
ERIK MOLLO-CHRISTENSEN 

LIMITATIONS OF SPECTRAL MEASURES 
AND OBSERVATIONS OF THE 
GROUP STRUCTURE OF SURFACE WAVES 

Although the group structure of a wave field has a minor effect on its frequency and wavenumber 
spectra, it is still important when one wants to analyze the corresponding nonlinear response of ships, 
structures, and surface flux processes. Understanding group structure may also help us understand wave 
generation, since the modulation of wavelets on the dominant sea may be important in energy transfer 
to the main waves. It also affects fluxes in other ways: because nonlinear group dynamics depends on 
higher order interactions as measured in wave steepness, external influences of the same small order can 
control group formation and propagation. Such nonlinear effects include current variability in space and 

time, underlying swell, gustiness, and the time history of wind and waves. Observations of group struc
ture are only meaningful in the context of knowledge of such extraneous influences. It may still be possi
ble to understand the group structure of wavelets on longer waves; for the group structure of the dominant 
wave field, one may have to be content with statistical data. 

INTRODUCTION 
Random wave fields can have very different modula

tions but nearly identical spectra, as can be seen in Fig. 
1. Waveform a is of nearly constant amplitude with 
suitably inserted phase interruptions, while waveform b 
is constructed from (a) by multiplying (a) by 2 and 
replacing the field by zero three-quarters of the time. 
The energies are alike, and the zero parts are inserted 
periodically to form a series of wave groups. When en
countering these wave fields, the linear response of a 
floating object to waves will have similar spectra for both 
wave fields. A ship with a submerged bow or stern, how
ever, will not respond linearly; the buoyancy remains 
constant with further deflection after submergence. At 
the same time, the mass to be accelerated increases by 
the mass of water on deck and the virtual mass when 
fully submerged. The response then is further slowed. 
Thus, the response of a ship to waves depends strongly 
on the likelihood of large wave encounters. A series of 
large waves will cause a much more dramatic response 
than a single wave, since recovery will be incomplete be
fore the next wave hits. Wave group structure is impor
tant under such circumstances. But most of the time the 
sea-surface deflection is close to Gaussian in probabili
ty, and the wave-amplitude probability density is a Ray
leigh distribution. Only for very large deflections, where 

Erik Mollo-Christensen is chief of the 
Laboratory for Oceans, NASA/ Goddard 
Space Flight Center, Greenbelt, MD 
20771. 

Johns H opkins A PL Technica l Digest , Volume 8, N umber J (/987) 

empirical data necessarily are sparse, will departures 
from the Rayleigh distribution be crucially important. 
This will matter in ship failures, fatigue calculations, and 
the response and survival of marine structures. One needs 
to know the rare-event part of the probability density 
to be able to predict the probability of accidents pre
cisely; because one will rarely know enough, one will 
have to rely on a conservative design of structures and 
conservative estimates of operational performance. 

Sea-surface fluxes also depend on wave breaking and 
airflow separation, both of which are consequences of 
large-amplitude events. Clearly, we would like to know 
more about wave-group structure for scientific purposes 
of understanding flux processes and the more detailed 
mechanics of the transfer of wave energy and momen
tum to the mean current field. The difficulty of the prob
lem becomes clearer after a few reminders about the 
origins of group structure in a wind-wave field. 

ORIGINS OF WAVE GROUPS 
Benjamin and Feir 1 discovered the tendency of a 

constant-amplitude wave train to form groups, and 
Benjamin 2 did the first analysis of sideband instability, 
a growing modulation of amplitude and phase propa
gation at group velocity. Zakharov and Shabat 3 includ
ed the linear effect of amplitude variation on wave 
frequency and found that the complex modulation func
tion, to third order in wave steepness, satisfied the non
linear cubic Schrodinger equation. They found that the 
tendency was to form group solitons and that these soli
tons followed quantum rules. Yuen and Lake 4 con
firmed this. Chereskin and Mollo-Christensen 5 showed 
that the effects of wave damping on an isolated group 
could be modeled by the inclusion of a linear damping 
term in the nonlinear cubic Schrodinger equation. 
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Figure 1-Two different wave fields 
but with identical (time-averaged) 
energy and spectra. A ship re
sponse to waveform a will be much 
different than to waveform b. 
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In his analysis of joint air and water shear flow insta
bility, Blennerhassett 6 found that it followed the same 
equation with an added linear source term. Melville' 
experiments 7 showed clear evidence of subharmonic in
stability in a wind-wave field, confirming the numer
ical calculations of Longuet-Higgins and Cokelet. ,9 

Bliven et al. 10 showed that for a wavetrain generated by 
a wavemaker operating at constant amplitude, the Ben
jamin- Feir sideband instability was inhibited by wind 
blowing over the waves. This may not be the case for 
isolated wave groups. 

Because wave groups are results of weak (on the or
der of the cube of the slope) wave-wave interactions that 
act persistently over many wavelengths and wave peri
ods, other weak effect can affect and possibly domi
nate the process of group formation. 

Flow separation over waves in a group is necessarily 
a fluctuating phenomenon since waves enter the group 
and grow in steepness as they advance. At some stage 
of the wave's progress through the group, flow separa
tion may occur and flow reattachment will follow fur
ther on as the wave decreases in amplitude while it decays 
toward its exit from the group . Each flow reattachment 
implies the shedding of a vortex disturbance into the air 
boundary layer . The frequency of shedding will be half 
the frequency of the underlying waves . The vortices, 
propagating in the wind wake of the group, will gener
ate waves by a mechanism similar to that proposed by 
Phillips II and investigated by Giovanangeli and Memo
ponteil 12 in a laboratory experiment. This suggests that 
wave groups can engender other wave groups of half 
the frequency. The importance of this mechanism may 
be negligible; it is probably just one of many candidate 
mechanisms for group formation in the developing 
wind-wave field. 

Gusts can also generate wave groups, and the locally 
higher drag due to wave generation can cause distur
bances in the air boundary layer; such disturbances will 
then tend to propagate at a speed higher than the group 
speed and disturb the water surface further on in a differ
ent manner. 

Most of the mechanisms that lead to group forma
tion are weak compared to the dynamics that causes 
wave propagation. Since they have to act over distances 
of many wavelengths and times of many wa e periods 
to influence the group structure of the wave field, the 
mechanism that dominates in a given situation will de-
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pend on circumstances. Therefore it i unlikely that in 
anyone situation a current hear or a current di ergence 
will dominate. In an off hore \- ind ituation the tur
bulence tructure of the air boundar la er rna be the 
dominant influence on urface-v a e modulation. Bot
tom topography, u ually a \- eak effect, may be the dom
inant per i tent weak effect, and the amplitude structure 
of the wa e field and the modulation rna be dominat
ed by topographical effect . Inertial 0 cillation in the 
surface layer of the ocean engendered b the udden on-
et of wind or by abrupt \ ind hift can al 0 pro ide 

sufficiently organized surface-current hear and 0 cil
lations to influence group tructure although to my 
knowledge, there ha e been no ob er ation of uch 
effects. 

BIFURCATIO SAD 
ASYMPTOTIC GROUP STRUCTURE 

Becau e of the many parameter that enter into wave 
group dynamic , one cannot a ert that there exists any 
ingle "equilibrium" group tati tical tructure for all 

possible combination of time hi tor of the wind field, 
surface current, and influence of preexi ting wind fields. 
There seem to be too man po ibilitie for bifurcations 
and shift in \- a e modulation and dominant wave fre
quency for one to expect that all po ible path that can 
be followed in ea- tate de elopment ould end up at 
a single asymptotic tate a mea ured in term of wave
modulational tructure. But e rna di co er that there 
are classe of external condition that lead to classes of 
modulational tructure. Thi i ugge ted by local folk
lore among sailor and fi hermen. Although most of the 
observed difference are due to fetch and po ibl also to 
air-sea tabilit ,there eem to be opinion about "lump
iness" of the wa e that may arrant in e tigation. 

In order to study group tructure, one al 0 mu t ob
serve the external parameter that can affect it. Thi 
makes it exceedingl difficult to tud \- a e group in 
the en ironment becau e one \ ould al 0 ha e to ob erve 
a large number of external parameter, uch as eak per
sistent currents, wind fluctuation, and 0 on. But one 
may hope that in certain" tandard" ituation uch a 
near the eye of a hurricane mo ing at a 'normal peed 
the local sea state and group tructure ill be found to 
ha e a kind of uni er al tructure, imilar for all com
parable hurricane. Similarl for certain 10 all t pi al 
di turbance, uch a the 1m pre ure area that origi-
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nate in the Labrador Sea and move east to the south 
of Iceland, there may be typical features of the wave 
field that are worth noting. But we also have to be skep
tical about the interpretation of observations that seem 
to suggest universal structure in the wave-field modu
lations. 

Of course, the central limit theorem applies to many 
features of random wave fields, but for the joint prob
ability of occurrence of wave groups of certain charac
teristics, the requirements of independence may not be 
satisfied well enough to make the central limit theorem 
apply. For less esoteric measures, such as wave-amplitude 
probability, the resulting wave field may have a Ray
leigh distribution in wave height. When delving further 
into details about probability for the observation of suc
cessions of waves of related amplitudes, we may find 
departures from independence. I f we should isolate 
"big" wave groups, we may find them to have distinct 
characteristics of their own. 

In laboratory experiments, one needs to show a simi
lar vigilance about the documentation of parameters if 
one wants to do research on group structure in the wave 
field. The presence of sidewall boundary layers in a wind
wave tunnel, the steadiness of the wind, and the depen
dence of secondary flow structures on boundary-layer 
transition all may affect wave modulations. Therefore, 
one needs to be quite careful if one wants to study "nat
ural" group structure. However, it may be possible to 
study the dynamics of isolated groups and simple group 
interactions without excessive trouble or need for care. 

It may well be possible to study the group structure 
of small wavelets on longer waves, since the dominant 
external disturbances that affect the wavelets will be the 
long waves and the wind field over the longer waves . 
These effects may dominate external and less systemati
cally organized effects. 
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CONCLUSIONS 
There is still systematic work to be done in the study 

of wave group dynamics, but, because of the sensitivity 
to rather small external influences, experiments need to 
be chosen carefully and done well. Observational pro
grams also have to be carried out with due regard for 
the possibility that there may not exist a unique asymp
totic statistical state for the wave-modulation field , but 
rather that there may be several. One will still be able 
to find practical estimates of the likelihood of the oc
currence of groups with certain specified properties and 
gather other information useful in ship design and for 
actuarial purposes. 
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