local
wind waves remain dominant to about 50km; farther
inward, the swell contribution increases steadily, partic-
ularly in the front quarter for wave height (Fig. 8a) and
left quarter for wave period (Fig. 8b).

Excluding the region close to the hurricane center, the
ratios generally stay within 1.00 = 0.10. Specifically, for
r > 75km, the average and standard deviation of Ryy
and Ryy are 1.00 = 0.089 and 0.99 *+ 0.069. The corre-
sponding statistics of SRA-measured H, and 7, are
7.77 = 1.85m and 10.86 *+ 1.27ss; the fetch-law-computed
H,,, and T, are 7.73 * 1.77m and 10.77 + 1.33s.

Alternatively, using the fetch-limited growth func-
tions, the wind speed can be obtained from H; or T,
accompanied with the fetch input (Hwang 2016):

— 0.841,.—0.341
U,y = 397.46H 1 x 0341,

U,y = 91.49T 150 0450 )
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FIG. 7. Asin Fig. 4, but in terms of the fetch-limited growth functions of (a) ns(xy) and (b) wa(xy).
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Figure 9 shows the ratios Ry = Uyo(Hj, X,,.)/ U1o(HRD)
and Ryr = Uio(T)p, Xux)/U1o(HRD). In the same format
of Fig. §, the results are plotted as functions of r on the
left column and as functions of ¢ on the right column.

Similar to the results of Ry and Rpy, the ratios Ryy
and Ry deviate from unity inward of r < 50km due to
the mixed sea condition. For r > 75km, it is wind-sea
dominance; the average and standard deviation of Ry
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FIG. 9. Asin Fig. 8, but for comparison of the reference HRD Uj, with the U retrieved from H, and 7, combined
with fetch by using the wave growth functions.
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and Ry are 1.00 = 0.083 and 1.03 *= 0.16. The corre-
sponding statistics of HRD Uy versus H,- and T),-derived
Ujo are 37.38 = 6.15 versus 37.46 = 6.72 and 37.70 *
6.15ms ', As noticed before (Hwang 2016), the wind
speed inversion using 7, is not as good as the result
using H,. This is probably caused by the relatively
coarse wavenumber resolution of the SRA me-
asurement; that is, the wavenumber resolution of the
SRA wave spectra is limited by the narrow swath
(~1200 m).

3. Air-sea exchange
a. Asymmetric distribution

From the energy balance equation, the total (fre-
quency integrated) rate of wind energy input through
the surface wave motion is expressed as a combination
of the wind-wave triplets (Hwang and Sletten 2008):

E

t

(6)

A similar expression can be derived for the momen-
tum exchange (see the appendix):

=a.p, Ufo; ap = 0.20w§'3n#.
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Using the procedure described in section 2c, the
necessary wave information can be calculated from
the hurricane wind field, which is the data most likely
available among the three wind-wave parameters
(Uro, Hy, and T,). Here, we present the results of a
case study. Figure 10a shows the HRD wind field at
1830 UTC 24 August 1998, which is the closest time
to the SRA measurements (2030 UTC 24 August to
0144 UTC 25 August) with the gridded data available
at the archive site. The maximum, 1-min, sustained
surface wind speed is about 44ms~! (category 2) at
95 km northeast (NE) of center.

Using the effective fetch equations in (3) and fetch-
limited wave growth functions in (4), the computed H,,,
T,,, ny, and wy are illustrated in Figs. 10b—e. The
azimuthal and radial variations of the wind-wave triplets
and the corresponding dimensionless 1y and ws show
rather complex patterns. In general terms, the wave
height is higher on the right-hand side, the wave period
is longer in the front quarter, the young seas (high ws)
are in the rear quarter, and the older seas (low wg) oc-
cupy the left half plane.

- 2., — 43
M, =a,p Uy «a, =040w,"n,.

: ; —U . — , T
200}, 5= § Z00[” L=\ { Fo0 '(V /j%\ .
Ng? u\ ( ,J%f\a: i o i r;@
T\ @%90“ ] °l m\/«%\@ \ OJE Q@’L° <§
K % s/ /] | /h /\ § \ /j).
_goof\\ | » “_ZOO'R“T " -200 A Y=

-200

'~ T

97

]

\ T

=

y, (km)

A P
o

log(n,)

0 200

200

0

-200

'

i -3.7
% /]
3

be | 2993

-200 0

200

x, (km)

FIG. 10. An example illustrating the application of the wind-wave growth functions to derive wave properties from the hurricane wind
field: (a) the input HRD Uy field for Hurricane Bonnie at 1830 UTC 24 Aug 1998, the output includes wave fields of (b) H,,, and (c) T,
and the dimensionless wind-wave parameters (d) 74 and (e) wy.
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FIG. 11. The computed energy and momentum exchange properties inside a hurricane: (a) ag,
(b) E,, (c) @y, and (d) M,. The radius of the dotted circle is 50 km.

Figure 11 shows the energy and momentum exchange
computations. The exchange coefficients ax and a, are
given in the left column, and the exchange rates E, and
M, are in the right column. The most intensive air-sea
interaction in terms of the exchange coefficients is tak-
ing place in the back quarter and the right rear segment
of the hurricane, spanning over the azimuth angles ap-
proximately between 150° and 270° (Figs. 11a, 11c). The
exchange rates are weighted by the wind speed, cubic for
energy and quadratic for momentum; the E, and M,
spatial patterns show two islands at the right-front and
right-back of the hurricane at the radial distance near
the wind speed maximum (Figs. 11b, 11d).

Integrated over the circle of 250-km radius (at which
distance, the Uy is still well above 15ms™'; Fig. 10a) and
denoting A as the integration area, the E,A and M,A are
3.33 TW and 0.44 TN, of which 2.44 TW and 0.31 TN are
on the right half, and 0.89 TW and 0.12 TN are on the left
half. If the line along 150° and 330° is used to separate the
two half planes, the right- and left-half exchanges are
2.46 TW and 0.33 TN and 0.87 TW and 0.11 TN, re-
spectively. On average, the total exchanges on the right-
hand side are about 3 times those on the left-hand side.

As discussed earlier regarding Fig. 8, H, and T, ob-
tained from the fetch growth functions are the wind-sea
components, and for » < ~50km, they are significantly
different from the SRA measurements as a result of swell
contamination. We emphasize that computations of (6)
and (7) use the wind-sea components of H, and 7),. It may
not be feasible to separate wind sea and swell from the
measured wave spectrum, which may be overwhelmed by
swell. Therefore, the computation of energy and mo-
mentum exchanges near the eye region is less reliable
using in situ observation of Hand T),. A red, dotted circle
with » = 50km is added in each panel of Fig. 11. On the
other hand, for the 250-km radius of hurricane coverage,
the 50-km circle represents 4% of the coverage area.
With relatively low wind speeds, the area contributes only
slightly to the overall energy and momentum exchanges.
For the present case (computed with the wind-sea com-
ponents, in principle), E,A and M,A integrated over the
50-km circle around the eye are 49.7 GW and 8.71 GN (or
1.49% and 1.98%) of the total over the 250-km circle.

The wave modification on the azimuthal and radial
distributions of the momentum and energy exchanges is
quite significant. For example, if the air-sea exchanges are
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evaluated with the wind speed alone without considering
the wave properties, the total (p,(az)U3A, p,CioU%A)
integrated over the 250-km circle are 2.84 TW and 0.44 TN,
of which 1.87 TW and 0.26 TN are on the right half plane
and 0.97 TW and 0.17 TN are on the left half plane; the
right to left ratios are about 2:1 to 3:2 from wind speed
consideration alone, instead of 3:1 when the wave prop-
erties are accounted for in the exchange computation. In
the above computation using Uj, alone, the drag co-
efficient Cyq is calculated by (8), which is discussed in the
next subsection, and the representative energy exchange
coefficient is given as (az) = 4.7 X 10~* (Hwang and
Sletten 2008; Hwang 2009).

Dividing the circular area into eight 45° pie slices, the
left column of Fig. 12 shows the smoothed view of the
complex radial variations of Uy, E;, M,, ns, and ws. Slices
1, 2, 3, and 4 are on the left-hand side of the hurricane
starting from front to back referenced to the hurricane
heading; slices 5, 6, 7, and 8 are on the right-hand side
from back to front. The right column shows the
azimuthal distribution at four radial distances: 45, 95,
145, and 195km. The locations of maximum wind
speed in the eight pie slices remain at a similar radial
distance from the hurricane center (about 90 to
95 km). The azimuthal location of the maximum wind
speed is near ¢ = 290°, whereas the maxima of energy
and momentum exchanges are close to about ¢p = 225°

(Figs. 12b, 12d, 12f). This phase shift reflects the
strong impact on the E, and M, values by the wave
factors expressed as dimensionless frequency and
dimensionless variance [(5) and (6)]. In other words,
the azimuthal phase shift between the distributions of
Uio, E,, and M, reflects the radial and azimuthal var-
iations of the exchange coefficients ax and «y,, as il-
lustrated in Fig. 13 in the same format of Fig. 12,
showing the dependence on the radial distance in the
left column and the dependence on the azimuth angle
in the right column. The peaks are at about ¢ = 200°
for ag and a,, (Figs. 13b, d), whereas the peak of Ujq
is at about 290° (Fig. 12b). Similar to the discussion of
Fig. 11, the computations of energy and momentum
exchanges near the eye region (r < ~50km) are less
reliable because of the mixed sea condition, although
the present computation is done with the wind-sea
components in principle.

b. Momentum exchange and wind stress

The momentum exchange coefficient a,, can be
compared to the surface drag coefficient (see the ap-
pendix). There are many papers devoted to the study of
the drag coefficient. Figure 14 shows several field da-
tasets with emphasis on high wind conditions. The solid
line is the fitted curve using the open-ocean data
marked “FPJ” (Felizardo and Melville 1995; Powell
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et al. 2003; Jarosz et al. 2007) as discussed in Hwang
(2011) and Hwang et al. (2013):

C,,=1073(=0.16U% + 9.67U,, +80.58).  (8)

Additional drag coefficient data collected inside
hurricanes (Powell 2006; Holthuijsen et al. 2012) are
added (labeled P06 and H12, respectively) in the fig-
ure. The P06 data are sorted into two groups inside

6 | | | | | I S

4 —FPJ fitting

F 3 - H12 average |
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FI1G. 14. Comparison of the momentum exchange coefficient a5, (blue
symbols) with field observations of drag coefficient C;, emphasizing data
collected in hurricane conditions (black, red, and green symbols).

and outside the 30-km circle from the hurricane cen-
ter. The drag coefficients for the inside group are
considerably lower than those of the outside group.
The H12 data include the average of a large number
(1452) of wind profile analyses as well as subgroups
sorted into left, right, and rear (back) sectors with
respect to the hurricane heading. These drag co-
efficient data under hurricane conditions demonstrate
the large variability but with the general trend con-
sistent with (8).

We processed the a), result given in Fig. 11d to show
the overall average and the mean values in the left, back,
and right sectors in a similar fashion of H12 results
(Holthuijsen et al. 2012). Given the large scatter of the
experimental data, the computed momentum exchange
coefficient based on the fetch-limited wave growth
functions seems to show significant agreement with the
field observations of the drag coefficient inside hurri-
canes. Additional discussion between the momentum
exchange coefficient and the drag coefficient is given in
the appendix.

4. Summary

The robust wind-wave growth functions established
with ideal fetch-limited and quasi-steady wind forcing
conditions are also applicable to wind-generated waves
under considerably more varying conditions, including
hurricanes (Young 1988, 1998, 2003, 2006; Young and
Vinoth 2013; Hwang 2016) and rapidly accelerating and
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decelerating wind fields such as those encountered in
mountain gap winds (Garcia-Nava et al. 2009; Romero
and Melville 2010; Ocampo-Torres et al. 2011; Hwang
et al. 2011b). The robust similarity functions scale with
local wind and wave properties (Ui, Hy, and T),) for
both steady and unsteady or homogeneous and in-
homogeneous wind forcing conditions and may suggest
that local balance (temporally and spatially) plays a
dominant role in the air-sea energy and momentum
exchanges.

With the deployment of SRA in hurricane hunter
missions, the detailed 2D wavenumber spectra have
advanced significantly our understanding of the wave
conditions inside hurricanes. In a recent paper (Hwang
2016), the fetch- and duration-limited nature of wave
development inside hurricanes was investigated with 60
wave spectra collected during Bonnie 1998 (Wright et al.
2001) and 12 wave spectra collected during Ivan 2004
(Black et al. 2007). These measurements provide suffi-
cient information for sorting the wave development into
three azimuthal sectors.

The full suite of the SRA measurements during the
particular Bonnie 1998 mission contains 233 wave
spectra along 10 transects radiating from the hurricane
center. The full dataset offers the opportunity to ex-
amine the complex azimuthal and radial variation of the
wind-generated waves inside the hurricane with con-
siderably better resolution. Lookup tables (Table 1) are
produced for the location-dependent effective fetches of
significant wave height and spectral peak wave period
[(3)]- Using the fetch model, the wind-wave triplets Uy,
Hi, and T, can be calculated with the fetch-limited
growth functions, knowing only one of the three vari-
ables [(4) and (5)]. The results show the dominance of
the wind-sea condition in the broad region of the hur-
ricane interior; for the case studied in this paper, it is
approximately from 50km outward to the maximum
distance available in the SRA data (about 180 km from
the hurricane center). The fetch-limited growth func-
tions yield good results, generating the full suite of the
wind-wave triplets given only one of the three variables
(Figs. 8, 9).

The frequency-integrated air-sea energy and mo-
mentum exchange through the wave action can be es-
timated with the parameterization functions [(6) and
(7)]- The results show significant azimuthal and radial
variations (Figs. 11-13). For the case studied here, the
air-sea energy and momentum exchanges in the right
half plane of the hurricane is about 3 times stronger
than those in the left half plane. The degree of asym-
metry is considerably stronger than the momentum and
energy exchange estimation using the wind speed pa-
rameter alone. The momentum exchange coefficient
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ay, computed with the wind-sea growth functions can
be considered the drag coefficient expressed as Cyq or
C)p; the latter expression generally yields less data
scatter (Figs. 14, Al).

In summary, making use of the robust, fetch-limited
nature of surface waves generated by the hurricane
winds, the azimuthal and radial variations of the wind
and wave properties and the associated parameters, such
as E, and M, in the interior of the hurricane coverage
area, can be studied in great detail; the necessary input
for the computation can be as few as only one of the
three wind-wave triplets (Uyo, H,, and T},) coupled with
the fetch or duration model.
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APPENDIX

Parameterization of Air-Sea Energy and Momentum
Fluxes

Hwang and Sletten (2008) present a parameterization
equation of the air-sea energy exchange rate through
the wave motion E,, which is computed by

dE *
E=—= L p,80;, dw, (A1)

dt

where p,, is the density of water, and Q;, is the wind
input source function in the wave energy balance
equation. The source function is generally written as
Q,, = Visox (@), (A2)
where vy, is the nondimensional wind input coefficient,
s = p4/p, 1s the ratio of air and water densities, and y(w)
is the wave spectral density. Carrying out the integration
over frequency and denoting the resulting quantity with
angular brackets, (A1) becomes
E, =p,gs(v;,)@,S = s(v,,)o,E, (A3)
where S is the wave variance, which relates to the wave
energy by E = p,,gS.
In the dimensionless form scaled by wind speed, (A3)
becomes
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E,[(p,U3) = (¥n)@ymy- (A4)

Making computations using several published for-
mulas of vy;, and assuming power function for the ele-
vation spectrum with the spectral slope between —4
and —5, the ensemble average produces

(y,,) = 0.2003>. (AS)

The frequency-integrated energy input from wind to
the wave field is therefore

E = 0.20w§'3n#pa Ufo =a.p, Ufo;

a, = 0.20«)2'37)#. (A6)

Because the energy for wave growth represents a small
portion—less than about 10%, wave age dependent (see
Fig. 2 of Hwang and Sletten 2008)—the frequency-
integrated energy input is balanced predominantly by the
energy dissipation (Phillips 1985), which is contributed
mainly by wave breaking; (A6) is a good approximation for
the breaking energy dissipation rate of a wave field.

The wave momentum M and wave energy E are
closely associated, for a sinusoidal motion with phase
speed ¢, E = Mc, or in spectrum form y p(w) = yp(w)c(w),
where subscripts E and M represent energy and momen-
tum, respectively (e.g., Dean and Dalrymple 1991). The
momentum spectrum can be obtained from the wave
elevation spectrum by y(w) = yg(w)wg !, where deep-
water dispersion relation is used (c = gw ™ '). We can go
through the same procedure above for E, to produce an
equivalent M, parameterization function. The following

describes an alternative approach to find the ratio Ryg
= M,/E, and to make use of the existing E, parameteri-
zation for quantifying M,.

Using a popular and simple wind input growth rate
formula (Plant 1982; Phillips 1985)

B =1, s0=X o), (A7)

where X; has a numerical value close to 0.04, we can
write M, and E; as follows:

0

E = JO p gX (@ IP)x(@)dw, and  (AS)

M, = L p gX,12(Ig)x(®) do. (A9)
Because the dominant contribution of the two in-
tegrations comes from the high-frequency portion of the
wave spectrum, we evaluate Ry with integration from w,,
to Nw,, where N is a large number. Expressing the high-
frequency portion of the spectrum as a power function, y(w)
~ w“, with a between —4 and —35; for a = —4, the ratio is
R, = (wp/g) InN. (A10)
The value of N is suggested to be between 5 and 10 by
Hwang and Sletten (2008), which gives In5 = 1.6 and
In10 = 2.3.
For a # —4, integrating from w),, to = yields

a+3
R, = (wp/g)—

— (A11)
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For a = =5, (a+3)(a+4)"' = 2. Using the value
Ryg =~ 2wpg_1, the parameterization of the rate of
momentum exchange thus becomes

M, = 2(a)p/g)Et, (A12)
which can be written as
M,=a,p, Ui, a,, = 0.40w§'3n#. (A13)

Figure A1l plots ag(wy) and aj(wy) using both first-
and second-order fitted growth functions. Because
My = 2.94 X 103w, 34 [(1)] to the first order, ay is al-
most constant (ag =5.88 X 107w, *1?) and a,, varies
with wy almost linearly (ay = 1.18 X 103 w}%).

The momentum exchange coefficient «, is closely re-
lated to the ocean surface drag coefficient. Superimposed
on Fig. Alb are the drag coefficient data from five field
experiments conducted under wind-sea dominant condi-
tions; together they cover a wide range of the dimension-
less wave age. These measurements are labeled DMAJT
for Donelan (1979), Merzi and Graf (1985), Anctil and
Donelan (1996), Janssen (1997), and Terray et al. (1996).

Hwang (2004) shows that for wind sea the similarity
relation of the ocean surface drag coefficient exists in
the form Cyp(usw,/g): Cap = 1.22 X 107 *(usw,/g)’’™
(Fig. Alc), where C), is the drag coefficient referenced to
the wind speed at the elevation one-half of the peak
wavelength, and u.. is the wind friction velocity.

The data scatter increases when the drag coefficient is
given as Cyp(wy) = Cyp(Uigw,/g); the correlation de-
teriorates further when given as Cip(wy) = Cio(Urowp/g)
(Fig. Alb). The least squares fitted curves through the data
are Cyp = 1.289 X 103 w)® and Cjp = 1.632 X 103 ) ¥!
(Hwang 2005a). Interestingly, the fitted curve of C,p(ws)
(red dotted—dashed line) is almost identical to the momen-
tum exchange coefficient computed with the first-order fit-
ted wave growth function ag\f,)(w#) (black dashed line).

More extensive discussions on the dimensionally
consistent and inconsistent expressions of the ocean
surface drag coefficient for both the wind sea and mixed
sea are given in Hwang (2005a, b), Hwang et al. (2011a),
and many additional references cited in those studies.
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