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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.

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

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(t), can be
expressed in terms of the wavelet function ��,u(t), as
(Farge 1992; Kumar and Foufoula-Georgiou 1994; Tor-
rence and Compo 1998)

f�t� �
1

C�
�� ��2� f, ��,u	��,u�t� d� du, �1�

where

� f, ��,t	 � �� f�u���,u�t� du,

� �� f�u�
1


�
��u � t

� � du; �2�

C� � 2� � | �̂��� |2

�
d�, �3�

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

���� � ei�̃�e
�

�2

2 , �4�

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

� � sj, �5�

u

�
� k. �6�

The wavelet scale sj is chosen to be sj � 2�( j�q/Q), where
j � �4, �3, . . . , 4 to represent the jth wavelet scale. To
increase resolution of the wavelet scales, q � 0, 1, . . . ,
Q, where the number of voices Q � 4 is used. Substi-
tuting Eqs. (5) and (6) into Eqs. (1) and (2), we have

f�t� �
1

C�
�� sj

�3�2� f, �sj,k	��k �
t

sj
� dsj dk, �7�

� f, �sj,t	 � �� 
sj f�sjk���k �
t

sj
� 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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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-

ing coordinates and is what the aircraft “sees.” For a
plane wave, such as exp[i(k · x � �t)], where x is the
location of a laser relative to the earth and can be ex-
pressed as

x � a � Vat. �9�

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

� � k · a � �� � Va · k�t, �10�

and the encounter frequency, �e, is

�e � � � Va · 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 t. The phase difference between the ith and jth
lasers at each encounter frequency can be expressed as

�i, j � k · xi,j, �12�

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

k � �k, ��, �13�

xi,j � � |xi � xj | , 	i,j�, �14�

where k is the wavenumber, 
 is the wave propagation
direction from the north, and �i,j is the angle between
xi � xj and the north in the earth coordinates. Based on
Fig. 1,

	12 � 180
 � � � �, �15�

	23 � 180
 � � � �, �16�

where � is the aircraft heading from the north in the
earth coordinates, and � is the angle between x1 � x2

and the aircraft centerline (Fig. 1). In this study, |x1 �
x2 | � |x2 � x3 | � r � 0.93 m. Based on Eq. (12), two
equations can be generated from three lasers:

�12 � k · �x1 � x2� � kr cos�� � 	12�, �17�

�23 � k · �x2 � x3� � kr cos�� � 	23�. �18�

FIG. 1. Schematic of the three laser altimeters on board the
LongEZ aircraft and the wavenumber vector in the earth coordi-
nates. Here � is the aircraft heading, and � is the angle between
the line through lasers 1 and 2 (x1 � x2) and the aircraft centerline
(dashed line). Lasers 1 and 3 are symmetric around the aircraft
central line. The dimensions are listed in Fig. 9.
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The wavenumber k, and the wave propagation direc-
tion, 
, can be derived from the above two equations as

� � arctan���12 cos	23 � �23 cos	12����23 sin	12

� �12 sin	23��, �19�

k � �12 � �r cos�� � 	12��. �20�

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 Eqs. (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-

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 (wave1, wave2, or wave3) and two mixed waves
[wave1 and wave2 (two long waves) or wave1 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 va � 50
m s�1 and samples surface elevation at the sampling
rate of 50 s�1 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.

Wavelength
(m)

Wave
propagation

direction
(° from north)

Wave phase
speed

(m s�1)

Wave
amplitude

(m)

Wave1 156 90 15.6 2.5
Wave2 70 60 10.5 2
Wave3 20 30 5.6 1
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