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ABsrRAcr: This paper deals with the use of the structure function, also called a variogram, to analyze satellite images
of the ocean. The sJructure function is a powerful tool for the description of twoldimensional'random fields."Its
characteristicsare used in two different examples.First, the behavior of ihe structure function close to its origin gives
the variance of salt and pepper noise within an image. Such a method has been applied to various spacebornesensors.
Second, fitting the experimental structure function by a power law demonstratei ihe way the turbùlent energy at the
surfaceof the ocean is transferred from scalesto scales.
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the two-dimensional spacevariable as x. Folf Er us DEFTNE
f-rlowing Matheron (1963, 1970a,L970b,L973),we interpret a
two-dimensional field data set as samples of a non-statiônary
random function Z(x).11.Z(x)has stationaryincrementsand for
a distance h, the structure function or variogram, D, has the
expectedvalue
D.,(h) = E((z(x+h)-Z(x))')

(1)

This quantity divided by two is called a semivariogram or intrinsic function and has been, and still is, widely used in geology, in particularly, mining (see, e.g., Matheron (1963)and
Royle (1980)among many others). The structure function itself
has been successfullyused for some time in the study of the
structure of turbulent fields in the atmosphere and the ocean
(see,e.g., Kolmogorov (1941)or Panchev lieZg or Gage(1979)).
It has also been used in digital imagery (Serra, 1982)and also
in remote sensing to filter out noise in images (Albuisson, L976)
or to explore Landsat data (Carry and Myers, 1984)or to analyze
texture as an aid to the classificationof multispectral data (Sarrut, 1977),among many other uses.
The structure function depicts the spatial variability at increasing distances (scales)between sample points. It puts on a
rational and numerical basis the well-known côncept of the "range
of influence" of the variable in a fashion more oi less similar to
the covariancefunction for a stationary function. It also gives a
measureof the variance of the structuies the sizes of whTchare
smaller than the sampling size. This variance is called the nugget effect or nugget variance or random variance as shown in
Figure-L,which illustrates a typical structure function. The spatial behavior of Z(x) is closely related to the shape of Dz;(h)
near the origin. 11Drr(h) is twice differentiable it the origin,
then Z(x) is smoothly continuous and it contains rather eiergetic long wavelength terms. If Drr(h) is linear near the origin,
then Z(x) is continuous but not necessarilyderivable. lf Dz;6)
is not continuous at the origin, hence presenting a nugget effect, Z(x) is not continuous and is rather erratic.
The structure function may be linked to the widelv known
and used Fourier transform. For a second-orderstatioiary random function, the structure function may be expressed as a
function of the covarianceB(h): i.e.,

D.,(h) /2 = B(0)- B(h)
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Fre. 1. A typicalsemivariogram.
(Royle,1980).

If S means the Fourier transform and if E(k) is the spectral
density of variance, k being the wavevector, it follows (Panchev, 1971)that

D..(h)tz = frQtdk - e-1 (Ë(k)).

(3)

As an example, if E(k) - k-", with n>L, D(h) - h"-1.T]|le
spectrum E(k) of a periodic function Z(x) wllI disptay peaks and
D..(h) a seriesof bumps, both denoting the period (fundamental plus harmonics). However, the Fourier transform is better
than the structure function to show up periodic phenomena
becausepeaks offer a better determination of the periods than
do bumps.
Some of the characteristicsof the behavior of the structure
function are now used in two examples.First, the nugget effect
is used to provide the variance of salt and pepper noise present
in satellite imagery. Second, the way the turbulent energy cascades from scales to scales at the surface of the ocean-is examined by fitting a power law onto experimental structure
functions. Regarding the calculation of the structure function
(2) by a computer, it can be done either in the direct way (Equation
0099-11,1489/ 5510-1,487$02.25/ 0
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1), which takes a lot CPUtime or by using a Fast Fourier Transform routine and applying Equation 3.
ESTIMATINGSALTAND PEPPERNOISEIN IMAGERY
Salt and pepper noise characterizesthe scattering of the radiometric measurementsfor a same impinging signal. Given an
image it is usually estimatedby the use of the Fourier transform
(|enkins and Watts, 1969;Oppenheim and Schafer,1975)-However, the very chaotic behavior of the spectral density for high
wavenumbers as well as the presenceof large scaletrends may
render the estimatesrather inaccurate. Becausethe variance of
the noise appears in the structure function as the nugget variance, structure function offer a good readinessof the noise variance even in presence of large variations of the actual signalIt is also invariant, by definition, to systematic errors.
Two examples are now given regarding the Advanced Very
High Resolution Radiometer (AVHRR)aboard the NOAA satellite
series and the Coastal Color Zone Zcanner (czcs) aboard the
Nimbus 7 satellite. First, the structure functions are computed
from images containing raw data. Second, the noise variance is
estimated and is compared to the prior-to-flight specifications
of the sensor. Third, operations are repeated to examine the
influence of aging.
The thermal resolution of the sensor AVHRR/NOAAfor the
channels 3, 4, and 5 is 0.05, 0.09, and 0.09'C, respectively at
23'C. According to NOAA, the temperature difference equivalent to the noise standard deviation (NEAT)is equal to 0.12"C
at 23"C for each thermal channel, and the signal-to-noise ratio
(s/w) is greater than 3 for visible and near-infrared channels 1
and 2.
Figure 2 displays some examplesof computed structure functions. Though the structure functions for one channel Present
different shapes and amplitudes, they have a common origin:
the nugget variance. Table 1 shows the average values of the
standard deviation of the noise for various copies of the AVHRR
sensor and also for various ages of each copy. It demonstrates
that the specificationsare met for channel 2 always and sometimes for channel 1. Both present a slight decreaseof performance with time. It also enhances the well-known problems
encountered with channel 3 and at last the high quality of the
data of channels 4 and 5 because, for both channels, NEAT is
less than the resolution (0.09'C). These good results are also
stable with time.
In the same fashion the salt and pepper noise present in the
raw images provided by the czcs aboard Nimbus 7 has been
estimated. The four possible values of gain were taken into
account. Table 2 shows mean values of the signal-to-noiserato
as a function of channel and time. These values are in agreement with the sensor specificationsof NaSa except for thermal

channel 6 which is, rather noisy. Table 2 demonstrates a decreaseof performance with time except for channel 5. This decreaseis not constant in time, and sensor noise was higher
during 1981than 1982, except for channels 4 and 6THERMALIMAGERYAND OCEANICTURBULENCE
Statistical analysesof the mesoscaletemperature field are of
primary interest for the comprehension of oceanic turbulence.
i o. s.rih a turbulent field, the structure function is quite smooth
because all scalesare present within an image, none of them
being predominent. It may be fitted by a Power law, the exponer,l of which indicates, briefly speaking, how the energy
iransfers from scales to scales. The turbulent part of infrared
images from both the sensor VHRRAIoAA-sand the sensor HCMIV
AEM'-1was investigated by Deschamps et aI- (1981) and Wald
(1980).Structurefunctionswere computed (Figure3) and a power
law was fitted to each of them. Their results show that the
structure function Dtt(h) of the thermal turbulent field can be
accurately describedby a power law within the range of scales
3 to 100km: i.e.,
(4)
D"(h) : Drr(h'@) -- A(@) tu" r
where /r is the scaleand O the polar angle of the vector h. The
anisohopy of the temperature field aPPearsonly in the amplitude of ihe structure iunction while the exponent is isotropic.
In the stationary case, to this structure function there corresponds a temperature variance spectral density: i.e-,
(5)
E,(k,@): c(@) k-".
The value of r rangesbetween 1.5 and 2-3 with a mean value
of 1.8. Similar results were found either from airborne measurements (Saunders, 1972; Litt' and Katsaros, 1984) or from
ship towed sensor (Fieux ef aI., 1978).These results are in very
godd agreement with the theory of Blumen (1978)which deals
with quasigeostrophic turbulence at the surface of the ocean.
It assulmesthe coniervation of both the total enetgy of the system and the potential energy at the surface. These hypotleses
imply a cascadeof the latter towards the greatestwavenumbersThè ipectral density of the availablepotential energy is a power
law of the horizonlal wavenumber k whose exPonent is equal
to -513(--1'.67). The spectral density of the variance of a passive
scalar follows a similàr law (Lesieur and Sadourny, 1981)and
so does the temperature variance spectral densityThe influence of atmospheric effects upon the exponent has
only been partly addressed by the above cited authors. The
radiometriC temperature Tr measured from space can be expressed by the now usual form:
Tn:tT

+TA

(6)
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the atmosphere may be suspected in their results. However,
this influence of thesè parametersis lessenedby the high level
of salt and peppgr noise presentin the Vrnn imagesusedl whose
temperature difference equivalent to the noise standard deviation (NEAT)was found to be 0.7 to 0.8.C for a radiometric ac_
curacy of 0.5"C (Wald, 1980). It follows that, for the clear
atmospheres under consideration, the fluctuations of the atmospheric parametersand their relative importance
were small
-the
enough not to induce sensible changes in
variations of T,
and hence that the results of Deschàmps et aI. and Wald are
still valid.
S-ome the images
9{
-were also analyzed by a direct computation of the spectraldensity of the tèmperàturevariance.^Of
course/ similar results were obtained. However, the structure
function was preferred for the following reasons.The readiness
of a structure function is better than one of a spectral density
and, far from the origin, the fitting of a powei law onto thê
structure function offers a better determination of the exponent
than does a spectral density. Also, structure functions are insensitive to systematicchangesor errors while spectra are not.
These systematic changes may be related, for eiample, to the
abnosphericeffectson the signal upwelling from the sèa.Hence,
once the nugget effect is subtracted, struclure functions may be
comparedto each other.
CONCLUSION
Two exampleshave been presented of the use of the structure
function or variogram to analyzesatellite images of the ocean.
The structure function is a powerful tool for the description of
two-dimensional random fields. Its characteristicshave been
proven accurateestimatesof someoceanicparameters.The first
example given here can be extended to other sensorsto obtain
the level of the salt and.peppernoisewhich effectsthe accuracy
of the final results. Also, statistical analyses using structurê
functions may be applied to other oceanvariables. BJyond their
interest in the comprehension of the oceanic turbulénce, such
analyses-o{fermeans in numerical modeling for the parametrization of the unresolved motions or submeéh phenohena.
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