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ABSTRACT 
With the recent advancement of spatial measurements of ocean 

waves, we are clearly facing new challenges regarding how to 

handle an expanded new data system when it becomes widely 

available. In this paper we wish to present a preliminary 

attempt at confronting these prospects. Because the data is still 

very limited at present and also conceptually new, it’s a new, 

unfamiliar, and unrelenting world to pursue. We need a 

paradigm shift away from our familiar single-point 

conceptualization in order to effective approach the new world 

of truly spatial ocean waves.  

 
INTRODUCTION 
        Since the first successful development of a wave gauge for 

wave measurement by Great Britain during WWII in 1945 – a 

gage installed as a single point underwater apparatus to 

measure pressure fluctuations under the water surface that 

facilitated the planning and operation of Normandy landing, 

measuring ocean waves at a single point, along with spectrum 

analysis, have been firmly entrenched as the conceptual bases 

of all theoretical and empirical advancement in wind-generated 

ocean wave studies throughout the 20th century. With the 

starting of the 21st century, however, new prospects and 

perspectives of more realistic wave measurement systems 

beyond only at a single point location have started to emanate. 

Using multiple video cameras for stereo image measurements, 

spatio-temporal acquisition of radar or Lidar images for three-

dimensional ocean surfaces have all been actively under 

development. Now an immediate relevant question arises: what 

do we do with the new data when they become available? From 

the  

 

z = f(x0,y0,t),  
 

at a single location which we are all familiar with during the 

20th century, to the oncoming  

z = f(x,y,t)  
 

over a measurement area that presents more than just an 

extension, but thrilling new prospects and  perspectives waiting 

to be explored. As this extended dimension renders the realistic 

new data totally different from the single-point data, the new 

data is most certainly not merely an extension from the old data 

system; a whole new conceptualization should be developed.  

 

EVOLVING OF OCEAN WAVE MEASUREMENTS 
Measurement is the cornerstone of modern ocean wave 

studies.  For the longest time, ocean wave measurement was 

mainly accomplished from visual observations with careful 

estimation of a wave height as the difference between a crest 

and trough in the open ocean. Efforts to go beyond visual 

observation were attempted early in the 20
th
 century through 

making stereo-photogrammetric pictures of the sea as described 

in Sverdrup et al. (1942). The development of measuring 

pressure fluctuations of the water column to infer the surface 

wave fluctuations was certainly a major step forward that 

sustained the flourishing advancement of ocean wave studies 

during the 20
th
 century.  
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CONCEPTUALIZATION OF SINGLE POINT WAVE 
MEASUREMENTS 

The availability of wave measurement at a single point 

provided timely support for the Normandy landing during 

WWII and subsequently resulted in successful progress of 

world-wide post-war ocean wave research. So, the 

conceptualization of the prevailing wave measurement at a 

single point essentially ushered in the complete basis of 20
th

 

century modern ocean wave theoretical attainment with ocean 

waves presumed from a single point location. 

 

SCRUTINY SINGLE POINT WAVE MEASUREMENT 
Most of us who studied ocean waves in the 20

th
 century 

and early 21
st
 century are accustomed to single point ocean 

wave measurements because that’s the system we learned. and 

we hardly ever wondered what else might be available or if a 

measurement at a single location really represented the 

processes of the vast ocean. For instance, we generally regard 

the wave height as the difference between the crest and trough 

at the single location; does that constitute the wave height we 

might see when we are out in the open ocean? Or is a crest in a 

time series the same as a a crest we see in the ocean? 

Furthermore, we are all familiar with the plot from the 

Draupner-type wave profile as representing a freaque wave, but 

what kind of wave does it look like in the spatial field?  

Similarly we may also infer: 

 A crest or trough in a 1-D field are not necessarily 

the crest or trough in a 4-D spatial field. 

 A maximum wave height in 1-D is not necessarily 

the maximum wave height in a 4-D spatial wave 

field. 

 As there can be clear defined zero level in 1-D so 

that we can allude to zero-crossing cases. There is 

no equivalence in the 4-D spatial field. 

 While one can easily see grouped waves in 1-D, it 

can be difficult to readily articulate any wave 

group behaviors in the 4-D spatial field. 

 

SPATIAL TEMPORAL WAVE MEANSURMENT IN THE 
21ST CENTURY 
Presently, 4-D spatial temporal waves in the open ocean 

represent a widely unknown, unexplored knowledge field. It is 

exciting to see efforts to measure spatial ocean waves in these 

early years of the 21
st
 century.  Warnek and Wu (2006) have 

developed a spatial wave measurement system, the Automated 

Trinocular Stereo Imaging System (ATSIS) that uses a widely 

available digital video camera to make non-intrusive 

measurements of temporal evolution of 4-D wave 

characteristics. The ATSIS system leaps forward from 

conventional single point wave measurement into a whole new 

world of realistically dynamical, spatial wave measurement that 

provides true spatial, z = f(x,y), wave data.  As a pressure 

gage brought the wave observation into the middle of the 20
th

 

century, the ATSIS and other similar systems, e.g. Gallego, et 

al. (2008), Benetazzo, et al. (2012), Fedele, et al. (2013), 

among others, are certainly advancing the ocean wave studies 

to come.   

 

 

FROM SINGLE POINT TO SPATIAL WORLD 
       As the actual wave measurements from the ATSIS system 

are  video recordings, not a single image, the full extent of the 

video cannot be shown in print form. But in the internet age, a 

portion of the measured video used in this study can be seen at 

http://www.youtube.com/watch?v=pMYENsrSLN4 . 

 

To some extent, viewing the afore-mentioned video recording 

is no different than watching the ocean surface from a ship out 

there in the deep ocean, only with the emerging system, we are 

now capable of making more realistic wave measurements. The 

key question to ask is really what would be the pertinent course 

to follow to analyze this potentially new wealth of data? 
 

Undoubtedly, new approaches will continue to evolve as more 

data become available. For the time being, we are confronted 

with the availability of 15 seconds of (x, y,η , t) data, which was 

recorded in a small lake, Lake Mendota near Madison, 

Wisconsin. With no precedent, we choose to start with an 

exploratory approach by performing conventional analysis for 

each of the individual single point data in the data available. 

We are accustomed to start with calculating significant wave 

heights at a single location to represent the general area. Now 

for a pixel grid of (441x 251), the data is in fact equivalent to 

having 110,691 single points with each point providing time 

series data for 15 seconds with 10 Hz resolution.  
 

 
Figure 1. A 3D plot of the standard deviation wave heights for the 

pixels, each represents a single point data set. 
 

 

And each of the individual points can yield a calculated 

significant wave height. To effectively visualize all these 

volumetric data, we simply calculate the total energy 
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represented by each individual standard deviation wave height, 

i.e., 4 times the standard deviation as shown in Figure 1. This 

demonstrates that Hs varied spatially, and it is not really 

immediately convincing that a given Hs at a given single point 

can be an effective representative of all of them! Following 

along the conventional approach, we also plot the distribution 

of the standard deviation wave heights as shown by the 

histogram in Figure 2. One might be tempted to contemplate 

fitting a distribution function to this somewhat skewed case. 

We do not feel that really serves much meaningful purpose. 

Suffice it to say that in the 3D framework, we can readily 

obtain useful information of the wave field from merely 15 sec 

of data. In fact every second or every instant of the 

measurement can provide useful information. This is rather 

inconceivable in the conventional framework in which a 

sufficient size or duration of data is needed, such as 20 or 10 

minutes, to make it at all meaningful. 

 

 

 
Figure 2. Histogram of the standard deviation wave height given in 

Figure 1. 

 

Now with the variations exhibited, an immediate question 

would be: what is the wave height representative in this 3D 

wave field? 

 

Being completely nurtured in the conventional 

conceptualization, we are conditioned to regard a wave height 

as the distance between the trough and crest in a single 

location. This is very perceptive and straightforward when we 

look at a customary plot of time series data at a single location. 

But in the open ocean, how do we sift through a distance 

between a crest and a trough? So what is the wave height for a 

given region of the ocean? 

 

The conventional practice of using one single-point significant 

wave height to represent the wave height of a region of the 

ocean surface is clearly no longer valid in a 3D wave field. 

Conceivably when a seafarer in the open ocean talks about a 

wave height, it is most likely the height of a visible crest rather 

than something between trough and crest. So we choose to 

examine the highest crest and lowest trough at each instance of 

the spatial data set. 

 

 
Figure 3. The crest locations of the data set. The starting and 
ending locations in time are marked by an * and a circle 

respectively. 

 

 

 
Figure 4. The trough locations of the data set. Again the starting 

and ending locations in time are marked by an * and a circle 

respectively. 

 

As shown in Figures 3 and 4 for the crest and trough locations 

of the data set respectively, while the crest and the trough, 

being the highest and lowest points at each instance, move 

around constantly, and they never occur at the same location at 

the same instance. Thus it is understandable that the familiar 

notion of wave height evolved from elementary trigonometry, 

and time series analysis cannot be generalized to the 3D wave 

field as one might wish to bring it into play. 
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As a matter of fact, if we connect from the trough to crest at 

each instant, and then connect the crest to the trough of the next 

instant, and repeat the process throughout the whole data set, 

the result is Figure 5. It is of interest to note that the points are 

fairly evenly spread around the region; none is really crowded 

or on top of each other. 

 
Figure 5. Connecting the trough of each instant to the crest, in 

magenta, and connect the crest to the trough of the next instant, in 
green, and repeating the process throughout the data set. 

 

Alternatively we also plotted the crests, troughs, and the sums 

of corresponding crest and trough, with respect to time as 

shown in Figure 9. It gives us some indication of the surface 

fluctuations of the ocean surface in that region. This is aimed at 

practical reference, which may or may not be meaningful. But 

the question regarding what is the wave height in a 3D wave 

field remains unanswered! 

 
Figure 6. Plottings of the height of crest (blue), trough (green), and 
the sum of crest + trough (magenta) with respect to time. 

Finally, returning to our conventional mindset, we have also 

tried to examine the possibility of calculating the wave number 

spectra for each time instant of the data set. For the instant 

surfaces shown in Figure 7, their corresponding wave number 

spectra are given in Figure 8. 

 

Because the data only covered 15 sec., it may not have 

sufficient oscillations to provide transient processing and 

consequential interpretations. At any rate, it is only an 

indication of what can be done with the data set. Under the 

conventional approach, a 15 sec. measurement will certainly 

not provide any information about the underlying wave process. 

 

 
Figure 7. Examples of recorded instant wave surface during the 
first second of measurement. 

 

 

All the analyses we presented here are necessarily tentative. 

One of the basic premises of the conventional conviction on the 

long-standing single location ocean wave measurement is that 

the data from this single location measurement represents the 

wave condition of a general region. So if waves are measured 

from another point of this region, it should be generally the 

same. We found that is not the case. Even for a small pixel 

region, the data vary from one pixel to the next. Herein holds 

the answer of why Komen et al. were not able to make wave 

predictions that always fall within the error bands of the 

observations as expected. Single-point in-situ wave 

measurement is simply incapable of embodying the realistic 

ocean waves for more than just that one single-point location. 

The theoretically refined wave prediction model cannot be 

made in accord with the observations at a single point is simply 

because the single point observation does not represent the 

reality that the theoretical model is trying to portray. It cannot be 
over stressed that what we need is the more comprehensive ATSIS 
4-D ocean wave measurement. 
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Figure 8. Wave number spectra for the corresponding surfaces 
given in Figure 7. 

 

 

NEW HORIZON OF OCEAN WAVE MEASUREMENTS 
As much as we wish that the advent of temporal-spatial 

ocean wave measurement will energize or rejuvenate the 

stagnating ocean wave studies, exciting new measurement 

systems are  only appearing on the horizon at best.  It will take 

many more asserted as well as concerted efforts to make them a 

reality. The study of ocean wind waves, actuated through over 

six decades of single point wave measurement, may have been 

‘reaching a cul-de-sac, yielding no more great revelations or 

revolutions, but only incremental, diminishing returns’ as 

Hogan (1996) regarded as the predicament of general science 

nearly two decades ago. Nevertheless we are gratified to 

witness these new wave measurements on the horizon and 

eagerly anticipate their prevalent applications in the not too 

distant future. 

 

DISCUSSION 
To some extent, we are not really thrilled with what we 

have accomplished. We set out envisioning exciting new wave 

measurement techniques, we attempted exploratory endeavors, 

but we did not proceed too far.  Maybe we need more data, the 

data available is certainly quite limited. At the same time, our 

mental capacity is also severely limited. As we indicated 

before, data from a comfortable familiar single point to spatial 

data is clearly not an extension. Not only has the size of data 

jumped five orders of magnitude, the main drawback is that in 

confronting the spatial data, we can no longer rely on the 

comfort of Gaussian random process hypothesis, so the trust 

spectrum analysis, always useful in wave studies, is no longer 

the case.  We are lost in the real world of ocean space. Maybe it 

will be better if we can totally forget the spectrum concept we 

have learned. If we can make an analogy with that of Flatland, 

invented by Edwin Abbott (1884), moving from single point 

wave measurement to spatial wave measurement, we are more 

like the flatlander being thrust into the space world. It is a 

whole new universe to contend with.  In there our proficient 

knowledge in 1D spectrum analysis could be baggage rather 

than an asset. It will be futile to think of spatial wave 

measurement as an extension of single point measurement and 

invoke seemingly successfully empirical or theoretical 

developments along where we cannot even effectively define 

what a significant wave height really is spatially! 

 

 

CONCLUDING REMARKS 
        Unquestionably we are confronting an entirely new, 

unrelenting world of measuring and analyzing spatial ocean 

waves.   Being accustomed to the academic world of waves at a 

single point, analyzed with one-dimensional spectrum analysis, 

we are not properly equipped to cope with the 4-D spatial 

world.  We need much more dedicated and concerted efforts to 

continue to develop, widely deploy, and patiently collect the 

needed data before any tangible effort can expect to yield 

fruitful results. Go for it! 
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