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IT IS well known in science that one must periodically take stock of the work and on the basis of an 
analysis ot what has bzen achieved select the most promising directions for further research. We 
shall try to do this for investigations into sea surface disturbance. In the last two or three decades 
this field has grown into an independent discipline. How has sea wave research developed ? What 
is the present state of this research and what does the future hold ? 

Four basic trends can be picked out in present work on sea surface disturbances : hydrodynamic, 
energetic, statistical and spectral. Four basic problems can be picked out in these fields : deep-sea 
waves, shallow-sea waves, waves in the coastal zone and waves in port areas. 

Wave hydrodynamics 

This is rightly considered to be the best developed branch of the study of sea surface disturbances. 
The basic results were obtained as early as the 19th century by a number of  prominent mathematicians, 
students of mechanics and physicists [32]. Many of these results have become classical and an 
inseparable part of courses on hydrodynamics [12, 21]. An idea of  the level of modern research 
in the field of  hydrodynamic theory of sea waves is given by Stoker [30] and the collection of trans- 
lated articles edited by Krasnosel'skii and Moiseyev [13]. In addition to the theoretical work, 
many experiments have also been carried out. However, the numerous articles describing laboratory 
experiments have not yet been published in a monograph. 

The basic method of hydrodynamic wave theory consists of a mathematical study of the wave 
motions (ignoring friction) of an ideal liquid with a free surface [32]. This theory does not explain 
fully the causes for the appearance and dying away of sea disturbances nor does it explain the causes 
of a complex and in many ways chaotic form of a disturbzd sea, although interesting attempts have 
been made recently [46, 58, 56]. 

According to the Phillips-Milzs theory, wind energy is transmitted to the wave spectrum in 
two ways : due to the resonance b~.tween turbulent fluctuations of the wind pressure and the waves 
on the surface of the water (Phillips) and due to the disturbances introduced by the waves themselves 
into the field of pressures of  the air stream (Miles). 

Hydrodynamic theory basically correctly catches the internal dynamic structure of individual 
waves. Therefore one of the problems of hydrodynamic research has been the study of the connexions 
between the individual wave elements, e.g. b~tween the elevation of the free surface and the velocity 
of the water particles or the pressure inside the disturbed liquid. 

The theory of wave motions, just like any oscillation theory, splits into two main sections-- 
linear theory, or the theory of small-amplitude waves, and non-linear theory, or the theory of waves 
of finite amplitude. The linear theory permits the simple algebraic addition of individual particular 
solutions, thus opzning up possibilities for the solution of various complex problems, while particular 
solutions of the non-linear theory cannot be summed simply when a fresh solution is obtained. 

Wave motion hydrodynamics is best developed on the one hand along the line of obtaining fresh 
solutions to equations which have already been derived, making considerable use of electronic 
computing techniques, and on the other hand along the line of experimental and theoretical investi- 
gation of little-studied phenomena such as the development of waves due to wind, the interaction 
of waves, their disintegration, wave spray round obstacles, the interaction of waves with new kinds 
of engineering structure. 

The development of the foundations of the classical wave theory in deep water can be considered 
practically complete. The basics of the non-linear theory of a single wave in deep water have also 
been considerably developed. It is true that in a number of cases theoretical conclusions have not 
yet been confirmed by convincing enough experiments under laboratory conditions. It is difficult 
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to use measurements made under natural conditions here by virtue of the inevitable distortion of 
the motion under stvdy by a number of other factors. 

An important theoretical problem awaiting solution is that of producing a theory for the inter- 
action of waves of finite amplitude in deep water, a characteristic feature of the picture of wave 
disturbance. There is an increasing interest in this problem [52]. The turb~tlence of deep-sea 
disturbances must also be studied. The classical theory does not explain many important properties 
of waves because it assumes that the part played by turbulent friction Is negligible. Systematization 
of this kind is not permissible, however, in describing the behaviour of waves over long periods 
of time during which turbulence may lead, for example, to complete attenuation of  the wave motion. 
Much preliminary work has been carried out on the turbulence of sea waves. 

Shallow sea wave hydrodynamics is similar to that for deep water. A number of results have 
been obtained later because the presence of the bottom considerably complicates the problem. 
This is generally shown schematically by a horizontal plane. The problems noted above for the 
deep-sea must also be solved for waves on the surface of shallow seas. Additional questions arise, 
however such as the study of steady waves above a horizontal b~ttom. This problem has been 
studied by hydrodynamic methods only for the particular case when the wave length is considerably 
greater than the depth [30]. When studying waves at a finite depth over long periods of time or at 
great distances, friction along the bottom also starts to play a role as well as internal turbulent 
friction and air resistance. This is a subject for further research. 

Waves of the open sea (deep or shallow) as the shore is approached gradually change their external 
form and their whole hydrodynamic structure and are finally completely disintegrated in the surf 
zone. These changes are caused, to a considerable degree, by the effect of decreasing depths. No 
hydrodynamic theory has been devised for the transformation of waves in the nearshore ~,one. 
The basic difficulty is that a linear approximation is insufficient and a start must be made right 
at the beginning from the non-linear problem. Thus, in using the non-linear theory in the near- 
shore zone waves of finite amplitude on a sloping bottom cannot, in the first place, be steady and, 
in the second place, the propagation of waves in accordance with the non;-I, inear theory is accom- 
panied by advancing transfer of liquid, while the behaviour of the wave flow in the nearshore zone 
is complicated by a whole series of circumstances that are difficult to allow for. All that has been 
derived is the individual elements of the hydrodynamics of waves in the nearshore zone with 
insufficient connexion between them. Examples of these are the linear theory for progressive waves 
with a fiat inclined bottom [30], the non-linear theories of waves of steady shape at a constant 
depth [30, 13] and the theory of steady long waves of finite amplitude [30]. Because the theory 
is not well developed a large number of laboratory investigations have been made of special cases 
for the propagation of waves at differing depths. A very good survey of work of this kind 
is Longinov's monograph [22]. The main problem of shore wave hydrodynamics is the creation of 
a unified theory of wave transformation starting from me deep-water zone and ending with the 
surf zone, which requires further laboratory and full-scale investigations. At the same time a number 
of special questions must be solved. The most important of these are the hydrodynamics of long- 
shore currents and of surf. 

Hydrodynamically, waves in harbours are a diffraction picture of open-sea waves distorted 
by the effect of the nearshore zone. This has been studied only for small-amplitude waves with 
a horizontal bottom. In this case the absence of wave energy losses was assumed. But even with 
this simple case analytical solutions have been obtained only for boundary structures of the simplest 
form (semi-infinite screen, slit etc.) [14]. This diffraction problem will have to be brought closer to 
the actual conditions, eliminating above all the assumption of the absence of wave energy losses 
in the port water area and compiling boundary conditions that will permit the partial disintegration 
of waves at the boundaries of the diffraction region. Methods must then be developed for taking 
into account the varying depth in the port water area and, lastly, an attempt must be made to draw 
up an approximate theory for the diffraction of waves of finite amplitude, however simple the types 
of boundary installation. All these problems can be solved only on the basis of extensive investiga- 
tions into wave diffraction in the field and with models. 

Problems of the interaction of waves with boundary wave-damping installations form an 
important part of wave hydrodynamics in harbours. Thus, the mechanism for wave damping by 
a compressed-air breakwater has still been very little studied despite the fact that this kind of break- 
water is in use and more will certainly be built. 



302 Yu.  M. KRYLOV 

On the whole hydrodynamics have not yet cl,~arly answered the basic question of wave theory : 
why does a mere ripple grow into a gigantic wave when acted upon by a strong wind out at sea. 
This question is being answered by an analysis of the wave energy balance which not only explains 
the causes for the growth of  waves but also permits a calculation of the relationships of the wave 
sizes to the external wave-generating fa(tors. 

V. M. Makkaveyev, the first to provide a physical explanation for the growth and decay of 
st:a waves [25], is rightly considered the founder of the ' energy theory.' He suggested a method 
which has played a decisive role in thc development of sea-zlisturbance research. His method consists 
of using a general energy principle by which the changc in the energy of any mechanical system 
is equal to the work of the external forces lzss the work of the internal resistance forces and internal 
dissipation forces. The application of this integral principle to wind waves makes it possible to derive 
the equation (the Makkaveyev equation) : 

SE t- a ( I / ~ : E ) ~ M ~ ,  - E o .  (I)  

where t is the time, Eis  the energy of the wave per unit area of the sea, VE is the wave energy transfer 
rate, My is the wave energy produced, E0 is the amount of energy dissipated; the x-axis is plotted 
in the direction of travel of the wave. The quantities E, VL., M,. and E0 can be expressed by the wave 
height and its length (or another element linked with the length by the classical relationships). By 
combining Makkaveyev's equation with the connexion b:tween the height and length of a wave 
obtained in some way a differential equation is obtained in partial derivatives with respect to the 
height (or length) as a function of x and t. Makkaveyev's method has stimulated the expansion 
of complex theoretical and experimental investigations for obtaining a whole series of formulae 
a~ad graphs for the practical calculations of wave sizes. A short description of many of these can 
be found, for example, in Krylov's work [15]. 

The energy theory was based on the empirical investigations of the laws governing the growth 
and decay of sea disturbances. The qualitative aspect of these was established by marine geographers 
tong before their physical interpretation was derived. Moreover numerous empirical formulae were 
derived for determining the sizes of waves depending on the wind speed, the duration of its action 
and the direction from the weather shore called the fetch (a short description of formulae of this 
kind is given in the same work [15]). The methods based on the solution of Makkaveyr.v equations 
for calculating the elements of deep-sea waves have basically only added more precision to empirical 
relationships. But the actual explanation of  the relationships, discovered earlier, was the first real 
achievement of the energy theory. The possibilities of this method are by no means exhausted 
and it must be used as the basis of the development of methods for the calculation for various 
physico-geographical conditions. 

As already pointed out, most practical methods hithcrto used for calculating the elements of 
deep-sea waves are more or less dependent on the solution of the Makkaveyev equation. There 
are special manuals and reference books on their practical use [39, 61, 64, 65]. At the same time 
the mechanism for supplying the wind energy and scattering the wave energy as the result of various 
irreversible processes [15] is still not clear. This determines the solution of the Makkaveyev equation 
and therefore all the practical methods of calculation based on this solution. The main problem 
for further research in dezp-sea wave energetics must therefore be the study of these mechanisms. 

The energy method is applicable with varying success to both deep and shallow water. The 
energetics of shallow-water waves have bzen discussed by Braslavskii [2], Hunt [59], Khva0 [34] 
and Kao Wen-ttsiu and Wang llsiao-Nan [5] and practical nomograms for calculation have been 
produced based on the solution of the Makkaveyev equation. On the whole, the questions of the 
energy balance of  shallow-water waves have received less study than in the case of deep water. The 
processes of energy dissipation caused by tile small depths are palticularly important for shallow 
seas. They are allowed for in practical calculations, but little light has been thrown on them from 
the physical point of view and it is important to study them. 

In the nearsl-~ore zone the energy balance is considerably more complex than in the open sea 
(deep or shallow). On the one hand the decreasing depths concentrate the wave energy per unit 
area of the sea's surface and its redistribution through the depth of thc water. On the other hand, 
the wave propagation as one approaches the shore is accompanied by continuously increasing 
et~ergy losses and finally ends with complete decay of the wave in the surf zone. The quantitative 
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expression for the change in the energy of the waves in the nearshore zone is difficult because the 
hydrodynamics of  these waves have as yet been little studied. Tnese circumstances taken together 
explain the absence of any significant results in the study of wave energetics in the nearshore zone 
although many important investigations have been carried out [22]. The main problem for the 
further study is the physical mechanism of the change in the wave energy in the conditions of the 
nearshore zone and the development of corresponding methods for the calculation of the wave 
elements in this zone. 

The wave energetics in harhours have been studied even less than in the natural regions of the near- 
shore zone. Karaushev [9] made the ovly original attempt at analysing the energy changes for 
diffracted waves. He proposed a gcneralized Makkaveyev equation which allows for wave diffraction 
and worked out corresponding practical methods for calculating wave heights in the diffraction 
zone. Karaushev's equation, however, is still very incomplete and needs cgnsiderably more work 
and the same is true of his method of calculation. In particular, calculations made by Karaushev's 
method havc not been compared with precise hydrodynamic solutions of diffraction problems. 

Wave encrgetics, as a whole, encompass the property of sea disturbances consisting of a change 
in their force dependent on external conditions (wind speed, bottom configuration, etc.). Another 
important property of waves is their complexity and the known chaotic structure of the disturbed 
surface at any given disturbance strength. This is being studied from two points of view : on the 
one hand an investigation is being made as to the statistical distribution of wave elements (heights, 
periods, lengths) which may be observed directly; on the other a study is being made of the internal 
spectral structure of the surface (its so-called energy spectrum). 

The statistical approach 

This started historically slightly later than the energy approach but earlier than the spectral 
one. Its development has been considerably helped by the introduction of instrumental methods 
of measurement--stereophotography of waves and continuous rezording of wave oscillations at 
a fixed point by means of  various automatic wave recorders. After appropriate theoretical analysis 
the data obtained have made it possible to establish important statistical laws governing these 
observed elements. These are of  great practical significance since without them no calculations 
or sea disturbance forecasts could be made. 

The main problem of wave statistics is the distribution of the wave elements. Two kinds of 
such functions are distinguished [16]. Some describe a variety of wave elements at some fixed 
disturbance force. They are called the distribution functions for quasi-stationary disturbances or 
simply the distribution functions. The others characterize the mean variety of the wave elements 
over many years. These are called the cycle functions. 

A number of fundamental conclusions has been drawn from the distribution functions for quasi- 
stationary disturbances. In particular it is generally accepted that the integral distribution function 
(40 of the heights H of  the wave oscillations at a fixed point on the surface in deep water is of the 
form (Ref. 17) 

= exp - ~ ~ (2) 

where Hay is the average height. Important empirical conclusions have been drawn from analogous 
functions in the nearshore zone [4]. According to these there is less variety in wave heights as 
the shore is approached and the integral function takes the form [17] 

where the number, n depends on the ratio of the average height Hay to the depth of the sea h at 
a given place in the coastal zone. This relationship obtained from empirical data [4] is shown in 
Table 1. 

These results must be determined more precisely and developed first of all with respect to the 
distribution functions of three-dimensional waves. Only a small amount of  work of an empirical 
nature has been carried out on distribution functions of shallow-sea wave elements and this has 
been chiefly based on observations from reservoirs. Unlike the deep ~e', C~ere are no sufficientl) 
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Table 1. Relationship o /  parameter n in formula (3) to ratio Hav/h 

Hav/h 

0 
0"05 
0"10 
0"15 
0"20 

1 
1 "04 
1-09 
1"15 
I "23 

H,,,/h n 

0"25 1.31 
0-30 1'41 
0-35 1-52 
0"40 I "65 
0"45 1"82 

definite results. The available observations must be generalized, gaps must be filled in by fresh 
investigations under natural conditions, a theoretical analysis must be made and the features of the 
distribution functions of shallow-sea wave elements must be determined. 

The cycle distribution functions are only just b,~ginring to be studied. It has turned out that 
the cycle functions plotted for very widely varying sea and ocean areas have the same analytical 
structure [16] : 

where the parameters ~ and m characterize the features ot the type of sea disturbance in the region 
in question. If the bilogarithm of cb is plotted on one axis of a graph and the logarithm of H on 
the other any such function will take the form of a straight line. Figure I shows the cycle functions 
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Fig. 1. Cycle distribution functions of height of highest waves : 
1--Antarctic; 2---~aspian Sea, central part; 3--Caspian Sea, region of Neftyanye Kamni. 

for three different regions. The first is for the central part of the Antarctic sector of the Indian 
Ocean. The points used for plotting it were taken from Rzheplinskii [28]. The frequency percen- 
tages on the horizontal axis relate to a statistical combination, each term of which corresponds 
to a height observed once in twenty-four hours. For example a frequency of 0.1 ~ corresponds 
to one observation in three years. Extrapolating Rzheplinskii's calculations to low frequencies, 
a wave about 35 m high will be met in the Antarctic sector of the Indian Ocean once in 300 years. 
The two other straight lines are for the Caspian Sea. Straight line 2 characterizes the maximum 
height in open deep-water regions of the Caspian Sea and straight line 3 the region of Neftyanye 
Kamni with depths of about 15 m. 

The method described is being used successfully at present by the Polish scientist Jednoral [51] 
in investigating the frequency over a long period of years of various hydrometeorological elements 
(waves, level) along the Polish coast of the Baltic Sea. Brooks et al. [6] have slightly different 
conclusions for the form of  the cycle functions. 

The distribution functions for harbours have not been studied systematically. 
Let us now turn to the ' spectral line ' of  research. Sea disturbances are a complex wave process 



Trends and problems in the investigation of sea surface disturbance 305 

dependent on the interaction of a large number of simple waves. The energy distribution of these 
simple waves depending on their length and direction of propagation is called the energy spectrum 
of the disturbance. We obtain a stricter mathematical definition of the energy spectrum Izy looking 
at the specific wave energy (i.e. the amount per unit area of the sea's surface) b~!onging to elementary 
plane waves with frequencies from t~ to tz + dt~ and directions of propagation from 0 to 8 + dr?. 
This energy is written in the form e (tz, 0) d#dg. The function e (t~, 0) is called the two-zlimensional 
energy spectrum. The amplitude of a wave with an energy E, as is well known, is 

therefore the amplitude of a wave with an energy e (m O) d~dO can be written in the form : 

J (2e (Iz' O)t ,v/(dladO) = A (tz, O) ~/(dt~dO ). (5) 

The functions A 2(tz, 0) are also called the two-dimensional energy spectrum. Integrating the 
two-dimensional spectrum with respect to all 0 we obtain the frequency spectrum A z (u-) which 
depends only upon p,. Plotting the spectra from actual measurements is considerably more compli- 
cated than obtaining the distribution functions of directly observed wave elements and requires 
the use of electronic computers. This largely explains the fact that the spectral line of approach 
has not been widely developed. Nevertheless thfs approach holds much promise because its purpose 
is to study the very essence of the wave process from a general physical standpoint. 

The chief prerequisite making possible a deep mathematical and physical analysis of  the spectral 
structure of  sea waves was the great success in the mathematical theory of random processes achieved 
over the last few decades. Pride of place must be given to the discovery of the Soviet mathematician 
A. Ya. Khinchin of the fundamental relationship connecting the energy spectrum of a process with 
its correlation function [35]. 

A number of questions on the spectral theory of sea waves are being worked on at present. 
The mathematical apparatus for describing the disturbed sea surface by means of the energy 
spectrum was first discussed by Pierson [60] who thought of using the theory of stationary random 
processes for this purpose. This idea has been developed by Longuet-Higgins [53] who investigated 
the relationship between the various statistical, surface characteristics and its two-dimensional 
spectrum. 

An important result in the non-linear spectral theory was using the dimensionality theory [59] 
Phillips showed that the non-linear effects form a high-frequency section of the spectrum of the 
form ~g2t~ 5 where a is a non-dimensional constant and g is the acceleration due to gravity. He also 
tried to draw, in general terms the physical mechanism for the formation and evolution of the 
frequency spectrum in time at a set wind speed on the basis of the Phillips-Miles hydrodynamic 
theory [58, 56]. Concrete formulae for calculating the spectrum under set wind conditions have 
been suggested [3, 19, 23, 27, 31, 33, 40, 41, 45, 47, 60, 62, 63]. There is, however, still not enough 
agreement between these formulae. On the basis of results of spectral researches a number of practical 
methods have been proposed for calculating sea waves : the Pierson-Neumann-James method 
[65], the Gelci-Cazal6-Vassal method [47], the Derbyshire method [45] and the Wen method 
[62, 63]. 

The large amount of work that has been carried out made it possible to hold the first international 
conference on ocean wave spectra, held from 1 to 4 May 1961 at Easton (Maryland, U.S.A.). 
Empirical methods were discussed for forecasting sea surface disturbanzes, as were also questions of 
hydrodynamic wave theory, wave measurements and their analysis and the use of the spectrum 
in solving engineering problems [42]. 

Despite some real successes it must nevertheless be admitted that no spectral wave theory has 
yet been produced to explain the laws which govern the development of the spectrum under given 
geographical and synoptic conditions. In particular the Gelci-,Cazal6-Vassal method is the first 
rough method for calculating the spectrum, allowing for complex synoptic conditions in the open 
sea. A spectral theory would make it possible to work out methods for calculating the complex 
configuration of the shoreline of  an area covered by water. The existing methods for calculating 
wind waves allow for a change in the wind wave elements only along one axis, parallel to the direction 
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of the wind. In this case it is assumed that the dimensions of  the waves do not depend on the other 
co-ordinate (horizontal). In actual fact this is by no means the case. Let it be required, for example, 
to calculate the size of waves beyond the northern part of  the island of  Gotland in the Baltic with 
a strong west wind. If we take the distance to windward of  the island we obtain one height. If we 
take this distance from the shores of  Sweden the height of the wa~es in the same sea area is consider- 
ably greater. The uncertainty is because it still is not known how to allow for the change in wave 
elements at right angles to the direction of the wind. Physically based calculations of the wave field 
in a harhour can likewise be carried out only on the basis of spectral theory for the reason that 
the port boundary installations are a kind of filter which lets through only a certain part of the 
disturbance of the water outside the harbour. Here the penetration of  individual spectral components 
is complicated by their diffraction, transformation and interaction under the conJitions of the varying 
depths of the harbour. 

The main lines of investigation into sea disturbances have been outlined briefly above and some 
problems have been indicated for further study. Work is now being carried out, however, to unite 
the several approaches in order to create a unified physical theory of sea waves and on the basis 
of this theory to work out practical methods for calculations under specific conditions. 

The idea of synthesizing wave hydrodynamics and energetics belongs to Makkaveyev, whose 
method depends on the one hand on the principle of the conservation of energy and on the other 
on the hydrodynamic formulae linking the various wave elements [25]. This question has been 
developed further in a number of investigations, particularly in the work of Shuleikin [37], 

Wave energetics and statistics are united in Krylov's [15, 20] statistical theory of wind waves. 
this discusses only deep-sea waves in sufficient detail; shallow waters and the nearshore zone are 
discussed briefly and schematically. These same questions as applied to reservoirs have been discussed 
in greater detail from an empirical point of view by A. P. Braslavskii [2]. 

The first results on the relationships between the statistical and spectral properties of sea distur- 
bances were obtained by Pierson [60]. Longuet-Higgins [53] has also made extensive mathematical 
investigations in the same field. 

Interesting theoretical work in the synthesis of the energetic and spectral sides was recently 
published by Hasselman [49]. A general mathematical method is described for finding the two- 
dimensional spectrum on the basis of  the Makkaveyev equation and some special cases of  the problem 
are discussed qualitatively. 

Pierson and Neumann were the first to make a bold attempt to combine all four fields (hydro- 
dynamics, energetics, statistics and spectral analysis of waves) into a unified method of calculation 
[60, 65]. Although this method has serious defects, it holds out promise. 

A complete survey of the work in measuring sea disturbances would take up too much space. 
We shall therefore limit ourselves to a general outline of the development of measurement methods 
with only a small amount of concrete information. As a whole considerable progress has been 
made in the transition from imperfect visual observations to precise measurements. Apparatus 
permitting the recording of  short-period wave oscillations of sea level at a fixed poir t  hzs been 
greatly developed. Wave recorders of widely varying designs have been and continue to be developed, 
each of  which has its advantages and disadvantages. Wave records can be used, however, to obtain 
only information on oscill_tions of  the sea surface at a fixed point. Wave motion is the term used 
for the propagation of oscillations in space. Hence, it must be recognized that a wave recorder 
does not really record a wave. For this reason measuring systems for several wave recorders are being 
developed [43]. Buoyed wave gauges have begun to be used of late. Apart from recording the 
rises of  the disturbed surface, they also record the derivatives of this surface at the location of the 
buoy. In particular a buoy has been designed in Britain that records the rise and slopes of the 
surface in two directions at right angles to one another [42]. A. A. Sveshnikov had concluded that 
such an instrument was possible from purely theoretical considerations [29]. Important work has 
been started on the measurement of wind stresses near the disturbed sea surface in order to study 
directly the mechanism of supplying sea waves with wind energy [11 ]. At the same time spectral wave 
devices were developed to allow the quick measurement in situ of  the corresponding energy spectrum 
on a wave recording chart [57]. 

Stereophotography of waves is also being perfected. Soviet researchers have succeeded in deter- 
mining a wave height of  25 m in the open sea with a wind speed of  36 m/sec [28]. Use is made, 
on the one hand, of serial stereophotography (multiple photography) of some fixed section of the 
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sea surface from a ship or shore and, on the other hand, of  stereophotography of waves from ,one 
[8] or two aircraft [36]. In 1954 waves were photographed in the U.S.A. for the first time from two 
aircraft in order to obtain a two-dimensional energy spectrum [44]. Because of the great amount 
of work involved in processing stereophotographic data, they must be automated. 

We have briefly discussed sea wave research unrelated to other processes occurring in the sea. 
There is also a large amount of  work devoted to the study of sea waves combined with other physical 
phenomena in the sea such as wind mixing, currents, propagation of light, sound, radio waves, 
microseismic waves, movement of  bottom sediments and the change in the relief of the shore zone. 

It is well known that disturbances play an important part in the processes of mixing the surface 
layer. Interesting work on the formation of the upper isothermal layer during disturbances has b~en 
carried out by Kitaigorodskii [10] who showed the close relationship between the lengths of waves 
and the thickness of  this layer. 

Wind currents and currents of  other origin may have a significant effect on waves. One of the 
latest works of  Longuet-Higgins [54] is devoted to the theory of this question. On the other hand 
the formation of wind currents is due to a Considerable degree to the appearance and development 
of surface waves since waves considerably increase the mean tangential force of the wind at the sea 
surface and permit the transfer of a horizontal amount of  motion into the underlying layers. These 
questions have as yet been little studied and await examination. 

The effect of waves on the propagation of light has been discussed by Shuleikin [38]. Work 
has also been done on the effect of  waves on the propagation of  sound and radio waves near the 
air-sea interface [24], on microseismic oscillations of the bottom of the oceans and seas caused 
by storm distLtrbance [26, 48, 55], on the interaction of waves and littoral sediments [22] and on 
the interaction of waves with hydraulic engineering structures [I, 7]. 

In conclusion one of the possible future ways of developing sea wave science is outlined in general 
terms. There is every reason to assume that the physical basis for future investigations will remain 
as before the Makkaveyev energy equation, which should be applied to each spectral component 
of sea disturbance. The question of finding an additional relationship between the wave heights 
and their length is then eliminated since the understanding of the spectral component is linked 
with the fixed frequency or length of  a wave. The Makkaveyev equation for each spectral component 
must contain only one unknown function of the co-ordinates and time---the amplitude of the given 
component. The amplitudes of the various components will vary in different ways which also leads 
in concrete conditions to different disturbance spectra. From the mathematical point of view the 
determination of  the disturbance spectrum in this case is reduced to solving a system of a large number 
of differential equations of the Makkaveyev type. The right-hand sides of these equations must 
be the sum of the incoming and outgoing energy. Both these forms of energy will depend not only 
on the geographical and synoptic conditions and the elements of a given component but also on 
the characteristics of the other components. This method approaches a solution for the problem 
of calct:lating and forecasting wave fields under various kinds of natural conditions. First of all, 
however, tedious and lengthy work must be done on the study of the form of the right-hand side 
of the equations, using various methods. Hydrodynamic research should play a large part here. 
Effective methods must be developed for the combined solution of these equations and obtaining, 
on the basis of  this solution, a two-dimensional energy spectrum at each point of the sea. Knowing 
this spectrum it will be possible to obtain any required statistical characteristics of  a disturbed 
surface. Clearly this line of  research may lead fairly rapidly to the comgilation of a general physical 
theory of sea disturbances. The greater the generality and depth of this theory the wider and more 
varied will be its practical applications. 
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