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Sequencesof coastal zone color scanner(CZCS) images from the offshore region adjacent to Vancouver Island, Canada, have been analyzed to estimate the time rate of decorrelation of surfacephytoplankton chlorophyll pigment patterns. In these high-latitude, high-pigment areas, CZCS-derived pigment
estimates were lower than those obtained from ship samples by about a factor of 3, their frequency
distributions were skewed in opposite directions, and subareas of the images often showed a disconti-

nuity in the frequency
distributionat a concentration
of 1.5mg m-3, wherethe algorithmchangesCZCS
bands. We selectedcloud-free subareas that were common to several images separated in time by 1-17
days. Image pairs were subjectedto two-dimensionalauto spectrumand cross-spectrumanalysisin an

array processor,and spectraof squared coherencewere formed. The squared coherenceestimatesfor
severalwave bands were plotted against time separation, in analogy with a time-lagged crosscorrelation
function. Threshold levels for significant coherence were estimated from many realizations of squared
coherencecalculatedfor pairs of syntheticrandom uncorrelatedfields with specifiedpower law behavior
•c-•'5, near the observedrange •c-x'5-•c-2. For wavelengthsof 50-150 km, significantcoherenceis lost
after 7-10 days, and for wavelengthsof 25-50 km, significantcoherenceis lost after 5-7 days; in both
casesoffshore regions maintain coherencelonger than coastal regions. For wavelengths of 12.5-25 km,
only the offshoreregionsmaintained coherenceafter 1 day, but that was clearly lost after the next time
separation of 6 days. The implication for the formation of monthly average large-scalesurfacemaps to
estimate open ocean productivity (e.g., Esaias et al., 1986) is that all mesoscalepatterns (< 150-km length
scale)will not be resolved.

provide a synoptic two-dimensional sampling of the ocean

INTRODUCTION

The wide variety of time and spacescalesat which physical
and biological processesoccur in the ocean is both a source of
fascination and a property of fundamental scientific importance [e.g., Stomrnel,1963; Haury et al., 1978]. It can also be a
source of frustration in the design of a program of observations to resolve certain processesunambiguously or to search
for causal correlations between physical and biological events
[e.g., Denman and Powell, 1984]. Moored instruments provide
high resolution in time but limited spatial coverage. Drifting
instruments provide a Lagrangian time seriesfollowing but a
single parcel of water. Ship surveys can cover a limited area
and are not synoptic, and vertical resolution must usually be
traded off against horizontal resolution (a grid of stations or
continuous underway sampling).
Satellite imagery has promised(and in most casesprovided)
information on the ocean over a range of scalesnot attainable
previously [e.g., Brown and Cheney,1983; Maul, 1985; Robinson, 1985; Stewart, 1985]. We have learned much about joint
physical and biological processesin the ocean from satellite
measurements of sea surface temperature [e.g., Njoku et al.,
1985] and of phytoplankton plant pigment derived from the
coastal zone color scanner (CZCS) on Nimbus 7 [e.g., Gordon
et al., 1983a]. However, despite the capability of satellites to
•Now at College of Oceanography,Oregon State University, Corvallis.
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over a spatialrangeof 3 decades(1-103 km), quantitativeand
statistical approaches to image analysis of the variability of
mesoscale patterns in plant pigment and sea surface temperature have been underutilized.

The description and explanation of spatial patterns in
plankton communities is a topic of intense interest to biological oceanographers•e.g., Steele, 1978]. Current plans to estimate global patterns of primary production by phytoplankton
from satellite I-National Academy of Sciences,1984; Brewer et
al., 1986] require composite scenes formed from cloud-free
areas of all available images for the desired time period
I-Esaiaset al., 1986]. Some work has been done on temporal
rates of decorrelation of mesoscalepatterns to determine the
maximum time period over which composite maps are meaningful. In an energeticcoastal regime off northern California,
Kelly [1983, 1985] obtained an estimate of decorrelation time
for sea surface temperature patterns in satellite images of 4-5
days, by calculating the time separation at which the structure
function (mean square difference between images of temperature averaged over 5 km by 5 km boxes)beginsto flatten out.
For ship surveys of a coastal area off Vancouver Island,
Canada, Dentnan and Freeland [1985] found that variance associatedwith the temporal structure function at all lags of less
than 10 days of temperature and salinity, averaged over the
top 10 m, was 0.54 and 0.07 of the average spatial survey
variance (maximum dimension of • 100 km). The temporal
variance within the time taken for a typical ship survey was
then at most half the spatial variance over the survey area,
thus ensuring that the spatial maps formed from the survey
data made sense.Similarly, Kosro [-1987] determined a tempo-
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Fig. 1. Map showing the area around Vancouver Island, Canada,
included in the coastal zone color scanner images. The square boxes
numbered 7, 8, 10, and 11 are the subareas on which cross-spectrum
analysis was performed. Subarea 10 is from 1980; the others are from
1981.

disciplinary observationalwork in the region since 1978, when
the CZCS was first launched. The CZCS imagery was collectedat the ScrippsSatellite OceanographyFacility, La Jolla,
California, and processedat the Jet Propulsion Laboratory
(JPL), Pasadena, California, with software developed by O.
Brown and R. Evans (University of Miami, Miami, Florida).
Briefly, raw data were corrected for inaccuraciesin time, roll,
pitch, yaw, and tilt angle of the moveable mirror. A
1024 x 1024 pixel area was selectedout of each satellite pass,
with a center at 49øN, 126øW, just west of Vancouver Island.
These areas were remapped to an equirectangular grid of
512 x 512 pixels where each pixel is 1.1 km on a side (1' of
latitude). For simplicity we use the approximation that a pixel
is 1 km on a side.

Atmospheric corrections were made and near-surface concentration of phytoplankton pigment was estimated from the
CZCS processing procedures described by Gordon et al.
[1983a, b] and Zion [1983]. These algorithms yield pigment

valueswith accuracy(comparedwith field calibration samples)
of +0.3 log (pigment), but most field comparisonshave been
ral decorrelation time scale of about 5 days from the first four
empirical orthogonal functions of spatial surveys of nearsurface currents of a coastal area off northern California, ob-

tained by shipboard Doppler acoustic log.
None of these studies give information on the decorrelation
time as a function of spatial scale. In the case of analysis of
satellite imagery, these times are required to determine what is
the smallest spatial pattern that can be preserved after, say,
weekly or monthly averaging to form the composite pigment
maps presented by Esaias et al. [1986]. In the case of ship
surveys, these times are required to design appropriate sampling grids constraining the largest and smallest scales that
can be sampled in a given time. The dependenceof decorrelation time on spatial scale would be expected to change between different coastal and offshore regimes.
The object of this paper is to estimate from sequencesof
CZCS images the rate of decorrelation of surface pigment
patterns as a function of the time separation between pairs of
images. An obvious tool would seem to be the lagged cross-

correlationfunctionbetweenimagesr2(0, r), with spatiallag of
zero and time lag r, but such a correlation will be dominated
by large-scale trends. For each pair of images with time sepa-

ration r, we will calculatea scale-dependent
analog of r2,
namelythe squaredcoherenceKx22(•c)whichis a functionof
scalar inverse wavelength •:. (In this paper we will refer to •c
loosely as a "wave number," although •cwill be smaller than a
true wave number by the factor 2•z.) Two-dimensional autospectra and crossspectra formed from each pair of images will

for pigment concentrationsof less than 1 mg m -3 and at
latitudes of lessthan 35ø. However, for 11 ship samplesin the
Coastal Ocean Dynamics Experiment (CODE) area off northern California with in situ chlorophyll ranging from 0.1 to 11.0

mg m -3, Abbott and Zion [1987] did obtain agreementwith
satellite-derived
chlorophyll(r2 = 0.8 and slope= 1.0,for both
variables on linear scales),and for 44 samplesoff the western

EnglishChannelrangingfrom 0.5 to 50 mg m-3, Holligan et
al. [1983a] obtained similar agreement(r2= 0.82 and standard deviation of estimation of log chlorophyll = 0.26).
In this paper we will present comparisonsfrom latitudes of
greater than 48ø of satellite-derivedestimatesof chlorophyll
concentrations with ship-sampled calibration values in excess

of 30 mg m-3. The CZCS algorithmswe have usedmay be
inaccurate in regions of high pigment concentration where the
water-leaving radiance at 670 nm is nonzero. An iterative approach such as that suggestedby Smith and Wilson [1981]
may be more appropriate. However, because few of the required optical measurements[e.g., Austin and Petzold, 1981]
have been made at these high pigment concentrations, this
approach cannot easily be extended to the coastal waters off
Vancouver

Island.

Algorithmsfor Spectrum Analysis

Statistical and spectrum analyses of the 512 by 512 pixel
images of pigment concentrationswere performed at the Institute

of Ocean

Sciences

and at Interact

Research

and Devel-

opment Corporation, both in Sidney, British Columbia,
be summedazimuthallyover rings of radiustc= (k2 q-/2)•/2 Canada, with software developed by A. Dolling (Interact).
and thickness Ate, eventually to form the equivalent one- First, a 3 x 3 running median filter is applied to all images to
dimensionalsquaredcoherencespectrumK•22(K). For each remove noise spikes or dropout, and out of range values rewave band to, the squared coherenceswill be plotted against sulting from cloud and land are set to zero.
time separationr, in analogywith r2(0,r). The rate of decrease The images contain much of Vancouver Island and usually
with increasing time separation of squared coherencefor a a large fraction of cloud. We search the images for clear
given wave band •cwill represent the rate of pattern decorrela- oceanic subareas that are common to several images obtained
within a 2-week period or less.Becausewe wish to operate on
tion at the lengthscaleto-x
the whole 512 x 512 image in an array processor, all values
outside a selected (square n x n) subarea are set to zero
METHODOLOGY
(boxcar filter), and the mean within the subarea is calculated
and subtracted

Processing of CZCS Color Ima•7ery to
Pigment Values

The study area is the Pacific Ocean adjacent to Vancouver
Island, Canada (Figure 1), chosen becauseof extensivemulti-

from the field within

the subarea.

Four

sub-

areas for which the results are presented here are shown in
Figure 1. Since the spectral transform is applied to the whole
image of Figure 1, we apply a cosine taper to the residuals,
with a 10% taper at each end of the subarea, first in the
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east-west

direction

and

then

in

the

north-south

direction.

Otherwise, the edges of the subarea cause (sometimes) severe
ringing within the calculated autospectrum.
To obtain autospectra, a two-dimensional fast Fourier
transform (FFT) is performed on each image in the array
processor.Equivalent one-dimensional autospectra are formed
by azimuthal summation within circular rings of constant
radial magnitude •c. Ring widths A•c can be constant, or they
can increase geometrically (width constant on a log plot) to
remove high-wave number jitter. All estimates outside the
largest ring were summed into a single highest •c estimate.
Becausethe spectral estimates are formed by summing rather
than smoothing, there is no leakage across wave numbers, and
the total variance of the image in (x, y) space (after boxcar
filter, mean removal, and cosine taper) equals the sum of the
spectral estimates. Because the whole 512 x 512 image is
transformed in the array processor, spectral estimates for
•c < 1/n (in reciprocal kilometers) are meaningless and are set
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not removed, and the cosine taper effectively removed this

ringing at wave numbersabove about 0.1 km-•. (The maximum a: for the remapped image was the Nyquist value

(2 x 1.1 km)-•, althoughpixel spacingin the originalimage
could be as large as 2.5 km near the edge of a scan at full
forward tilt.) We later tested the effect of removal of an (x, y)
plane from the data within the subarea, for several real
images. The differencesbetween the calculated spectra with
and without (x, y) plane removal were not significant,presumably becauseof the cosinetapering.
Spectral estimates of squared coherence between two series
can be assigned confidence limits, or they can be tested for
nonzero significance(at some significancelevel) relative to expected coherence between two random uncorrelated series. We
doubted the relevance of such significance levels to twodimensional data, especially after operation by the boxcar

filter to produce a nonzero subarea within the larger image

(mostly zeroes) on which the spectral transformation was carto zero.
ried out. Thus we calculated the squared coherencespectrum
The complex crossspectrumbetween two images,s•2(K), is betweenmany pairs of syntheticrandom uncorrelatedimages
also formed by two-dimensional FFT: s•2(K)= c•:(K) with the appropriate spectral shape for the various band--iq•:(K), where c•: and q•: denote the cospectrumand the widths Aa: that we used. In most cases, out of 99 realizations
quadrature spectrum. They are first summed azimuthally to
we chose the tenth highest estimate at each a: as an estimate of
give one-dimensionalcospectrumC•20c) and quadrature spec- the 90% significancelevel for squaredcoherence.That is, only
trum, Q•:0c), and then the one dimensionalsquared-coherence 1 out of 10 estimates of squared coherence between two
estimate is formed:
random uncorrelated images would be expected to exceed this

C122(/c)+

value. For the most common

subarea and bandwidth

combi-

nation, we performed 999 realizations and took the one hunS1l(K)S22(K)
dredth highest in each wave number band as the 90% signifiThe squaredcoherence
estimateKl:•0c) betweentwo images cance level. In general, the latter estimates were a smoother
is the analog for a given wave number •c of the squared cross- function of a: than those based on 99 realizations because the
tail of the distribution was sampledmore adequately.
correlation coefficient between two images formed from the
We formed frequency distribution histograms and calcuvarianceand covarianceestimatesvo(z),all taken at zero spalated basic statistics for the images as stored in logtial lag:
transformed format. Becausephytoplankton tend to be logarithmically
distributed in nature (i.e., distributions of logr•22(0)=
v,,(0)v•(0)
transformed variates tend to be more nearly Gaussian normal
(for example, Smith and Baker [1982] and this work)), we
The cross-correlation coefficient r represents the correlation
calculated the autospectrum for a clear 200 x 200 pixel subbetween two images over the whole subarea and is usually
area of real image both on the original log-transformed values
heavily dependent on correlation at the largest scaleswithin
and on converted derived chlorophyll values. As the final
the subarea. Finally, we plot K: for different bands of A•
autospectra did not differ significantly, we henceforth comagainst z, the time separation between the image pairs, thereby
puted all autospectra and cross spectra on the linear chloroobtaining an estimate of the temporal rate at which surface
phyll values.
patterns of chlorophyll pigment evolve and decorrelate. At
smaller scales(larger •), the patterns should decorrelate faster.
RESULTS

K122(K)=-

Diagnostic Calculations and Significance

Sequencesof Images

Levels

We performed several diagnostic calculations in an effort to
avoid spurious features in the spectra caused by the analyses.
First, we formed synthetic spectra with power law behaviors

We searched several years' data and identified two sequences of images with common clear subareas within the

sceneshown in Figure 1. The sequencesconsistof five images
in July-August 1980 with one subarea(10) and three imagesin
of •cø, •c-•, and •c-2 by randomizingthe complexspectral September 1981 with three subareas(7, 8, and 11), all shown in
amplitudes as bivariate Gaussian variables (by the Box-Muller
Figure 1. Subarea 11 encloses8, but we thought a comparison
technique).The spectra were then inverse transformed to form of the two would be informative. The image for September 13,
synthetic images with the prescribed spectral behavior. The 1981, is shown in Plate 1. (Plate 1 is shown here in black in
FFT was then performed on images with and without the white. The color version can be found in the separate color
addition of spatially uncorrelatedwhite noise, and the spectra section in this issue.) High pigment concentrations near the
were compared with the original spectrum. We also tested the coast, low concentrationsoffshore (lower left), and clouds offeffects individually and sequentially of the 3 x 3 running shore were characteristic of all images. Dates, sizes, and summedian, the boxcar filter, and the cosinetaper on the resulting mary statistics for the subareas are given in Table 1. Subareas
spectra. In general, the effects were as expected: the 3 x 3 7 and 10 were in coastal waters (high pigment concentrations)
median filter removed noise at high wave numbers, the boxcar and 8 and 11 were in offshore waters (low pigment confilter causedstrong ringing if the mean within the subarea was centrations).

6792

DENMAN AND ABBOTT' CHLOROPHYLL

PATTERNS IN SATELLITE COLOR IMAGES

algorithm
hasbeentestedpreviously.
At suchhighpigment
concentrations, the CZCS would receive backscattered irradi-

ance from a very shallow depth layer: for a homogeneous
ocean the depth Z9oof the layer from which 90% of the backscattered radiance emanates is approximately equal to the inverse of the diffuse attenuation coefficient [Gordon and McCluney, 1975]. From the formulae of Austin and Petzold
[1981], Z9o for 490 nm is about 7 m for a pigment con-

centrationof 1 mg m-3 and about 0.6 m for 10 mg m-3. To

Plate 1. Estimated pigment concentration distribution for the
CZCS image of September 13, 1981. (The color version and a complete descriptionof this figure can be found in the separate color
section in this issue.)

Evaluation of the CZCS Pi•7mentAl•7orithm

eliminate possible effects due to unmatched sampling depths
between the CZCS and the ship intake, we have also shown
(dashed line) in Figure 3 the pigment frequency distribution
for only the bucket samples: the peak and shape of the distribution are unchanged. The frequency distribution (not shown)
for bucket samples from only the evenly spaced parallel
across-shelftransects (a more uniform spatial sampling pattern) also had the same peak and tail although it was based on
many fewer samples.
The consistentfrequency distribution for ship samples can
be compared with frequencydistributions from CZCS pigment
concentrations within the polygon (marked by dashed lines) in
Figure 2 for passesimmediately preceding (July 28) and following (August 8) the period of ship sampling. These distributions, shown in Figure 4, are internally similar, but they
differ markedly from the distribution of ship-based pigment
concentrations. The CZCS images have a distribution with a
tail toward higher pigment concentrations, but more impor-

Several investigators have compared satellite-derived pigment estimateswith those from ship sampling [e.g., Smith and

tantly, their peak is near 3 mg m-3, a factorof at least5 less

Baker, 1982; Gordon eta!.,

1980, 1982, 1983a; Abbott and

for the two imagesare 4.6 and 3.6 mg m-3, respectively,com-

Zion, 1987]. Even when both modes of sampling are made on
the same day, the ship data are not simultaneous with the
satellite data (except possibly in one pixel), and the area coverage by ship cannot match that of a satellite. In July-August
1980 we carried out a 10-day cruise off Vancouver Island
during which we sampled near-surface chlorophyll pigment
from buckets and from the ship's seawater intake (• 3 m)
every hour while underway along the transect lines shown in
Figure 2. The data, collected relatively evenly over the period
July 30 to August 7, followed the frequencydistribution, as a
function of log (pigment), shown in Figure 3. The most fre-

pared with a mean of 11.1 for all ship samples in Figure 3. We
have also extracted 23 pixel values from the July 28 image to
compare with ship samples taken inside the same pixels within
36 hours of the satellite pass. The regression line slope of
chlorophyll pigment concentration upon CZCS-derived pigment concentration (both on linear scales) was 2.85 (with
r = 0.73), consistent with the differences between the frequency

quent concentrationoccurredbetween16 and 32 mg m-3, an
order of magnitude greater than in most of the caseswhere the
TABLE

than for the ship samples. Mean chlorophyll concentrations

distributions.

It is unlikely that the sampling area has been inadequately
sampled by the CZCS because of clouds on July 28 (August
8): 95.4% (81.4%) of the pixels within the area encompassed
by the dashed line were clear and included in the frequency
distribution. Similarly, it is unlikely that the increased con-

1. Summary Data for the Coastal Zo.neColor Scanner Images and Subareas Used in This Analysis
Mean

Standard

Deviation

Pigment,

Log Pigment,

Log Pigment,

Pigment,

Log Pigment,

Size, pixels

Date

mgm-3

mg m-3

bytes

mg m-3

bytes

10 (coastal)

100 x 100

7 (coastal)

100 x 100

8 (offshore)

100 x 100

11 (offshore)

150 x 150

July 21, 1980
July 26, 1980
July 27, 1980
July 28, 1980
Aug. 8, 1980
Sept. 6, 1981
Sept. 12, 1981
Sept. 13, 1981
Sept. 6, 1981
Sept. 12, 1981
Sept. 13, 1981
Sept. 6, 1981
Sept. 12, 1981
Sept. 13, 1981

3.62
2.94
2.93
3.11
2.35
2.82
2.90
3.49
0.54
0.82
0.67
0.50
0.74
0.62

2.85
2.38
2.38
2.72
2.24
2.21
2.59
3.08
0.48
0.65
0.60
0.41
0.54
0.51

154.6
148.0
148.1
153.0
145.8
145.4
151.2
157.4
89.8
101.3
98.0
84.7
94.3
92.4

2.77
2.94
2.80
2.20
0.88
2.07
1.96
2.37
0.27
0.73
0.34
0.44
1.05
0.52

26.9
20.7
22.4
17.6
10.5
25.9
15.4
17.3
18.1
24.2
18.0
21.0
26.1
20.9

Subarea

The log pigment columnsrepresentstatisticsfor the log-transformedvalues: byte value = (1Og•oChl + 1.4)/0.012.
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Fig. 2. A blowup of the area of Figure I showingthe ship tracks
(solid lines)along which were taken the near-surfacechlorophyll samples with the frequencydistribution shown in Figure 3. The area
enclosedby the dashedline representsthe CZCS pixels which were
included in the frequencydistributions shown in Figure 4.

centrationsobservedfrom the ship resultedfrom local growth:
the high pigment concentrationswere encounteredon July 30,
the first day of ship sampling,which would require the phytoplankton to have increasedtheir biomassby nearly a factor of
10 in only 2 days,an unlikely but not impossibleevent.Also, a
rather precipitousloss of pigment would have had to occur
between the end of ship sampling and August 8, when the
secondCZCS image was acquired.Thus we believe that the
pigment concentrationsat the time of the two CZCS passes
were substantially higher than the values derived from the
imagery.
Two other characteristicsof the CZCS pigment frequency
distributionsare evident in Figure 5. The bimodal distribution
in the upperpanel,formedfrom all clearpixelsin the imageof
July 28, was characteristicof most clear images,which led to
our earlier descriptionof the subareasof Figure 1 as being
"coastal" or "offshore". Becausemost of our sampling from
ship has been over the continentalshelf, we do not have a
good historical data base of the pigment concentrationsin
local offshorewaters. We do, however,commonly observepig-

ment concentrations
as low as 0.1 mg m -3, and in Figures3

o

lOO

Byte

200

value

Fig. 4. Frequency distribution of surface pigment concentration
estimated from the CZCS

scanner for the area inside the dashed line

in Figure 2, for (top) the July 28 image and (bottom) the August 8
image.The horizontal axis is log-transformedpigment with the lower
scale in terms of the compressed format: byte value=(log•o
Chl + 1.4)/0.012. High values near byte value 0 and near byte value
250 representclouds and data beyond byte value 250.

and 4 there were proportionately more ship samples than

CZCS valueslessthan 1.0mg m-3. The discontinuity(marked
by an arrow)in the distributionin the bottom panelof Figure
5, for subarea 10 on July 28, was frequently observed, es-

peciallyin the subareas,and was in fact present(but lessnoticeable) in the whole image. It occurs at a pigment concentrationof 1.5 mg m-3, the test value in the pigmentcalculation algorithm for changingformulae when concentrations
are sufficientlyhigh that the upwelling radiancein the sensor
channel centered on 443 nm is too small to be retrieved accu-

rately becauseof increasedabsorbanceby pigment.According
to Gordon et al. r1983a], when the second formula yields a

40

20
Bucket

+

Intake

concentrationof lessthan 1.5mg m-3, the initial value(greater than 1.5 mg m-3) is retained,creatingthe possibilityof an
-3

Bucket

,-

I
i

30

15

+

m

excessof valuesjust greater than 1.5 mg m
Our data then indicate that the pigment concentrationsdeduced from the CZCS imagesoff Vancouver Island are lower

than thosefrom ship samplesby about a factor of 3. There are
severalpossiblereasons:the algorithmswere developedfor
much lower pigment concentrationsor for a differentmix of
accessory
pigmentsthan typicallyoccuroff VancouverIsland,
few testsof the algorithmshave been made at such high lati-

20

tudes, the clear water calibrations for atmospheric absorbance
effectsmay not work well if there is low radiance from aerosols over the whole scene, or there may have been a coc-

0

i,

1

i

i

i

i

4

16

Chlorophyll

(mgm-a)

•

'

0

colithophore bloom causing high radiancesnot associated
with pigments[e.g., Holligan et al., 1983b]. Contrary to the
results of Holligan et al., we found that during cruisesat or
near the same times of both our image sequences, coc-

Fig. 3. Frequency distribution of surface phytoplankton chloro- colithophorespecies
usuallycomprisedabout 10% of the total
phyll pigment concentrationobtained from ship samplingalong the cell numbers and a much smaller percentage of the phytotracks shown in Figure 2 during the period July 30 to August 7, 1980.
plankton biomass,which was dominated by larger diatom
The dashedline representsbucket samples(n = 49), and the solid line
representsbucket and ship intake (at about 3-m depth) samples cells [Hill et al., 1982, 1983]. Hence it is highly unlikely that
(n = 95).

coccolithophoresaffectedthe radiancessignificantly.
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Chlorophyll
0.1
,

Full

(mg m-3)

1

muthally in wave number space,rather than averagingazimuthally. Becausethe area of concentricrings of constant
width A•: increasesproportionally to •:, our spectraare less
steepthan thoseformed from azimuthal averagesby a factor

10

,

,

Image

of• +1

Cross-Spectra and Squared Coherence

•

In Figure 7 we presentspectra of squared coherencefor the
three pair combinationsof imagesfor subarea 11, the largest
and hencethe one with spectralestimatesat the largestscales.

o

For •cof lessthan 0.07km-1 (i.e.,for wavelengths
longerthan
•

Subarea

about 15 km), the squaredcoherenceis clearly higher than the
90% level for the pair of images 1 day apart. For the pair of
images6 days apart, all correlationhas beenlost for •: greater

10

than 0.02 km-1. For the pair of images7 days apart, all
correlation has been lost for tc greater than 0.01 km-1. The
90% significancelevel decreaseswith increasingtc because,as
before, the number of spectral estimates within concentric
rings of constant A•cincreasesproportionally to •:.
To summarize the data from all pairs of images,we need to
form the squaredcross-correlationfunction betweenimages,

2

0

100

Byte
28

200

value

July

r122(0,l;). Becausethe correlationcoefficientin geophysical

1980

data tends to be dominated by the largest scales,in this case
by trends over the scale of the subarea, we also form the

Fig. 5. Frequency distribution of surface pigment concentration
estimatedfrom the CZCS scanneras in Figure 4, for the whole image
and for subarea 10. The arrows mark the pigment concentration 1.5

spectralanalogto r2, the squaredcoherence
K122(tc).
In this
notation the arguments 0 and r signify that the cross correlation is formed between images at spatial lag 0 but at time
lag r, and the argument tc indicates that there is a squared

mg m-3, where the algorithm to estimatepigmentconcentration
changes.

As was discussed
earlier,at pigmentconcentrations
greater

than 10 mg m-3, the assumption
that the water-leaving
radi-

Subarea

II

anceat 670nmwasnegligible
is probably
incorrect,
andan

iterativealgorithmwouldbe moreappropriateif the necessary
in-water optical measurementshad been made. Nevertheless,
we expect that the effects on spectrum calculations will be

6 September

minimal.For autospectra
weareinterested
mainlyin therela-

1981

162'

tive spectral distribution of variance, and we have found that

the shape of the autospectrumis not highly sensitiveto the

.-.

shape
ofthefrequency
distribution'
i.e.wefound
nosignifi- • 164
cant differencebetweenspectraof pigmentand of log (pig-

-•-

ment) values.For crossspectra,we are interestedonly in the
degree of correlation between two images as a function of
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i

i
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12 September

-

wavenumber,wherepigmentconcentrations
are normalized
out automaticallyin the coherencefunction.

•- 162

Autospectra

Calculationof the autospectrum
is a necessary
intermediate • Id 4

!
,

,

,

i

•

,,

........
,

step in the calculationof the squared coherencespectrum.
Recently, Armi and Flament [1985] cautioned against over
interpretation of autospectrain relation to theoriesof turbu-

er

lence. We recognize and share their concerns, but we have

foundthe autospectrum
to be a usefuldiagnostic
tool. The
one-dimensionalspectraformed for the pigmentimagesanalyzedin this studytend to be smoothlyvaryingand to obeya
power law behavior (following a straight line on a log-log

162

plot)
over
therange
ofwave
numbers
•:(actually
inverse
wavelengths)from 0.03 to 0.3 km-1. In the offshorewaters(Figure
6), the slopeis uniformly near •:-2. in the nearshore"coastal"
waters the slope varies from •:-1.5 to •:-2, consistentwith the

164
10-3

i0-2

i0-•

i0ø

Log(I/Wavelength)
(km
-•)

hypothesisthat there is more energyinput at shorterlength
scales near the coast, from tidal mixing, interaction with
bathymetry, and more rapid growth of phytoplankton and
becauseof a shorter internal Rossby radius of deformation.

Fig. 6. Autospectrafor the three imagesof subarea11 on a loglog plot. The azimuthal summationsof spectralvariancewere performed over 32 bands with geometricallyincreasingbandwidth Ate,
which are of constantwidth on this logarithmicrepresentation.Only
the estimatesfor wavelengthslessthan or equalto the subareadimension are plotted. Straight lines with a •c-2 slope characteristicof

We note that to preserve variance we have summed azi-

power law behavior have been drawn for reference.
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Fig. 7. Squared coherencespectra for pairs of the three images of September 1981. As in Figure 6, the spectral
estimatesare for wave bands of constant logarithmic width. The 90% levels for coherencesignificantly greater than those

expectedbetweentwo random uncorrelatedfieldswere obtainedby taking the tenth highestestimate(in each wave band)
out of 99 realizationsof coherence
spectracalculatedbetweensyntheticrandomuncorr½lated
fieldswith a specified•c-•'5
power law behavior.

coherence estimate for each wave band centered on •c (the z
time separation is assumed).
We have plotted in Figure 8a (top panel) the cross corre-

lation coefficientr (rather than r 2, to preservea larger rangeof
values) for all pairs of subarea images analyzed. The values
from each sequenceare joined by a line, and coastal or off-

shore sequencesare identified. The degree of correlation in
offshore subareas is higher than for coastal areas at all time
separationsout to 7 days. For all three subareas(7, 8, and 11),
the September 1981 seriesshows a monotonic loss of correlation with increasing time separation. The July-August 1980
series (subarea 10) shows correlation after 1 week similar to

1.O

Subarea

0.5

•0•0

lO

ß

7

ß

Coastal

8 •

Offshore

1.0

Wavelength'
50- 100 km
90% Significance
level ..........

0.5

7, 8,10

,

,

,

,

I

'$"

10

Separation

,

,

,

I
15

,

,

-$

,
2O

(days)

Fig. 8a. (Top) Cross correlation r(0, z) at 0 spatial lag, for all pairs of images plotted against the time separation
between image pairs z. (Bottom) Squared coherencebetween pairs of images for the wavelength band 50-100 km also
plotted againsttime separation.The 90% significancelevelsare as in Figure 7 exceptthat thosefor subareas7, 8, and 10
(100 km square)were determinedfrom 999 realizations. Subarea 10 is from 1980; the others are from 1981.
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Fig. 8b.

15

(days)

Squared coherencefor the wavelength bands (top) 25-50 km and (bottom) 12.5-25 km and 100-150 km (subarea
11 only).

out to a r of 6 days but was clearly below that level after 11
days. For the band 12.5-25 km, only the offshore subareas 8
and 11 were clearly coherent for a r of 1 day, but the coher11 days.
ence had dropped below the significance level after 6 days.
To present the squared coherencespectra in an analogous The coastal subarea 7 retained a constant "significant" coherform, we summed the spectral estimates into several broad ence at all time separations, probably due to a common (x, y)
wave number bands and plotted the resulting estimates trend. We had tested several images at random for removal of
againsttime separationfor each wave number band. We have an (x, y) plane, but the fitted planes were not significant, so we
plotted in the bottom panel of Figure 8a the resultsfor the did not include that step in the data analysis. For the largest
largest-scalewave band common to all subareas,wavelengths band, 100-150 km, the coherences of subarea 11 were higher
of 50-100 km (or tc of 0.01-0.02 km-•). The trends for all than any other coherences,consistent with the intuitive idea
sequencesare similar to those for the cross-correlationcoef- that larger-scale patterns should retain their identity longer,
ficient: the 1981 series all lose coherence monotonically while but the 90% significance level was also the highest because
the 1980 series (one subarea) retains coherence out to a time estimates from that band were drawn from the smallest
separation of 1 week, except for a low coherenceat a z of 2 number of spectral estimates.
days. We also note that subarea 11 losescoherencemore rapthat after 1 day, with lower correlations at separations of 2
and 5 days. This series includes time separations out to 18
days, but the loss of correlation was apparently complete after

idly than subarea 8 (which is embedded within subarea 11)
althoughthe coherencein both subareasis still abovethe 90%
significancelevel after 7 days.
The same sequenceshave been plotted against time separation in Figure 8b for the wavelength bands 25-50 km

DISCUSSION

For two sequencesof CZCS satellite color images, we have
calculated two-dimensional autospectra and cross spectra and
have summed the spectra azimuthally to obtain equivalent
one-dimensional spectra. The autospectra, a necessarystep in
the calculation of crossspectra,display a power law behavior

(to= 0.02-0.04 km- •), 12.5-25 km (to= 0.04-0.08 km- •), and
(for subarea11 only) 100-150km (to= 0.01-0.007km-1). For of to-•.5 to to-2, with exponentsnear -2 predominant.These
the band 25-50 km, only the offshore subarea 8 retains significant coherence after 1 week, subareas 7 and 11 seem to have

lost any coherenceafter 5 days, and the coherenceof the
coastal subarea 10 remained near the 90% significance level

results are consistent with earlier findings for ocean color of
Gower et al. [1980], whose band-averaged spectra with exponents near -3 are equivalent to the --2 exponents for
band-integrated spectra obtained in this study; and with find-
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ings for sea surface temperature of Deschampset al. [1981],
who inferred spectral power law exponents of -1.5 to --2.3
from structure function calculations. While we acknowledge
the cautionary remarks of Armi and Flament [1985] regarding
the interpretation of spectrum shapes in terms of turbulence
theories, we note that Holloway [1986] obtained spectral
power law exponents of between -1 and -2 in models of
phytoplankton growing in two-dimensional turbulent flow
from both numerical simulations and closure theory.
From the rates of falloff of squared coherencewith increasing time separation, we have estimated for the study area off
the west coast of Canada

the time rate of decorrelation

of sea

surface pigment patterns at different length scales.At length
scalesgreater than 50 km, offshorepatterns were still coherent
after 1 week. Extrapolation suggeststhat coherencewould fall
below the 90% significance level after 8-10 days. At length
scalesin the range 25-50 km, the offshore patterns remained
marginally coherent after 1 week, but the coastal patterns lost
any coherenceafter 2-5 days. At length scalesin the range
12.5-25 km, offshore patterns 1 day apart were coherent, but
coastal patterns were only marginally so. All correlation in
this band had disappeared by 5-7 days. An extension of the
model of Holloway [1986] to a continental slope region with
variable bottom topography results in the lagged correlation
coefficientfor simulated plankton biomass patterns decreasing
with increasing time separation, then flattening out after 3-4
days in the case of an alongshore current and after 10-12 days
in the case of no mean current [Eertet al., 1987]. The simulation area was several hundred

kilometers

on a side.

The findings presented here are consistent with those of
other studies (referred to in the introduction) from eastern
boundary current regions [Kelly, 1983, 1985' Denman and
Freeland, 1985' Kosro, 1987]. The decorrelation times are
somewhat shorter than the time inferred by Denman and Freeland [1985]. They estimated a decorrelation time scale of 10
days for horizontal ocean currents,from a broad spectral peak
centered on a frequency equivalent to a 20-day period (for a
3-year (1979-1981) current record from a meter moored at 100
m at 48ø15'N, 125ø48'W within the study area shown in
Figure 1). One would expect near-surfacepatterns to be more
variable because of surface forcing and inputs, and also one
would expect phytoplankton biomass(becauseit is being created and destroyed or removed from the surface layer) to vary
more with time than do physical variables such as currents or
geopotential height. Although the wind forcing off Vancouver
Island in summer is a relative minimum (wind speed cubed is
lessthan 300 m3 s-3 comparedwith more than 1300 m3 s-3
off the northern California CODE study area [Husby and
Nelson, 1982]), tidal-forced diurnal shelf waves [Crawford,
1984' Crawford and Thomson,1984], a topographic upwelling
gyre [Freeland and Denman, 1982; Denman and Freeland,
1985' Freeland, 1988], and offshore baroclinic eddy activity
[lkeda et al., 1984' Thomson, 1984] all provide sources of
variability on scalesof days to weeks that create and destroy
near-surfacepigment patterns.
The result that patterns at the mesoscale(of the order of
60-100 km) lose coherence after 10 days seems at first to be
suspectin light of recent observationsof persistenteddies and
upwelling filaments. However, this analysis is Eulerian, and
translational

motion

alone

will

result

in decorrelation'

a 10

cm s-• current will advect a 60-km-diameter eddy half its
diameterin just over 3 days(resultingin a zero crossingof the
temporal correlation function r(z) in this simplified example).
To

remove

translational

and

rotational

motion,

two-
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dimensional Lagrangian techniquesinvolving spatially lagged
correlation are available; they are presently used to determine
ice or water motion between pairs of images [Ninnis et al.,
1986; Emery et al., 1986]. Current patterns [Joyce and Kennelly, 1985] and pigment biomass patterns [Smith and Baker,
1985] associated with coherent persistent structures such as
warm-core rings can be readily mapped and followed for
months even from ship, although their Eulerian decorrelation
time would

be of the order

of weeks at most.

Phytoplankton are also a nonconservativescalar tracer generating variance at mesoscalewavelengthson time scalesfrom
a few days to a few months [e.g., Bennett and Denman, 1985].
In the near future we plan to compare decorrelation rates for
temperature and pigments in the same area over the same
time period and to calculate cross spectra between thermal
and pigment images in an effort to determine from twodimensional,highly resolveddata if biological processesalone
create significant pattern.
The most obvious next step, however, is to extend this
analysis to a larger number of image sequencesand to other
representative geographical regions, especially to aid the
Global Ocean Flux Study (GOFS) program in determining
appropriate averaging for the estimation of primary production over the highly productive, but highly variable, oceanic margins (spatial) and spring bloom periods (temporal). It is
already clear from this work that 1-month composite scenes
will not preserve mesoscale patterns along the continental
margins and that local production and eddy transport of biogenic materials in these regions will need to be evaluated on
shorter scalesfrom some combination of remote imagery and
in situ sampling.
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Plate I [Denman and Abbott]. Estimated pigment concentrationdistribution for the CZCS image of September 13, 1981.

The color scale,rangingfrom 0.3 to 30 mg m-3, is shownat the bottom.
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