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Deriving L-Band Tilting Ocean Surface Roughness
From Measurements by Operational Systems

Paul A. Hwang

Abstract— Waves much shorter than those measured by
operational systems make significant contribution to the ocean
surface roughness. This article describes a method to obtain
the L-band tilting ocean surface roughness using wind speed
and windsea dominant wave period coupled with a wind–
wave spectrum model. Examples are presented with wind and
dominant wave data from ocean buoys and hurricane hunters.
Several related issues are discussed: high-frequency wave spec-
trum, integration limit, swell contribution, and measurements in
extreme winds: 1) it is well known since the 1970s that with
stationary sensors, extending the frequency range in measuring
elevation spectrum does not yield useful short-wave information
because of the low signal level and large Doppler frequency shift
involved in measuring short waves. 2) Low-pass mean square
slopes (LPMSSs) integrated to 5 and 11 rad/m are computed to
quantify their difference as a function of wind speed and inverse
wave age (IWA). The normalized difference decreases with
increasing wind speed and decreasing IWA. 3) Swell contribution
to the L-band LPMSS is almost negligible for wind speed greater
than 5 m/s (less than 5% in 99% of observations). In low-wind
conditions (wind speed less than 5 m/s), the swell contribution is
difficult to assess because of inaccuracy in identifying the weak
windsea system. 4) The coarse resolution in National Data Buoy
Center (NDBC) wave spectra causes large data scatter in the
computed LPMSS in very high winds (greater than 20 m/s).
A mitigating solution is offered.

Index Terms— Dominant wave period (DWP), ocean surface
roughness, remote sensing, tropical cyclone (TC), wind speed.

I. INTRODUCTION

OCEAN surface roughness is an important subject in
remote sensing research. Forward computation of scat-

tering and emission requires an accurate specification of the
ocean surface roughness spectrum to obtain correct solutions.
Despite the critical role it plays in ocean remote sensing,
the research on the subject is sketchy. The number of direct
measurements of ocean surface roughness remains small.
All the reported data were collected in mild-to-moderately
high-wind conditions (less than 15 m/s) and with limited geo-
graphic coverage [1]–[15]. In comparison, spaceborne remote
sensing systems provide ocean surface roughness data in large
quantity, under expansive environmental conditions, and with
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global coverage. For example, short waves in Bragg resonance
length scales can be retrieved from the L-, C-, and Ku-band
NRCS through the well-established geophysical model func-
tions [16]–[18]. The procedure makes use of the dominance
of Bragg resonance mechanism in vertical receive vertical
transmit (VV) surface scattering over the incidence angle range
between about 45◦ and 65◦. Microwave scatterometers can,
therefore, be treated as surface roughness spectrometers [19].
The L-, C-, and Ku-band NRCSs provide wavenumber res-
olution between about 30 and 510 rad/m, i.e., surface wave
wavelengths between 20.9 and 1.23 cm.

For specular surface return, the critical surface roughness is
the tilting ocean surface slope, which is a cumulative quantity
with contribution by waves longer than about three times the
Bragg resonance wavelength. For L-band, the contributing
surface waves are longer than about 0.6 m and wave com-
ponents in the neighborhood of the energetic spectral peak
region make important contribution to the tilting roughness.
Extensive ocean surface wave research has established that the
surface wave energy sharply drops off from the spectral peak
region toward both longer and shorter length scales [20]–[24].
Operational systems measuring ocean waves are designed to
provide faithful data on the dominant wave properties such
as significant wave height (SWH) Hs and dominant wave
period (DWP) Tp. The upper limit frequency of reported
surface wave spectrum is typically less than 0.5 Hz. Therefore,
the shortest wavelength resolved by operational wave measure-
ment systems is about 6 m at best, thus the spectrum leaves an
order of magnitude big gap for providing the tilting roughness
to support the L-band reflectometer remote sensing research.

This article discusses a method to extract the low-pass mean
square slope (LPMSS) suitable for the L-band reflectometry by
employing a wind–wave spectrum model with inputs that can
be reliably supplied by an operational system. Section II gives
a brief review of a general function of wind–wave spectral
models established for ocean science and engineering appli-
cations. Section III describes the proposed approach to obtain
the LPMSS using the general wind–wave spectral function
with input from an operational system. The method is applied
to two types of operational wind and wave measurements:
National Data Buoy Center (NDBC) buoys and hurricane
hunters. Section IV discusses issues such as extending the
frequency range in the measurement system, sensitivity to
the upper cutoff wavenumber for LPMSS integration, swell
contribution, and measurements in extreme wind conditions.
Section V provides the summary.
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II. WIND–WAVE SPECTRUM MODELS

A. Spectral Functions

The appendix of [25] describes several major wind–wave
spectrum models used by oceanographers, including
Pierson and Moskowitz (PM or P) [20], Joint North Sea Wave
Project (JONSWAP or J ) [21], [22], Donelan et al. (D) [23],
and Young (Y ) [24]. These spectral models can be described
by a general (G) spectrum function as follows [25]:

S(ω) = αg2ω−5
p ς−sf exp

[
− sf

4
ς−4

]
γ �

� = exp

[
− (1 − ς)2

2σ 2

]
; ς = ω

ωp
(1)

where ω is the angular frequency, g is the gravitational accel-
eration, ωp is the spectral peak frequency, α, γ , and σ are the
spectral parameters, which are functions of spectral slope—sf
and wave development stage represented by the dimensionless
peak frequency (DPF) ω# = ωpU10/g = U10/cp. The DPF
is also the inverse wave age (IWA). For remote sensing
application, the frequency spectrum can be converted to the
wavenumber spectrum by S(k)dk = S(ω)dω, where k is the
wavenumber. Applying the deep-water gravity wave dispersion
relation: ω2 = gk, then S(k) = S(ω)g/2ω.

Extensive wave research has established that the minimum
value of ω# of a wind–wave system is about 0.8, that is,
the dominant wave phase speed cp in a wind-generated wave
system is less than 1.25U10 [20]. The reason cp can exceed
U10 is because of nonlinear wave–wave interaction, which
continues to produce spectral frequency downshift such that
the dominant wave can outrun the wind speed, i.e., cp > U10
[21]–[23]. Another reason is that the 10-m elevation of surface
wind speed reference is somewhat arbitrary and it is chosen
as a matter of convenience and necessity to have a common
reference. If the wind speed at the elevation one-half the
dominant wavelength Uλ/2 was chosen, cp at maturity would
have been close to one, i.e., waves reach maturity when their
speed matches the reference speed of the wind field [26].
Theoretically, the dynamic wave perturbation decays exponen-
tially and becomes negligible at a distance λ/2 away from
the air–water surface. Defining waves reaching maturity as
cp = Uλ/2 is, thus, physically more appealing. However, using
Uλ/2 requires surface wave information that is unavailable in
most cases.

There are two main differences among various spectrum
models: ω# and sf .

1) P is for mature waves: ω# =∼ 0.8, sf = 5.
2) J is for any wave age: ω# >∼ 0.8, sf = 5.
3) D is for any wave age: ω# >∼ 0.8, sf = 4.
4) Y is for any wave age: ω# >∼ 0.8, sf is variable. The

three spectral coefficients α, γ , and σ in the Y model
use those of J or D models, which are theoretically
applicable only to sf = 5 or 4, respectively.

5) G is for any wave age: ω# >∼ 0.8, sf is variable. The
three spectral coefficients α, γ , and σ are functions
of sf and ω#. The spectral slope is determined to be
a stochastic variable with Gaussian distribution and a
mean value of about −4.5.

With the L-band LPMSS data from Global Positioning Reflec-
tometry (GPSR) [27]–[30], a wind-dependence function of the
mean value of stochastic sf is derived as follows:

�sf� =
{

s1, U10 ≤ U1

s1 (U10/U1)
q , U10 > U1.

(2)

The parameter values [s1, U1, q] = [4.7, 18, 1/8] are rec-
ommended in [31]. In the remainder of this article, the angular
brackets are dropped and the notation sf is understood to be
the mean value of the stochastic variable. The G spectrum
with sf defined by (2) is referred to as the G18 spectrum
model. The G18 spectrum model serves as the foundation of
this article for addressing several practical issues encountered
in using measurements derived from operational systems such
as NDBC buoys, which have been an important data source
of remote sensing calibration/validation effort.

B. Wave Height and Wave Slope

Here, the properties of wind–wave spectrum are analyzed in
order to gain a better insight for developing a method to obtain
the LPMSS from measurements of operational systems such as
the wind and wave data from ocean buoys or hurricane hunters.
For ocean science and engineering applications, the primary
purpose of a wave spectrum model is to characterize correctly
the energetic portion of the wind-generated surface waves.
One robust relationship connecting the three integral properties
of a wind–wave system is the power function relating the
dimensionless wave variance and DPF η#–ω#:

η# = Rωr
#. (3)

The total energy per unit area, E (in J/m2), of a random
wave field is E = θwgη2

rms [32], [33], where η2
rms is the

variance of surface displacement and θw is the water den-
sity. Because θw and g are essentially constant for surface
wave analysis (about 1024 kg/m3 and 9.8 m/s2, respec-
tively), the dimensionless variance of surface elevation η# =
g2η2

rms/U4
10 is also referred to as the dimensionless wave

energy. Leaving the dimensional variables explicitly in (3),
the similarity function connects the three important parameters
of a windsea system: U10, Hs, and Tp; Hs = 4ηrms, and
Tp = 2π /ωp (

g2 H 2
s

16U4
10

)
= R

(
U102π

gTp

)r

. (4)

Fig. 1 shows the examples of field measurements adhering
to the similarity function. The data include five fetch-limited
wave-generation experiments under steady wind forcing con-
ditions (BHDDB, representing the initials of the lead authors
in the five publications in chronological order) [21], [23],
[34]–[36], an air–sea interaction experiment (IntOA) under
mountain gap wind conditions with wind speed rising and
falling rapidly [37]–[39], and hurricane hunter wind and
wave measurements inside tropical cyclone (TC) Bonnie 1998
(B24) [40]–[42]. Despite the incredibly different wind forc-
ing conditions, ideal quasi-steady and homogenous winds in
fetch-limited experiments, unsteady rising and falling moun-
tain gap winds in IntOA, and obviously inhomogeneous and
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Fig. 1. Similarity relation connecting the three integral properties of
wind–wave systems: U10, Hs, and Tp expressed as η#(ω#) obtained by
different wind–wave spectrum models (smooth curves as labeled in the
legend). Superimposed in the background are field measurements in steady
fetch-limited wave growth experiments (BHDDB), unsteady mountain gap
wind conditions (IntOA), and inside TC Bonnie 1998 (TC B24). More detail
is described in the text.

Fig. 2. Examples of (a) S(k) and (b) B(k) computed for two different
(U10, ω#) combinations with J , D, G , and E spectrum models.

chaotic winds inside TCs, the η#(ω#) results are basically
indistinguishable.

Superimposed on the data clouds are η#(ω#) computed
from wind–wave spectrum models described in Section II-A:
J , D, and G18. The agreements between different models
and field data are almost identical. The result computed by
the E spectrum model [43] is also included in Fig. 1 with a
red curve. The E-model is employed in the Cyclone Global
Navigation Satellite System (CYGNSS) program [44]. The
long-wave portion of the E-model is based on a modified
Donelan–Pierson spectrum [45]. Although the E result of
η#(ω#) differs somewhat from the other models, its agree-
ment with field data is not any worse than the J , D, and
G18 models.

Fig. 2(a) and (b) shows the two examples of the wave eleva-
tion spectra S(k) and the dimensionless spectra B(k) = k3S(k)
computed with the J , D, E , and G18 models, respectively.
Case A is a mature windsea (ω# = 0.8) at U10 = 10 m/s,

and case B is a relatively young windsea (ω# = 2.0) at
U10 = 20 m/s. The spectral peak wavenumber of the low-
wind mature sea is 0.063 rad/m, which is lower than that
of the higher wind but younger sea at 0.098 rad/m, i.e., the
dominant wavelength of the low wind Case A is longer than
that of the high wind Case B. This illustrates the importance
of considering the wave development stage in addition to wind
speed in discussing the wind-generated wave spectrum.

The energy spectral density of a wind–wave system, S(k),
sharply drops off from the peak region toward both longer
and shorter wavelength components [Fig. 2(a)]. The wave
energy is, thus, contributed primarily by the wave components
near the spectral peak region. Contrary to the wave energy or
surface elevation, the surface slope ∇η is proportional to the
product of wavenumber and surface elevation. The weighting
by wavenumber shifts the relative contribution toward the
short-scale waves. The LPMSS s2

ku
is the integration of slope

spectrum k2S(k):

s2
ku

=
∫ ku

0
k2S(k)dk =

∫ ku

0
B(k)d ln k (5)

where ku is the upper bound of integration. In Fig. 2(b),
the semilogarithmic B(k) plot describes the contributions to
the surface mean square slope by individual wavenumber
components. In Fig. 2(b), the integrated LPMSS s2

ku
and SWH

Hs are tabulated; the upper and lower bounds of integration are
0.001 and 7.5 rad/m, respectively. For these two cases, the inte-
grated surface elevation variances are almost identical. The
SWHs computed with the four spectrum models for the two
cases are in agreement with each other to within about 20%.
On the other hand, the LPMSSs integrated to 7.5 rad/m (s2

7.5)
obtained from the four spectrum models may differ by a factor
of two or more. As shown in Fig. 2(b), the difference in
the LPMSS results is mainly contributed by the region with
wavenumber higher than about two to three times the spectral
peak value.

The elevation and slope analysis provide some insight on
the design of methods to obtain the LPMSS from operational
system measurements. Similar to the wave spectrum models,
the operational wave measurement systems aim to provide
the best representation of the dominant wave properties such
as Hs and Tp. Because short-scale waves make negligible
contribution to the wave energy or elevation, these operational
systems cannot be expected to provide accurate measurements
of short-wave properties, despite their important contribution
to the ocean surface slope. From this understanding, the dom-
inant wave properties are the more reliable output from the
operational ocean wave measurement systems. Employing a
wave spectral model that makes use of the more reliable
dominant wave properties offers a better chance for deriving
the LPMSS from operational measurements. This approach
differs from the conventional and apparent choice of trying
to extrapolate the measured spectrum toward higher wave
frequency or wavenumber by appending a spectral tail. The
extrapolation approach is not recommended because of the
fact that the high-frequency region in the operational spectrum
output is the least reliable, due to its low signal-to-noise
ratio (SNR) and increasing distortion by the Doppler frequency
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Fig. 3. LPMSS computed with the G18 spectrum model using the hurricane
hunter wind speed and DWP data. (a) B24. (b) I14. The LPMSS derived from
GPSR is illustrated in the background for comparison. The hurricane hunter
results are sorted into four quarters with respect to the TC heading (F, L, B,
and R for front, left, back, and right, respectively).

shift toward shorter waves. This point is further explained
in Section IV-A.

III. LPMSS FROM OPERATIONAL MEASUREMENTS

A. Hurricane Hunter

Measuring waves inside a TC is challenging. The data
obtained by scanning radar altimeter (SRA) or wide-swath
SRA (WSRA) carried on hurricane hunters are the most
reliable to this date. Four of the SRA data sets have been
extensively examined [40]–[42], [46]–[50]. These four data
sets are obtained in Bonnie 1998 (B24) and Ivan 2004
(I09, I12, and I14). For the spectral models (J , D, E , and G18)
described in Section II, the spectrum is uniquely determined
by U10 and Tp; therefore, the LPMSS can be computed with
U10 and Tp as the only input [31], [51].

Fig. 3 shows the two examples of s2
7.5 computed by the

G18 spectrum model with the hurricane hunter U10 and Tp
data. For comparison, illustrated in the background is the
LPMSS derived from GPSR (denoted by s2

GPS) [27]–[30]. The
hurricane hunter wind and wave data include precise infor-
mation of the measurement location with respect to the TC
center for examining the radial and azimuthal variation of the
wind and wave properties. The results presented in Fig. 3 are
sorted into four quarters with respect to the TC heading
(F, L, B, and R for front, left, back, and right, respectively).
For a given wind speed, the highest LPMSS is usually found
in the back quarter and the lowest is in the front quarter.

B. NDBC Buoy

Most of the in situ simultaneous ocean wind and wave
data are from meteorological buoys (MetBuoy). The U.S.
National Data Buoy Center (NDBC) maintains several dozens

Fig. 4. Examples of obtaining the LPMSS from the G18 spectrum model
using NDBC buoy wind speed and windsea DWP data. (a) Buoy 46001 at
Western Gulf of Alaska—175 nm SE of Kodiak, Alaska, during 2006, fmax =
0.485 Hz. (b) Buoy 46075 at Shumagin Islands—85 nm South of Sand Point,
Alaska, during 2006, fmax = 0.4 Hz. In the legend, B is buoy, and G is the
G18 wave spectrum model.

of MetBuoys in both east and west U.S. continental coasts,
around Hawaii islands, and along the equator. These buoys
typically make hourly recording of the wind velocity, wave
spectrum, and other meteorological and oceanographic obser-
vations such as air and water temperatures. Some wave
spectra are reported with 47 spectral components in fre-
quency ( f ) range between 0.02 and 0.485 Hz, corresponding
to k = 0.0016 and 0.95 rad/m, respectively. Some spectra
have 38 spectral components between 0.03 and 0.4 Hz, cor-
responding to k = 0.0036 and 0.64 rad/m. The first step
of using the MetBuoy spectrum is to separate the windsea
and swell components of the measured wave spectrum. The
results presented in this article employ the spectrum inte-
gration method described in [52]. The LPMSS is computed
from the wind–wave spectrum models using wind speed and
windsea spectrum peak frequency as input. To compare with
the buoy measurement, the model LPMSS is from integration
to ku = 0.95 or 0.64 rad/m, i.e., s2

0.95 or s2
0.64, corresponding

to the maximum buoy spectrum frequency of 0.485 or 0.4 Hz.
For L-band, the LPMSS is integrated to a representative
ku = 7.5 rad/m, i.e., s2

7.5.
Fig. 4 shows the two examples of obtaining the LPMSS

from the G18 wind–wave spectrum model using NDBC buoy
wind speed and windsea DWP data. The red and black markers
in Fig. 4(a) and (b) are the measured and modeled s2

0.95
and s2

0.64, respectively. The modeled s2
0.95 and s2

0.64 are in
reasonably good agreement with the buoy data, which show
somewhat steeper increasing trend with wind, especially for
the wave spectrum with fmax = 0.485 Hz. Further discussion
on the high-frequency wave spectrum is given in Section IV-A.
s2

7.5 computed with the G18 model (blue markers) compares
well with s2

GPS (cyan markers).

IV. DISCUSSION

A. High-Frequency Measurement

High-frequency wave spectrum measurements are fre-
quently obtained in ocean research experiments in the open
ocean. As an example, 20-Hz sampling is used for wave
measurement by thin wire gauges mounted on a spar buoy
in IntOA. The measurement location is 22-km offshore with
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Fig. 5. LPMSS computed from high-frequency-resolution wave spectra
measured by thin wires mounted on a spar buoy during IntOA experiment,
integrated to ku = 1 and 7.5 rad/m, and comparison with the results obtained
by the G18 spectrum model and GPSR.

60-m water depth in Gulf of Tehuantepec, Mexico [37]–[39].
The data provide wave spectral resolution with maximum
frequency fmax = 10 Hz or equivalently kmax = 264 rad/m.

Fig. 5 shows the LPMSSs integrated to ku = 1 and 7.5 rad/m
and their comparison with the G18 spectrum model and GPSR
measurements. For the ku = 1 rad/m results, the agreement
between the field data and G18 model is very good up to
about 13 m/s wind speed, beyond which the measured result
is much larger than the G18 model. For the measured LPMSS
integrated to ku = 7.5 rad/m (green circles), the scatter is
rather large and the magnitude is obviously too large compared
to s2

GPS for U10 greater than about 10 m/s.

Making measurement of short waves in the ocean is a
complicated problem. Although extending the measurement
toward higher frequency is an apparent solution, such an
approach has proved to be unsatisfactory as illustrated by
the IntOA example. The fact that short-scale-wave properties
cannot be reliably obtained from high-frequency wave ele-
vation measurement by stationary devices is well known to
experimentalists since the 1970s or earlier. This is because
of the surface-current-induced Doppler frequency becom-
ing increasingly more severe toward shorter wavelengths.
Furthermore, the sharp drop-off of the surface wave elevation
spectrum [Fig. 2(a)] means poor SNR of the short-scale wave
spectral signal, which can be easily swamped by the system
noise or the spectral leakage from the dominant wave region
where the spectral density is many orders of magnitude larger.
Attempts to characterize short waves with wavelengths in the
microwave Bragg resonance scales have been conducted with
wave slope sensing techniques instead of elevation sensing to
increase the SNR of short waves [1]–[15]. Performing spatial
measurements to obtain the wavenumber spectrum directly or
conducting free-drifting Lagrangian measurements can also
alleviate the Doppler frequency shift problem that distorts the
high-frequency portion of the measured spectrum [12]–[15].

B. Upper Bound of LPMSS Integration

The upper-bound wavenumber ku for LPMSS integra-
tion is determined by the microwave wavenumber kr and

Fig. 6. Contour lines showing (a) LPMSS integrated to ku = 5 rad/m,
(b) LPMSS integrated to ku = 11 rad/m, (c) difference between LPMSSs
integrated to ku = 11 and 5 rad/m, and (d) difference between LPMSSs
integrated to ku = 11 and 5 rad/m normalized to their mean, in percent.
The cyan and green markers show the typical ω#(U10) observed in TC and
non-TC conditions.

Fig. 7. Normalized difference of the LPMSS calculated with ku = 11 and
5 rad/m. (a) Non-TC conditions. (b) Inside TCs.

incidence angle θ . For altimeter, the frequently used range is
ku = kr/3 to kr/5. For CYGNSS using GPS L1 frequency
(1.575 GHz), kr = 33 rad/m, thus the altimeter range of
ku = 11–6.6 rad/m. The contour lines in Fig. 6(a) and (b) show
the LPMSSs computed from the G18 spectrum model with
ku = 5 and 11 rad/m (s2

5 and s2
11), respectively, as functions

of U10 and ω#. The difference between s2
5 and s2

11 is given
in Fig. 6(c), and the difference normalized by the mean n =
(s2

11 − s2
5 )/[(s2

5 + s2
11)/2] in percentage is given in Fig. 6(d).

Plotted in the background with cyan and green markers is
the typical ω#(U10) observed in TC and non-TC conditions,
respectively.

Using these ω#(U10) observations, the normalized differ-
ence n can be estimated for non-TC and TC conditions
(Fig. 7). There is a trend of decreasing n with increas-
ing wind speed, reflecting the downshift of spectral peak
with increasing wind for the same wave age. For the same

Authorized licensed use limited to: Naval Research Laboratory. Downloaded on February 17,2021 at 19:39:15 UTC from IEEE Xplore.  Restrictions apply. 



HWANG: DERIVING L-BAND TILTING OCEAN SURFACE ROUGHNESS FROM MEASUREMENTS 945

Fig. 8. Two examples of the bimodal spectra observed during IntOA.
(a) U10 = 16.8 m/s. (b) U10 = 1.9 m/s. The swell and windsea spectral
peak frequencies and the separation frequency are marked by vertical lines.
(c) Observed ω#(U10) of the windsea portion of the spectrum. Failure to
separate swell and windsea causes ω# < 0.8, and it usually occurs in low
winds.

wind speed, n decreases as waves develop from young to
mature stage (decreasing ω#), again reflecting the downshift
of spectral peak from young to mature stage. For non-TC
conditions [Fig. 7(a)], the range of n is about 22 and 32%
at U10 = 10 m/s, and it drops to about 18% and 22% at
U10 = 20 m/s. For U10 ≤ ∼5 m/s, it is difficult to obtain
the correct windsea spectral peak frequency and the LPMSS
estimation in low wind is less reliable. Inside TCs [Fig. 7(b)],
n decreases from about 20% at 20 m/s, to about 10% at
50 m/s, with a small range of variation for the observed range
of ω#. In the hurricane hunter data sets analyzed in this article,
measurement locations of U10 ≤ ∼20 m/s are within 20 km
from the hurricane center. The wave condition is windsea
mixed with strong swell and the determination of the windsea
peak frequency from the measured spectrum is not accurate
as reflected in the resulting ω# showing values much smaller
than 0.8.

C. Swell Contribution

Ocean waves are mostly composed of multiple wave sys-
tems of local windsea mixed with swells from distance storms
propagated to the measurement location. Only the windsea
portion of the spectrum maintains a high correlation with
the local wind for remote sensing wind retrieval. To extract
the tilting wind-induced surface slope, the windsea and swell
systems need to be separated. Fig. 8(a) and (b) shows the two
examples (high and low winds) of the multimodal spectra and
the swell-sea separation results using the spectrum integration
method [52]. The windsea and swell spectral peak frequencies,
fpw and fps, respectively, and the swell-sea separation fre-
quency fs are illustrated in Fig. 8(a) and (b) with vertical lines.
In low winds, the local windsea spectrum may be too weak
and overwhelmed by the swell, causing difficulty in detecting
the windsea spectral peak. For example, in the low-wind case
(U10 = 1.9 m/s) shown in Fig. 8(b), fpw = 0.4 Hz is deter-
mined by the swell-sea separation method. The corresponding
phase speed is 3.9 m/s and ω# = 0.49, which is much lower
than the expected minimum value of 0.8 for a windsea system.
This detected fpw at 0.4 Hz is a residual wave system from

Fig. 9. (a) LPMSS of swell and windsea integrated to ku = 1 rad/m. (b) Hs
and LPMSS ratios of swell to sea.

the earlier higher winds. The true local sea is the little bump
near 0.8 Hz (ω# = 1.03) that is too weak to be detected by
the swell-sea separation method employed in this article.

Fig. 8(c) shows the scatter plot of ω#(U10) of the full
set of IntOA observations constituting 494 spectra, 55 of
which resulting in ω# < 0.8 and indicating that the swell-sea
separation failed to detect the correct windsea spectral peaks.
Of the 55 failed cases, 54 are in low winds with U10 < 5 m/s.

The minimum frequency fmin of the IntOA spectrum
is 3.06 × 10−3 Hz, which corresponds to kmin = 3.76 ×
10−5 rad/m. Fig. 9(a) shows the LPMSS integrated from kmin
to 1 rad/m (i.e., s2

1 ) in green. The swell-only LPMSS integrated
from kmin to ks (i.e., s2

ks
) is shown in magenta, where ks

is the wavenumber corresponding to the sea-swell separation
frequency fs. Except in low-wind conditions (U10 < 5 m/s),
s2

ks
� s2

1 . As discussed in Fig. 8(c), there is difficulty in
separating swell and windsea in conditions with U10 less than
about 5 m/s.

Fig. 9(b) shows the swell to windsea ratio of SWH
Hss/Hsw with red markers and the corresponding ratio of the
L-band LPMSS (s2

ks
/s2

7.5) with magenta markers, where s2
7.5

is computed with the G18 spectrum model. Swell presence is
always prominent in IntOA. For U10 < 5 m/s (78 cases out
of 494 total), Hss/Hsw > 1.4 but s2

ks
/s2

7.5 remains less than
0.5 except for one case at U10 = 2.6 m/s. For U10 > 5 m/s
(416 cases), s2

ks
/s2

7.5 is less than 0.03 in 406 cases (97.6%)
and less than 0.05 in 412 cases (99.0%).

D. Very High-Wind Conditions

High winds are minor occurrences in long-term record-
ings. Two examples of yearlong NDBC records are pre-
sented here. Fig. 10(a) and (b) shows the results from buoy
46035 during 2006 and buoy 42003 during 2005, respectively.
Station 46035 is at central Bering Sea, 310 nm North of
Adak, Alaska. Out of 8638 spectra in the yearlong record,
93 have U10 greater than 20 m/s. Station 42003 is at east
Gulf of Mexico, 208 nm West of Naples, Florida. The
yearlong record contains 11 spectra with U10 greater than
20 m/s; all are caused by Hurricane Katrina. These 11 very
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Fig. 10. High-wind examples of the LPMSS from the G18 wind–wave
spectrum model using NDBC buoy wind and wave data. (a) Buoy 46035 at
central Bering Sea, 310 nm North of Adak, Alaska, during 2006. (b) Buoy
42003 at East Gulf of Mexico, 208 nm West of Naples, Florida, during
2005 with Hurricane Katrina passing through the region. In the legend, B is
buoy, and G is the G18 wave spectrum model.

Fig. 11. (a) Scatter plot of Tpw versus U10 illustrating the coarse resolution
of the buoy spectra. For comparison, the results from two Hurricane Hunter
missions (B24 and I14) are superimposed in the background. (Right) Results
of s2

7.5 computed with the G18 and H18 spectrum models and their comparison
with GPRS data for (b) buoy 42003 and (c) buoy 46035.

high-wind cases occurred during August 27, 2005, 18:00–
August 28, 2005, 05:00 UTC. After which time, the sensors
stopped functioning and records between August 28, 2005,
06:00 and October 6, 2005, 22:00 UTC are missing, resulting
in 7144 spectra for the year.

Fig. 10(a) and (b) shows the comparison of s2
0.95 calculated

from the measured spectra and G18 spectrum model and
s2

7.5 by the G18 model and s2
GPS. The comparison between

buoy and G18 s2
0.95 is similar to that shown in Fig. 4(a).

There is good agreement between s2
7.5 and s2

GPS with the
exception for those cases with U10 > 20 m/s, for which
the G18 computations using buoy U10 and Tpw input show
a decreasing or flattening trend with increasing wind in both
data sets.

A feasible explanation of the peculiar s2
7.5 result in very

high wind computed with the buoy U10 and Tpw input is
attributable to the coarse frequency resolution of the buoy
spectrum. Fig. 11(a) shows the windsea spectral peak period
Tpwprocessed from the buoy spectra measured at stations
42003, 46035, and 46075; only those data with ω# > 0.8 are
displayed. As discussed earlier in Section II, the most common

NDBC wave spectra are reported with 47 components between
0.02 and 0.485 Hz or 38 components between 0.03 and 0.4 Hz.
The former range applies to stations 42003 and 46035, and
the latter range applies to station 46075. The relatively small
number of spectral components yields coarse resolution of
Tpw. For comparison, the corresponding results from two
hurricane hunter missions (B24 and I14) are superimposed
in the background with red and black dots. The SRA 2-D
wavenumber spectra are stored as 65 × 65 matrices with
spectral resolution dk = 0.0035 rad/m, and the kmax of
1-D wavenumber spectra calculated with the archived data is
0.11 rad/m; the corresponding maximum angular frequency
ωmax is 1.04 rad/s or fmax = 0.17 Hz. The quality of
discriminating the spectral peak frequency is clearly much
better in the hurricane hunter data sets compared to those in
the NDBC buoy data sets.

Tpw is an important variable in quantifying the wind–wave
spectrum (1), which is used to obtain the LPMSS. The coarse
resolution of Tpw in the NDBC buoy data sets is likely
the source of large s2

7.5 data scatter shown in Fig. 10 in
very high winds (blue circles). To preserve the monotonic
wind speed dependence, the hybrid spectrum model H18 can
be considered [51]. H18 employs the long-wave portion of
G18 and the short-wave portion of H15 [53], with a linear
transition in the wavenumber range between 1 and 4 rad/m.
Fig. 11(b) and (c) shows s2

7.5 computed by G18 and H18 for
42003 and 46035 data sets, and their comparison with s2

GPS.
The logarithmic wind speed dependence is preserved in the
H18 results. This is caused by the lack of wave age dependence
in the short-wave portion of the H15 roughness spectrum by
design [51], [53]. The data scatter due to coarse Tpw discrim-
ination is, therefore, alleviated in the H18 results combining
the G18 and H15 models.

E. Wind Direction and Other Factors

In many microwave remote sensing computations, it is
of interest to know the directional distribution of the ocean
surface roughness. Extensive research on the directional dis-
tribution of wind-generated waves has been reported [23],
[54]–[59]. A summary discussion of various distribution func-
tions can be found in the Appendix of [59]. The shortest
wavelength in those reports is about 13 m. Reliable directional
information of waves in the decimeter to decameter range is
still lacking. The artificial slick data set of Cox and Munk [1]
remains the most comprehensive field measurements of the
LPMSS with crosswind and upwind resolution. Through the
application of artificial slicks, they were able to acquire data
in wind speeds between 2 and 11 m/s. The crosswind–upwind
MSS ratio shows a logarithmic dependence on U10 with the
magnitude in the measurements distributed over a narrow
range between about 0.75 and 1.03. Extrapolation of their data
shows that isotropic distribution of the LPMSS is reached at
wind speed about 18 m/s [31].

The discussion of this article has been focused on deep
water applications only. Other factors such as bathym-
etry (shoaling) and current straining at the boundary of major
current systems or internal waves may also modify the surface
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wave spectrum. There are many publications addressing such
issues. Below is a short list for readers interested in the
subjects [2], [3], [60]–[65].

V. SUMMARY

Wind and wave measurements from operational systems
such as NDBC buoys are an important data source for remote
sensing calibration and validation effort. The wave spectra
reported by NDBC buoys provide relatively coarse frequency
resolution with maximum frequency less than 0.5 Hz. The
shortest wavelength resolved in the spectrum is about one
order of magnitude too long for providing the L-band reflec-
tometry LPMSS reference. Because the high-frequency portion
of the measured spectrum is more distorted, the recommended
method to obtain the LPMSS is by employing the G18 or
H18 spectrum model. It makes use of the more reliable
windsea DWP and disregards the less reliable high-frequency
portion. Several yearlong NDBC buoy data sets and four sets
of hurricane hunter wind and wave measurements are used to
test the efficacy of the method. The integrated L-band LPMSSs
are in good agreement with those obtained by GPSR.

Several related issues are also discussed in this article. The
conclusions are summarized as follows.

1) It is emphasized that attempts to extract short-wave
properties from extending the frequency range in ele-
vation spectrum measurements by stationary sensors
have been demonstrated to be unproductive and well
known since the 1970s or earlier. The main reasons
are the low SNR and large Doppler frequency shift
involved in the short-wave measurement. To increase the
SNR, short-wave measurements are generally obtained
with slope sensing techniques. Spatial measurements and
free-drifting devices can alleviate the Doppler frequency
distortion in the short-wave region (Section IV-A).

2) LPMSSs integrated to ku = 5 and 11 rad/m are com-
puted to discuss the effect of integration upper bound
(Figs. 6 and 7). The normalized difference between
ku = 5 and 11 rad/m as a function of U10 and ω# is
quantified with representative ω#(U10) observations in
TC and non-TC conditions. The normalized difference
decreases with increasing U10 and decreasing ω#. In the
examined TC data sets, the range is between about
19% and 20% at U10 = 20 m/s, and between 9% and
10% at U10 = 50 m/s. Below 20 m/s, it is difficult to
determine the accurate windsea DWP and the LPMSS
determination is less reliable. In non-TCs, the range is
between about 25% and 35% at U10 = 5 m/s, and
between 18% and 23% at U10 = 20 m/s. Below 5 m/s,
it is difficult to determine the accurate windsea DWP
and the LPMSS determination is less reliable.

3) Swell contribution is examined with a data set obtained
in IntOA conducted in a location with prevailing swell
presence. The waves are measured with high-frequency-
response wire gauges mounted on a spar buoy and
sampled at 20 Hz. The resulting spectra are of fine
frequency resolution with 10-Hz maximum frequency.
The contribution by swell to the L-band LPMSS is

almost negligible for U10 ≥ 5 m/s (less than 3%
in 97.6% of cases and less than 5% in 99.0% of
cases). In low-wind conditions (U10 < 5 m/s), the swell
contribution is difficult to assess due to uncertainty in
windsea identification.

4) In very high winds (U10 > 20 m/s), the coarse resolution
of NDBC buoy spectra causes large data scatter in s2

7.5
computed by the G18 spectrum model. The problem can
be alleviated by using the H18 s2

7.5.
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