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. ABSTRACT
- Cptical wvariability across <h:z continental slcpe anid

shelf off Central Califcrnia was stuii=2d using Nimbus-7
Coastal Zcne Color Scanner (C2CS) data. CZCS estimates of
k(490), the irrajiance attenuation ccefficient at 490 nnm,
ware expressed as optical depth 1/k(@90). A molifi2d atmos-
pheric correction algorithm was used %5 acccunt for water

radiance at 670 nm. Time sequences of 1/k(490) w=sr2 ass

1)

o~
bled ard parzition2d into four zonal transecis, at different
lati+tudes, spanning May through November in 1979, 1980 and
1982. Empirical Orthogonal Functions (EJFs) wsTe calculated
for each parti<ion. The first EOFs are dominated by scales
of ordecr 180 km, with in all cases, a band of low optical
depth water ir the first 100 km adjacent <to the coas=.
Scales decrease in successive EOFs, +o abou= 40 km in the

fiZth EOF. The feasibility of Jjoining EOFs from different

[
141

partiticns was demonstrated as a pracursor for. future
applications to piecewise analysis of oc2anic sat=zllite

data.
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m2ans of determining the herizen*tal structure of th2 oceans

¢en a global basis. The objective of <his zhesis is to con-
tribute to *he developzent ©f empicicail a:zthods £o5- using

satellite images of optical parameters and sea sur-face temp-
arature (SST) to infer the upper ocean's vartical structure,
through interpolatiorn and extrapola*ion of relativaly lim-
ited in situ data.

The objective is being &approached through regional case
studies of correlations between cop+ical parameters and phys-
ical water mass propsrties in the upper ocean in Jdifferent

regicns of the world. Mcre specifically, +this <+hesi

€ a

}
[{}]
'

preliminary <case study of the <Califorpia Current region.
The ultimate goal is *o relats statistically the horizontal
stzucture c¢f op+ical propertiss observad with <+*he Coastal
Zone Color Scanner (C2CS) to the underlying vertical struc-
tuzes of temperature and salinity, as well as bio-optical
parametsrs, for a given region and season.

The study domain enccmpasses the continental slope angi
shelf off the «coast of Califsrnia between Point Suz and

Point Arguello. This area was selec<2i to investigate an

14
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the underlying isobaths.

ing +he summsr and fall seasocas of 1979, 1980 anad

tical parame*ers daterm

titicrs e2xamined hare consis:t of four zonal transects

ing +the shelf/slope region a: differant latisudes.

specific gcals of this analysis are:

(specifically optical depth 1/K(490) in meters).

optical veriabili+ty highlighteil by <he

15

=" .
-

complex 2ddy structura associa*ed with irreqular fea<n

<he tazhymetry, such as cff Point Sur. Batween DPoi
optical parameters tend to be 2ligned roughly parallel to

An ensemble of data acquired with <he Nimbus 7 CzZCS dur-

1. To characterize the meridional and =zonal spazial

correlaticn structures of ocean color parame*ers

2. Tc compare the spatial scales aad structures of g

FEARAE SRS L R ST,

LR R A Dt A~ iy s oy e g g o

ccean upwelling £ront which is knewn <o p2rsist *hocugheus
he upw=2lling sezson (Traganza,est al., 1979 . The poz<hern

and southern pcrticns of the study dom2ain are <wypifizéd by

and Pcin< Arguelle, on +*he oth2r hand, isolines of S3T and

PP S R

1982 is
analyzsd in this study. The horizontal structure in oio-op-
ired frcm cloud-frs2 porzions of CZCS
. imagery &are investigated using a Partitioned Eampirical

Octhcgonal Function (PEQOP) d=scompositicn. The spatial pac-

Cross- ;

The

PEOF
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decompositicns, and +o relate <these to the hictcrical
descrip=ive cceanography of the s<uly zegion, arni

3. To develop preliminary statistics related to +he
feasibility of joining data from different spatial pac-
titicns cr the basis of partial subsamples, and +o thus
ptovide an optimal interpolaticn of satellit:z image

data intc cloud covered areas.
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II. CCIANOGRAPHY CF THZ CENTRAL CALIFORNIA
QRSI

A. THE STUDY DOMAIN
1. Covezage
a. Area Domain

The r2gion investiga*ed in <=his project 1is
located between 32 and 40N, and from the coast of California
of fshora to approximately 126W, Fig. 1. This area was
s2lected because it contains water mass structures, 1includ-
iag fronts, which s+rongly influence phytoplankton concen-
+rations, and therefore the optical properties of the ocean
water. Furthermore, ar adequate sampls of datz was availa-
ble fer this area.

A subarea of this regicn is labelled Insert A in

Pigure 1 and presented in greater dJdstail in Pigure 2 Insect

A is bounded Ly 34 to 38N, and by 126 to> 120w. I« is the

~{ .' »
GGt s

primary study dcmain of tkis thesis. Th2 background hydrog-
raphy and dynamics of this regior are 3escribed in subsec-

tions 2, 3, and 4 of this chaptar.

» -"}.‘n
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be Time Domain

In =<he time domain, the available CZCS 2z<2
include scenes from summer *hrough eazly £all s=asons in
1979, 1980 and 1982, Origircally, a singls season =2nsemble
of CZCS data (May through Sep+ember 1980) was sougk=. Rcw=
ever, the +ime span had to bLe expand2i to three years <o
assemble a reascrabiy 1large sample size ¢f cloud-free sub-
scenes. Ths sample analyzed contains three scenes in 1979,
eleven scenes in 1980 and eight scemes in 1982. Detailed
characteristics of these C2ZCS images are presented in
Aprendix B.

2. Gegmexry
a. Coastal

The California coast bounding the area cf study
is characterized by a steep, wmountainous coastal range run-
ning <roughly parallel +o the ccastline. The ccastline
stcetching frcm San Francisco to Point A-guello i3 oriented
roughly northwes* *o soutteast, but is in<errupted by Monte-
ray Bay at 36 45'N and by smaller bays in the vicinity o€
Morzo Bay at 35 20°'N. No major rivers drain irtc this
coastline, altrough many 1local rain-g=2nerated driinage

creeks empty here.
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b. Bathymetry

The przdominan%t czientetion >f “he bazhyme*cy :is
roughly northwest to socutheast (parallel :*o the coas=z), Fig.
2. Interruptions of this orisntation are evident ir tha
vicinicty of “he Menteray Canyon, Point Sur and +he Suc Can-
yon, *he Davidson Seamount, the Tan2y S2amount znd the Sarta
Lucia Banks ard Escarpment off Point Arguello. A very
abrupt shelf treak is evident all along this section of the
Califcrnia coast. Isobaths tend to divazg2 south of Monte-
z2y, due to a broadening of thaz contina2ntal shelf ard slope
with distance south of Monterey.

3. Descriptive Qcsancgraphy
a. Coastal Upwelling

Coastal upwelling is ar oceanic phenomenon which
has a pzonounced impact upen many physical azd biclogical
processes. Predominantly southward winis during spring arnd
summer off “he central California coast, yield offshore sur-
face Ekman <transports, which forées compensation water to
rise from depths of the order of 200 to 300 m (Smith, 1968).

The upwelling season off the coast of California
is generally confined to the late spring through early fall.

The onset of the seascaal upwelling commeaces in nore
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southera wasers off <+the Califorpia coast and »orzors3zses
northward as the seasorn unfolds (Yosaiia ard Mao, 1957;
i2oster and rReid, 1963; Pavlova, 1966; Hickey, 1973). The
CZCS data set spans the upwelling season and includes images
from teyond <his season into early wintsr.

Upwelling has a marked effect on the sea surface
temperature, causing it to be much lower than would otler-
wise be normal for the latitude and season (Smith, 1968).

The relatively lower temperatures ace avident in IR imagss

of the region (Jchason, 1980; N=a2stor, 1979). Accompanyirg

(1)

*his decrease in tempera*ure is an incrzase in surfac

@D

salinity, an upwelling property unigue t> the regime off ¢th
wa2s*t ccast c¢f North America (Smith, 1963) .

The ocsanographic properties of upwelling have
been documented in many areas of the world, but nowhere with
the thoroughness of the work off California aand Or=zgon.
Ship and satellite observations have allowad us “o identify
saascns, centers, and the extent of the upwelling event
along *h2 west coast of Nc¢rth America. Traganza, et al.
(1979) used combin=2d satellite and shipboard observations %o

infer nutriant upwelling distributions off the coast of Cal-

ifornia. Frecntal structures and mesoscale eddies that can
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r2sul% from the upwelling phencmenon have bs3en examined with
ralevance <“o Anti-Submarine Warfare (ASY) by Tragznza
(1979). The use of infrared (IR) imagery in <h2 dzi=ctior

and descripticr of upwelling was examined by bo+h Johnson

(1980) arnd Nestor (1979).

The introducticn of nu%trien:t =cich waters to th2
aearshcre eurhotic zone greatly enhances “he development of
the in situ phy*cplankton populatiean. This enhancamern*t in
turn causes the upwelled water mass moving offshore +o have
distinctly different optical properties <han adjoining cff-
sacre waters. The boundary (frontal rszgion) between <+he
upwelled water mass and +he normal surface water mass is

thus readily detectable and of great iatsrest.

Nutrient enrichkment off ths California coastal
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zon2 is observed in the regicns cf upwelling evencs. These
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“ne basis c¢f nitrate-to-phosphate ratics which 2pproach

v &8 ¥y r
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15:1, ars brought to the surface from depths up +¢to 300 =m.

By way of contrast, nutrients also presant in the open ocezn
- surface water approcach 5:1 (Nestor, 1979). The added
nitrates are a primary factor in th2 increase in phytoplank-

. +*on concentrations during the upwelliny s2ason. Coastal
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opan oc2an waters and this differeace cin be

o}

ing periods of upwelling (Sverdrup, e+ al., 1942). The pay-

*splanktcn concentrations, with thairc associazed
chlorophyll-like pigments, nave a vprofound effsct or *h2
upwelled radiances measured by the CzCS, as discussed in
Chapter III.

Another aspect of upwelling, and its relation *o
satellite data, is its effect on regiomnal climat2. The rel-
atively cold sea surface +temperature in upwelling zones
csols +the air above and *hus incr2asss 1its relative
humidity. As a result, 1low s+tratus and fogqg commonly occur
here ir a shallow (mazire) layer with warm air alof=. The
frequent cccurrenc2 of low stratus and £>g, seriously limizs
infrared and visible satellits coverage during the upwelling
s=aascn. The cool sea water also contributes to a diurnal
sea bresze by incrsasing the onshoce-offshore pressure gra-
iien<+. Onsnore winds bring cool, nmoist air as far as 50
miles inland (Smith, 1968).

b. Currents

The Califcrnia Current Systam may be discussed

and studied in terms of four large scale currents:

24
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“+hs Califgrnia Current, the Califerrnia Undercucre-~, =<a
Davidscn Inshors Current, and the Southern Caiiforrniz
rent (Hickey, 1979) . The first +hres of thess curreazs
directly influence the study domain. Masoscale <currents
asscciatad with seascnal upwelling are alsoc inpcrc<tan= hace.

(1) calif

—_——

-

nia Current. Ths California Current
is a broad wipd-driven equa“orward curren~ which exhibits
significant seasonal variations propor+tisnal to <he changes
in +he wind field (Brown, 1974). Off Point Concsption *he
a2an annual lccation of the curren*t axis is 1located 270 k=
of £shore while the shorewvard boundary extends tc 200 km cff-
shors. The curzent is c¢f the crder 700 km wide and flows
south at 10 to 30 cm per second (Hickey, 1979).

The Califernia Current is a continuation of
~“he Wes* Wind Drift in the North Pacific and flows southward

along thke California coast between 48 and 23N. I+ turuns

wzstward tetveer 20 and 30N where it becomes part of the

North Equatorial Currzent. This flow r2gime comprises the

zastern extent of the anticyclonic NE Pacific Subtropical

o™ ¥
A M A
DR

s

Gyre, which is centered near the Hawaiian Islands (Sverdrup,

2t al., 1942; Chel*on and Davis, 1982).
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(2) <CaliiZcrrnia Uadsrcuzzent. Tae Cailfcrnlz

Undarcurrent, alseo, rceferr=2d tc 2s tha Californiz Counmer-

current, 1is +he poleward subsurface flaw over the cecntinen-

TN~

zal slope. Maximum poleward flcw occurs during the summer

and fall seasons at deopths of 200 +~2 250 = (Pavl~eva, 1966

m

X and Hickey, 1979). The flov can pe described as a bread

current with a central je+. It is this jet structure tha+

R~ rid i

~ is most <cften measured and referred +*o when applying

specific values <+o the Undarcurrent. The broad poleward

LA S A R

flow has a gecstrophic ccmponent alongshore nsar +the shelf

brezak of arproximately 15 cm/sec (Ccddington, 1979).

3 D I Bl W

The flow appears +9o have a jet-like struc-
“ure, both vertically and horizon*zlly, and <o extend to the

bottom over the slope. The existe2nce of a high speed jet

IR R Mg -

core of the order of 20 to 70 km in wildth, was first sug-
gested by Reid (1962, 1963). Subsequent dirsct mesasurements )
of these jets have produced values as high as 40 cm/sec coff .
Northern Baja and values of 16 cm/ssc off Washington
(Wooster and Jones, 1970) . The depth of the high-spesd core
varies sesasonally. It rises from dep+hs 2f 200 to 300 m to
. “h2 surface duricg the late fall and wint2r north of Point

: Conception. Here it 1is referred as +he Davidson 1Inshore

26
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current by many authers (Hickey, 1979; Pavlova, 1966;

2]
3
fs}
it
Y
1

ham, 1967). cven+t-scale £fluctuations (of <he ordzr <% 100
km 2and 10 davs) in the flcw appear to be cor-ela*:d with the

alongshore ccomponent of wirnd s-ress (Nelson, 1977).

The extent and +time scale of «ceatiruous
alongshore £low, and <the width of the <re2gion of nccthward
£low bkelow 500 m, are ipportant topics yet <to be z2nswered
about ths Califorria Uadercurrent (Hickey, 1979).

(3) Davidson Inshore Curreat. North cf Poirnt
Conception, the poleward surface flow in the nearshore
szgicns off <he Wes* Coast is known as the Davidson Iashore
Current. It is associated wita winter weather circula<ior
patterxs. As the southward winds weaken and tend :toward a
nocthwes«<ward flow, the Davidson Inshore Current becomes
established (Hickey, 1979 . The current flows near the
coast, usually withia 100 km, well irshores of the Californiz
Current and is ccnfined tc the continental shz2lf and slope.
Payvlcva (1966) reported that north of Point Conception, the
Davidson Inshere Current reaches its maximum develcpmen:t at
depth (200 +¢ 250 m) in +*the summer and autunmn. In August
the Davidson Inshcre Current is scar-c2ly noticeable at

“he surface despite active develcpment =2 depth. Maximum
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surface jevelopamcsnt 1s reached frcm Ociober <thrcough Aoril,

i.2., lase autun

1S ]

*o early spzing. In Dscamber, the co:z
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r2xigpum velocity szmerges at the surface and in the lazs X
spring i+ almost comple*tely disappears (Rsid, 1960; Reig,
2t al., 1958; Pavlova, 1¢66). Polewa-d valocitices of up <o ]
|
25 cmy/sec uwsre recorded (Keid and Swartzlose, 196 2) wi+thin
80 km of cen=ral California in Jeanuary. g
. , . 2
The Davidson Inshore Current and the Cali-
F
forrnia Undercurrent are often discussed 2as though they were y
separate currents. Both currents transport Equatorial-type
vater no-thward at least as far as Cape Meandicino (Pavlova, .
1966) . Also, rno subsurface maximum his been found in the .
. J
flow of +he Davidson Inshore Current. These characteristics a
suppcrt a view that the Davidson Currsn: is simply the sur- ]
.Y
3 3 -‘
face expression cf the California Undercarzent, rather <han 3

a separate current superimgcsed cn i+t.

(4) Oher Currents., Th2

- —— ——— c———— ct—

<hroughout *+he the Califcrnia Current

mented for many years (Bernstein, et al., 1977). The time
scales for these eddies, as well as the processes resporsi-

ble fcr their generation and subsequent dissipation, is an

area of incresasing study.

28

prasence of eddies

Syst2m has been dccu-




------

R D T B T T "t M " MR D D e A D T N IR it S i et st T e S dags dhuie ol ur Lon noall oS S e
LA RS . TR Pl AR g SRl ore on

LN

'

Between Sar Prancisco 2nd a poin%t apou* i

ha lf the distance to Point Coaception, there iz a perasznens ;
courterclockwise eddy <that produces aocorthwsard flow duriang E
all menths excep: April (Erown, 1974). A secend eddy just i
=

north of Pcint Conception forams during the summer months and ;

makes zorthward flow continuous frcm Point Coxnception *o San
Frarcisco (Hickey, 1979). Willmott (1983) has shown tha< ﬁ
these features may be prcduced by £flow separation of the
California current ir the vicinity of major coastal capes.
Reid, =2t al. (1963) made dirzsct measuremen*s of
an eddy (90 km in diameter) off the porthern coast cf Baja
Califcrnia. Hypotheses for eddy formation.discussed in
thair paper are as follows:
(1) The process of upwelling and the offshore movement of
the cclder, more saline waters might deg2nera*e irto eddies.
The lateral shear be*ween the upwelling flow away from the
coast and the Califcrnia Current and Undercurrent (barec-

tropic instability) could produce eddy structures. Tempera-

ture and salinity differences set up strong baroclinic zones
| along the wupwelling btoundaries which could result in eddy 8
? formation. (Sverdrup and Fleming, 1941) ;:
: D
| 2
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(2) The cffeh
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0

re suzface flow during upwelling shonld nre-
diuce a ccuater current (Munk, 195)) If =<hzre s
substantial north-south variation in *he intensity of th=
winds, then seperate countercurrents of different strengthas
migh* occur along the coast.
(3) A secornd hypothesis propossd by Reii, e+ 2al. (1963), is
that +he deeper courtercurrent may transfer momentum upward
to the surface layers, a:t times when, cr in regions where, a
surfacs current does not prevail. Tnis could cause spot
intrusions of cclder «circulating waters that form eddies
where neither surface countercurrents nor coastal upwellirng
produce *hen. |
Additionally, ths effects o0f bottom stzaring by coastal
“opography, and the associated trapped motions must be con-
sidered when discussing eddy forma+ion. (Hurlburt, 1974
Johnsorn, 1982; Willmott, 1983)
C. Water Masses

Descriptions of tha water masses that contribute
*o the California Current System are given in Tibby (19u41y,
Sverdrup, et al., (1942) and Reid, et 3l., (1958). Four
major sources are discussed by the authors:

(N Subarctic Water Mass - from thz north.

(2) Centrai Water Mass - frcm the west and northwest.

ORI
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3) Equaterigl Water ¥ass - from thz souczh.
{4) Water derived from upwelling sources,

Thase sources were simplified in Tibby (1941) and Svardrup,

et al., (1942) into twec extreme sourcss named "Subarctic
North Pacific" ard "Eguatcrial Pacific".

The percent of each water mass comprising a sam-
ple can ke defined by entering Figure 3 with a T-S pair.
However, the determination of percentage composition by this
m=zans cannot ke us2d for water above depths of about 100 m.

This restriction is due +o vertical mixing ir the nearsur-~
face layer relatzd to the effects of wind and local changes
due to heat and mass fluxes across the air-sea interface,

Aay mixing along surfaces of constant a, would be severly

masked in these shallower depths by the 2ffects of turbulent®
var+ical mixing. Also, btelow 1000 m th: diffarences in the
T-S relaticnships 2f the %wo extreme watsar masses are negli-
gible. For intermediate depths, as might be =xpected, <the
percentage of equatorial wata2r decr=ases in the direction of
rorthward f£flow. The Undercurrent is characteristically
warmer and more salin2 than the California Currer%, and it

has a salinity wmaximum <¢n the o, = 26.54 surface. Cff
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Monterzsy ari bp=zlow 830 m, +the water is 3r2ater =:han €0
Zjua<tocizl Water and this percentage increases hcocth  with

d2pth and movement tcwards lower la+i+udas (Brown, 1974).
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Figure 3.

Graph Showing T-S Curves De
and Equatorial Facific Wate
Various Pegcgntages of Egqua
Assuming Mixing

(Browrn, 1974).

fining Subarctic Water
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-::} A. INTROLCUCTION

The fphysical processes of absorpzion and sca<tering

fff relate the upwelliing radiance just beneath the sea surface
..\

[l

-r to the constituents of the watar (Gordon, 1976). Except for
XN coastal waters and waters influencad by river discharge,
if biological constituents play a dcminant role in these pro-
2 cesses (Smith and Baker, 1978; Jerlov, 1976) . Optically, the
ff most important biological constituent is phytoplankton,
o

- micrecscopic plan“ organisms that photosynthesize and make up
ﬁo the first link £ the oceanic food wa2b (Steele, 1970) .
._:J .

o Chlorecphyll-a is the dominant photosynthetic pigmern+, and
'; absorts 1light strongly in the blue and red regions of the
:Ct visible spectrum (400 <o 700 nm) (Hovis, et al., 1980).
N Therefor2, as the concentration of phytoplankten increases,
. <he color cf£ the water is shifted towvard gre=sn hues frecm the
;j' d2ep blue c¢f its pure state. By measuring upwelled radiance
f? (backscattezed daylignt) in specific spectral bands, we can
@

. determine the concentrations of phytoplankton pigments in
ﬁj “he ccean (Gordona, et al., 1980; Gordon, e* al., 1983).

o

N

7 34

..‘.

Pl

e

DY
-------

''''''' . DL RSP IS IO RS o, . " .
AL ;“;_L":)_-J_L;).;J.J.Lxls RO \'\\‘L\'Mﬂf.--'l‘.\.~--_




UMY @ e

O S S A AL L

ot
toa
D
«
(3]
(@]
[7¢]
n
@D
8]
n
(o]
te
A
3
[
.J
[}
{n

This chapter £fizs+ describes

cipabilities, and then the measu

r
3]

1 signal is discus<ed.
Algorizhms that are currnetly appli=d to this =signal ¢ cor-
rect for atmospheric effects are discussed. Finally, the
1lgorithms dssigrned to convert the correc*ed radiance values
to phytoplank*cn concentrations, C, ard irradiznce z2++tenua-

“icn coafficien*t, k, are preserted.

B. SYSTEM DESCRIPTION

1. The Nimbus-7 Coastal

R

e Color Scanne: (CZCS)

The CZCS was built by +he Ball Brothers Research
Corpcraticn tc NASA's specifications. The ians*trument is a
spatially imaging multispectral scanner. Six spec#ral bands
are grecisely corejistered and internally calibrated. The
swath width c¢f£f +*he C2CS is slightly morz <than 1600 km.
Characteristics of its five visible (443, 520, 550, 670, 750
nm) and orne thermal IR (10.5 to 12.5 um) channels are summa-~
rized in Table I. The CZCS has an active scan of 78 degrees
cantered ¢n nadir and a £fi=2ld of view of 0.0485 Fagrees,
yielding a gecmetric instantaneous f£field of view of 825 m
(at nadir) from a spacecraft altitude of 955 knm. I+ can

tilt the scan plan2 20 degrees from nadir in 2 degree incre-

ments along the sata2llite track *o minimize the influence of

35
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glint. The Nimbus-7 spacacraft is ip 2 sun-

synchronous crbit with ascending reds rnezr lacal reon.

W

TABLE I
Characteristics of the CzCs

(Hovis, et al., 1980)

3and ) Saturation Measured
Number Wavelength Gain Radiance signal/neise
(nm) (nW/cm,Sr um)

% ;.41
1 433 to 453 .64 158/1
1 9.23 _
0 11.46
3 3.50
2 510 to 530 2 5.10 2001
. 1 . 6.20
0 7.64 }
3 2.86 .
3 540 to 560 2 4,14 176 /1 K
1 5010 5
0 6.21 ._"
3 1.34 ]
4 660 to 680 2 1.91 118/1 =
1 2.32 ~
0 2.88 Q
5 700 to 800 23.90 350/1 .
6 10,500 to 12,500 0.22 Kx '
* Noise =2quivalent temperature differenc2 at 270 K.
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The desiqned purpose of the CZCS experiment wzs =¢

2 sstimates of

provid the nearsurface concentrations of phy-
toplankton pigments (defired <¢o be chlorophyll-a and i+s
associat2d degradation products, called "phaeopigments") by
measuring the spectral radiance backscattared out of the
ocsan (Gordon and Clark, 1581). The radiance scattared ou+
of the ocean tha* reaches the sensor is a vary small portion
of the total radiance received. Consider the physical se+-
<ing where solar irradiance FO(A) at a wavelength A is inci-
dent on the tor of the a*mosphere at a zeanith arngle eoand
azimuth ¢0 and the scanner is detecting total radiance L. ()
a= a nadir angle 6 and azimuth angls ¢ . L. consists c¢f
radiance which has been scattered by th2 atmospherz and sea
surface, —radiance generated by Fresresl ceflection of tke

direct (unsca*ttered) solar irradiance from the rough ocean

surface (sun glint), and solar irradiance scattered from

beneath the sea surface tJA)Lw(A), where H#A) is the diffuse

~

. ~ransmittance.

i; Obsarvations (Gordon, ot al., 1983; Gozdon, et al.,
f, 1980) produce values cf L (1) in the blus that are ten times
A

- g-eater than L (M. These effects are principally due to
»
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Presnel reflecticn (sun glin%t) can be ignorsd as the til
capakility of the CZCS minimizes its effact. However
scattering <=ffects, both Rayleigh and asroscl, mnmust
-2moved £:rcm It (A\) to give usable values for the upwse

radiance Lw(k).

C. CZCS CGEOPHYSICAL ALGORITHMS
1. Atmospheric Corrsctions

Frcm the signal descripticn in section A of

chapter, we can construct +the follcwing formula

Lt(k) = Lr(k) + La(X) + td(A)Lw(x)

whare
L = Total radiance
L = Radiance due to Rayleigh scatt=zring
L _ = Radiance due to aerosol scattzaring

L_= Upwelled radiance from beneath th2 sea surface

t ,= Ciffuse transmittance of the atmosphere

A = Wavelength

ting
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As previously mentionsd L. is <ths total radiznce
azasura2d ty <he CICS. Tke Rayleigh scattacing t=zp can b3

2xpressa2l zs

FO(A) rr(A)

Lr(x) [fr(a_) + {p(8) + p(eo)}Pr(a+)] Togx),

(2)

4 cos 8

Where
P = The ins*antaneouys extraterrestial solar

irradiance.

La
[]

The Raylsigh optical thickness of the atmosphere.
P_. = Th2 Rayleigh scattering phase functiorn.

a_ = The scattering argle throcugh which pho*ons ars
backscattered frcm <+he atmosphars t¢ the sensor

withcut interacting with the ssa sucface.

a, = The ferward scattering angls of those phctons
which are scattered in the atmosphere toward the sea
surface (sky radiance) and *hen specularly reflected
frcm +the surface into the field of view of +he sen-
sor (p(eo) term) as well as photons which are first
specularly reflected from the sea surface and *hen

scatered by the atmosphere into the field of view

0f the2 sensor (p(8) term).

p = Tha PFresnel reflectance c¢f +he air-sea interface.
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Io = The twc-way ozomne transaittance of the atmszohere.
3
9 = fThe sensor zsntith angle at =ie obs=arved zcin: on
the sea surface.
@ = The solar zernith angle at thz observsd point on
o

the sza surface.

The aerosol scattering +<erns is found using the 670
nm channel, where there is only a negligibly small con<*ribu-
tion by <the Lw term. (This is referr2d +o as the "Llack
ocean" assumpticn.) We calculate a2rosol radiance at A=

i 670 as
- L,(670) = L _(670) - L_(670) . (3)

The key assumption in ¢*his algorithm is that the ratio of
aaroscl vavelengths is constant over a scene, and is givan

as

L ()
e(1,670) = —— : (4)
La(670)
€ is calculated using eitter simultaneous direct radiance
msasurement from 2 ship, or upwelled radiance values mod-

elled at a clear wa*er pixel (Gordcm and Clark, 1981). The

lat+er method is discussed in sec*ion 2 of this chapter.
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Returning to equatiocn (1, +. (A) is the diffuse

L s
o

o
. oSS e,
. P
L tete e

~raasmitzance of the atmcsphere and sea sucface, which nmay

bea afpfproximated zs

, (3)

(1 - p(8)] rr(R)
t.(x) = -~ exp-———-+1:o()\)/cos6
d ‘- 2 3
m
«hzze g8ll +s-ms have ke2en rreviously definsd excert m, wnich
is the index of rsfracticn of watsr relative *o air and is
assumed to be 4/3 for the wavelengths (400 - 700 nm).

We have now developed the basics for sxtracting the

upwelled radiance values, 1, trom the CZCS detected signal,

el
LN B 1
PRt

[\ ]

.
{9}
[

adiance

€3r Ha:

"

[
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The scene constant,e , given in squation (4) is cal-

cula*ted as

F (X)) expl-t., (A)(sect® + secH )]
e(r 1) = (A/a " =2 = ° (8
FO(AO) exp[—r03(ko)(sec8 + seceo)]
where n is called the Angstrom coefficiant, Equation (6)
can te rewritten as
N Fo(/\) ’I‘Oa(,\)
e(A,A ) = (A/r) , )]
FO(XO) Toa(k )
- 41
;_Q':




where T _ (X)) = exp[-rO:(A ) (sec 6 + seceo)] and where for

3

the C2Cs A = 670 nm.

Gerdon and Clark (1981) developed +he concep* of
clear water radiancz for atmospheri correction of CZCs
imagery. The s*rategy employed in this study was to f£ind an
area c¢f the image that cculd be assumed to> have a chloro-
phyll concentration less than 0.25 wmg/m i At this low con-
csntration, L, at 520 and 550 nm are assumed <o b2
essentially constant for a given solar elevation. Then,
given these "clear water values" cf L _()) a: one position,
La(x) is calculated using equation (1). g(A,670) are fcund
from equaticns (#) using the computzed La(k) and L ,(670)
valua. Finally, rearranging equaticn (7) we £find that

(A)

Fb(k) To3

1ln s(x,xo) /

a(x) =
FO(XO) T03(>\0) . (8)

In(A/X)
0

Values for n at 520 and 550 nm (n(520) and n(550)) are com-

putad, then averaged to estimate n(443). The Angstrom coef-

ficient at 443 nm cannot be directly msasured in <his way
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b2caus=2 Lw(uus) is highly sensitive to 2ven minute f£luczua-
tiors in chlorophyll concentraticns at 1low concen<ra-zicr.

An impecr+ant aspect of this algocithm is <tha* rei-
*her surface measurements of Lw(A), nOor any properties of
the aerosol are <cejuired to implement <+the a%mospheric
correction.

3. Bic-ortic Paramete

*

a. Chlozophyl Concentrations
Determiration cf chlorophyll concentratiors
C frcm ratios of LW(A) relates the surface value of T to the
ratic of the upwelled radiance at two diffzrent wavelengtas
(Morel and Prieur, 1977; Gordon and Clark, 1981). The basis
for +his is tha%t *o a first approximation L, is propo;tional
to the ratio of the volume backscatteringy coefficient,

B(A)b{(x), and the volume absorption coefficient, a(h), of

<

“he water plus its coastituents (Gordon, et al., 1983). The

p,’
Catadal

cortributicns from the individual constituents can be summed
to rrovide a total value for each optical coefficient.
Moreover the con“ributions to B(A), b(A), aad a(i) arisicg
froem phytoplankton and their pigments ar2 assumed to be pro-

porticnal tc chlorophyll concentra+ion C. Taking a ratic 2f

e L, at “vo different wavelengths and applyiag the as- -ptiorn
P L (A) a B(A)b(A)/a(r), we obtain

o w

A

"

- 43
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o
.‘: Lw(v\l) - B(.\l)b(.‘\l)a()‘z) 9)
Lw(/‘\.z) B(/\z)b().z)a(xl)
TN Because of +the non-lineacrzities involved in <he individuzal
N constituent ccntributions to B(A), b(x), 20d a(r), w2 appeal
a2
") to a heuristic chservation that
2 L) 2 Rree,k, .., (19)
".':-:.' Ly (A2)
‘f i.e., the ratio of two upwelled radiances is a function R
-\‘j'.
o of the chlorophyll concentration, C, and thz diffuse attenu-
o : . . : :
e ation coefficient, k, as well as cther optically important
N\
P~
N constituents of s=2awvater. It was +then assumed that R is
SO related to C *hrough a log linear mcdel of the fora
o
Log C = Log A + A1 Log R(A1,%3) (11) -
{
o which was empirically fit to observations to determine ccef-
j@ﬂ ficients Ao and A;. Thus, pigment concenzirations are com-
) puted from CZCS data using the equatiorn
-::_' Al
. C = AR (12)
e The empirical coefficients prasented by Gordon,
S st al. (1983) have been adcpted by NASA and ars:
ﬁ; Case I: C < 1.5 for R (443,550)
&)
o A, = 1.1297959
e Ay = -1.71
o:
~
.'_:.r 44y
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Case II: C> 1.5 f£for R(443,550), but

C < 1.8 for E(520,550)

A = 1.1297950

Case III: C > 1.5 for R (520, 550)
A = 3.3265955

3
where C is ir mg/m .

b. Diffuse A+tenuation Ccefficiant
A similar development of tha2 algorithm for thz
de+*ernina+icn of the diffuse attenua*ion coefficient, k().
is given by Austin (1981). Like the chlorophyll concentra-
+ion algorithm, +his algcrithm derives 2 value based on the

ratic of Lw at +*+wo wavelengths. k can be defined as

-1 dF(XA,2z)
F(A,z) dz

k(r) =

(13)

Equaticn (13) car be solved for irradiance F(r,z) =0 obtain

F(A,25) = F(A,z21) exp [—k(A)(zz-zl)] . (14)
Hence
1 F(}\,Zz)
k(x) = 2,2, In FTTT;TT . {15)
45
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o )
;ﬁ; Empirically derived ccefficients frcm spesctral data yi=1ii
T -1,491
[t L (443) -
N~ k(490) = 0.0833 | -+—— +0.022 m (1)
AN L _(350)
A w
s ' (Austin, 1981).
) ‘
D. SIGYAL FACTCRS
L0 Marny facters have been accounted for wit these algor-
,_-,'-~
‘ ithms by either mathematical and empirical models or heuris-
:" 3 » . . .
o tic assumptions. The determinaticn of the +total radiance
S : .
. values in the first four channels of ths CZCS allows us to
Co
.;: apply the correc*tions to determine upwellad radiance. The
:ﬁ: cons*tituents ¢f <+he water which affect its absorption and
2 scattering propertiess are then empirically derived. ]
(
e The distributior of pbytcplankten 1is controlled by many
A local, mesoscale and global factors, including solar radia-
o~
) tion, global weather patterns, and oczan circulation pat-
iif terns. The mesoscale events of upwellirg or <ddy
! _ , ,
L cizculation can have important regional effects. These fac-
Sl
ff tors are tco numerous and varied ¢c¢ be modslled on a theo-
fj< ratical basis. However, empirical moielling can produce
%}4 ralatively accurate and censistent resules.
< . :
e The measurement of these bio-optical paramaters <£fronm
o
Qﬁ space allcws us to remotely determine +heir relationships to
“
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spatial sca2lzs and svacific featur=2s can be discerzed usizg ;

the knewn (or hypothesizzd) relationships betwezn inherent
optical properties of the ocean water cons=ituents ard +he

Sarcing invelved in +heir distribution. b
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: IV. ZEMBIRICAL 'igﬁzﬁzgﬁ CUMCIIIE ANMALIEIE f

. ;

£ .

:: A. INTROLCUOCTION :
The ccncept of principal comporent analysis has been i

ii presented and utilized in differsnt £forms over the past :

X eighty years. FPitting a 1line *o a data set was usually :

|\

- accomplished usirg a least squares method. Distances <o 1

]

N 1

N this line from each point were measured oaralliel to an arbi- J

Y trarily set axis. Prom *he =2arly work of Pearson(1901), 1

» this method was adapted sc that the perpendicular distarces

>~

;ﬁ frcem each point to the best fit line werz measured. Figure i

Sz 4 illustrates this difference and shows that +the firs< !

. methed is tied to a cocrdinate system while the Pearson

X apgrcach is independent of <coordinate systenms. This new

;ﬁ me+=hod laid +he rfoundation for the development of principal

:5 compcnan: deccmposition techniques. These technigues have

‘o

- since been utilized in many forms and referred to by similar

" names in a rnumber of disciplines. Applications in psychol-

'f ogy ty Eckert and Young(1936,1939), although somewhat dif-

q

- ferent in their developmant, contain ths essen=ial elemen*s

:ﬂ of data analysis and principal component decomposition as

] used in geophysical disciplines tcday.

&
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Pigure 4. Plct Showing thke Difference Beiween Minimization
of Distances to a Line Parallsl to ar Axis (d
Values) and Pergendiculaz to the Line (p Values).
(Preisendorfer, et al., 1980)
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nence of representing a large climatological £izlé with &

smaller set of values. These areas include:

4.

M Ncn=-lingir sta<isticzl predictien (Loz2nz, 19586),

(2) Nca-linear dynamical prediction (Lorerz, 1956),

(3) 500 mb hzight field representation (Rinnsz, e+ al.,

1979), and

(@) Sea level pressure, surfacs temperature, and opre-
cipitation pattern repressntations (Kutzbach, 1967)
O«her wuses of BEOF analysis <*echniquss in oceanography
inciude the repressntation of oc=2an color spactra (Mueller,
1976) and of wave spectra (Aranuvachupun and Thorton, 1383).

The principal difficulties enccunterzd in principal com-
ponent analysis problems relates to the selection of +the
'‘neaningful!' sutset of ccmponents and +o their »physical
interpre2+tation. Methods of seslection ¢f the priacipal conm-
ponents are alsc widaly vac-ied. Preiseadorfer, =t al, (1981)

discussed two m2+*hods which together involve seventeen 4if-

Ih
"

Q
-

ent testing rules. Empirical selection of a cutoff value

zed.,

[

for wvariancs or forcing factors can alsoe be util

50
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Visual inspecticenr of the data which lzads to a cil
(albsi< sutjective}) choice is alsc an option.

The encrmcus data volume iInherent in satellites data sets
begs application of the techniques of principal comporent
analysis. rtincipal compenent analysis technigques often
allcw the efficient representation of a large data set by
its firs+ few principal ccmponents with 3 negligible loss of
information. The advantage gained is reductiorn in the num-
ber of variables needed tc represent the data. Raducing a
data set to its principal components can also aid in the
intergretation of the data by separatirg noise from the sig-
nal. Principal component analysis theory can be applied to
preliminary explorations within a relatively unstructured
domain 5f kncwledge, one in which the fundameﬁtal laws gov-
erning the processes under study are s+ill being
defined. (Preisendorfer, et al., 1981

A brief review of the EOP aralysis follows +*o provide
backgrouad for the later analyses. The reader is referred
o0 Priesendoc-fer, et al. (1981) for a more complete devel-
opment and history. The fcllowing matrix algebra no%tation
is adopted thrcughout this thesis.

1. Nc underscore denctes a SCalaCcececcccacccsaasel

2. A straight line underscore derostes a vector....X
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Se The use of a superscript "T" danntes a nmatrix
transgossa.

B. EOF EQUATIONS

Fcllowing Preisendorfer, et al. (1981) let\;' be the

rav (uncentzred) data matrix,

Cfr(1,1) £'(1,2) ... £'(1,p) ]
£1(2,1) £'(2,2) ... £'(2,p) an
P o= : . .
£'(n,1) £'(n,2) ... £'(n,p) ,

where f'(i,J) 4is the measurement in th2 i'th time point ard
j*th spatial position. In the present investigation, each
member of E' will correspcnd to an optical parameter meas-
ured ky the C2CS at 2 particular time and spatial position.
To ccnvert the raw data matrix, ﬁ'r to a cerntered da*a
matrix, E. the temporal means are computed and subtracted

frem P'. Ths temporal mean vector f(x) is calculated as

(18)

=N
nM:ﬂ

f(x) = PR ANCI I

The centared da+a matrix..i, is then defined as
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£'(1,1) - E(l) £'(L,2) - E(2)...£'(l,p) - E(p:

£'(2,1) = E(L) £'(2,2) - f{2)y...2' (2,50 - D0

N )

B A\

£'(n,1) - £(1) £'(n,2) - £(2)...£"(n,p) - £(p) . =

Each element £(t,x) of F consists of a raw data measurement
with the tempcral mean remcved. The cent=2rzd datz matrix ,

E, can be written as

F =F' - F (20)
Cal ~

ct
=2
o
ct
(2}
(V)
o]
n
o
(o]
n
()]
o
[a )

ie the matrix containing as rous

&N

where
the mean vec=cr ET; [f(1).f(2)....,§(p)].
L

2. 2rincipal Direction o

it

Scatter

Tc find *h2 direction, e, (ir +he spaczs domain)
along which the scatter (or variancs2) of -~he data set is

greatest, ccnsider the projecticn c¢f <the data vectors £ (%)

along an arbitrary dirscticn g,

(21

D( t,ey) = fT(t)§1
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Sgquarirg <his leny+h and sunming ovsar all ©n obssrva-iaons, ;
Jived o Mee3iule <L Thé SCETTRI CL Ind AiTi aleny taE llleo-
tion, 1, namely
2 n T 2
(e = [z <t>sl] - (222)
t =1
The righthand side of (222) can be expanied to yield
n
2
D (ey) = X [ 9f£<t>§T<t>el] (22b)
t =1

T[S T
el [Z £(e) £ (t)]gl - (22¢)
t =1

The next stap is *5 dsfine the "Scatter Mawtrix", S

T

S=EE » (23)
with elemen=cs
n .
T
s(1,) = 2 f(O)E (&) . (24)
t =1

gxpanding the abcve equaticn produces for 2ach member °f,§
n

s(1,1) = £ (£'(e,0-FEN (£ (e, n-FuNT . (25)
t =1

If the matfix is normalized by dividing by (p - 1), then

when i # j, the members of,é are covariance values, and wh2n

i = 9§ (the trace 2f the matrix) +the members ace variance

values (i.e. each element is the varianc2 of £ a%+ a single

spatial grid pcint). The scatter matrix, 3, is symmetric.

Sy
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The first orincipal compornent oI 22 observation vec-

sor £ i5 defined t5> be +the linear combination

a; = e11f1 + e12f2 + ...t elpfp = ETE (26)

whose sample variance

T

is a maximum for all poss;tle vectors e, subject to the ccn-

l\.)

strain% that

e; = 1 . (28)

Iatrcducing the lagraage multiplier A3, the maximum variance
g

must satisfy

& wai(1-efep] - eTse, + Ay (l-ete;)
el a, Thillrere) =57 a1 1(l-eje;
=2(5 ~MPer =2 - (29)

For ncn-+rivial solu*tioms, A;, must be chosen such that

(30)
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(31
and sirce e;2; = 1
1 a) , (32)

i.e., the first eigeanvalue of § is interpratable as “he sanm-
pl2 variance of S. If we expand this development 40 the

other eigenvalues and eigeavectors of S, ve obtaixn

}§=[gj];j=1,...p , (33)

th
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r{=ln[xj];j=l,---p- , (34)

o
o
w

diagonal eigenvalue matrix.

Thus,

SE-EEL . (35)

T

In *erms of E the constraint e'fe1 = 1 becomes E ;= I Wher2
a &8 b A

I is the identity matrix. Therefore, if we multiply both

sides of equation (35) by E‘Twe obtain

(36)

s=ELE -
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Now, Jsing <he definitiocn provided for £ and equatiorn (29),

ipal compcnent matrix carn b2 defin=d as

o
oy
[(}]
e}
2
’ »
3
Q

T TR (37)
This is the desired principal decomposition of F where

b
A EREE (382) :
_ T T .
=k I EE (38b) j

“E %K (38¢)

T
=k kK (384)
= k . (386)

C. PARTITIONED EOF ANALYSIS

1. Puzpes

1w

The ECF analysis method owutlinad above wcrks very
well for a large continuous data set. However, geophysical

data sets are rarely continuous, In the cas2 of satellite

data, <cloud cover results in many gaps. Sometimes thess
gaps can te bridged by linear interpolaticn, e.g., when they

are small and surrourded by good data. Often this is not

» bedi T I
A LN

*he cas2 and so a scheme of utilizing non-continuous data is

a

A R
s

nacessary. Here, the purrcses of parctizioning are:

Ll
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(1) To maximize the sample <siz2z in zhe presencs 22

cloud cover, thus 2llcwing statistical compu<=z-iors for
subregiorns;
(2) To highlight spatial structures of variance fea-

tures locally, befors absorbing tham into *he modes cf
the overall domain; and
(3) Tc achieve computational conviarce.

Briefly, partitioning permits EOF aralysis using
small subsets of the overall data set. These subsets are
par+*i+ioned <c yield continuous data in 2ach subdomain. An
EOF analysis is ccompleted on each indivijiual subse:t, and an

eigenvalue matrix, an

()}

igenvector ma:rix and a principal
componen*t matrix are obtairned. The next step is to perform
an EOF analysis to join the principal components o0f the sub-
sets. This second EOF analysis produces ' joining functiorns'
which relate twc non-overlapping subsets.

2.

|0

ules and Metheds
When performing the partiticn of any data set cer-
tain rules must be observed t¢ maintzin the statistical

reliability c¢f <ths computations. Two obvious and basic

rTules are:
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(1Y  Th:z minimum partitior s (numbar of pixels) nus-

tn

£z greste- <han or =squal *o th2 sampls sizs {(i.2., 1

n

« havsz 25

(]
[ |

there ace 25 sanple days =2ach par<ition mu

W

more fpixels). In practice, thz spatial dimesnsion will
k2 “equired to be significantly greater than ths szmple2
size.

(2) The parti“ion size should nct be so small “ha%t the

W

spatial structure is domirated by noise (e.4q., par+ti-
tion boundary will not be placed in a major fea*ure,
such as a froent or eddy of length scale much less %han
the par=zition size).

The methods involved in the partitionirg are subject
to the abcve prirnciples, tcgether with a general understand-
ing ¢f the physical processes occurring in the study domain.
Four tracklines at 35N, 35 22'N, 35 40*N and 35 53'*N, were
used *o 2aid ir this initial ¢rial cof partitioning (Fig. 9).
The radiance values and computed cptical rparametars along
each trackline werz plotted versus distancs frcm *he coast.
Thase plots were aligned to pictcrially represent +the data

and its gaps (due to clouds). The partitioning scheme was

PSR ~NRL )
o CREA . . H
PSR R A R S ‘. A
E . ey,

59

&Y o g F
L
S

1
4

.

P e T
- . . L. -
PR L IR L R L T R S L - "




™ - W ] (S A 4 A s L Diavia e Shomn Mhuiny ot 2 Sned Bony 2 wor > hdl ‘ol na Aol
S R A A A R A e A Y i g T PRI S DR A 2 S AChAs it B o |
o T TE T NS Ry ™ oy RSN A DA A A o A -
! ST T A,

.

‘JV‘

s Ve s is

* l.,

e e %
AR BORIRIIT “S X

[
¢

. INSERT A l
=T

©
©
<

Francisco

P R T
L e W e

N

Cats s B Y

]

S -

a00 - Do RWEA T \ 2

-

- 4600

- 4N
v 126 W

\
., b
.

o« )
~ .

._"

- f

e,

T-ackline rplots.

.
]
'4.
[Fo}
=
t
[1:
[$))
L]

s
B

.0'.

60

I SRR PR W S RPN

CRAAALT

Y

»

o

TS
[
e P g

>

"4‘{‘("{‘ -'.‘-‘,,nq. O et e et N Y A AT At At ALY . At et ATt~ B
WESE SRR AP b AR . AN T S St WL ORI

2 pL RN

P
»




I T S R BN M T S X u"r_‘.:‘"‘.\"(‘.‘ R R Y T A TITINT VY
. B I A S il Mol e el e T 40
.. o~ - - ' d . . - - e
St

PAME TR a sngratee ood

ol

iy “han applied +c “ry and producs subsets that were 2s cca-
t; pLete (continuous} as possible over <th2 +<ime domain, Thsa

..

L total da*a matrix is +*hus rpartitioped into ? subdomains

5: = ,{p ;o p=1,...,P , (39)

where the sulscript ¢ denctes the <zotal data set &nd sub-
scrigt p denctes the partiticns of the data sst. Each P o is
the data matrix <for grid pecints falling withir grid parti-
tion p, and ccrtains all time points for which complete dzta

ware acquired in that subdcmain.

(=]
o]
(1]
<
=

lU

lm

l.J
14

3. Eguatio
The EOF decomposition discussed in B, is applied %o
2ach partiticn separately, such that fer each partition, p,

the scat<er matrix is given by

T
= F (40)
p TR K
and frcm (36)
S =Ef L_ EV (41)
vp vp P Vp ’
where.gp = Eigenvector matrix of the spatial partition p,
and
3!?= Eigenvalue matrix for partition p.
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given by

md, g
.

>

- -

Ny Rp " & Rp - (42)
-

«

= Equations (38) regquire that

3 T

“ = A A y u3
4":- kp vp vp ( )
)
;“' and so (41) can ke writter as

- _ T T

:‘ ’%p B Ep ép ép '%p . (uu)
<

Relating this to a global scatter ma%rix, gc

‘i:'. - -

. S1

AN (SYM)

2 Re = Ci2 R2 (45)
C

> S1p f2p %

-; Where ¢, represents the zatc-i cf covacriances between grid
x-.l

Sj points in dcmains 1 and 2, and so for+h.

-u.‘:

2 Now the joining process is daveloped. For any num-
fﬁ bar c¢f partitions (two are used in this jev2lopment),

e

T T T

o $1%E1 By o= K1 AL A (46)

and
T T T
R2 = F2 K2 = k2 R2 Q2 K2 » (47)




D A e A AR A A T R e L A T A e A N P A N I R IS R yIT = T TR =
i RISy A

—— -
Pathil

where the subscriots denote partiticn number.

For this ccmbired set the scatter matrix is giver by

MR ~— §

(SR ]

T
S8 S £
$12 = (48)
’ T T
E1 Kz F2 k2
Using egquaticns (46) =2nd (u7),
T T T
k1 9 R1 A1 A2 A E1 9
12 % 49
2 T T 0 T (43)
9 E2 Al A2 2 A2 g E2 .

The jeinirg functions,‘g, are defin=2d as the eigenvectors of
the central matrix given in (49) . Finally using (ut1j, (43)

and (44), (49) becomes

T
k1 E1 9
T
S12 = J12 k12 J12 T (50)
0 E, 0 E; .
Y N N "

The jeining functions, ‘%, relate the s2parate subscenes to
2ach cther across an overall study dcmain. The interpreta-
tion of these functions should allow examination of the var-
iations <tha= occur thrcughout the domain and 1lccalized

effects on the individual partitions of the domain.
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D. INTERFRETATION

The cocrdirate system defined by “h2 sigenveczors gives
the demain fcr the principal ccmpcnents. Iz +the present

study, as well as most gecphysical applications, thke princi-
pal componen<s can be thought of as teaporal amplitudes and
the eigenvectors as their spacial modulators (Preisendorfer,
- al., 1981).

The i-th principal component is that linear combiratiorn
of the data £field which explains the i-th largest porticn of
the total field variance. Essentially the eigenvectors
define a directicn of variance, while the prircipal compe-
z2nts give the amplitude cf the varianc: in the direction of
the associated eigsnvacter.

Onée a data sat has Leen reduced to a set of eigenvec-
tors and associated aamplitudes, the quastion of signal ver-
sus ncise arises. A decision as to which componernts cf the
daza field have significance, and which componen<s of the
data field have no physical meaning must be made. Scme sort
of 2 selection process must be defined and applied. Bases

for thase selection processes should have their roots in ¢h

o

physical processes being s*udied.
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INTROLCUOCTION

The major focus of this ¢hesis was %o achieve a first

step towards *he analysis cf the obtaineil data set. Much of

ths energy irn producing thes2 results was directed toward
the processing of <the data to a usable form for EOF analy-
sis.
processing +techniques utilized and an accountirg of all

2d justments agplied to the data.

tinct areas. The first result emerged frem <+he da*a
processing and a discovery of the bresakdown in the black
ccean assumpticn. The remaining areas are interrelated as
one deals with the data set prior to th2 EOF analysis, while
the cther attempts +to relate *his to a statistical meaning

using EOF analysis methods.

B.

near the California ccast, the assumption thaz Lw(670) =0
breaks down (Chaptar III, Section C). This £finding pre-

sented a need for an adjustment algoritiam,.

Appendices A and B give a destailed discussion of the

The results cbtained in this thesis 2ncompass threse dis-

CORRECTIONS FOR NON-ZERO Lw(670) IN COASTAL WATERS

Frelimipary examinaticn of this data set showed that, -
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At pizxels where the upwelled <rcadiance ax* 673 »m ,
Lw(670), is significantly greater than zzro, calculatz? val-
ues c¢f Lw(uua) ara2 often < 0.01 (mw/(cmz-sr-m)) (2pproxi-
ma“cly 1 digi+al <ccunt 3in CZCS <channel 1). This is
unreasonable evern in moderately turbid ocean waters. Smith
and ®ilsor (1981) observed that in coastal wa*ers off Czli-
fornia, whkere pigments and/or s=diment concentration are
r2latively high, it is not unccomon for the subsurface
upwelling radiance L _(670) to be non-zero. They developed
an iterative procedure to account for this, which is similar
<0 that develcped indeperndently and used in the pressernt
prccessing.

The prccedure invelves +wo majcr staps.

In the first step, which is invoked when L, (443) < 0.01:

1. Set Iw(au3) = 0.01, a minimal value for daylight
tackscat*er and sligktly less than one digital count in

CZCS channel 1.

2. Lecrease La(670) and incrz2ase L (670) to be consis-

f? t=nt with the new value of Lw(ua3) (using equations (4)
.:\

ol aad (). _
h!? 3. Recalculate Lw(520) and L‘#SSO).

F-F‘«.

S

" 4. Recalculate C,;, C,, K(490), K(520).

~T .

i

L__:.'_

- 66
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The second step is lased on <he assumption that thse
C, algorithm (=quation (12), case III) is robust anld inssr-
sizive o mcderate errors inm La(670). This assumption was

suppcrted Ly sensitivity calculaticns which showsd C:2 values

to vary Lty less than 30 rpercen+t for wile variations in e (A
,670)., If C; - Cy2 > 0.5 and C1 > 2, +*he correcticn is pre-
sumed unreascnable due to La(670) being too large (and cor-
respcndingly, Lw(670) being ts0 small). Next, values of
K (490) and K (520) are estimated, which are <coasistent
with C
1. Es<imate a zatic Lw (4&3)/Lw(550) consistant with
C, by inverting the Cjalgorithm (Equation(l2) with case
I coefficiants) using the C, values.
2. Increase Lw(670) and decrease La(670) to be consis-
tent with the new values of L (443).
3. Recalculate Lw(uua), Lw(SZO), and LW(SSO)
4. Recalculate C;, C,, K(490), K(520).
S. TIterate this procedure until C, and C, agree.
Cata acquired aboard <+the R/V Acania during the Optical
Dynamics Experiment (ODEX) provide a tentative basis for
assessing the validity and performance of the above adjust-

men*t algeritha. In Pigure 6 values of 1/K(490) calculated
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frem CZCS data, acquired cn 16 Oc%ober 1982, are ccupzrsd

tn

wi“h prelimirary calculaticns of 1/K(49)) from ssi=cteld ODZIX
staticns. The transect shcwr is along 35N (parziticn 4).
Staticns 24 and 25 were cccupied 1.5 hours before the Nim-
bus-7 CzZCS observatior, and 2 hours aftsr it, respectively.
Station 21 was <cccupied 9 hours,and stations 19 and 13 one
and two days, respectively, prior to the satellite pass.
The 1/K(490) values at tlesea stations were calcula+ed from
the graphical displays of raw irradiances profiles (a*t a
wavelength of 490 nm) ©preseated in <the prelimirnary K/V
ACANIA ODEX CRUISE REPORT (Mueller, Zaneveld and Smith
1982).

Panel 6a compares the CZCS and in sizu 1/K(490) values
before +t+he abcve ad justmernt was applied, and figure 6b com-
pares them after the correction. Agreemsn% in both cases is
axcellent in the transparent waters at stations 21, 24 and
25: no adjustment for Lw(670) was requiced in this ragion.
In *he inshore portion of the transect, hnowever, agreement
is obviously poor before tte Lw(670) aijustment, azd much
imprcved afterwards. This result is preliminary, and sub-

ject to possible revision by cognizan® ODEX investiga*ors

when +heir data have been brcugh+t to publishable form.




RO Naverthaless, thz L (670) adjustnment algarishm sc overvhslnm-
s w
b ingly imoroves the CZCS estimates of K(490) that its us= in

+his thesis projesct is fully justified and ssszntizl.
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c. CATA STRUCTURE

Figqures 7 through 10 show the c¢ptical depth parame:z=2r,
1/K{890) = Z99(490) along each track for the available data
scanes. (Gordon and McCluney (1975) showed that Zg,(A) is
the depth ovsr which 90 percent cf IW(A) is5 backscattered,)
The glots ar2 orierted sc that the «ccast is on the right-

hand side (posi+tive x), while tim2 of ¢hz2 data sczaz

14}

czs
frcm earliest to latest in +the positive direction along *h=2
ordina*e c¢f each figure. The scale 2£ 1/K(490) is in
maters.

Chapter ITI and III give background intc +thas oceancgraphy
of the regicn and how that can be relatad +to ocean optical |
parametars. The structures dspictsd in figures 7 through 10
will be discussed in terms ¢f oc=an eddy and froat visuali-
zaticns which rTesult from these2 relationships. Relatively
high valuss of 1/K(490) indicate water with lower concenra-~
tions of chlorophyll and sediment. 1In ga2neral thazss concen-
traticns may bs expected to decrease with distance offshors.
Abrugt changes in 1/K (490) are usually associated with ocean

frorntal structure and eddies.
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The only data available frem 1979 (23 Nev) is fron
winter ané <chows relatively 1it+l= structure, (Fig. 7.
This image was ct*ained after the end of the upwelling sca-
son and the surfacs waters wers homogenscus to at lsast 225
km offshore.

The 1980 data series shows more structure. Begin-
ning cn 17 May 80, an eddy of approximately 40 km diameter
was centered approximately 180 km offshorz. Sixtesn days
later the entire <+track shows several eddy-like <Zfeatures
canging in size from 4 km *¢ 20 knm. Three days latez, on 6
June 80, the track has lost much of this structure, although
1/K (490) generally increases in +the offshore directicn.
This trend persisted and strengtheped siightly through June
1380. By 1 August 1980, a distinctive pattern had developed
with rearly unifcrm turbid waters adjacesnt to the coast, and
an abrup% (15 kxm) fremtal transitien to much more transpar-
2n+ waters at a dist;nce approxima“ely 95 km offshore. This
pattern 1is suggestive of the zoral scals of bio-optical

respcnse *o ccas=al upwelling over a single seasoan.
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Figure 7. The Optical Degth Parameter, 1/K(490), Aczoss
Partizion 1 (33 53N)

72




Y&l

Y

(R | Al SN he NS A B--Ga IR 6 IR

-

L

.8,

winter. The transec+t from 30 Sep“ecamber 1982 shows unifocaly
«uzbid water (5 %o 10 m cpticzl deprth) with lit<le s<-uc-
ture, except for a weak, clear-vwa*ter eddy signature 200 ka
nffshore. Between 30 September and 16 October, aors trans-
parent (20 to 25 m optical depth) water intruded from cff-
shore to wi<hin 190 km of the <coast, with a froatzl
“-ansi+*ion region of scale apprcximately 15 knm. Over +he
e2nsuing month, this clear intrusicn appzared to evolve in*o
a field cf less crganized, eddy-iike anomalies with scal:zs
ranging frem 10 to 50 km. The 2-dimensional character of
<his pattern evclution shculd be studi=d in a future analy-
sis ¢f this data set. Such aa analysis, which is beyond the
scope cf +the pressat thesis, may' indicate whethar these
changes are Ltest interpreted as breakdown of a spatially
continuous intr-usion of offskore water, or as simply due to
advection transparting entirely different wa%er mass

fea*ures intec vizw at this locaticn.

Track two (Fig. 8) 1is locatsd along latitnde 35

40* N (south of tha firs+t *%rack).
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Again, the 1979 data set is limited %¢ one day lats
in the yzar ard is virtually featureless.

The 1980 ssries starts in lats spring (6 May 1989)
and progressa2s through late summer (1 August 1980). The
same genaral features fourd in the northeran track are also
evidert irn track 2. However, the general appearaace of the
frontal bcundary is troken by additionil eddy s+tructures.
In addition, organized ocean frontal s*ructures, which are
apparently reslated to similar features in Partition 1 data,

are here displaced approximately 15 km further offshora.

The 1982 sceres from parti¢ion 2 show <*he sane

front/eddy develcpment presertad in the data from th2 north-
ern transect (partitioa V). An offshore frontal boundary
formed between 30 September 1982 and 16 October 1982, and
evolved “0 a less organized pattern of 2ddy signatures.

3. Partition 3

(Zenal Izansect at 35 22N)
Alcng track 3 (Fig. 9) <“he features already dis-

cussed for the previous partitions occurrei. An additional

'.“ »

feature here is a streong clear-water eddy signature aporoxi-

mately 220 km offshore, evident or the third of Jnne 1980.

:‘ ‘% .l ‘l

-
Q.

The data suggest an eddy-like irctrusion of transparent off-

“

s
L0

shcre water, approximately 40 km in diameter. (A £eaturs of

“> s ®
s

-
I
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inshe¢rs apraars

This f2atyre is short-lived , howevar,

remains +three days later. This

another candidate for future

2-dimensioral aralysis.

In generzl, frontal boundaries

are farther offshore in both =he 1980

apparently related frcntal signa tures

tvo. Again, +his may suggest the

simultanecusly in partition 4

strange

(a1}
[ws
ct

as no evidsrce o©
phencmenon is

in

i

along partition three
and 1982 series than
in partitiorns on2 and

importance of bot<onm

steering of the mean flow cver diverging isobaths.

4. Paztition 4

(Zopal Transect

The scutheramost track at 35 00 N (Fig.

ilac patterns,

tal boundaries.

at 33 00§)

10) has sim-

including the offshore displacement of fron-

The location of “he frontal boundary is at

its farthest cffshore position in this track.

The transisnt eddy feature of

cussed in pac-tition 3,

exten* large enough *o

roughly 45 km aparte. This is

appears here %o
span partitions 3

consistent with

3 June 1980, 2s dis-

have a latitudinal
and 4 which ace

+he zonal

scale of the feature (approximately 40 knm).
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There alsc Is a longitudinal displacenmsznt of approxina=aly
40 km which =suggests an <ddy of slightly oblong shape that
roughly parallels the coast. Questions of whether such fea-
tures are coherent and continuous from one <*ransect to

another <c¢an te easily resolved in future 2-dimensioral

It is reasonable %o expect a band of surface water
with low cptical depth to lie adjacent to the coast, dus *o
snhanc2d nearshor2 biological productivity during tke
upwelling season and due t¢ northward transport of moce =<ur-
bid water masses by the T[Cavidson Iashores Cucrrent in winter.
In cenirast, ofifishore waters tend to b2 far more transpar-
ent, at least during the seasons coversd by this data set.
It may be anticipated therefore, that an obvious optical
front will persistantly delineate the boundary between wha*
may be classified as =nearshore and offshore bio-optical
regimes, and tha+t intrusicns of eddy-lik2 surface water fea-
tures from cne regime to the other will be illuminated by
op*ical contrast. Additicnally, herizontal gradien* struc-
ture in bio-optical processes will, within each regime,
often (but not always) accompany <the physical structure

associated with c¢cean frcnts and eddies and procduce optical
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..‘ *

»
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depth structuzs cf similar scalss. The scales ¢f€ »norzvigusl

observed s+ructuses in thke Califormia Current regicn may

tnww o

thus be expected to be present in <the horizon%al szructuce
of optical depth. It is clear from the 2bove discussion and

cace. Izn

[

the review cf Chapter II thav this is in fact *h

“he next secticn +these structures will be discussed fz-cm a

| “ W N SRR YV N R R I

statistical viewpcint usirg EOF analysis.

D. EOF ANALYSIS
1. Eigenvalues and Dsggrz2es of Fresedonm

Takls II is a 1listing ¢f +he sigenvalues <for the
spatial covariance ma*rix calculated from the data in cach
partition analyzed. The cumulative percentages cf %he tctal
variance are included. Tlte firs¢ ten eigenvalues are listesd
here. In each case, they accoun* for rsughly S8 percent of
“he varianca. The eigenvalues are pressnt2d4 graphically in
figures 11 through 14, which include both +the eigenvalues
listed in Table II, and the additicnal eiganvalues *tha“ con-
+*ain *ha nciser-appearing, higher spatiil frequencies c¢f
variabili+ty (and together account for lass <han 2 percent of

<he *to*al sample variance). We haves assumed that 98 percent

of the variance is an adequate cutoff for calculations.
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Th or fzatuces sezn in *he luazs

m
'

[
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o
W
i
b
o?
ty

iganv

differ

-
]
e |
£

(l)

nces in *ne first value betw=2en partitions 1, 2
3, and partition 4. The variance in partiticn 4 is mcre
evenly distritutad over the first threa =2igenvalues. All

four rcar+iti

()

>ns have reached roughly 90 psczcent of the vari-
ance by the sixth eignesvalue. The diffsreace in the s+truc-
ture of the eigenvalues suggests <+that partition four is
either affected by additional factors ao* fourd in ¢he

or+thezn partiticns, or that some factors which influence

“he ncrthern partitions are absent here.

ta Recgnstructicn Using Eigenveciors and Pripcipal

Before the eigenvectors and principal components are
interpreted, how they are combined “o r2construct a particu-
lar cbservatien is explained. Recall that each eigenvector
defines a direction of spatial varibili+ty, and that its
associated principal comgpcnents represent the2 amplitude cf
variations in that directicn a+t certain ¢ime points. In the
p-2sen% context a "direc+ion" takes thz £form of 1/K(490)
variations +that are coupled at all grid points of the

domain, and "direction" in this ss2nse may be test
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TABLE 1II
Eigenvalus Data for Parti<ions 1 <hroungh 4
Partition 1 Partition 2
Ocder Eigenvalue Cumulative Eigenvalae Cumula+tive ]
2 2 :
(m )- Percentags (m) Percentags ¢
1 271.49 41,60 365.90 43.79 3
2 174,90 63,41 217.4) 69.67 r
3 7z.17 76.47 99.0) 81.49 5\
4 37.72 85.25 45.69 86 .94
5 26. 50 89. 37 28.85 90.39 \
6 17.69 92.08 20.39 92.83
7 14.80 94,35 15.12 94 .64
8 10.59 95,97 13.63 96 .27
9 7.02 97.CS 7.90 97.21
10 5.08 97.83 5.98 97.92
) Partition 3 . Partitiorn 4
Order Bigervalue <Cumulative Eigengalue Cumulative
2
(m )+ Percentage (m) Parcentage
1 557.40 54. 1€ 273.70 35.52
2 210.60 74,65 183.60 59.35
3 97.76 84,15 119.80 74.90
4 58.08 89.79 44,14 80.63
5 32.93 92.96 40.87 £5.93
6 20.72 95.00 35.96 90.60
7 13.86 96. 3% 24 .42 93.77
8 9,48 97.27 13.38 95.51
9 8.29 98.0¢ 8.22 96.58
10 5.74 98.64 7.00 97 .49
illustra*ted eithar as curve (for one-dimensional
“ransects) ~r ccntour plcts (fcr two-dimansional domains).

Given a +tempcral m2an value for each grid point of a dcmain,

+hs eigenvector multiplied by *he

principal comporent fcr a

specific time yields a modifier tc¢ the m2an signal.

Por 2xample,

five eigenvec*ors <o

to view the contributions of the first

the

observed

82
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principal

fa
o

(partition 3), we mulwiply each eigsnvecior bv i+

reconstructior of the observaed vec-

i1}

rwis

0

compenent. The =%

tor ¢n 3 June 1980 data (partition 3) from its priccipal

componsn*s ard eigenvectors is illustra+tsd (Pig. 15).

It is clear +t*that the first esigenvector vprimacily
accounts for variations in zonal spatial structure wi+h
scales of order 200 km cr greater, and wich significantz
amplitudes only beyond 80 km offshore. This aspect of the
scale~informa*ion contained in eigenvectors will be dis-
cussed in later sectioms.

Figure 15b illustrates the previously accumulzted

signal with a2 solid curve, and now <he dotted cnrve

r2prasen=s *he addition cf the seccnd eigenvector as modi-

e
I . . ‘ :

e fied bty the second principal component. This mode accounts

,. for variations across the entire tramsect with scales of

k) . o

24 order 106G knm. Figure 15¢ shows <+he contribution of the

~ . : — .

i chird eigenvecter and principal ccmponent. This mode has ]
Y almost ne effect on the signal (as will be subsequantiy dis-

: cuss2d, +his happens +*o be an aaomalous case). The contri-

! butions of *be four+th and fifth eigenvactors and principal

compcnent are illustrated in Figs. 153 2nd 15e. Comparing

Fig. 9 with +¢the £inal dctted <curve shows that *he data

87
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from partition three of VIS113 on 25 Jun 1980 ap

(o]
ot
o=
w
[ ]
W
(e
[¢]
1
|

structed curve aqrsa with the use of five 2igernvalues, arnd
“hat a fair reprtesentation car be recoastruc+ad wusing ornly
the first +¢vwc¢ eigenvectors.

3.

e

ean Siructucz
The mean optical depth (1/k(490) = Zg9y ) transect
prcfilss for par+titions 1 through 4 are illustzated in Figs.
16 through 19 and are repeated for ease of compaciscn in
Figs. 24 through 27. The @mean vector in each +track
rapresents the terdency of the signal, while the eigenvec-
tors scaled by the principal compcnents give <“he perturba-
ticns of the mean. In all fcur partizions, the mean value
of optical depth tends tc¢ increase with distance offshore.
This tondency is expect2d since the coastal waters should
contain higher concentraticns of sedimen: and phytoplank*on,
aspecially during the upwelling season (Traganza, et 2l.,
1979) . There is a general 1lack of significant eddy-like
structure in the m2an vectors from all four +transects

(although very lcw amplitude perturbations of scale five-to-

ten km are apgarent in the means).
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The =2igenvectcer discussicn involves many intercen-
parisons of the partiticas. Each partition's €iczst <2n
eigenvectors are plotted, (Figs. 16 through 19 and 24 through
27). To crganize the discussion, the first 2igenvec+or will

o

.J-

be discussed for all four partiticns before procs to

w

n

e

discuss the second, and so forth. The associated principail
compcnen+ts are also illustrated, (Figs. 20 through 23 and 28
through 31).

Tre structure in the f£irst eigsnvector of each of
+he partitions is characterized by a band of low variabili«y
ad jacent t¢ the coast, and the structure offshcre of that
band is dcminated by a scale extending from there to the
offshere end cf the domain. The "node" marking tane onshore
lipi+ of significant variation in this mode is progressively
farther offshore, proceeding from the south through *he par-
titicns. The "node" of partition 1 begins at approximately
45 km offshore, and by rartition 4, <the "node" is 100 km
of fshere. There is a tendency for variance to decrease in
the amplitude cf the first eigenvector as the offshore

boundary is approached. This may be an artifact of the
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outer boundary and should be investigated furthzar zver e K
larger dorain to batter eostimate the dominant scalzs. Pacti-
*ion 4, which hLhas the larcest spatial 2xten%t, shows more ani
larger offshore structure to beycnd 180 km.

The associated princinal componzsnzs, which modify

“he eigenvectcrs before they are agpplied to the mean, show

MSTOINE . _J gl T o ol i ol ol % PRV

.

the time wvariaticns. Across the four tr-acks, the first

-

eigenvectcrs/principal cormponents vary in phase with each
other. In all four transects there is a large dirffersnce
between the first principal componen* of the only 1979 image
(2arly wipter) and those €from 1980 (early spring). This
marked difference is certainly a manifestation of seasornal
variaticns in +the Califorria Current system (Pavlcva, 1966;
Hickeys 1979). ﬁoét cf the first principal componan%s vari-
ability in all cases is okserved in *he 1980 saries (upwell-
ing seascn), and the <record contains r2latively 1little
variability in +the 1982 =series (Davidson Curren: season).

Coherency cf ths variations differs from partition-to-parti-

tion with n¢ apparent pattern, The first eigenvector and

0

R PO AP
g

M)
I

principal component appear to have their foundations in the

]

N offshore seascnal variaticn and large scal2 eddy stsuctuce
8

~ that cccurs during the upwelling season. In “he £irst mode,
~

>

Y
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the irsaore zone influenced by upwelling terds to

(2]
1Y
£
I
' Pl
3

turbid thrcughout the year, whersas the dominant variz+ion

n

in optical depth cccur offshore of the upwelliag zoaz.

L, &
DAL AL o

The shapes of seccnd eigenvectors from the four par-

r

titicrs are similar, but vary in an oscilla*ory fashior frca
the northern par+<ition to the southerr partition. The firs+
partition (northern) shows n2gative valuss beyond approxi-
mately 180 km c¢ffshore, and then small amgplitude positive
values from +here to the coast. Partition two and three
d2pict a opirror image pattern to that of <he first parti-
*ien. Partition four shcws much the same pattera as parti-
+icn one. The phase relation in the principal components
shows 20 fpa“tern between partitions on2 and two, but the
series fcr partitions <*hree and four both sugges:t phase
reversal from the first partition. This negative-to-posi-
tive-back-to-negative pattern of behavior weakly sugges*s a
wave-like meridicral cscillatory structure, with an cffshore
peak (180 km offshore) in the vicinity of partitions two and
three. Resoluticn of this meridional characteris+tic featura
will require a 2-dimensional analysis. The distance of sep-
aratica of the partitions suggests a wavelength of the order

of 120 km. Again, the majority of <the variability occurs
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d1rcing -he 1960 series. More nearshore sSTIiuc-muI:I  aca
apparent in <his eigernvector, as is an increase iz ns3cs~oo?
vaciabili+y, as compaced tc the first eigsavector.

The third 2igeavector has a similar behavicr €for the
first *wc rpartitic:as. The perturbations ars of roughly the
same spatial scale (45 km) and appear +o be in phzse. How-
ever, the thiréd and fouczth partitions show an opposite
behavior in the far offshcre regiorn (beyond 180 km). Numer-
ous swmaller scale features (of the order of 10 km or less)
are apparent in this eigenvec*cr. In general, higher spa-
~ial fr=2qusncies become increasingly 4important iz higher
crder eigenvectcrs. Tte p-incipal comporents show an
increase in the variability of the 1982 serizs with the wide

range of variability still present in ths 1980 series. ThLis

n

eigenvec*or shows <th2 largest nearshors amplitudss of all
<he eigenvecters, which suggests it may be closaly linked to
<he nearshors structuce c¢f upw=1lling. There is li%*tle sug-
gestion of a temporal relatiorn evident in the third prirnci-
pal ccaponents of the four tracks.

The <fourthk eigenvector shows an increase in fre-

quency (decrease in wavelength) of the rspresented variabil-

ity scales. Peztures range in size from 18 - 4S5 km, wi=h
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n1meCous smaller scale perturtations. Ths zveray:

taeLv trz

lity 1is approxin

pd

'.A-

wavzlength znd range of variab
sane for all four parziticrs. The principal componsnts £or
partitionsons, three ard four qualitatively suggest coher-
21CY. Hocwever, eigenvector behavic¢r is oppositz in par-=i-
tion three ard similar in partition foar wher <comparad %o
partition one. A prominent feature approximately 180 kn
offshcre in the fourth eigenvector of par<i<ion one, s=zams
to be shifted outward to 210 km offshors in partition fcur.
This time/space relationship between ths structurss of par-
tition one_and four again suqgges+s a meridioral oscillation
worthy of future investigation <through a 2-dimznsional
analysis.

The £if+h eigenvector shows features of =scale that
range frem 5-42 km. The much sgaller fzatures (less than 5
km) are not dealt with as *hey are essantially part of the
background ncise expected in any natural systam. Little can
be said atout the correspcndence of the four partitions with
just a visual inspection. However, nearshore s*ructure
appears in <%he eigenvectcrs with wmore variability than in
previcus eigenvectors of the 1982 series. The 1980 series

still demonstrates the largest overall variability, and *he
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large int=zrannual diffarences batwess th2 one scszse i 1976
and “hs 1980 scenes 13 s+tiil evid=ae. The principle compe-

nents of partition one and fcur show excellent Aagc22manst in
amplituds end phase for the first five time points, bu+ as
st-uc*tural varialility decreasss with <%im=2, so dces corr=s-
spendence. The quantitative correspordsncs of thase varia-
tions is beyond thke scope cf +this thesis, but i% should be
investigated in future analyses of this data ser-.

The sixth thrcugh tke tenth 2igenvectors ace charac-

terized by variation c¢f such high frequsncy that li<%l2 can

o
1]

said of the relationships between the pa-titions. Scales
of structural features in these eig2nvectors range from 1 to
35 km, with nc suggesticn of a temporal <r=lation between
partitions. The principal components show that the 1980
data again dcmirnates the variance, but 2t these higher fre-
quencies the increased contributicn c¢f <+he 1982 data %o the
total variance is very aprparent. Because of *his disorgan-
ized structure, detailed interpretation is not attempted for

eigenvectecrs ¢f crder greater than 5.
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ey .
T 5. ZIhe Jcining Qf Twc Parziticrs

s e :

N Orly a cursory +*reztment 92f <he joiring ‘func-ion
xﬁ: results is presen+ed. Partition one and two were examined
S o . :
YO nd aralyzed as per the jecining function develcpaent given
)

‘_) in Chapter IV. Th2 arilysis was based on performing the EOF
oo

N analysis on par+itions one and twc combined, and then conm=-
A \.:.

h‘:"-‘: . N N : .

SR paring this result +o thcse obtained from the ssperate FCOF

anzlyses *hat were Joined. It was found <chat the joining

functicn principle components were within .0001 m cf thcse

computed using the twc partitions as one data set. Further-

:35 more, using teén degrees of freedom, it was found that

'.'_'.:

o . o -8

L I3=1 (within 2.5 X 10 ) (51)
AN

.'l:_.:' an d

i}j T -6

St EPE -1 (within 8.0 X 10 ) (52)

This result is tLkased on the crthogcnality of the eigenvec-

; tors as J is the matrix <c¢f eigenvectors of the covariance
RN matrix of principal <compcnents for the two partitions com-
o bined.
' _-.:_\

’;} Additionally, a comparison of th2 principal compo-
ﬁf: ' rents yieclded (For a joint sample size of 17)

: 1 T h =

S - (within 1.4 X 10 ) (53)
o (16 ) A A=k

]
o 4
'.'l
.
SN A
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RzoTesan*ting *he priacipal compeasnts of ths Jeiains Zunzc- i
.. )
( TIOLE wiin ¥ , 17 ZCLIOW3 =nst ’
." w
A 1 T Iy T s
- 16 % x = JC (within 5.0 X 10 ) (54)

Agair the swpall diffsrence demonsirates the utili<y o +ha
5 joining precess.

The <igenvalues olttained by +thus joining +he eigen-
- vectcrs and principal compcnents frecm partitions 1 and 2 are
. given in Table III, <together with fractions of total sample
vaciance. At face value, the first ten eigenvalues accoun+ d
3 for 98.55% o0f total sample variance, Rscall however, that

the irput data wer2 represented ia truncatzd form, using

& . only the first ten principal ccmponents £rom each of the

o partitions. This original aprprcximation retained only f
= 97.89% of the total variance computed €£rom the original "
% jata, hence, it is necessary to adjust the apparent trunca-

f zion cf the jecined result accordingly. The results of this

. ad justment are given in the third column of Table III and X
f show tha+t assuming that orly the first ten sigenvectors are X
N significant actually leads to a +*runcation to 96.50% of *he I
{

2 *ctal sample variance. While 3.5% precision is an accepta- -
“ ble level cf approximation for wmcst problems ia geophysical <
y

7
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daca intsrgrstatica, the effscts 0f successivs Zuincat:

b
(e
i

must be given careful a<teastior when applying =h:

L&)
o)
[X]
ot
'l

|

tic2ed asthecd to EOF analysis.

This example indicates strcongly tha+ <he paz4tition-
ing approach to EOF analysis <car provids compu*tationally
accaptable resul*s when applied ¢ satzsllits imags data.
The example 21so 2amphasizes tha+ proper care must be givern
+o ccen*rolling successive truncation in th=2 parti+icn join-

ing process. It is left to future projects to investigate

;
j

questions such as joining parti<ions on the basis of par-

*ially intersectirng samfples to provids optimal <£urctions

interpre+aticn of partiticn joining functions to illuminate

for interpolating satellite data intc cloudy regiocns, and *c¢ ‘
‘4
L

spatial ccrrelations between locally important structures
(e.g., <tcpographically generated masoscale eddies) and the
dominant structure of the cverall dcmain (e.g9., that associ- E
ated wi+h the evolution c¢f the synoptic scale upwelling
frcent over the continental slope and shelf over the‘course

of the upwelling season). It is questions of this kipd +has Y

ajddress the wultimate utility of partitioned EOF aralysis.
. The present effor+ is liamited +tc preliminary werk to es%tab-

£' lish founda“icns of feasibility and procadural constraints.
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VI. DISCUSSION AND CONCLUSIONS

Zoral transects of optical depth (1/k(490) m) wmeasur=d
with the Niazbus-7 CZCS have been analys2d *o inves+igate
bioc-cptical s*tructure oves the ccrntinentzl shelf and siors
of £ central Califorrnia. Samples of <cloud free da-a were
selected and processed fcr latitudes 35-53N, 35-40QN, 35-22N
and 35-00N. The data were observed in 1979, 1980, and 1982
during the months May through November. The 2zonal s*ruc*ure
in these samples was analysed using EOF's computed sepa-
cately for each section. Meridional variance structure was
analysad only qualita+ively through inspection of similari-
ties in features contained in EOF's of the different “«ran-
sects and in the temporal sequences of associated principal
compcnents. Finally, the computational feasibiliz of

applying partiticned EOPF analysis methods <to this <+«ype of

o

w

da+a was investigated by Jjoining the EOF's of th=2 %*wo north-
ernmost transects to form estimates of the EOP's of the com-
bined spatial domain.

The firs* eigenvectors for four zomal +transects of opti-

cal depth 1/(k490) each contained domiazant scales of order
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220 km oT greater, and acccunted feor betwesn 35 and 54 nar-

2nt

n

c cf th

[}

tc*al variance, Thev are sach also charzzster-

9

.J
N
M
(o]

a tand cf low wvariabilicy in optical depih in 4hs

g

inshore region influenced by wupwelling and the Davidscn
Inshecre Currsnt. This band is confired within U5 ka of “he
coast at 35 53' ¥, and xzcnotonically broadsns to approxi-
mately 100 ka a* 35N latitude, This behavior is possibly
related to the broadering of the continantal shelf and slope
with lcagshore distance scuth of Mcatersy. Hurlburt (1979)
showed that the topographic beta effect plays a fundamental
role in +he dynamics asscciated with mesoscale (czdzr 160
km) longshore variations in tcpcgraphy by affecting +he
strength cf the loangshore flow. Also, the influsnce of
topography can p-oduce barctropic flow bayond its immediate
vicirity. Pcr mesoscale variations in coastline geometry,
the coastal «currents and +the patterns of vertical mo*ion
tend to follow *the coastline, but nct with uniform strengthk.
Coastal curr2nt widths tend to be narrower than the scale of
coastline vaciability. 1In these terms, the meridional vari-
ation in scales present in the first EOP's are qualita<tively
consisten+ with the longshore variations in bathymetry of

the study dcmain.
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The second eigyeavectors account fcr zonal structur= «wi=h

rly

m

dominant scals c¢f ordezr 120 knm, and with ne
amplituds frcm the coast tc a node approximately 152 km cif-
shcre in partitions 1, 2, and 4. The second eigenvactor for
partition 3 (35 20¥) is ancmalcus in that it is dominated by
a zonal vaveferm with nodes spaced at approxima<t2ly 80 km,
or rcughly half +the dominant scals of its counterpar“«s. The
ceascn for this behavior should be investigated.

The third eigenvectors are dcminated by scales ranging
from approximately 60 to 100 km (between nodes). The shapes
and scalss vary more strengly frcm partition-to-partition
than was the case with the first two eigsnvectors.

Across each transact, zopal featurss with wavelengths
100 km and greater appear. The shggestion of an oscillatory
behavior in the meridional direction neseds to be studied
furtker. Resclving such a feature requirss a mcre detailad
study involving a 2-dimensional anelysis c¢cf <+he study
domain,

The 1large eddy £field associata with <the shorswarxd
boundary of the California Current was observed in the data
sat. The scales of +this eddy field were of the same

magnitude as the spatial scales employ2d in the parti«icns.
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This neczssitated placing the partiticn boundary within -Lis
s¢ddy filelid anc cutzing avway scma of =zhe fzasuras. The sSea-
sonal davelorment of a synoptic scale apwelling £-ont o0ff

the Califcrria ccast 1s strongly suggested in the data and

ize <¢igenvec*ors. The sgaller eddies associated with =his

pattern rangsed from S5 to 100 km in scals.

The convergence of the eigenvalues to roughly 98 percent

2f +the variance after +he tenth value was of vparticular
interest. This was true for all four partitions ard
althcugh this is not an overwhelming <c2duction in the

da2grees of f-eedcm of the initial system, it is significan+.

Satellite images, and cther fizlds of cceanic and a+mos-

pheric variables, provide massive data sa2ts. Large amounts

of computer *time must often be expended for processing these

data sets at even relatively primitivzs lava2ls. Analyses and

interpretations ars, wmorever, made difficult by the shteer

volupe of daza. EOF analysis provides a viable me+hod for

mathematically representing satellite data fields in a com-

pact and easily manipulated fornm. Da<a transform2d usin

EOF's illuminates, and facilitates analysis of, the time and

space scales associated with a given variable over the

domain; <+the present study has exercis2d this attribute of
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o M

L ZOF's on a descriptive level. In addition, =hs coorace
E principal cempcnent repr2sentaticn ¢f satsilice Zomols nIoo-
R . . . )

Py vides an efficient form for analysing *he response ¢f spa-

T , , . . :

(.. +*ial structure in, for example, opticel depth *to fcrcizg by
)

< wind sStress and currents, actirg through a obic-optical

“e model; *his is a logical avenue fcr future research *o build

on the present results.

" Considering purely compu*aticral aspects of EOFs, the
a7

- well-known symmetry of eigenvaector solutions irn the time and

4}? space domain can be used tc¢ great advantag2 in the analysis

- of satellite image data. The number of spatial grid points

o

N,

s
§ o
I3
+

even +the single trackline partitions of the ©present

AT tudy yield large, but . ccmputationally trac*table, scatter

o

oy matrices. The larger arrays asscciatel with 2-dimensicnal
U area partitions, each with sevzral hundrsd grid points, will
e clearly exceed sizes admitting direct computation of spatial

ﬁf EOFs. The linear algebra and scalings involved in using the
R snaller ¢ime domain sca4ter matrix for computation of space
domain EOF's is reviewed in Appendix C.

- The partitiored method of EOF analysis illuminates cor-
rela“*ions Letween variability in spatially separate sub-re-

B gions. The presant results demons*rate the computational
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Zza3iblicy ¢ thiz piszcewiss 2pprcach wheon apgpliz? =~ TIC8
optical derzth data, There is every reason +*o baelisve -hz=

tae me*hod may be equally well applied to> other CZCS parame-
ters and +tc¢ irfrared imagery of SST. Fur<her work in <4hkis

arez should =2im ¢9 determine whether th

m

joining functions
linking EOF's from separate domains azs sufficiently szz-
tionary tc provide a basis for optimally intesrpolating sat-
ellite image data of these types over cloud-covered areas of
@2 particular day's image. Othar applications tc be explor=zd
include determination of the extent to which corrzlations
batween 3-dimensional in situ data and 2-dimensicnal sa+tel-
lite da*a in small sub-regions may bs extended to other

pacts of the larger domain covered by satellite da%a alone.
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APPEYDIY 2

SATELLITE DATA PPOCESSING METHODS

A. INTRODUCTICN

Laza ©processing was divided into three major levels.

Lavel-I prccessirng includes all steps required o <ake the

1;5 original data tape to a Level-I ¢tare. Level-II procassing
?é} includes all s%*cps between a Level-I tape and a Level-II
#;: tape. Level-III processing includes +the steps involved *“o
o ~ake the Level-II output to a usable £form. The followin
gg; : sscticns brisfly describe the steps involved in +he three
5 isvels of processing.

f&; Computer hardvare utilized was <that resident at the
;EE Naval Postgraduate School, Montersy, California. Th=2 main

frame comput=zr used was the IBM 3033AP while the mini-com-

Eﬁé puter used was “*he Apple~II. Computer software referred to
‘:iﬁ in this secticn 1is either a system utility <c=sident to the
;i; IBM systsm or a locally generated program. Documentation of
:§g the lccally generated programs can be obtained from:

‘"f Dr. J. L. Mueller (Ccde 68MYy)

- Department of Oceanography
- Naval Postgraduate Schosl

aC Monterey, Califcrnia 93943
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Tie scf%ware inveclved hes zany systex-<Z2pegzisnt See-oze s,
w21l as f2atures iaszrted for conviznance. Us2rs 2% <nsss

programs ct other sys*ems are cautioned to review =hLe dccu-

mentation carefully prior <o at*empting to *ransfar the

B. IEVEL-I EFEOCESSING

Figure 32 is a sciematic diagram illustrating <+he
processing s*teps for Level-I and should be refarred +to
throughout +his discussion. The master tape (raw satellite
data) was obtaired from the Scripps Institution of Oceancg-
raphy, San Diego, California. Table IV gives a summary of
“he master *tapes utilized in this s+udy. The data wers in
the fczm of a standard magnetic tape ia a binary format with
6250 tits per inch (BPI). The tapes wer2 originally created
using a Hewlett Packard (HF) - 3000 which has a characteris-
tic high crdez, low order bit arrangement oppcsites to <%he
IBM systenm. Therefore, Lefore using this raw data in the

IBM 3033AP, it had to undergo a byte swap routine. This

by+e swap was accomplished when the unforma%ted working bac-

-
@ kup tape was made using local prcgram VISBKV. After the
iﬁ unformatted backup tape is made a variable blocked spanned
7
7
:j (VBS) format tape is prcduced wusing the system a%ili«y
@
&% IEBGENER.
r;'.:
" -
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16
12
23

0CT
NOovV
NOV

6 MAY
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17
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3 Jux
6 JUN
7 JUN

23
24
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30
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27
28

JUN
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1 NOV
3 NOV
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1979
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1980
19890
1980
1980
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1980
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1982
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1982
1982
1982
1982
1982

w
L]
48

w:

"W

- -

Lo
no




This format <Is used in ccajuncwicn with unforme=zzi =-ead
statarsnts ¢ nirimize computer 4ime. Thase <wo covizd
tapes szove as *he werking tapes for the remainier oZ =ha

Le2vel-I procassing, and the master tape is archiveid.

Using the VBS forma+ted =ape, a Versa4=2c plot<wer grays-
cale is prccuced usirng lccal prcgram ZIPSIO. This prograa
alsc unpacks +he Event file (hercafter referred to as the
E-file) and writes it to a stcrage disk. Ths grayscale
depicts the satellite pass in picture form for hard analysis
of landmarks. Iine numbers and pixel numbers are taken off
the grayscale feor cleaz, cloud-free landmarks. Thess valu=ss
are entered into 1local progranm ZIPPIC +0 genzrate a
*PICPRINT'. This is a matrix of radiance value centered on
~he .individuél landmarks line and pixel number. Thes?
PICPRINTS are thea «contoured by hand (using a <+hreshold
value of 18 ccun<s for land or clouds) to determins an exact
time and gixel numbsr £fer the landmack. The 1landmark's
lati+tude, longitude, line pumbsr ard pixsl number with addi~
tional hous<keeping data are ernt2red into local progran

CZCSNAV on the Apple II. This program is interactive and

prompts for necessary inputs. Additionally this program

adjusts roll, pitch and yav to reduce the root mean squared




.........
T et e

dis*arce errcr in the navigaticn preblam. Th2 ment a2

value obtaiz=d for 211 +he adjustead, ntilized jaza

al
o
0]

ot

apprecximately 1.09 n.ai.. The £inal product of <his s

2

'c

gsnerates a set of navigation parame+ers that are used *o
gsaerats a ravigation matrix. This st2p is accomplisheld

using 1local program CZCSNAV2 to generat2 the naviga*tion

matrix and ©NAVDUMP to write the navigation matzix (here-

after referred tc as the G-fils) to a temperary formatted

tape.

The E-file is copied from 1its temporary disk storage to

<he temporary <«ape as the G-file. Additionally +he Da*a

file (hereaf+er referred tc as the L-fils) is first ersed

"
o
<

frem its keticm-to~top orientaticn to a top-to-bottom orian-

taticn using local program BACKWARD. This program also puts

the 1L-file tc +the previously men*tionsd tamporary storage

“ape. Pinally, these files on the temporary tape are copied
to a Level-I tape using the system u+ility IEBGENER. The

only difference between tke +empcrary tape and the firal

Level-I tape is that the L-file is copied into an unformat-

tead file which will aid in the speed of further processing.
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C. LEVEL-II EROCESSING )

Ll <ha 1

(KD

Figure 33 is a schematic diagram illustoa<

processing steps for Llevel-II. Th2 Level-I taps gsneratad

[{H]

by the st-eps discussed in the previous ssction is *h2 iapu=
tape for this processing. Only the L-fil2 is affsc+t=24 by

: |

straight to the Level-II tape using the system u<ility

the Level-1I processing as the E-file and G-fila2 arz copi

(1))

s

IEBGENER. The L-file is used ¢o generate output for calcu-
lating the ©prcper values cf the Angstrom coefficisnt for

each scene. This is done wusing local program CZPARMS2 and

PR TN

an assumed value for the Angstrom coefficient. Chapter III

Ao g . & o

Secticn C.2. discusses tlre importance and method of €inding

=

these values. Next, the ccmputed Angstrom coefficients wit

“he L-file