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ABSTRACT

Theissue of duration-limited growth of wind-generated wavesis of importance to wave studies. Most analytical
solutions for wind waves are given in time rather than fetch domain. Numerical modeling of wave development
is also often conducted in temporal evolution mode. Experimental data of duration-limited growth, however, are
rare and do not cover a wide range of the wave development stage. As a result, theorists and modelers have to
rely on fetch-limited evolution data, converting them into duration-limited conditions on the basis of some
assumptions. During one of the field experiments of wind wave measurements, a dataset was obtained that is
amost ideal for duration-limited wave growth analysis. The dataset extends the range of coverage in dimen-
sionless time of the existing database by about one order of magnitude. The results of analysis provide strong
support for the relation of space-time conversion for rendering the fetch-limited growth functions to duration-
limited growth functions. Quantitative discussions on the development rate of fetch and duration growth are

presented.

1. Introduction

Two classes of ocean wave measurements are of great
importance to researchers interested in surface wave
generation under steady wind forcing. The first classis
the fetch-limited growth condition, under which the
wave development is limited by the available spatia
coverage upwind of the measurement location. The spa-
tial limitation istypically caused by the presence of land
mass, therefore, fetch-limited wave measurements are
usually conducted in coastal regions or lakeswith winds
blowing from land to water. Over the years, there have
been several successful field experimentsreported (e.g.,
Burling 1959; Hasselmann et al. 1973; Kahma 1981;
Donelan et a. 1985; Dobson et al. 1989; Young and
Verhagen 1996; Young 1997; Babanin and Soloviev
1998). Extensive reviews and analyses on these datasets
have been given (e.g., Kahma and Calkoen 1992, 1994,
Young 1999).

The second class is the duration-limited growth con-
dition, under which the wave development is limited by
the temporal duration of the steady wind event acting
on the water surface. Ideally, the water stays calm until
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the sudden start of a steady wind reaching rapidly to a
set speed. These initial and boundary conditions rarely
occur in nature. The wind direction may stay steady for
a long period of time but ramping up of wind speed
from zero to a set speed usually takes some time. Also,
in the open ocean, background swell is aimost always
present. It is no wonder that reports of duration-limited
wave data are very scarce. Young (1999) presents an
extensive review of fetch- and duration-limited wave
growth studies. The only duration-limited datasets cited
are Sverdrup and Munk (1947), Bretschneider
(1952a,b), and Darbyshire (1959), as compiled by Wie-
gel (1961). Del eonibus and Simpson (1972) report field
data that contain duration growth information. All of
these data are obtained at later stages of wave devel-
opment with dimensionless time t, greater than about
8000.

Considering the difficulty of acquiring field mea-
surements of duration-limited wave growth, conversion
equations of simple power-law fetch-limited growth
functions to duration-limited growth functions have
been proposed before (e.g., Bretschneider 1952a,b;
Mitsuyasu and Rikiishi 1978). Comparing with existing
duration-limited data (rather scattered), the agreement
between the converted functions and measurements is
encouraging. In this paper, we introduce a higher-order
data-fitting technique that yields fetch-limited growth
functions in second-order power-law functions. The ex-
ponent of the power-law function (hereinafter referred
to as the development rate) is not a constant but varies



OCTOBER 2004 HWANG AND WANG 2317
TaBLE 1. Coefficients and exponents of the fetch-limited growth functions.
Aca e &%) a; a,
e, (Xy) 6.191 x 107 0.8106 —17.6158 1.7645 —0.0647
wal amxl BD :81 BZ
@y (Xy) 11.86 —0.2368 3.0377 —0.3990 0.0110

with dimensionless fetch. The second-order functions
improve agreement between fitted functions and mea-
sured data especially at very large and very small di-
mensionless fetches. The conversion from fetch-limited
to duration-limited growth functions for the first- and
second-order power-law functions is presented in sec-
tion 2. The analysis highlights the daunting challenge
facing the experimentalists seeking to obtain field mea-
surements of duration-limited wave growth data at
young stage of wave development. For example, based
on the second-order power-law growth functions, for a
nominal wind speed of 10 m s, at dimensionlesstime
(tx) equal to 1000, the expected significant wave height
(H,) is 0.18 m and peak wave period (T,) is 1.48 s. At
t, = 100, the expected H, and T, are 0.019 m and 0.49
s. Furthermore, the duration for wave development to
reach t, = 1000 is 1020 s; and to reach t, = 100, the
duration drops to 102 s for 10 m s~* wind speed.

Recently an experiment was carried out to measure
fetch growth of small-scale wind-generated waves at the
early stage of wave development in a sheltered bay to
reduce background wave contamination. Postprocessing
of the data reveals that one of the sequences of mea-
surements is an amost ideal duration-limited growth
case. The experimental procedures and data analysisare
described in section 3. Those measurements expand the
range of the available duration-limited database by
about one order of magnitudetot, = 1000. Theanalysis
results also confirm the validity of space-time conver-
sion to transform the fetch-limited growth functions to
the duration domain. Section 4 presents summary and
concluding remarks.

2. Fetch- and duration-limited growth functions
a. Fetch-limited condition

The fetch-limited growth functions in the deep water
condition can be expressed by the following two equa-
tions:

e, = A, X and

(1a)
(1b)

where g, = 0292/U{, 0, = 0,U,/g, X, = xg/U%, 02
is the variance of the surface elevation, g is the gravi-
tational acceleration, U,, is the neutral wind speed at
10-m elevation, w, is the angular frequency of the spec-
tral peak wave component, and x isfetch. For thesimple
power-law representation, the coefficients A and expo-
nents a are constant. Extensive discussionson thesimple

w* = waximx,

power-law fetch-limited growth functions have been
given before (e.g., Kahma and Calkoen 1994; Young
1999). The simple power-law functions describe the
fetch-limited growth reasonably well over abroad range
of the dimensionless fetch between approximately 3 X
102 and 10*.

The exponents of the power-law functions represent
the development rate of wave energy and wave period
with increasing fetch. In the very short and very long
fetches, the measured data deviate from the simple pow-
er-law functions, reflecting the fact that the wave de-
velopment rate is not a constant. At an early stage of
development (shorter dimensionless fetch), experimen-
tal data suggest a steeper rate of development. Similarly,
at later stages of wave development, the wave growth
slows down. The variation of development rate can be
estimated by employing a higher-order fitting to the ex-
perimental data. To the second order, the resulting pow-
er-law functions are given by

8 = AsoXiee and (28)
Wy = AeXi, (2b)

with the coefficients and exponents derived from sec-
ond-order polynomial fitting of Ine,(Inx,) and
INw, (INX,); that is,

Ine, and (39

Inwy, = By + By Inxy, + B,(INx,)2. (3b)

The fetch-dependent coefficients A, and a, are related
to ay, oy, a,, By, Bi, and B, by (detail in appendix A)

= a, + a; Inx, + a,(Inx,)?

Aoo = e, (4a)
Ao = o T 2a, INX,, (4b)
A, = efoxghlm  and (59)
A, = B1 T 2B, Inx,. (5b)

From analyzing five different datasets of field measure-
ments conducted in steady wind conditions (Burling
1959; Hasselmann et al. 1973; Donelan et al. 1985;
Dobson et al. 1989; Babanin and Soloviev 1998), the
coefficients and exponents of the first- and second-order
power-law growth functions are obtained (Table 1).

b. Duration-limited condition

For wave energy propagation, space and time can be
connected by
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t X dX
dt = f ==, 6)
J; 0 CQX

where C,, is the downwind component of the wave
group velocity. The equation can be expressed in di-
mensionless form

t Xy w
dt, = f —= dxy, (7)
«L * 0 R *

where t, = tg/lU,,, R = C,/C,, and C, is the phase
speed of the wave spectral peak component. For amono-
chromatic wave train, R = 0.5. For wind seas, field
measurements by Yefimov and Babanin (1991) show
that R = 0.4. Substituting (1b) to (7), for the simple
power-law case (constant exponents), the space-time
conversion eguation is

_exp[Bo — (B + AR, efi[(B, + 1 + 2B,%,)/(2VB,)]
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The duration-limited growth functions become
& = Aslie and o, = A, g, 9)
with
R(a,, + 1)|™ a
— wX , _ ex , 10
Ad = A AL R (10)
A, = A[R@, + 1)]*, and a, = — (11)
ot 'wX ‘WX ’ wt awx + 1

For second-order power-law functions (fetch-dependent
exponents), substitution of (2b) [with coefficient and
exponent in (5)] to (7) gives (see appendix A)

E3

where erfi isthe imaginary error function, related to the
error function erf by erfi(z) = i erf(iz).The conversion
equation (12) proves to be cumbersome. An approxi-
mation is adopted by substituting (4) and (5) for A,
a. A, anda,, in (10) and (11) to compute the second-
order duration-limited wave growth.

¢. Quantitative discussions

With the substitution of the numerical values listed
in Table 1 for the coefficients and exponents, the fetch-
l[imited and duration-limited growth functions are
graphed in Fig. 1a for w,(X:), e (X:) and Fig. 1b for
w,(t) and e (t,). Applying the one-to-one relation
among wy, &, and x,. or t, the pairs of growth functions
in fetch and duration can aso be represented by e, (w,),
as shown in Fig. 1c. Because w, is also the inverse
wave age, this expression can be interpreted asthe wave
energy growth as a function of wave age. Furthermore,
because fetch and duration disappear from the e, (w,)
expression, this function eliminates one of the major
error sources in wave growth analysis. For the simple
(first order) power-law functions, e,(w,) calculated
from fetch laws and duration laws are identical, as ex-
pected. For the second-order power-law functions, the
solution of e, (w,) from duration laws is slightly dif-
ferent from that calculated from the fetch laws, also as
expected due to the approximation described in the last
paragraph. The two second-order solutions of e, (wy)
are quite close, however.

VB, ’

(12)

As illustrated in the figure, the development rate in
time is considerably higher than the development rate
in space. For example, based on the first-order fitting
(Table 1), the spatial development rateis0.81 for e, (X,)
and —0.24 for w,(X,). The tempora development rate
is calculated from (10) and (11) to be 1.06 for e, (ty)
and —0.31 for w,(t;). The fetch-dependent develop-
ment rate can be calculated from «,, a, and 3, B, using
(4)—(5) for spatial development and (10)—(11) for tem-
poral development.

Based on the above analysis, we can estimate the
conditions of wave growth at young stage in terms of
fetch, duration, expected wave height, and wave period
for a given wind speed. For example, Table 2 lists the
numerical values of these parameters for t, = 100 and
1000 and x, = 100 and 1000.

These numbers illustrate the very demanding chal-
lenge in acquiring measurements of duration growth of
young waves in the field, in addition to the luck needed
to encounter the rare occurrences of a steady wind event
with sharp rise to a constant wind speed in a quiescent
background environment.

3. Field measurements and data analysis
a. Wind and wave measurement system

An experiment was conducted in St. Andrew Bay near
Panama City, Florida, on 11 and 12 October 2001 to
measure small-scale ocean surface waves. All sensors
were mounted on afree-drifting surface-following buoy,
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Fic. 1. (@) Fetch-limited growth, e (x,) and w, (x,), expressed as first-order and second-order power-law functions,
(b) conversion of fetch-limited to duration-limited growth functions e, (t,) and w, (t,), and (c) growth laws expressed

ase, (w,).

similar in design to an earlier version of the scanning
slope sensing buoy system described by Hwang et al.
(1996). Surface wind velocity is measured by an ultra-
sonic anemometer (Handar 425A) at 1-Hz sampling rate.
This wind sensor is mounted 1.4 m above the mean
water level. Surface waves are measured by two linear
arrays of wave gauges aligned in the crosswind and
upwind directions. Each array has 20 fast response ca-
pacitance wave gauges (1-mm-diameter thin wires) us-
ing the design by Chapman and Monaldo (1991). The
spatial interval between the wire gauges is 0.0508 m.
Effects from buoy translation and angular motions on

TABLE 2. Examples of fetch, duration, significant wave height, and
peak wave period at young stages of wave development for U,, =
10 ms.

Fetch

X x (m) H, (m)* T, (9*
100 1020 0.21 (0.18) 1.61 (1.53)
1000 10204 0.53 (0.58) 2.78 (2.56)

Duration

t, t(s) H. (m) 7,09
100 102 0.05 (0.02) 0.72 (0.49)
1000 1020 0.18 (0.18) 1.48 (1.48)

* For Hyand T, numbersin parentheses are from second-order power-
law functions, and numbers not in parentheses are from first-order
power-law functions.

wave measurements are corrected using the output from
motion sensors (accel erometers and tilt sensors) mount-
ed on the buoy, following the approach proposed by
Hanson et al. (1997).

The technical details of the capacitance wave gauges
have been documented in the technical report by Chap-
man and Monaldo (1991). The response of the wire
gauges is very linear over the 1-m design range. In the
original design as deployed in St. Andrew Bay, the re-
gression coefficient of the response function is almost
constant for salinity greater than about 4 psu. The re-
sponse function becomes nonlinear in water with lower
salinity. (To deploy the system in fresher water, ground
wires stretching parallel to the capacitance wave gauges
are added. Empirically, it is found that spacing of about
0.02 m between each ground wire and wave gauge pro-
duces satisfactory results of linear response.) Figure 2a
shows the laboratory calibration of the wave gauges at
three salinity levels. At 26 psu, the average slope (mil-
limeters per digitization step) with one standard devi-
ation is 0.219 * 0.0032 for the upwind array and 0.221
+ 0.0025 for the crosswind array. At 14 psu, those
numbers are 0.219 = 0.0033 and 0.224 + 0.0026, re-
spectively. The salinity in St. Andrew Bay, where the
ship stayed, ranges from 31.6 to 32.2 psu and about
34.2 psu in the coastal water outside the bay. The cal-
ibration results in 26 psu water are used for the data
analysis of this experiment.
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FiG. 2. (a) Laboratory calibration of the wave gauge arrays at different salinity levels, (b) the wave spectra y(w)
measured by the wave gauge array, and (c) the variance ratio between the low-frequency components (o < 0.6w,) and

the total.

The analog-to-digital circuit digitizes the wave data
with 12-bit resolution for 10 volts that covers the 1-m
design range (design value is 2.44 X 10-* m per dig-
itization step, actual value is 2.2 X 10-* m per digiti-
zation step). The sample rate can be either 25 or 50 Hz.
For the 25-Hz sample rate used in the present experi-
ment, the noise floor due to digitization was calculated
to be 7.7 X 10~** m?/(rad s~*) and for 50 Hz it is 3.9
X 10~ m?/(rad s~*). The noise floor from examining
the spectrum of wave gauge output in ambient condi-
tions is 2 X 10-*° m?/(rad s~*), which represents the
overall noise of the wave gauge array system. The full
set of 35 frequency spectra, x(w), of the present ex-
periment is shown in Fig. 2b. The spectral peaks are
usually at least six to seven orders of magnitude above
the noise floor. Thereisclear presence of low-frequency
oscillations due to ambient motions in the bay water.
The wave variance presented in the paper excludes the
low-frequency (LF) components (v < 0.6w,), which
represent background contamination. The fraction of LF
components is computed by the variance ratio of the LF
components to the total (Fig. 2c). The large influence
of background waves at the early stage of wave devel-
opment isclearly illustrated by the large fraction of low-
frequency wave energy. The presence of background
oscillations represents the largest error source for the
analysis of wind wave growth at the early stage of de-
velopment.

During the period of the experiment, the wind was
steady and mainly from the south-southeast. The buoy
is deployed in free drift near the southeast corner of the
bay. There are a total of nine sets of wind and wave
data acquired during this two-day period. The duration
of each set is between 1200 and 2400 s. The wind and
wave parameters are computed from short data seg-
ments. Each data segment is about 164 s (4096 wave
samples at 25-Hz sampling rate), containing about 80—
100 significant waves (see next paragraph). Only the
wave data from the central five wire gauges of the up-
wind array are used for the discussions in this paper.
The degree of freedom is 24 for the spectra from in-
dividual wire gauges and 120 for the average wave spec-
tra combining five wire gauges. The full set of 35 wave
spectra is shown in Fig. 2b. Neutral wind speed at 10-
m height (U,,) and at an elevation one-half of the peak
wavelength (U,,,) are calculated from the measured
wind speed at 1.4-m height combined with the measured
humidity, air and water temperatures, applying the
method developed by Liu et a. (1979) to obtain the
dynamic roughness z, and making use of the logarithmic
wind speed profile.

b. Field deployment and experimental conditions

Figure 3 shows the area map of the experimental site.
On 12 October the wave gauge array buoy is released



OcCTOBER 2004

30.16

St. Andrew Bay |

*********

30.14

w
e
—
N

Latitude (°)

30.1

30.08 : : :
Gulf of Mexico

30.06 ! ! ! ! i
—85.74 —85.72 —85.7 —85.68 —85.66 —85.64
Longitude (°)

Fic. 3. Area map of the experimental site in St. Andrew Bay. The
buoy was released into water at the location marked ** X.”” The buoy
trajectory for 11-12 Oct 2001 is shown by “O.”

into water at the location marked with ** X.” The pre-
vailing wind is from the south-southeast (162° from
north). The experiment is originally planned for fetch-
limited data acquisition, but the strong ebb tide soon
takes the buoy into the open area of the bay. The tra-
jectory of the buoy from the GPS recording on board
the buoy is shown by the overlapping circlesin the map.
Therecorded wave devel opment becomes moreduration
limited rather than fetch limited. [ The significant wave
height based on fetch-limited condition for the average
wind speed of 8.3 m st (Fig. 4) is0.13, 0.29 and 0.34
m, respectively, for fetches of 0.5, 4 and 6 km estimated
from the map. The measured significant wave height
starts at 0.1 m (of which about 50% is contributed by
background oscillations; Fig. 2c), reaches about 0.27 at
5400 s, and reaches 0.31 m near the end of the 2-h
duration (Table 3 and Fig. 4). It is judged that in the
first 1.5 h, the data are dominantly duration limited, but
they become influenced by limited fetch for the last 0.5
h.] The sensors on the buoy collect data in bursts of
usually 40 min long. Restarting of the data acquisition
sequenceis activated manually through aremote control
radio link. Altogether three sets of data on this day are
collected. Because the drifting speed near the bay en-
trance increases rapidly (Fig. 3), the third set is 20 min
long. As a result, 100 min of data are collected over
124-min duration.

The average wind speed (U,,,), wind direction (6,),
significant wave height (H,), peak wave period (T,),
and bulk Richardson number (Ri,) (Donelan 1990) for
the duration of experiment are shown in Fig. 4. The
mean wind speed with one standard deviation is 8.3 =
0.5m s, and the wind direction is 162 = 6°. The air—
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FiG. 4. Time series of (a) U,,, (b) 6,, (c) H,, (d) T,, and (e) Ri,
during the period of experiment.

sea stability condition is near neutral with the bulk Rich-
ardson number remaining mostly below 3.5 X 10-2.
The dimensionless parameters of t,, €., and w, are
calculated and listed in Table 3. There is some uncer-
tainty on the initial time (t,) of wind wave generation
because the buoy is not in water at the beginning of the
steady wind event. A trial and error approach is used
to determine t,; the detail is given in appendix B. Also,
for the duration growth processing, we have used U, ,,
as the scaling wind speed because U, , is a more mean-
ingful property than U,, when addressing the dynamic
coupling between atmosphere and ocean in the presence
of surface waves. The calculated results of the dimen-
sionless parameters using U,,, and U,, are somewhat
different. A more detailed discussion is presented in
appendix C.

c. Results and discussions

The duration growth results are plotted in Fig. 5b
together with datasets mentioned earlier (Sverdrup and
Munk 1947; Bretschneider 1952a,b; Darbyshire 1959;
Del eonibus and Simpson 1972) and the **fully devel-
oped’ wave measurements [in g, (t,) only, peak wave
periods are not available] reported by Moskowitz
(1964). The results from the field experiment are in
excellent agreement with the duration-limited growth
functions converted from the fetch-limited empirical
equations. The fetch-limited wave growth measure-
ments (Burling 1959; Hasselmann et al. 1973; Donelan
et al. 1985; Dobson et a. 1989; Babanin and Soloviev
1998) used to obtain the first- and second-order power-
law fetch-limited growth functions (Table 1) are plotted
in Fig. 5a for comparison. In general, the data scatter
of duration-limited measurements is larger than that of
the fetch-limited data, especially for the older datasets.
As pointed out by one anonymous reviewer, for the
present dataset, the first-order power-law functions con-
verted from the fetch-limited growth curves seem to be
in better agreement with measurements than the second-
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TasLE 3. Duration-limited growth data from wave gauge array buoy deployment in St. Andrew Bay, FL.

Time(s) U,y(ms?t) U,(ms?) 0, (°) H, (m) t, () 10® Riy, ty 103, Wy
382 75 6.3 180 0.092 115 13.03 599 3.35 3.48
546 8.4 6.8 179 0.100 114 12.34 781 2.75 3.86
710 7.9 6.6 178 0.096 1.23 11.52 1054 2.90 3.45
873 8.3 6.8 172 0.105 119 12.78 1252 3.03 3.68

1037 6.9 6.0 162 0.111 1.34 13.03 1708 5.88 2.85
1201 7.9 6.6 159 0.108 1.25 12.58 1774 3.59 341
1365 8.6 7.3 160 0.122 1.43 11.20 1825 3.09 3.28
1529 8.3 7.2 165 0.136 1.56 10.65 2087 4.18 2.95
1693 8.1 7.0 166 0.127 1.55 10.31 2357 3.94 2.92
1856 8.6 7.4 166 0.124 1.56 9.86 2450 3.06 3.05
2020 8.6 75 162 0.148 1.63 10.25 2652 4.22 2.93
2184 7.3 6.5 162 0.167 1.68 10.38 3307 9.53 2.48
2348 8.3 7.3 164 0.161 1.65 10.22 3154 5.52 2.84
2512 8.5 7.6 158 0.192 1.82 8.31 3245 6.65 2.68
3558 9.4 8.5 160 0.243 1.95 7.65 4126 6.93 2.78
3722 8.8 7.8 160 0.221 1.90 7.07 4652 7.80 2.65
3886 9.3 8.2 163 0.227 1.76 7.53 4658 6.91 2.98
4049 8.6 7.7 165 0.209 191 7.73 5132 7.35 2.60
4213 8.5 7.6 162 0.234 1.90 8.11 5422 9.76 257
4377 8.6 7.6 164 0.257 1.85 8.16 5612 11.58 2.65
4541 8.4 7.6 160 0.266 1.96 7.91 5867 12.86 247
4705 8.7 7.8 161 0.302 1.95 7.87 5878 14.49 2.58
4869 8.4 75 159 0.281 1.92 7.78 6352 14.90 2.50
5032 8.4 7.5 158 0.256 1.88 7.91 6556 12.26 2.56
5196 8.2 7.4 160 0.267 2.04 7.93 6881 14.28 2.32
5360 7.9 7.1 155 0.304 1.94 7.63 7352 21.29 2.36
5524 8.5 7.6 159 0.276 1.89 7.31 7119 13.65 2.58
5688 8.5 7.7 158 0.298 2.04 6.92 7254 15.33 2.42
6457 8.5 7.8 159 0.260 2.08 6.92 8162 11.25 2.38
6621 8.5 7.7 160 0.292 2.04 6.89 8450 14.69 2.42
6785 8.7 7.8 159 0.262 1.92 7.25 8575 11.44 2.60
6948 7.9 7.1 160 0.320 1.96 7.21 9578 24.08 2.32
7112 8.2 7.6 156 0.303 2.20 7.37 9209 16.80 221
7276 8.1 7.3 158 0.298 2.00 7.00 9746 18.63 2.35
7440 8.3 7.6 155 0.326 219 6.97 9582 19.05 2.23

order power-law functions. It would be very interesting
to see if similar outcome is repeated in future mea-
surements. It is further noticed that many of the data
pointsin the older datasets have dimensionlesstimes up
to an order of magnitude greater than the Pierson—Mos-
kowitz limit. This may suggest that those points are
either swell influenced or fetch limited and should be
treated with caution. On the other hand, as shown in
the figure, measurements by Moskowitz (1964) appear
to reach the ““fully developed” limit at the dimension-
less fetch and dimensionless duration less than 104,
which is considerably earlier than most other measure-
ments. From the point of view of nonlinear wave-wave
interaction, if the wind event is truly unlimited in fetch
and duration, the wave spectrum undergoes continuous
frequency downshift. As the characteristic wavelength
increases, the capacity of the wave field to absorb at-
mospheric forcing increases and the mechanism of wave
breaking that limits the wave growth becomes weaker.
Under such a scenario, it is difficult to imagine that the
wave growth should be limited (i.e., reaching full de-
velopment). We feel that the concept of “full devel-
opment’”” of a wave field deserves more critical exam-
ination and additional observationsin thefield are need-

ed to establish or disprove the growth limit of wind-
generated surface waves.

The wave gauge array data reported here expand the
range (in terms of t,) of the available duration-limited
database by about one order of magnitude into the youn-
ger stage of wave development. As discussed earlier,
both duration- and fetch-limited growth data can be ex-
pressed as e, (w,), which represents the wave energy
growth as a function of wave age and does not require
the precise knowledge of wind fetch or wind duration.
Figure 5c¢ plots these two classes (fetch limited and du-
ration limited) of data together. The development rate
is clearly fetch/duration/wave-age dependent in both
classes of data, and the fetch/durati on/wave-age depen-
dency is well represented by the second-order power-
law functions. The agreement of these two classes of
data presented in e, (w,) aso suggests the strong sim-
ilarity of the ocean surface wave spectrum, as discussed
by Young (1999) and others.

4. Summary and conclusions

Acquiring field measurements of duration-limited
growth of wind-generated waves has aways been a dif-



OCTOBER 2004 HWANG AND WANG 2323
1 -2
a) 10" g b) 10 g T T T30
0 L -
*
3 10 e - . .
g i . .
—1 -3 R
1 0 ................................ 1 0 :_ ........ ' .{:: .................. _:
,2 ™ -1
10 L 4
-3 -4
107k i xF & | o 10 2 =
,4 - -
. 10 o ; i
[
* =
[}
_5 -5
1 0 ............................ 1 0 E- ..............................
: : C
_¢[ ¥ © :Sverdrup and Munk (1947) ] - e
' k 10 -+ % : Bretschneider (1952)- - - - - - L : -
+ _ fetch—limited data & £l -Darbyshire (1959) : +  Fetch—limited data
+ - Moskowitz (1964) « ‘Moskowitz (1964) - L DeLionibus&Simpson (1972) -
= st order : ¢ :DeLionibus&Simpson (1972) < St. Andrew Bay
r 2nd ordery ;St. Andrey Bay 1 10*6 - l 2nd Prder X => tlappmxi 11
5 2 3 4 5 6
10 10 10 10 10 0507 1 2 3456
X t (D*

Fic. 5. As Fig. 1 but superimposed with experimental data.

ficult task. It is especialy challenging to obtain duration
growth data at young stage of wave development (Table
2). In comparison, over the years several field experiments
on fetch-limited wind wave development have been suc-
cessfully performed. These experiments collectively offer
a coherent picture of the fetch-limited wave growth in
terms of e, (x,) and w,(X;), which can be expressed as
power-law functions (Fig. 5a). Using a higher-order data-
fitting technique, the coefficients (A) and exponents (a) of
the first-order (constant exponents) and second-order
(fetch-dependent exponents) power-law functions are list-
ed in Table 1. Through the connection of the group ve-
locity, the fetch-limited growth functions (1-5) can be
transformed to duration-limited growth functions (9-11).
The computationa results are shown in Fig. 1.

By chance, an ailmost ideal dataset of wind-generated
surface waves in their first two hours of development is
obtained. The location of the experiment isin a sheltered
bay, so the background wave contamination is consid-
erably smaller than that would have been possible in the
open ocean. The measurements fill a big gap in our du-
ration-limited database. Theresultsarein excellent agree-
ment with the duration-limited growth functions con-
verted from fetch-limited growth functions (Fig. 5).
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APPENDIX A

Space-Time Conversion

Figure 5a shows the scatterplots of w, (X,) and e, (X, )
of the fetch-limited field measurements. The results can
be represented by simple power-law functions (constant
exponents) reasonably well for the fetch range 3 X 102
< X, < 10“. For a broader range of coverage, the de-
velopment rate is obviously not constant based on ex-
amination of experimental data. Higher-order polyno-
mial functionsin log— og scales can be used to estimate
the variable development rate. They also provide better
agreement in the data trend between fitted functions and
measurements, especially at very long and very short
dimensionless fetches.

Using the following notations,

Y=Iny and X = Inx (AD
the polynomial
N
Y=Y aXn (A2)
n=0
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is identically
y = eroxZh-ran(ngnt (A3)
For N = 1,
y = evoxa = A, X, (A4)
For N = 2,
y = eoxartedn = A xave, (A5)

Note that &, + «, Inx is not the local dope of y(x) for N
= 2. Instead, the local slope should be evaluated by

g = ;3—1 (A6)

which yields
a,, = o + 20, Inx  and (A7)
A, = emnox eI (A8)

o expl— (B, + 1)24B, )V 7 erfi[(B, + 1 + 2B,%)/2V B,]

When applying the second-order solution (A5) to
space-time conversion, the dimensionless frequency
(dropping the asterisk subscript in all dimensionlessvar-
iables here)

w = eBoxBitBanx (Ag)
is substituted to (7) to arrive at
t= f @PoxBr+B2Inx dx, (A10)
0

With the change of variable X = Inx (Al), (A10) is
transformed to

t = exp(By) f " expl(B, + DX + BX7 X, (ALY

which leads to (see online at http://integrals.wolfram.
com/index.en.cgi)

2V B,

To make use of (A12), theinverse solution expressing
x as a function of t is needed for converting the fetch

(A12)

lawsto duration laws. We are not successful in obtaining
the inverse solution. Instead, the approximation ap-



OcCTOBER 2004

(@

‘‘‘‘‘

U (m/s)
oo
T
Q
]

Time (hr)

o»oao»ébonnooooo.

U,V

o :
08500 PRI S . . —
1 | 1 i
0.8
0 0.5 1 1.5 2 25
Time (hr)

Fic. C1. Time series of (a) U,, and U,, and (b) the ratio U, ,/U,,.

proach substituting A, @0, Ase and a,, in (4)—(5)
for A, @, A. and a, in (8)—(11) is adopted. The
results are satisfactory judging from the excellent agree-
ment between the two e, (w,) curves computed from
fetch laws (solid curve) and the approximated duration

laws (dashed—dotted curve) shown in Fig. 1c.
APPENDIX B

Determination of the Initial Time

Wave generation lags behind the wind event. The lag
between starting times of the wind and waves is not

101 ‘{ i a)
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known in the field environment. Data processing of the
results of duration-limited growth may beinfluenced con-
siderably by the choice of the initial time of the wind
event. Because the buoy is not in water prior to wave
inception, an absolute determination of initial time is not
possible. In the absence of theoretical guidelines and the
full history of the wind event prior to data acquisition,
we process the measurements with several different start-
ing time lags. Figure B1 shows several examples of the
results. Because the relative error of measurements is
large at the beginning stage of wave development, due
to lower signa level and the presence of background
wave motion (Fig. 2c), disagreement with the growth
curve at the earlier stage is weighted less in the overall
evaluation. The results tabulated in Table 3 use a time
lag of 300 sfor initiation of the wind event, judging from
the field notes, which recorded that the buoy wasreleased
into water as soon as the ship anemometer indicated the
start of steady wind and that the buoy system had a 5-
min delay time for activating the data acquisition se-
guence. The tabulated time is the time at the middle of
the short data segment referenced to this time lag. The
data length of each segment is 4096/25 =~ 164 sin time.

APPENDIX C

Parameterization with U,,, and U,

Conventionally, U, is used as the scaling wind speed
for the dimensionless parameters e,, wy, X, and t,.

T 1 T 1 1 ]|b
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0)* L -
10_4 :_ .................................. .E
i : AR A
. Fetch lirnited data AN
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[ = 5nd order
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,

*

Fic. C2. Influence of the choice of scaling wind speeds on the processed results of duration-limited growth: (a) e, (t,) and
w,(t,) and (b) e, (w,). Fetch-limited data are aso plotted in (b) for comparison with the duration-limited measurements.
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Fixing the height for wind speed reference at 10 m is
apparently based on operational or practical consider-
ations rather than the dynamical significance of the 10-
m elevation in the marine boundary layer. Because the
influence of surface waves decays exponentially with
distance from the interface and the wavelength is the
vertical length scale of decay, the dynamically mean-
ingful reference elevation should be the characteristic
wavelength In the case of awater surface with multiple
wave components, the representative wavelength is that
of the component at the spectral peak, A, (e.g., Kitai-
gorodskii 1973; Stewart 1974; Donelan 1990; Hwang
2004). Of course, if the wind stress measurements were
performed together with the wave growth experiment,
the wind friction velocity u, may serve as a better scal-
ing wind velocity. All published fetch-limited growth
data report e,, w,, and x, scaled with U,,. Conversion
of U,, to u, requires the application of the drag coef-
ficient C,. Presently, there are many equations for Cy;
some take into account the wave age dependence and
some do not. The issue is still under intensive debate,
so scaling with u. converted from U, is not considered
in this paper.

Quantitative differences are expected for the com-
puted dimensionless parameters using different scaling
wind speeds. Figure C1 plots the time series of the two
wind speeds U,,, and U,, and their ratio. Because the
wave period for 20-m wavelength (under which con-
ditionU,,, = U,,) isabout 3.58 s for deep water waves,
for waves with periods shorter than 3.58 s, U, , is lower
than U,,. Thedifferenceis more pronounced asthewave
period deviates further from 3.58 s. For the present da-
taset, the average ratio U, ,,/U,, with one standard de-
viation is 0.88 = 0.027.

The resulting wy (t,), € (ty), and e, (w,) using two
different scaling wind speeds are graphed in Fig. C2.
At the youngest stage of the present dataset, the di-
mensionless variance computed with U,,, can exceed a
factor of 2 higher than the value computed with U,
and the dimensionless frequency (inverse wave age) is
about 20% lower. While the difference is within the
scatter of existing fetch-limited and duration-limited
growth data [the fetch-limited results of e, (wy ) are plot-
ted on the background in Fig. C2 for comparison], the
scalingusing U, ,, isadopted because U, , isdynamically
more meaningful than U,,.
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