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ABSTRACT

A remote sensing method to measure directional oceanic surface waves by three laser altimeters on the
NOAA LongEZ aircraft is investigated. To examine feasibility and sensitivity of the wavelet analysis
method to various waves, aircraft motions, and aircraft flight directions relative to wave propagation
directions, idealized surface waves are simulated from various idealized aircraft flights. In addition, the
wavelet analysis method is also applied to two cases from field measurements, and the results are compared
with traditional wave spectra from buoys. Since the wavelet analysis method relies on the “wave slopes”
measured through phase differences between the time series of the laser distances between the aircraft and
sea surface at spatially separated locations, the resolved directional wavenumber and wave propagation
direction are not affected by aircraft motions if the resolved frequencies of the aircraft motion and the wave
are not the same. However, the encounter wave frequency, which is directly resolved using the laser
measurement from the moving aircraft, is affected by the Doppler shift due to aircraft motion relative to
wave propagations. The wavelet analysis method could fail if the aircraft flies in the direction such that the
aircraft speed along the wave propagation direction is the same as the wave phase speed (i.e., the aircraft
flies along wave crests or troughs) or if two waves with different wavelengths and phase speed have the same
encountered wavelength from the aircraft. In addition, the data noise due to laser measurement uncertainty
or natural isotropic surface elevation perturbations can also affect the relative phase difference between the
laser distance measurements, which in turn affects the accuracy of the resolved wavenumber and wave
propagation direction. The smallest waves measured by the lasers depend on laser sampling rate and
horizontal distances between the lasers (for the LongEZ this is 2 m). The resolved wave direction and
wavenumber at the peak wave from the two field experiments compared well with on-site buoy observa-
tions. Overall, the study demonstrates that three spatially separated laser altimeters on moving platforms
can be utilized to resolve two-dimensional wave spectra.

1. Introduction

Understanding the coupling between the sea and the
atmosphere continues to be one of the important and
unsolved problems in marine boundary layer research.
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Traditional methods of estimating wave spectra rely on
assumed wave spectral formula and parameter-fitting
based on single-point (Longuet-Higgins et al. 1963;
Long and Hasselmann 1979; Long 1980; Hasselmann et
al. 1980) or array measurements with various con-
straints (Capon 1969; Davis and Regier 1977; Pawka
1983; Oltman-Shay and Guza 1984; Herbers and Guza
1990). Over the years, directional wave distribution
models were developed to correlate surface stress with
surface wave spectra. Recent investigations of nonsta-
tionary characteristics of wind waves (Liu 2000a,b) em-
phasize the importance of collocated, high-resolution
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measurements of both wave fields and the atmospheric
state immediately above the waves.

Remote sensing has been used to measure wave field
characteristics for many decades. Cox and Munk (1954)
used sun glitter to observe oceanic wave patterns. With
developments of radar, laser, and acoustic technology,
directional wave spectra have been derived in various
field experiments, which demonstrate the ability to map
wave fields for an area (Beal et al. 1986; Walsh et al.
1985, 1989; Krogstad et al. 1988; Trevorrow and Booth
1995; Wyatt 1995; Hwang 1995; Frasier et al. 1995;
Hwang et al. 2000a,b,c).

Simultaneous measurements of surface waves and at-
mospheric turbulence are commonly available from
buoys. The Southern Ocean Waves Experiment is be-
lieved to be the first experiment in which simultaneous
airborne measurements of surface waves and atmo-
spheric turbulence were made (Banner et al. 1999;
Chen et al. 2001). The National Oceanic and Atmo-
spheric Administration (NOAA) LongEZ research air-
craft (Crawford et al. 2001; Crescenti et al. 2002) was
equipped with three laser altimeters for measurements
of surface elevation, in addition to its traditional atmo-
spheric turbulence measurements during the Shoaling
Waves Experiment (SHOWEX) and the Coupled
Boundary Layer Air-Sea Transfer experiment under
weak winds (CBLAST-Low). The data from the three
laser altimeters on the LongEZ have been utilized to
calculate mean square slopes of long waves in Sun et al.
(2001) and Vandemark et al. (2001). The ability to si-
multaneously measure atmospheric turbulence and sur-
face waves demonstrated by the LongEZ during
SHOWEX provides a desirable platform to investigate
air—sea interactions over large areas, especially with
spatially varying wave fields.

In this study, we investigate two-dimensional (2D)
wave spectra using the three laser altimeters on board
the LongEZ aircraft. The methodology to resolve di-
rectional wave spectra and its sensitivity to various air-
craft maneuvers for idealized wave fields are described
in section 2. The laser altimeters and the application of
the method to two cases from two field experiments are
illustrated in section 3. Concluding remarks are given in
section 4.

2. Wavelet analysis method of directional wave

a. Derivation of wavenumber and wave
propagation direction

A recent overview of oceanic surface wave spectra
was given by Huang et al. (2001). In this study, two-
dimensional wave spectra are calculated using the Mor-
let wavelet directional wave analysis described in
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Donelan et al. (1996). Traditional Fourier decomposi-
tion is based on a global basis set, whereas wavelet basis
sets are local. In general, a time series, f(f), can be
expressed in terms of the wavelet function s, ,(¢), as
(Farge 1992; Kumar and Foufoula-Georgiou 1994; Tor-
rence and Compo 1998)

1
= f f A o0 AN du, ()

where

iy = fff(”)%\u(t) du,

B 1 u-—t )
= fw) W l!f( X ) du; )
n 2
C, =2m f M’(S” do, 3)

and A and the caret (") represent the wavelet scale and
the Fourier transform, respectively. In this study, we
use the Morlet wavelet,

2

() = e 2, @)
which represents a group of sine waves with amplitudes
confined by a bell-shaped function e ""2. The fre-
quency of the sine waves, @, is predefined. In this study,
@ is chosen to be approximately 5.4 rad s~ . In addition,
we choose the width of the bell shape to be controlled
by a wavelet scale (s;) and the wavelet transform to be
moved along the time series (controlled by k). There-
fore, u and A in Eq. (1) can be written as

A=y, (5)
u p—
= k. (6)

The wavelet scale s; is chosen to be s; = 2~ U*79) where
j= —4,-3,...,4torepresent the jth wavelet scale. To
increase resolution of the wavelet scales, ¢ = 0, 1, ...,
0O, where the number of voices Q = 4 is used. Substi-
tuting Egs. (5) and (6) into Eqgs. (1) and (2), we have

1
=g, f f s; (. ws,.,kw(k - Si) ds;dk, — (7)

(fidbg = f f \/s__,-f(s,-k)w<k - 5) dk. 8)

In this study, we focus on derivation of 2D wave
directional spectra from simultaneous measurements of
the distance between the ocean surface and the aircraft
using three onboard laser altimeters (section 3). On the
LongEZ, the three lasers are separated horizontally on
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F1G. 1. Schematic of the three laser altimeters on board the
LongEZ aircraft and the wavenumber vector in the earth coordi-
nates. Here v is the aircraft heading, and « is the angle between
the line through lasers 1 and 2 (x, — x,) and the aircraft centerline
(dashed line). Lasers 1 and 3 are symmetric around the aircraft
central line. The dimensions are listed in Fig. 9.

the aircraft plane in a shape of an equilateral triangle
(Fig. 1). Lasers 1 and 3 are symmetrically mounted be-
neath the two wings of the aircraft, and laser 2 is
mounted along the aircraft centerline. The three lasers
simultaneously sample surface at a constant rate. For
simplicity, we assume that the three laser beams are
perpendicular to the averaged sea surface plane and
that the aircraft flies at a constant speed. On the
LongEZ aircraft, the three laser beams are aligned ap-
proximately perpendicular to the averaged sea surface
during most level flights; that is, the pitch angle of the
aircraft is not zero. Complications related to the aircraft
roll and pitch motions are discussed later in this section.

By applying the above wavelet analysis to the time
series of the three laser distances collected from the
aircraft, oceanic waves can be decomposed into wavelet
scales, which represent frequencies observed by the air-
craft, or encounter frequencies. The wavelet analysis
method uses wavelet scales to represent the wave fre-
quency. Similarities and differences between the Fou-
rier and wavelet spectra were investigated by Howell
and Mahrt (1997). Notice that due to aircraft motion
this encounter frequency is different from the true fre-
quency of waves observed at a fixed location; that is,
the encounter frequency is relative to the aircraft mov-
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ing coordinates and is what the aircraft “sees.” For a
plane wave, such as exp[i(k - x — wf)], where x is the
location of a laser relative to the earth and can be ex-
pressed as

x=a+ V. )

Here a is the location of the laser in the aircraft coor-
dinates, and V, is the aircraft velocity in the earth co-
ordinates. In this case, the corresponding wave phase is

é=k-a— (0—V, ki, (10)
and the encounter frequency, w,, is
w,=ow—V,-k, (11)

which is Doppler shifted due to the aircraft motion. The
wave spectra at high frequency can also be Doppler
shifted due to orbital displacements (Kitaigordskii et al.
1975).

At any instantaneous time, the three lasers sample
the same surface waves at three intersections between
the lasers and the sea surface. The measured distance
differences from the three lasers at any instantaneous
time reflect the wave slope. Therefore, at each encoun-
ter frequency the time series of the surface elevation
from three laser measurements can be expressed with
the same wave amplitude but different wave phase at
any time ¢. The phase difference between the ith and jth
lasers at each encounter frequency can be expressed as

b =k-x;, (12)

where k is the wavenumber vector of oceanic surface
waves, and x;; is the horizontal distance between two
lasers. In the earth polar coordinates, k and x;; can be

expressed as
k = (k, 6), (13)
Xij = (Ix; = X, Bi,j)v (14)

where k is the wavenumber, 6 is the wave propagation
direction from the north, and ;; is the angle between
x; — X; and the north in the earth coordinates. Based on
Fig. 1,

Bz =180° — vy — a,

Bz =180° — v + a,

(15)
(16)

where v is the aircraft heading from the north in the
earth coordinates, and « is the angle between x; — X,
and the aircraft centerline (Fig. 1). In this study, |x; —
X| = |X, — X3] = r = 0.93 m. Based on Eq. (12), two
equations can be generated from three lasers:

b1 =k (x; = X;) = krcos(0 — By,),
o3 = k- (X, — x3) = krcos(0 — Bs3).

(17)
(18)
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The wavenumber k, and the wave propagation direc-
tion, 6, can be derived from the above two equations as

6 = arctan[ (¢, COSPays — a3 COSP1)/ (a3 siny,
— ¢y sinfy3)],
k = ¢5/[rcos(0 — Bo)].

Notice that to derive the wavenumber and wave propa-
gation direction from the aircraft time series of the sur-
face elevation, only the aircraft heading is needed.

The above methodology is identical to the one used
in Donelan et al. (1996), except that the application
here is for aircraft measurements instead of tower mea-
surements. If the surface elevation is sampled at a con-
stant spatial interval as a spatial series at any instanta-
neous time, the wavenumber can be derived from the
frequency spectra of the spatial series. Since the aircraft
flies much faster than oceanic waves propagate, the
time series of the surface elevation sampled from the
aircraft is approximately the spatial series of the surface
elevation. The approximation depends on how fast the
aircraft flies relative to the speed at which wave propa-
gates, that is, the Doppler shift. Notice that the wave
propagation direction and wavenumber in Egs. (19)
and (20) are not derived from the encounter frequency
spectra based on the surface elevation measurement
but the phase difference between the three lasers at
each encounter frequency. Therefore, the derived
wavenumber and wave propagation direction are not
subject to Doppler shift, but the encounter wave fre-
quency is. If the aircraft rolls or pitches, the measured
distance is not only the difference between the surface
elevation and the aircraft flight height but also the dif-
ference between the laser sensor and the aircraft hori-
zontal plane. Therefore, the aircraft motion causes
phase differences at the encounter frequency of the air-
craft motion. However, the phase difference at the en-
counter wave frequency is not contaminated by such
errors, if the encounter wave frequency is different
from the encounter frequency of the aircraft motion.
Therefore, the true wavenumber can be solved by fo-
cusing on the encounter wave frequency associated
with the wave. In other words, the laser distance mea-
surement does not need to be corrected for the aircraft
motion if the frequency of the aircraft motion is differ-
ent from the encounter wave frequency. This concept is
crucial for the success of the wave measurement from
any moving platform using the laser altimeter tech-
nique.

For tower measurements at a fixed location, the wave
frequency as well as wavenumber can be derived from
the time series of the surface elevation sampled at a
constant rate without any Doppler correction. There-

(19)
(20)
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fore, the linear dispersion relationship can be examined
by using independent tower measurements of wave fre-
quency and wavenumber derived from the wavelet
analysis method. However, to obtain the true wave fre-
quency using the aircraft laser data, the encounter fre-
quency needs to be corrected for varying aircraft speed
and fluctuations of the aircraft track from a straight
horizontal line. Therefore, the linear dispersion rela-
tionship between wavenumber and wave frequency
cannot be examined by using the aircraft laser data
until the encounter frequency is corrected to yield the
estimated wave frequency. Although the advantage of
the wavelet method is its ability to capture wave groups,
in this study we focus on the statistics of surface waves
measured by the aircraft along a level run.

b. Sensitivity test of the wavelet analysis method

To test the methodology several idealized waves are
used and sampled as they would be sampled by an air-
craft. Three monochromatic waves, with wave proper-
ties listed in Table 1, are chosen to represent typical
swell and wind waves. The linear dispersion relation-
ship at an arbitrary water depth of 100 m is selected.
Wave fields, which consist of an individual single sine
wave (wavel, wave2, or wave3) and two mixed waves
[wavel and wave2 (two long waves) or wavel and
wave3 (a long and a short wave)], are adopted to test
the sensitivity of the wavelet analysis method to the
aircraft heading relative to the wave propagation. The
aircraft heading is assumed to vary from 0° to 360° at
10° increments. Assuming the aircraft flies at v, = 50
ms~' and samples surface elevation at the sampling
rate of 50 s~ ! from three laser altimeters, the measured
distances from the three lasers are used to test the
wavelet analysis method. The configuration of the three
laser altimeters employed in the sensitivity test is the
same as the one on the LongEZ aircraft, which is de-
scribed in section 3a.

First we assume that there is no random noise in the
measured surface elevation, and the aircraft flies in a
straight line with no aircraft roll and pitch motions.
Three time series of the surface elevation are sampled

TABLE 1. Monochromatic wave properties.

Wave
propagation ~ Wave phase Wave
Wavelength direction speed amplitude
(m) (° from north) (ms™1) (m)
Wavel 156 90 15.6 2.5
Wave2 70 60 10.5 2
Wave3 20 30 5.6 1
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F1G. 2. Three rows demonstrate the encounter peak wave frequency, wavenumber, and wave propagation direction from the north
as a function of the aircraft heading for the three individual, idealized single wave fields. (a) The test for the single perfect sine waves.
(b) The test for the single sine waves with the noise of 5% of wave3 amplitude. (c) The test for the single perfect sine waves with the
aircraft roll motion of w,,; = 1 rad s™'. The thick vertical lines are the flight directions when v! = c,

%g )0 360 0 90

2g0 360
Flight direction (™)

Flight direction Flight direction

as they would be from the three lasers on board the
LongEZ aircraft. By applying the wavelet analysis, the
wave energy density peaks at an encounter frequency.
The wavenumber and the wave propagation direction
at the encountered peak frequency agree well with the
designed wave field (Fig. 2). Figure 2a demonstrates
that the wavenumber and wave propagation direction

for the single monochromatic waves can be resolved
perfectly except when the aircraft flies close to the di-
rection where the aircraft travel speed along the wave
propagation direction is the same as the wave phase
speed (¢,) Mathematically, the method cannot resolve
wavenumbers and wave propagation directions if v! =
¢,, where v, = V!l + v, and v! and v, are the aircraft
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FiG. 3. (a) Wave energy density as a function of the encounter frequency for the single perfect sine wavel when
the aircraft heading is 90° and 270°. (b) Wave energy density as a function of the encounter frequency for the single
sine wave3 from the aircraft heading of 0° when the aircraft roll motion is added.

speeds decomposed into the directions parallel to and
perpendicular to c¢,,. In this situation, the aircraft travels
along wave crests or troughs; therefore, the aircraft can-
not measure waves. Notice that this happens when the
aircraft heading is not perpendicular to the wave propa-
gation but at an angle from the wave propagation di-
rection. For a single monochromatic wave, the aircraft
would “see” the wave as a tower does if the aircraft
travels perpendicular to the wave propagation. Since
the encounter wave frequency is influenced by the air-
craft speed relative to the wave phase speed, the en-
counter frequency is smaller than the true wave fre-
quency when the aircraft travels in the “same” direction
as the wave propagates, that is, v, - ¢, > 0, and larger
when the aircraft travels in the “opposite” direction,
that is, v, - ¢, < 0 (Fig. 3a). Using this fact, the true
wave propagation direction in the earth coordinates can
be sorted out by comparing the two resolved frequen-
cies at the peak wave energy from two aircraft flights in
opposite directions.

Second, the wavelet analysis method is tested when
there is random Gaussian noise in surface elevation or
in the laser distance measurement. In practice, the
noise could be generated from averaging a high-
sampling-rate laser altimeter data to a lower-sampling-
rate data, or laser accuracy, or the reflectivity of the sea
surface. To simulate this situation, random noise is
added to the wave amplitude for all the single waves,
which is 5% of the wave3 amplitude, that is, 5 cm.
Assuming that the random noise is independent be-
tween the three lasers, the phase differences between
the three laser measurements, or the resolved wave-
number and wave propagation direction, are affected
by this uncertainty, as shown in Fig. 2b. When the mag-
nitude of the random noise is as large as the wave am-
plitude, the wave signal can be completely eliminated;
that is, there are no detectable waves. Naturally, the
wavelet analysis method would fail if this happened.
Since the noise level used in Fig. 2b is relatively small
for wavel and wave2, which have longer wavelengths
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FIG. 4. Wave energy density [the color bar is the log wave energy density (m? Hz')] as a function of wavenumber
and wave propagation direction for wave3 with the random error at aircraft headings of (a) 90° and (b) 270°. The
different wave energy density from the two aircraft headings is due to the numerical resolution of the wavelet scales

(encounter frequency) and the random error.

and larger wave amplitudes, the noise does not affect
their resolved wavenumbers and wave directions as
much as those for wave3. In addition, the wave energy
density as a function of wavenumber and wave propa-
gation direction for the simulated aircraft headings 90°
and 270° (reverse headings) shows almost-identical
single peaks, even though the relatively large random
noise is added to wave3 in this case (Fig. 4).

Third, the method is tested if the aircraft rolls or
pitches so that the intersection points between the laser
beams and the sea surface are not along a straight line
as the aircraft flies. When the aircraft rolls, the mea-
sured distance from the laser altimeters is longer than
the aircraft flight height, and the wave surface mea-
sured by the lasers is not directly underneath the air-
craft (Fig. 5). To simulate this situation, we assume that
the aircraft flies at 15-m height and rolls at a frequency
of 1 rad s™!, with a maximum roll angle of 10°, that is,
0.on = 10 sin(w,.t), where 6, is the roll angle, w,.; =
1rads™ !, and ¢ is the time. The roll frequency is chosen
to be between the highest and lowest frequency of the
idealized waves. Due to the Doppler effect, the encoun-
ter wave frequency depends on the aircraft heading.
Since the assigned frequency of the aircraft motion is
low compared to the wave frequency (Fig. 3b), the en-
counter frequency of the idealized low-frequency
wavel is close to the frequency of the aircraft motion
when the aircraft heading is around 20°-30° off its
propagation direction, 90°. When this happens, the
phase difference between the lasers is not only influ-
enced by the waves but also by the aircraft motion.
Therefore, the resolved wavenumber and the wave
propagation direction do not reflect the true wave state,
as shown in Fig. 2c. To resolve the wave information,
the aircraft motion has to be removed from the laser

measurement, and the measurements of the aircraft roll
and pitch motions are required. When the encounter
wave frequency is separated from the frequency of the
aircraft motion, the resolved wavenumber and wave
propagation direction are not affected by the aircraft
motion, as explained earlier. Since the frequencies of
wave2 and wave3 are much higher than the aircraft
motion, the encounter frequency of both waves is al-
ways separable from the frequency of the aircraft mo-
tion, even considering the Doppler effect with various
aircraft headings. The influence of the aircraft motion
on the wavenumbers and wave propagation directions
is not visible in Fig. 2c for the relatively short waves
(wave2 and wave3).

For short waves, the wavelet analysis method also
depends on the sampling rate of the lasers and the nu-
merical resolution of the wavelet scales (encounter fre-
quency) used in the method. The discrete wavelet
scales are evident in Fig. 2 for wave3 due to its rela-

aircraft

roll
horizontal plane

three laser beams

sea surface wave

FI1G. 5. Schematic of the aircraft roll motion and the three-laser
measurement.
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F1G. 6. The same as Fig. 2, except for the wave field that consists of two mixed waves, wavel and wave2.

tively large variation of the encounter frequency asso-
ciated with the aircraft heading variation.

Similarly, the aircraft pitch motion or the aircraft al-
titude variation should not affect the resolved wave-
number and wave propagation direction if these aircraft
motions have different frequencies from the wave fre-
quency. Therefore, identifying the encounter wave fre-
quency is important for resolving correct wavenumber
and wave direction. Fortunately, the frequency of the
aircraft motion varies due to turbulent and mesoscale
eddies, while the wave frequency is relatively stable.

The wave frequency can be separated from the fre-
quency of the aircraft motion by analyzing segments of
the aircraft data along an aircraft track (section 3).

If the surface wave consists of two perfect monochro-
matic waves, wavel and wave2 or wavel and wave3, the
wavelet analysis method also successfully resolves the
two wavenumbers and their propagation directions
(Figs. 6 and 7). As the simulated aircraft heading varies,
the encounter frequencies of two waves vary accord-
ingly. Identification of the two encounter wave fre-
quencies is needed. Besides the “bad” aircraft heading
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F1G. 7. The same as Fig. 6, except for wavel and wave3.

mentioned above when the aircraft travels along wave
crests or troughs, the wavelet analysis method cannot
resolve the wavenumber and wave propagation direc-
tion if the aircraft flies in such a direction that two
waves with different wavelengths traveling in different
directions look the same from the aircraft, that is, the
two waves peak at the same encounter frequencies (Fig.
8). Large errors in the resolved wavenumber and wave
propagation direction may also occur when the aircraft
travels almost along wave crests or troughs, which ap-

pear in the wave field consisting of either wavel and
wave2 or wavel and wave3.

3. Directional wave spectra from field
measurements

a. Laser instrumentation and data collection

The laser distance measurements used in this study
were taken from the time period when the LongEZ
flew approximately along a straight line and at an ap-
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F1G. 8. Schematic of two waves with different wave phase
speeds and wavelengths with the same encounter wavelengths
observed by the aircraft (A'). The short and long dashed lines
represent wave crests for two waves, respectively.

proximately constant height (level run) during
SHOWEX (French et al. 2000) off the North Carolina
Outer Banks in November—-December 1999, and the
CBLAST-Low pilot experiment (Crescenti et al. 2001)
south of Martha’s Vineyard Island, Massachusetts, in
July—August 2001. The LongEZ is a small pusher pro-
peller aircraft specially instrumented for researching at-
mospheric turbulence and surface characteristics
(French et al. 2000; Crawford et al. 2001; Crescenti et al.
2002). The LongEZ participated in numerous field ex-
periments, including air-sea and air-land exchange ex-
periments (Crawford et al. 1993; Dobosy et al. 1997,
Brooks et al. 1997; Vogel and Crawford 1999; Crescenti
et al. 1999; Mourad et al. 2000; Vandemark et al. 2001;
Sun et al. 2001). Its ability to measure atmospheric tur-
bulence has been tested in various field experiments in
comparison with other flux aircraft (Crawford and Do-
bosy 1992; Dobosy et al. 1997; Hacker and Crawford
1999; MacPherson et al. 1999).

The LongEZ attitude (pitch, roll, and heading) is de-
termined by combining the low-frequency data (up to
10 Hz) collected from a Trimble Advanced Navigation
Systems (TANS) differential global positioning system
(GPS) with the high-frequency information (up to 50
Hz) from accelerometers (Crawford and Dobosy 1997,
Eckman et al. 1999). The laser distance measurements
from all the level runs during SHOWEX have mean
pitch and roll angles of 0.5° and —0.5° (a negative roll
indicates that the port wing is lower than the starboard
wing), with averaged standard deviations of 0.64° and
2.95°, respectively. The heading and the elevation of
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the aircraft may vary during a level run, and their av-
eraged standard deviations for all the level runs during
SHOWEX are 4.4° and 1.8 m, respectively. Similar
standard deviations of pitch, roll, heading, and eleva-
tion for all the level runs are found during CBLAST-
Low.

Three laser altimeters (modified Riegl model LD90-
3100 VHS) (Table 2) were aligned with bubble levels so
that the laser beams are perpendicular to the average
sea surface when the aircraft flies at a constant height
(Fig. 9a). The three laser altimeters are mounted on the
LongEZ in a triangle with horizontal triangle legs of
0.93, 0.93, and 0.94 m to simultaneously measure sea
surface elevation (Fig. 9b). The forward laser (laser 2,
hereafter L2) is mounted along the aircraft centerline
of the LongEZ belly instrumentation pod. Laser 1 (L1)
and laser 3 (L3) are symmetrically positioned under the
port (left side) and starboard (right side) wings, respec-
tively.

The measured laser distance is calculated from the
time difference between the emission of an infrared
laser pulse from a semiconductor laser diode and the
returning of the reflected laser signal to a photodiode
receiver. The laser pulses are controlled by an electrical
pulse generator at approximately 2000 Hz for all three
lasers during SHOWEX and lasers 1 and 3 during
CBLAST-Low. Laser 2 was replaced by a new laser
(LD90-3100EHS) during CBLAST-Low, which
launches 12 X 10° laser pulses per second. The laser
distance measurements were recorded at a rate of 50
s~ ! by averaging 38 distinct laser pulse returns during
SHOWEX and at a rate of 150 s~ ! by averaging 13 laser
pulse returns during CBLAST-Low. The number of the
laser pulse returns that pass a preset threshold for each
recorded laser distance sample was recorded. If all 38 or
13 laser pulses fail to pass the threshold, the reflected
laser power strength collected from the photodiode re-
ceiver is zero. The three lasers on board the LongEZ
were tested by Hall et al. (2000) and Vandemark et al.
(2001) in a laboratory. They found that each laser beam
intersects the sea surface with a surface area of about

TABLE 2. Riegl laser distance meter (model LD90-
3100VHS-NOAA) characteristics.

Parameter Parameter

Range 5-60 m Laser footprint 0.035 X 0.06 m
(at 12.5 m)

Accuracy +0.02m  Laser wavelength 0.9035 um

Resolution  0.02 m Beam divergence 3 X 0.5 mrad*

Pulse rate 2000 Hz Nominal accuracy *2 mm

* 1 mrad corresponds to 10 cm increasing beamwidth per 100 m of
distance.



JuLy 2005 SUN ET AL. 879
(a) Sideview of NOAA LongEZ
4559 m
4.000 m
3.195m
CG Accelerometers
Pusher Propeller
Canard — il N
| > a
— Eac . | 0.076 m
Laser 3 \ l
\ -
i i 0.813
BAT Laser 2 m
Probe
(NovAtel 3150 GPS) [ IEI

Ka Band Radar

(b) Plan view of three laser altimeters

| Laser 3 |
"Aircraft 0-9?",“ ‘ : |
Heading Leser 2. i ot
‘{/ & ,094m ¢ ca
 Aircraft o, | i (projected)
ol 0mgenn T
— 0.805 m—

F1G. 9. The (a) side view and (b) plan view of the LongEZ aircraft laser-related instrumentation. Here the aircraft heading and flight
track are 270° and 260° from the north, respectively. Thin lines of about 1 m behind each laser represent the distance over which the
38 laser pulses are averaged for a single laser distance sample during SHOWEX. The belly pod in (a) is exaggerated so the location

of laser 2 can be clearly shown.

0.035 m (along-flight track) X 0.06 m (cross-flight
track) when the aircraft flies at a height of 12.5 m. They
also found that the probability of obtaining a laser re-
turn over a smooth surface is small since it depends on
the chance of having a surface within the small foot-
print of the laser beam to be oriented perpendicular to
the laser beam. When the laser beam fails to reflect
directly back to the laser receiver, the laser distance is
zero and a data dropout appears in the laser data series.

The number of the laser pulse returns that pass the
threshold for each laser distance sample is higher under
strong wind than weak wind conditions during
SHOWEX (Fig. 10), since strong winds are associated
with a rough sea surface, and the chance for reflected
laser beams to reach the receiver is higher. Similar
number distributions of the laser pulse return were also
found from the laboratory test by Hall et al. (2000).
By averaging over the number of pulse returns, ran-
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Fi1G. 10. Laser sample distribution as a function of the number of laser pulse returns that pass the preset threshold
for each recorded laser distance sample for (a) a run on 15 Nov 1999 when the wind speed was 9.7 m s~ ! and (b)

a run on 20 Nov 1999 when the wind speed was 3.2 ms™ .

dom measurement errors are reduced. However, small
spatial variations of surface waves are smeared out. For
the aircraft flying at a ground speed of between 40 and
65 ms~ !, the surface elevation measurement is aver-
aged over a distance of ~1 m during SHOWEX (Fig.
9b) and ~0.33 m during CBLAST-Low. Because of the
size of the laser triangle, the smallest wave measured by
the three lasers has a wavelength of ~2 m. In this study,
the laser distance data from CBLAST-Low are down-
sampled at the rate of 50 s' to match the sampling rate
of the aircraft heading. However, each laser sample in
CBLAST-Low is averaged over a third of the aircraft
traveling distance from SHOWEX. With the preset fo-
cal distance of 15 m, the laser altimeters can measure
distances ranging from about 5 to 50 m, although the
percentage of the laser dropouts increases when the
aircraft flies higher than 15 m.

b. Laser data processing

To calculate 2D surface wave spectra, we removed
data spikes due to data dropouts from an insufficient
number of pulse returns, which may occur over smooth
surfaces or target distances out of the focus range. To
identify these data spikes, a four-pole Butterworth
zero-phase-shift low-pass filter with a cutoff frequency
of 10 Hz is applied iteratively to the three laser distance
measurements. As the difference between the filtered
(Dfyser) and raw (D),.,) laser distances exceeds a preset
threshold Dy;,,;; = 0.004 m, the raw data are detected as
spikes. The threshold was determined based on numer-
ous test runs from SHOWEX. The spikes are replaced
with spline-fit data using valid measurements at adja-
cent times.

Based on Hall et al.’s laboratory test, the lasers may
drift with time, and the laser drifts are independent of
each other. The major laser drift is due to the laser

1

warm-up period when the laser altimeters are turned on
before each flight. Nonetheless, the absolute accuracy
of the laser distance measurement remains =2 cm. The
mean distance differences measured between the three
laser altimeters are removed.

c¢. Directional wave spectra during CBLAST-Low
and SHOWEX

On 25 July 2001, a north—south-orientated track of
about 48 km was flown at about 12-m height during
CBLAST-Low (Fig. 11a). The entire track is divided
into six 8-km segments to investigate spatial variations
of wave spectra. We found that the low-frequency mo-
tion varies between segments, but the location of the
encounter wave spectral peak is relatively steady (Fig.
12). Independent spectra analysis of the aircraft alti-
tude, roll, and pitch motions confirmed that the vari-
able low-frequency motion in Fig. 12 was indeed from
the aircraft motion. The wavelet analysis indicates that
the most wave energy was from the wave direction
around 200° with a wavenumber of about 0.1 rad m ™"
(Fig. 13). This wave information agrees well with the
buoy observation at Martha’s Vineyard Coastal Obser-
vatory (MVCO), where the peak wave period of 8 s and
the peak wave propagation of 200° were found at the
time of the flight. Comparison between the wave infor-
mation from the segment close to the coast (segment 1)
and the segment away from the shore (segment 5)
shows that the wavelength increased slightly with off-
shore distance, and the wave propagation direction
spread around 200° from the coast to the open ocean.

The wave energy density as a function of wavenum-
ber and wave direction is derived by averaging the wave
energy of all the resolved wavelet scales and time,
which have the same wavenumber and wave direction.
Since the resolved waves do not have energy at every
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Fi1G. 11. (a) The flight segments on 25 Jul 2001 off the coast of Martha’s Vineyard (MV), MA, during CBLAST-
Low and (b) the flight tracks, R1 (the aircraft flew toward NE), R2 (toward SW), R3, and R4 on 15 Nov 1999,
offshore of NC. X1, X2, and X3 in (b) are the Datawell Directional Waveriders. Romeo is an ASIS (air-sea

interaction spar) buoy.

pair of wavenumber and wave direction in Fig. 13, the
figure looks discrete. Theoretically, the aircraft would
miss the wave that has the zero encounter frequency
[Eq. (11)]. Since the aircraft velocity fluctuates accord-
ing to the ambient flow, the “missed” wave frequency
varies with time. Because Fig. 13 is averaged over all
the available data points, the wave energy density at the
wavenumbers and wave propagation directions that
correspond to the “missed” wave frequency at a time is
not affected.

On 15 November 1999, the LongEZ aircraft flew
over a number of buoys at a 20-m height during
SHOWEX (Fig. 11b). The wavelet analysis was per-
formed using the data along flight tracks R1 and R2,
which were two reverse-heading level runs of 15 km.
The encounter frequencies at the peak waves from two
reverse-heading runs show that the encounter fre-
quency from R1 is higher than that from R2, indicating
that the wave propagated in the opposite direction to
the aircraft heading during the R1 run, that is, that the
wave came from the northeast (Fig. 14). The wavelet
analysis shows that the most wave energy is from be-
tween 350° and 20° (Figs. 15a,b), which agrees well with
the wave spectra obtained from the Datawell Direc-
tional Waverider at X2 using the maximum entropy
method (Lygre and Krogstad 1986) (Fig. 15¢). Al-
though the wave energy density from the waverider
data and from the laser altimeter data has different
units, both methods capture the similar patterns of the
wave energy density as a function of wavenumbers and
wave directions.

4. Concluding remarks

A three-laser nadir-looking system on board the
LongEZ aircraft for measurements of characteristics of
the ocean surface is described. A wavelet analysis
method from Donelan et al. (1996) is used to resolve
directional wave spectra. The crucial feature for the
success of the wavelet analysis method is that the wave-
number and the wave propagation direction are not
derived from the encounter frequency (wavelet scales)
distribution of the laser measurement but the phase
difference associated with the wave slope from the si-
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Fi1G. 12. Wave energy density vs encounter wave frequency dis-

tribution for the six 8-km segments from the outgoing flight on 25
Jul 2001 during CBLAST-Low.
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F1G. 13. Wave energy density as a function of the encounter frequency and wave propagation direction, and as
a function of the wavenumber and wave propagation direction for (a) close to the shore (segment 1) and (b) away
from the shore (segment 5) on 25 Jul 2001 during CBLAST-Low. Here the contribution of the aircraft low-
frequency motion in the wavenumber—wave direction plots is removed.

multaneous three-laser measurements. Because the dis-
tance measurement is decomposed into various en-
counter frequencies, the true wavenumber and the
wave propagation direction at the encounter wave fre-
quency can be resolved without any influence of the
aircraft motion, including roll and pitch motions, vary-
ing aircraft heading, and altitude, on the laser distance
measurement, if the frequencies of the wave and the
aircraft motion are separable. The aircraft heading
information is needed for obtaining the wave propaga-
tion direction relative to the north. The Doppler effect
associated with the aircraft speed relative to the wave
propagation only affects the encounter frequency but
not the resolved wavenumber and wave direction.
Here the encounter frequency is not the true frequency
of wave motion as observed at a fixed location but is
altered by the Doppler shift and varying flight tracks
(not along a straight line). By taking the advantage
of the Doppler effect, the wave propagation direction
can be sorted out from flights with reverse flight head-
ings.

When the frequency of the aircraft motion is close to

the wave frequency, the laser distance measurement
associated with the aircraft motion has to be removed
in order to obtain the true wavenumber and wave
propagation direction. Based on the aircraft data col-
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F1G. 14. Wave spectra from the R1 (solid) and R2 (dashed)
runs on 15 Nov 1999 during SHOWEX.
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verider at X2 on 15 Nov 1999 during SHOWEX.

lected from SHOWEX and CBLAST-Low, the aircraft
motion tends to have lower frequencies, and varies due
to the influence of ambient flow conditions, while the
wave frequency tends to be more steady during aircraft
flights.
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The sensitivity of the wavelet analysis method to air-
craft heading relative to wave propagation direction,
aircraft motion, and data noise for various wave ampli-
tudes and wavelengths was tested using idealized wave
fields. We found that the method can successfully re-
solve wavenumber and wave propagation direction for
all the tests except under the following conditions: 1)
when the aircraft travels in such a direction that the
aircraft travel speed along the wave propagation direc-
tion is the same as the wave propagation speed, that is,
the aircraft travels along wave crests or troughs; and 2)
when the aircraft travels in such a direction that two
waves with different wavelengths and wave propaga-
tion directions and speeds have the same encounter
frequency as observed from the aircraft. The horizontal
distance between the laser altimeters determines the
size of wave slope that the three laser altimeters can
measure, which in turn determines the minimum wave-
length of the surface wave that the aircraft can measure.
Large errors or uncertainties may also result from in-
strument errors that are independent of each other. In
our tests, the data noise was assumed to be 5 cm in the
surface elevation, which is larger than the maximum
uncertainty of the laser measurement, *2 cm, from the
laboratory tests. Two cases from field experiments, one
from SHOWEX and one from CBLAST-Low, were
also used to test the wavelet analysis method. The re-
solved wavenumber and wave propagation compared
well with buoy observations at the site.

Based on our investigation, we recommend that the
aircraft flies along a track with reverse headings, and
two separate tracks should be considered to ensure the
success of the wavelet analysis method by avoiding the
same travel speed between the wave and the aircraft
along the wave propagation direction. In addition, the
wavelet analysis method can also be used on other mov-
ing platforms. In a subsequent study, we will investigate
spatial variations of directional wave spectra and their
correlation with spatial variations of atmospheric tur-
bulence.
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