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ABSTRACT

Eathythermcqgraph data acquired frcocm the rssearch vessel
USNS SILAS BENT along a nmeridional track in the Nor+heast
Pacific during September 15677 wer2 statistically analyzed <o
determine possible associations between the subsurfacs ther-
mal struc+tuzs and sea sur face temperature. Stzecngly corrze-
lated variatles (thermoclire gradients, mixed layar deptn,
and loca=icns c¢f the seascnal and main theraoclines) within
the vertical temperature profile were used in lipsar regres-
sicn methcds tc fcrm 2mpirical relationships. The genera<s
aquations th2n are utilized <o define the subsurface “hermal
structurs from only an 3input of sea surface tsmperatures.
Comparison zests with tesporally and spa<ially =cemcvsd BT
data w2re ccnducted wi*h resul*s indicating successful
application wi%hin a water mass domain with uniformly chang-

ing characteristics.
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A. IMPORTANCE OF DETERMINING OCEAN THERMAL STRUCTURE

An impcr*anrt physical property and produc+ cf vaczicus
dyramical prccesses occurring in the ccesans is <+ke thermal
structure. Alttough it <is derived from only a fev mecha-
aisme such as air-sea “hermal energy exchange, forced arnd
free convective mixiag and horizontal ocean thermal advec-
+ion, the interactien of these fprocesses alon with c=hsr
hydrzrcdynamic wmotions c¢arn beccme immeas2ly ccumplica+ed.
Since ~hs temperaturs profile has importan+t implications fo:r
clima*ic weather predicticn, commercial f£isheries and mili-
tary acoustic surveillance, <o meatior a few, the abili<y
to predict this struc*ure is of major Zampc:ctance,

Climatological atlases present an averaged profila for a
cartain period and 1locaticn. Howsver, <this results ir a
generalized tlterwxal structure which is not accurate enough
*0 accomplish the precise needs cf underwater scund procpaga-
~icn forzcastirg. Recent developments ia numerical modeling
nf the uprer-cczan temperatures have produced vas* imprcve-
ments in the analysis ard predic-icn of mixed 1lay=rs and
other syncptic oceanic features (Clancy 2t al., 1981). Iz

iz inevitatlz «hat <his me+hcd will -sach =hs scphisticarxicn
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cf tcday's metecrclogical fcrécasting, bu+t with the ccaplex-
ity cf the physical processes involvad and with prssent data
sparsity ir mary ocean areas, many inaccuracies still exist,

The tathythermograph (BT) provides arn accura+s
temperature profile at a pcint location in the upper ocean.
Siace the vertical thermal structure over a larg2 arsza pro-
vides the mairn factor which affects the propagation charac-
*eristics ¢f underwater acoustics, the need for many
temperature profiles in Navy ASW operations is obvicus. The
expense invclved in ship and aircraft d2ployment of BT's for
an ocean area of interest cften prohibits the use Of this
most accurate means of obtaining a detailed <+herrmal

descripticr.

B. SATELLITE DETERMINATICN OF SUBSURPACE THERMAL STRUCTURE
The study c£ +the oceans by sa+telli-es nas become 3 maje:
arena for scientific scrutiny and investigation., Already i-=

has giver added insight into *he numerous prccesses +ha<«

govern oceanic tehavior. The Gulf Stream eddies anéd frcnts, ‘;f§3
the coastal upwellirg off the Sowmali and Arabian coasts, and :
other applications in biological, gecphysical and dynamical _;;g‘
fields are Lbeccaing well kncwn. However, in spite of grea=
prcgress, satellite remote sensing technigues for observing

cc2anic process2s are far frcm beirg fully realized.

16
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The fundamental protlenm which con*tinuously acisss,

besides atmosgphkeric effects which will not be discuss=z3, is —wi:
that satz21lite clkservaticns are made at the su-face alcne }ff?
and that all ccnclusions about subsurface processes are li-f
ob+aired from infarence rather thar by dircect measuremert. -V:i‘
Consequen+ly, <tke applications c¢f sat=llites £for cceanogra- _;?i

s
phy ara2 1limited to +those rhsnomena <“hat gsn2rate surfac: ;;ij

0
signatures detectable by electromagnetic waves. Onca thesa ;;35
surface manifestations are cbserved, it is necessary to hava ff;}
kncwledge ¢f the physical processes ZIavolved <o interpre+ éi;;

their msaning. Currently there are f£2w methods availakle
where a gqualita+tive "feel" for subsurface features can be

directly express:zd as empizical relationsaips from remotely

sensed measurements at the sea surface, If a irkage is
found -0 exist between the air-sea interface and the *herpal

structure kelcw, a satellite would then be the perfec+ plat-

{4

form <o <collect sea surface data =rapidly over all <h

e world's cceanxs. This surface information could th=sc be used

to infer the subsurface vertical temperature structurs.

o C. EURPOSE aN[ GCALS OF TEESIS

jij The primary purpcse fcr “he cngoiag research into tha

33 prediction of subsurface thermal structure is to understarnd
9
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the ©[processss ard relaticnships that govern th? ocearn's

behavior. Rcles that are performed by ships and aircrafs
(via expendaktle bathythermogracths) in detezsmining the

temperature prcfiles could be played better by satellictes,
provided a "link" is found to read the bslow-surface events
from the sea surface signatures. Therafors, if s+trong cecr-
relations and relationships could be ascarzained between
satellite-de-ived s=2a surface +emperatures and vsrtical
temperature rpzofiles, then the areas of acouszical oceancg-
raphy and naval tactical arplications would berefit grea*ly.

The gcal of *his thesis is <+o det2rmine th=2 possible
correlations that exist Letween <+he subsurfacs therral
structure and the temperature at the surface. Then, from
thsse relaticnships and use cf ragressicn formulas,
predicted vertical <temperatura profiles «could be compu+ed

frcm an irpgut ¢f sea surface <emperatur2 zlons.
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II. CCEANOGRAPHIC CHARACTFERISTICS OF THE
SR BETAERST Fict £ 0k

A. WIND SYSTEMS AND CURRENTS

The Ncrtheast Pacific has been studied extensively for
many years and it has revealed a complex a-rangement of
eavircnmental ccnditicns. Severe storms, high winds, varisd
water masses, Dnumerous curreats and unique tempsrature and
salinity structures are a ncrmal occurrence for the region.

In the winter the Ncrth Pacific is usually undec the
influence ¢f +the Aleutian Low 1in the atmosphere while for
~he summer mwmcntks a high pressure system domina*es (Uda,
1963) . The dis=ribution of the mean surface winds are ccr-
trolled by these two systeams. A+ the lccaticn <c¢f *he ncw
retired Ocean Weather Staticn "P" (OWS-P, posi+tionzd a+t 50N,
145W in <he Gulf of Alaska) <+he pravailing winds ace fronm
the southwes:t (Takata, 1565). From =tae ianafluenc2 of “hes2
wind pattezns, the surface wazers £low eastward across ths
Pacific Ocear irn the vicinity of S<tatioa "p", This flow
consists cf “he West Wind Drift and Subarctic Current which
then diverqe +*c¢ form the scu*hward flowing Califcrnia Cur-

rant aad the northward flcwirg Alaskan Current (Tabata,

19
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B 1978) . Fig. 1 shows the locatior of Ocean Weathsar Staticnh ]
N "pw and the major surface currents of <he North Pacific. o
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1. Loca*=icn of OWS-P arnd Norz:th Pacific Ocear Surface
Currerts (From Tully, 1960).
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"B WATER MASSES AND FRONIS ﬁ

The Ncrtheast Pacific can be divided into <+three majo: ——;-3‘
regicns based upon their water characteristics. Near the 553

vicinicy ¢f CWS-P and ncrthward is the Subarctic Pacific
Water Mass in which the ugper 100-150 m layar is composed of
cold and lcw-salinity water, Tc +he south warm and highly
saline water exists in the upper 1layars of the Subtroric
Water Mass. In tetwean and alcng *ne coast liss a ragicr in

which charactezistics €frcm both water massss are combined.

This is known as the Transition Zore where <here is a marked
gradation of cceanographic proper+ties from orne region tc
another, with tte boundaries separating these wa<er massses
having cosglicated +thermchaline structures (Recden, 1970).
The lcca<icn cf the Subarctic Front bstween the twe water
masses ramains fairly corstaat, from 40N to 45N, and is
largely depeadent on the prevailirg winds (Roden, 1975).

7. SUEARCIIC WATIER MASS CHARACTERISTICS

The main feature of the vertical structure of

ocearnic prcperties is the existerce of an upper zore, 12
ES halccline and a lower zons (Uda, 1963). The temperature,
? salinizy ard density profiles of +these thr2e zones fcr sum-
;i mer and wintsr are depicted in Pig. 2.
p
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The upper zone, which extends frcm the su:zface “c 2
depth of atout 100 m, gererally has a low salinity level of
less than 33 g/kg with the lowest values being «clcses* <c¢c
“he ccastal zecicmns in the late spring (Uda, 1963). In +he
“inter, the water in this zone is *horougnly mixed with all
physical properties becoming homcgenzous. During the sum-
m2r, due tc¢ lighter surface winds, 2 shallow ischkaline ard
isothermal layer exists from 10 %o 30 m b2low the sea suc-
face. Below this mixed layer is a strong n<gative thermo-
cline with tegperature decreasing as muck as 8C in 20 m; in
the same zone a small halccline ex=ends above ano+ther near-
ischalire layer <to +he Lkcttom of +he upper zones (Tabata,
1965) .

Belcw +the upper zone lies the main haloclina which

is permaner%, as the salipi+*y increases by as much 2s 1 g/kg

£zrom 100 tc 200 m (Takata, 1960) . The “2mparaturs generally
dacreases with depth in <¢his cegiorn, but a:t <times a

tamperature .nversion occurs tc a depth ¢f abour 150 .
This positive temperature gr-adient is in a statls layer
(density increases wi<h depth) since it is 1lccated within

the main haloclire (Uda, 1963).
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£ In the lower zone, telow *he halocline, <+h2 prcpec-
1‘ ties ¢f <the water change gradually with depth. Salinity

increasas slightly by about 0.6 gs/kg iz 1000 m wkile <«ha

temperature decreases to a value of approximately 2.8C a+* a
o depth of 1000 © (Tabata, 1965).
-

o The variations of salinity ars most pronournced in

=~

+he upper zone and halocline ard are less in the lower zone.
Th2 annual salinity variations in thes upper zone are charac-

terized by a 3decrease in the upper 30 2 in <he late summ2r

or early fall wit*h a maxirum in late winter o- early spring.
These seasonal fiuctuations resul*: primarily £rom <he svafpe-
raticn and fprecipitation imbalances commoa to <the r=agicn.
Annual variaticn is similar at great depths, but lags the
surface layers in 4ime (Takata, 1965).

At the surface, several fea“ures arz obsserved in +he
salinity ©pa=terrn. Basically, the Trend c¢f tha surface
isohalines appears to be east-west *hroughou* +*he year with

ma jor changes cccuwring aleng the coast. Alsc, a pecmian&n<

salinity maximum of about 33 g/kg sexists near the cen<ter céf

the Guif cf Alaska, south of Kcdiak Island. The selinity

- dacreases southward <o a minimum of abou= 32.6 g/kg irn the
- vicinisy of ©SON and then 1increases furth:: south intc the
‘- -

1 Subtrcpical Wa*er Mass (Uda, 1963).
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The "tlkree-zcne" structure of +hzs water colunm: is
characteristic of +the deep ocean r2gion of the Subarzctic -
Domain. However, it does not always £xist in nea--coastal j
waters as current systems, coastal winds and fresh water .}
runoff frecm land can modify the profiles. As shown in Pigs. "wa
3 and 4, this coastal regime primaczily alters +the upper _-‘;;
zZone. Alcng the western Onited Statss this domz2in exists E'iiﬁ
——d
out tc abcut 130W. The lcwer zone also bacomes affected by 5;fﬂg
the proximity <to land of the California Undercurrent f?f:E
(Dcdimead et al., 1962). Eéiiﬁ
L 3‘@
2. SUETRCEIC WATER M2SS CHARACTERISTICS S
To thke <south of +*he Sutarctic region is *ke Sub- Z;ii?
~ropic Water Mass which is basically warmer and more saline ;:QM;
+han the Subtzarctic Water, In the upper layer *he high val- i
nes cf salini*y (grea<er than 34 gs/kg) due o higher evapo- ;

ra+<icn decrease to a ainimum 2t 200 %o 600 m and are <ynical
of +he values *hroughout +he y2a:-. Sea surface temper-atures
ra2main fairly ccnstant with an isothermal upper zone averag-
ing about 20 @ in thickness bslow “he sea surfacs, dus *c
“he prevailing winds. Eelow this zone exists 1 nega<+ivs
permanent thermocline reaching dcwn to a depth 0f 500-600 m.

Alsc, +*+herz is ro characteris<ic halociire or amajor

25
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t2pperature inversion as there was in the watar mass zc¢ ths

north (Takata, 1¢65) . The deep water structu-e is basically
con«inuous arnd similar <from the Subarcti t0 Sub<%rcgic

regicns (Uda, 19€3).

IRANSIIICN ZONE

The 1Transition Zcrne, locazed in +*he central ard

eastern North Facific betwesen 45N and 35N, saparazes Subarc-

<ic Wa*er f-cm Subtropic water. It consists of the mixed

originating in the warm, saline Kurcshio and the ccld,

low salinity Cyashio currents as they move <castward in the

West Wind prift (0da, 1963).

The width of «his zonal tel*, which is about 2 *c 4

degrees cf latitude, and the strength of i+ts bcundaries, are
primarily detcermined by tke wind stress at thes sea surfacs.
The ncctherr toundary is characterizad by many *emperature
inversions and by *he gradual di sappearance of the Subarctic
haloclin=. At “h2 southern boundary <+he ver+ical structurs

becomes basically isohaline with a strong negative thermo-

2 ttks upper layer (Redsn, 1970).

'lt

The Transition Zone is primarily a proper*y c¢£ ths

upper ocean, as its characteristics fade below a few hurndred

neters. A< the surface <his region has 2 distinc=ive

28
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meridional (N-S) temperature gradient of apprcxima<ely 1.0C ;

per 100km as it stretches eastward across the Pacific Ocean. o

L}

The horizcntal surface salinity pattern axhibits sipilar SR

struc*ure alcrg a latitude band throughout <the year with if;;;

values increasing as much as 0.8 g/kg meridiorally (Uda, @
1963).

The upper layers are often charactarcized by
. :,.‘

tamperature inversions which can occur becauss of the exis-

~ence of +*he associated halocline. Thase inversicns

decrease in wmagritude and slowly incrzase in depth tcward

lower la+itudss.

ct

The vertical distribution c¢f propertiss a+« interms-
diate depths shows that the salinity becomes =ffectively
isohaline, with a slight minimum developing below 300 m az

«he southern tcurdary (Uda, 1963).

4. DENSITY STRUCTURE AND THE SUBARCTIC FRGN

The density cf <sca water 1is calcula*ed primacily

from its temperature and salinity at dap+h. In t“he Subarc-

fi tic wa=ers, salinity governs <¢he dansity s“ructure. Tha SR
;~ seascnal variatility illustrates some of =ae fea“ures =hat ]
- occur in *he vertical profiles. In wintez, basically iso- s

pycrnal conditicns are fcund <+hroughou: “he uppers zone as

la
o
‘.}él_.,,_ i
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temperature and salinity are well mixed. In summer, 2 minor
pycnccline corresponding to the shallow <thermoclize =is
observed. Hcwever, a large and permanen* pycnocline cccurs
along with the main halocline. Ir the lcwez zone, the den-
sity increases gradually with depth (Uda, 1963).

In Suktropic Water, the dernsity is contrellad by ths
temperature, Here the warm surface 1layer c¢f abou*t 10 to
30 m is isopycnal frcm tte mixing of <“he prevailing wirds.
A permanent cpycncclinre exists at lower depths due +c¢ <the
therscclire in +the reagion (Uda, 1963).

Tkte Transition Region has a complex density struc-
“ure as numercus minor density frorts occur at depth due tc
~he temperature and salinity irversiorns.

The Sutarctic Pront ir the eastec-n North Pacific is
a narrow, meandering band located inr the la<i<ude rarcgs of
4ON tc 45N, This freat has a2 unigue structure in i=<s lack
nf a daasity front in the upper 100 m. The strong horizen-
“al temperature and salirity gradients aze ian almost con-
ple+e balance, Below *“his upper layer a density fron+ cf
moderate ir+«ernsity slopes sligh«ly <to =<he souzh (Rcdern,

1975).
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The mixed layer depth can strongly change across the

v
I S

Sukarctic Frcrt, Tc the north, the mixed layer ex=znds to
the top of the halocline a* about 100 m. Tc <+<he south,
there is nc halccline and, during the stormy, wintsr seascn,

the mixed layer depth can ext2nd to almost 300 =m. In the

summer months the s=2asonal thermocline controls the depth of
the mixed layer and there is little diffecence across +ha y

Subarctic Front (Foden, 1575).
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L A. THERMAL STFUOCTURE IN TBE NORTHEAST 2ACIFIC OCZAN -

The interacticn between the sea and a<mosphere is th2 ﬁ;;ﬁ

«.1

g

domipant process determining temperature struc*urs iz <he
upper layers. Below, tempera*ture is a fairly conszant prop-

ecty with th2 s+*ructure teing det2rmined by 4in<zrnal pro-

cesses, such as advection and nixing. ;?ﬁ;

Twoe heating cycles occur in the ocean: iurnal and sea- %fﬁ[
soral. In the daily cycle the surface layzr is hsated dur- f;fﬁ
ing ths dayligk* hours and cocled during the night. Ir *he ;fé}
higher lati+udes during thke hsating season, i.e., “he middle ;?;;a
six mcaths of <he year, a daily net heat gain occurs (Uda, f;?f
1963). Fig. 5 illustra*es *he annual cycle of heatirg and }Eﬁ%
cocling and i«s ralaticr to the <hermal szructure. In

March, a+ <he znrd of *he cocling seasor, *he waters are
nearly isctherzal to the +top of +h2 halocline locatszd a<
about 100 m ir depth. With the beginning of =<he heating
seascn in April, the Lkea= is accumula<=ed as small
temperature inversions are gradually mixed dcwnwaczd by light

winds. Durirg subsequent short psricds of high winds thes2
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=ransisnts are quickly srcded and a shallow iscthermal su:zc- 3
face layer results, ———
.9

Eelow the surface layer, a sharp negative <hermocline is IR
formed betweer 30 and 60 w ir a temperatur2 transitiorn layer S
adjacent to +ke deeper cold waters. Prom *he 2nd c¢f the - ?d

heating season until *the waters are again nearly isothermal
in March, the thermocline deepens o abou:t 100 nm.

In this c¢c2an region, below *he zhermocline <there is
usually a cocler 1layer nearly 120 m in depth which is sta-
ble, since it occurs within *he mair halocline. Below the
cooler layer there may be an iacrease ir tsmperature with

depth, an inversion. Teaperature inversions can be classi-

fied into three types according to %their method of forma+iorn
and tehavicr. The firs+t +ype, which is *ths most common in
~he eastern Ncrth Pacific, is a resulr of =he seasornal cycls

of heeting and <cooling. The upper layers in an ex<tremely

ct

cold winter can become colder than th2 wa<zers in *he hals-

cline belcw and a positive temperatur2 gradi=nt is fcrmed.
d#i=h <he advent of ¢the following heating s=zason +ha R

temperature c¢f the surface waters i

I

IR

c-ease causing a ‘51i%
: ; f s X )
(nega+tive) *hermocline tc form above the positive thermal - Ty

gradient. The temperature minimum thus generalily is lccatsd

1

SRR

33 S
RN

y

1




-~ - - T €Ty ~w TRy TR eV . Y W W - N W, v W iv e - - ~
- RS- - m e e = - -
. - = -2

{ .
b o

b

: SR
@

-

rd

L4

. TEMPERATURE (°C)
- . s s 0 ” " . e
b of T T T T —r— -4
r - B
E; AUGUST . S
e o
“1‘1
- ] 1
-
. i

)
DEPTH (metres)

Fg;j ‘# T j?‘i é v‘g |

—— — — — T ——— e —— -
)‘I

PETETTYY
1'4 v

}-
=
N
B
i
.

TEMPERATURE (°C)
8 10

| —T\ueceven -

4 [
# | B} T TFT T T T T T T LI L T | p—
- r i q
w -
b ! “
|'
3 “ - e )
g - /, | I
= M Necmomn 5
£« !
8 | JM ! i
B [}
J S B
~——A T—DECAY ;

N\JANUARY
N1 S T AT R TN SR SN N S N SR N N |

line at Ocear:
vando, 1963).

o0

e .
nd G

Pigqure 5. Growth and De
Staticn "p" (

34

V. . ’
PR TR e, - L )
W-A e <. . L .
el 3 Dbl PR A, P . L Mt = A & .= . _4




Ty

.

R i adn i) v
Sl
. sttt et

xRy F fF ¥V F v ¥
.

e

I e Mhehet Mient Jieess Jhaint Slact St Eeams teat  fe Bamas et e Bkor-wR o g L gl L el 4 gm. am L ua oo mA L -aml o a0
S R T T T R T T R T R T Y Ty T ey ——we

0

just above +te lalocline at 120 m and chinges very 1li==l
during the course of the summer heating pericd. During the
follcwing winter season tlke upper thermocline dscays 2153 <he
temperature inversion may bte erased (Uda, 1963).

Another precess which can cause <temperazure inversicns
is *+ke fcrmaticen of sea-ice in the westera Pacific, The
ramairing cold (-1C), high salinity surfacs laysr sinks %¢ a
level of stability in the existing halocline and is carried
eastward in the West Wind Drift where it complat=ly mixes
with other wa+ters before reaching 140W. Depending c¢a +he
amount of keating of *he surface layers during ths tcansi+,
<he temperature inversion may or may rot persist throughout
the year (Foden, 1964).

A “hird prccess results in a subsurfacs fcemperaturs max-
iaum when the warm, mors saline Subtropical Water intcudes
under the colder Subazctic Wazers. The advacting water thar
is slightly cccled and sinks; i+ remains warme:r than the

sur-curdings, howaver, and forms the *2mparature maximum 2t

n

ta-

depthe. Its upper boundary is generally limit=23 by <he

bility critericn of the main halocline (Uda, 1953).

As “he cccling period tegins in lat2 September, “he sur-
- face waters are cooled ard mixed downwazd by convection as
. 35
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wall as by the strong winds of the fall and winter mon=kts.
The seasonal ttermocline sinks and narrows until i: r=2aches
the haloclins. By late winter the upper zon2 has reachzd
ivs mizimug temperature of the year.

At depths telow 500 m <«smperature variations are small,
seldcr exceeding standard deviations of 0.04C (Tabz*a,
1960) . Fig. 6 shows the +typical tamperatucz structurz2 at

Ocean Station "P" for bo+h summer and wintsr mcnths.

B. INTERNAL WAVE EFFECTS CN THERMAL STRUCTURE

In many vertical temperature s*ructure analysss, the
deoths 0f ths isctherms fluctuate considerably. Periodicis
and amplitude c¢f +the €fluctuations appsar no:-sysiematic, ka=
result frcom ztks superposition of a largz znumber of in%arnal

wave trains. Th limiting frequencies =zange from the

m

Brunt-Vaisala “c iner+ial; in the Subarc+tic Rejior, peoc-icis
from S minu=es +*o0 at least half a day havz Dbseen observed,
The vertical disrtlacement cf isctherms is of ths crder of
5 m at the tcp cf£ the <thermeccline and perhaps 2as largs as
25 m at the level of <+he principal halecclins (Tully and

Giovando, 1963).
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C. HCRIZONTAL SURFACE THEFMAL STRUCTURE

Near the center of the Gulf of Alaska is locatsd an area ';;;
of temperature rinimum that coincides with ths dynamic cen- .
+ar ¢f the Alaskan Gyre. In summer it ~oughly overlies the kp.i
canter of the gyre as de<ermined by the salinity maximum, “ff;
but in winter the two are separated (Uda, 1963). fﬂé

South from the «cold core dome “o =zpproximately 35N the ;iks
+hergal field 4ics oriented zonally =xcept near” <the ccastal .1

regicrs. This configuration continues y2ar round wizh a

seascpal range c¢f 7.0C throughout the Transition Region S
(Uda, 1963). The horizontal thermal gradient in the ncrth-
south directicn is strongest in the Transiction Zone where

gradiants cf 1C/100km are common, &S shewn in Fig. 7. r
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A, CBJECTIVE

For ocean mornitoring from space “o becoms effzctive, the
in+ericr mcticrs of *he <c¢ceans must be infzrred Zzom %h=2

resul*ing signature of surfacs properties. The abilizy =¢
define the suksurface structure accuracaly by this mezncd is
becoming ircreasiangly utilized and undecs=ood.

legeckis ard Gordon (1982) described +he2 ability of sat-
21lli*e infrared imagery tc loca:e sea surfaces “emperacure
fronts, and the -a2lation ¢f <hes2 surfacs £features +o sub-
surface terxpsraturs siructure. For +h2 Brazil Curcaa+< and
<wo warm ccrs eddies, +hey noted the mixed layer depth coz-

ns.

wm

rvelz+ed with tke suc-face +tempsrature paic

Bernstein, Breaker and Whritner (1977) =2xamin2d the 2ddy
forma*ions in +he Califorria Cu-ren* from combined ship, air

and sa+elli=e platfo-ms and fcund that the sea =surface

“amperature patterns confcrmed to subsurfacs warm and ccld
mesoscale variations. They ccncluded <ha* in unstakls '"}ﬁ
c2gicns such as the Califecrnia Current, surface z2nd main »fﬁ-ﬂ
<“hersccline terperature distributioas have relationships %= 1

sach cther. Thus, ia such a region, =c-emotely senszd sea

4o




surface temperature patterrs would be able to interpre+ sub-

surface circula*icn.

ty

Frocm *hese recent examerles of sa<ellite-determired suk-

[
(L)

surface structure and frcm other ocsanographic litevature,

it appears *ttkat the regicrs of the world's cocszans where

large instabilities occur (i.e., boundary curcernts, ceastal

upwelling zcnes, etc.), the subsurface dynamic features are

readily deduced from <the surface observations. Aresas nf the

seas which are gquiesczn+t and usually located in <he central

oceans have nct been as casy to describe accura*ely, In

thz2se regicns, *he use <c¢f either dynamical or empirical

m2theds cculd ke +he only means of <£fcerecasting the “hecmzl

structure ¢f tke cceans.

Numerical mcéels are tased c¢n dyramical principles and

will ultimately provide the basis for dceani

processes., Empirical methods havs been the

past for cer+ain regicns and for limi<zd cime ku<

do nct apgear tc be valid universally. If relationshigs
could be devissd €£2or <certain watsr masses Or oceanic

regimes, <hen *he possibil_.y exists of piscizg tcgether +hs

subsurface ttermal features in the diffarea:z rsgions by u*i-

- 1izing remoc*e  sensirg <o define cerzain surfacs
X measuremerts.
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Toward this gcal, the first objective of this thes

»
1)

o determine wha< particular relationships exist b2twsen s
surface temperature and subsurface <hermal structure for a
relatively "quiet" region in <+he northeast Pacific Ocean.
By examining tte climatolcgy, an empirical set of equations
could then ks derivad between sea surface tempzrazucse, mixzd

layer depth, +hermocline gradient and the depths of prcmi-

nent poin<s within the structure.

The seccnd otjective is o0 produce a predicted vertical
~omperature prcfile <£from the bes% fit <rc2gression equaticns
for a particular wa<*er regior and SST at a futurs +im=2 and
different locaticn. When these profiles ar2 comparad to

actual temperature-derth profiles, accuracy cf this statis-

<ical methcd will be determined.

B. TCATA ACQUISITION
Curing *ke pazriod 5 %*c 14 Sep%ember 1977, +the U.S. Naval
aceancgratrhic survey vessel USNS SILAS BENT conducz2d ocsan-

sg=zaphic surveys to Ad2termine the <thermohaline and sound

veleocity structuras across the Califiornia Curcant, +h=
Transitior 2cre and Subtrcpical Wa%+2r., For this :thesis, the

only data u<ilized were along a 1155 km @eridional *=rack

scuth cf Cc2an Weather S+ation "P", as display=2d in Fig. 8.

]
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The data ccnsisted of 28 vertical =emp2ratur: pr-ofil

11

s
spaced approximately 42 ko apart; they spannsd the period 9
to 11 September 1977,

Weather conditions during this period were goverr=d by a
weak staticnary 1low pressure system with mostly 1lew clcud
cover and pericds of light drizzle and showsrs. The wind
speed varied frem +o 20 knots from sevaral directicns
causing wav2 heights of approximately 3 ¢o 6 m along *ke
en+tire track (FNCC, 1977).

Expendatle bathythermcgraphs (XBT's) were used «o define
the thermal s+*ricture, The vrTesulting “emperatuze <=races
plotted cnktoard ship were coded or bataythermograph 1lcg
sheets, which were utilized as the data pcints for rescen-
struction cf +lke thermal frofiles. Charactezistic of <his

procedure is the loss of +he fine thermal structure, as only

Ww

prcminent points cn the tsmperature profile are recordsad %c¢
give the general shape and location of importan+ fesatures.
Another rrcklem associated with this method of data
acquisition is the varyirng probability tha%t the observer con
the vessel a- the time of the XBT drop correctly chose <*he

p-oper pcirts tc reflect adequately the mixaed laysr depth,

“hermocline gradient and temperature iaversions. Incor-sct
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racording ¢f the values alcng with malfunctioning iz 5 =0

10% cf the XBTIs can also Lte a source of potential error.

C. ASSESSPMENT CF TEMFERATURE STRUCTURE

Tc begin +he analysis cf subsurfacs thearmal struc=zurse,
realizing the *crude" natur¢ of <+he data, +the *emperature-
depth points were plotted cn &a computer graphics system ard

+the 28 thermal profiles were recorstructed. From these prc-

files a ver-ical cross-sec+ion of thz meridional %emperature

o]

t

structure was drawn, Fig. GS. I+ was noted immediatsly =hat
numercus temperatur2 inversions existed alcng the rnorthern
and central regicns of <the track, but they ceased a< apprcx-
imately 41N, This subsurface bordar clearly dzsfines the
Subarctic Frcent which divides the Subazctic from Sub=repic
Waters; while at the surface there 1is no irndication cf the
division, The temperature inversions varied in sirength,
but generally shcwed an increase in d2pth in a senthwari

direction.

"
(=2

The upper mixed layer displayed little variablili-y wi

(1]
]
()
[}
o
o ]
o

few trarsients fo.n1d within the s~ructurse. Thar
large eddies rct=d in the surface 1layer 2rnd the mixed layer
depth appeared =relatively constant along +the entire track.

Weak mescscale features are prokably present, but the

45
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spatial rescluticn prohibits their Jetec+tion. The tharmo-

cline vas alsc fairly constant in depth with +he strongest

gradients tetwcen 30 to 6C m. The isotharms in ths lower ;_‘

layers characteristically deepened o the south, with sev-

eral areas of large variability located near *he temperature RN
e

inversicns., The large warm intrusion located at 47N may be
caused by erzcrs in the data, as a structur2 this size in
the Subarctic Region does no+« appear to bs ccngrusnt with
the cther fsatures, arnd is not mentiored in the research
li<erature.

To assess further +he vertical thermal structu-e, promi-
nent points, gradients ard zones were defined on a +ypical
“3amperature profile from the test regiorn. Pig. 10 illus-
#rates ~he variatles that were used %+o analyze staristically

+he thermal prc¢file. Descriptions of =<hese variables are:

e SST - Sea surface temperature was defined as “he sur-
face tewmperature repcrted on the bath thermogragh logs.
Since this is the *tepperature recorded on thé XBT trace
when ¢he XBT probe entered the water, 2 slight dispar-
ity f:cm+§enotel -sensed SST may occur daz2 to the

Lesponssa me of the XBT systen.

e MLD - Mixed layer depth was visually determized as the
rTeatest dept where the iscthermal or slightly
n=gative <temrperature gradient in +he surface ayeZ
changed_  to e strcngér gradient of the underlying
thericcline.

e BOT - Ect*cm of seasonal <hermocline was visually

detersined as the depth where “he seasonal -hermocline y

mark€édly changes intc a weaker negative <szmperatura AR

g-adier Ekzlew, 'ﬁfiéj
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TBOTI - Temp<rature at the bottom of the seascnal <her-
mocline.

DT -~ Cifferesnce in _tempera ture bezween the tempsrature
atz *he mixed layer dertn and at the boztom ¢f seascnal

thermcclire.

DZ - Difference in depth between th:s amixed layer deg*h
ard bc+ttem cf seascnal thermocline.

E0Z - D=apth of the fkottom of the main *hermocline was
visually determined as the_ depth wher2 +hs <hermccline
changes to an_ isothermal Or positive 6 <empsratura

9radlient -ust abcve the <temperaiturs Inversion region,

TBUZ - Temperature at *he Dbottcom of the main thermo-
Cline.

DTBUZ - TCifference in temge:ature between the
temperatuze at the mixed laye: 2pth and at the bottom
of main thermocline.

DZBUZ - Cifference in_ depth between the mixed 1laysr
d=pth and the bo*tom cf main thermocline.

TU60 - Temperature at reference depth of 46) m which
was ielected atbitrarily a+ maximum depth of XBT
I2ports.

DTS -

Temperature change in upper S 21 of thermocline
telow the mi

xed layer depth.

DT15 - Tempgrature chanrge in upper 15 m of thermocline
telow the mixed layer depoth.

DT50 -

Tegperatur2 chang
kelow tte ® e

= n upper 50 m of thermeocline
ixed layer 4 .

e i
pth
DT100 - Temperature charge in wupper 100 m <£ theczmec-
¢line telcw the mixed layer depth.

DIS - Distance from northern most XBT drop.
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This assessment dzfines the general structure primarily R
in the wupper layers above the permanen* halocline. The
detail of the smaller structure such as transients i1ia the

mixed 1layer and multiple thermoclines are 1no* included

bscause +hey are variable and minor with —respect =0 the

principal s*ructure. The temperature invsrsion £featurs

balow the main thermocline was ot chazactsrizzd as i<s

5 i' T
S Ve e e
B Y

.

occurrence in <*te region varies in locazion and in<easi:y

Pt
1

AL A
.’
LI I S

{58

»

during the t2st period. 1In those zcnes within tha Subaccrtic

.

Regicn where a sub-thermccline temperaturs maximum =zxists

permarently during th2 heating season, 2additicnal variablss

. l‘ l‘, .

¢
.

Caon MACINR N 4O

should b= used tc d2fine this part of the +hermal pr-cfile.
Initially, <lke sea surfac: temperature gradien: was usad

as a varialkl=z in *he analysis. However, problems occurred

ir ccmpu+ing ccnsistent gradients along +“he <track as <+he

calculated values were urrealistic and inaccurate ccmparsd

4

abl

1}

with ac%tual condi*ions at <he +ime; <+his var was

dropped frcm ¢ris study.
These variktles provided the statistical bzase from which

all ccrrelaticns and regression equations wsre decived., 1The j*i'l

values could then distinguish the fluctua<ing and transien= '"ff

f2atures from the median thermal =s<ructure. Tables I, 1II I,Qﬁ
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g To examing the variations and trends o2f +he individual .
9 . = ;

! +herwsal prcfile features along the track, graphs of tas

variables as related *o distancz ard latitude are plotted in

Appendix A. These diagrams illus+ra+te some of ths concepts

W
!
/
|
I

that were discussed in previous chapters pertaianing <o <h

ar -sgion.

[ Ed

variability in thermal structurs within a particu

The sea surface temperature over *ha entire track as :
shcwn in Pig. A.1 increases linearly to the scutkh where the .
m2an gradient was 0.8C,/100km. The stzongsst gradieant ? ‘,
occurrad in the vicinity of 44N and reachad a value of i;iig

2. 3C,100xn. Fig. 11 shcuws the sea surface tempsra*ur=2 in
“he North Eacific as compiled from ship <rcepor%ts and clima-
+ology by Fleer Numarical Cceanography C2nter for 10 Septenm-
bar 1977. 1In the region of data acquisition, the meridionzl

“emperature gradient and surface <isotherm structure closely

compare +¢ tle surface <temperature versus distancs plot

.
¥

(Fig. A.1). Satellita infrared imagery during <his +inme

hl e A SL R 4

pericd was chstructad due t¢ the +thick cloud cover over <=h=2
area; therefcze, this method of se2a su-face zzmperaturs

destermipation wvas not wused as was desired (Taba%a 2rd

Kimber, 1€79).
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Fig. A.2 shcws <he depth of *he mixed layer along <he if

track. The mean depth was -22.9 m with a maxiaum arcd miri- ___i

nmam depth ¢f -32 and ~15 p, respectively. The layer's gen- ..¢f

eral +rsnd of a slight shallowing by about 5 @ in <the 'fﬁé

southward direction is otserved until 40N is reached where ;i%;

:i' “he trend —reverses and becomes deaper. This location of fffﬁ

Ei change in the wmixed layer depth trend accuratrely coincides ::'3

i: with the Subarctic Front. ifig
T The fcur thermocline gradient variabl=es irn PFigs. A.3

.
&g “hrough A.6 displayed a measurakle <trand along ths track.
The variakility ocf <the temperature change in the upper S n

- of <te thermccline (DTS) was large in +the northezn and

southera ends of the <“rack. In <hs center, with <he excep-~

*ion c¢f c¢ne datra pecint, a mean valu2 of 0.3C/5m was

aobserv=d, Tte tcundaries of these threse zones of the DTS

s variatle aqreed with <+he divisior of “hs =<rack iztc =<=h

()]

three r-2gicns, i.e., Subarctic Water, Traasiticnal Zone and

N Subtropic Watez. This effect was nozad in mary of ~he the--
- mal sttucture variable plets. DT15, DT50 ard DT100 all
o increased wi=l decreasing latitude, bur the general trernds
q

differed ke:ween each variabla. DT15 showed ths largest

range of variability with only a sligh+ increase in

4
i 3
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Sl i a e e L o
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ta2mperature gradien+, while DT50 and DT100 both increas=ad4 a< 'f
a grea*er raz=c. When plctted collectively, as shown in Fig. 5f
12, the 1relationships become apparent. Generally, with q

increasing sea surface temgerature, the negative temperatuc2
gradieat cf “te thermccline increasss slowly at a rzla+ively
cornstant rate.

Two cther dep*h-depzndent variables o2 <*he vac-tical
+emperature profile, hbesides *he mixed layer d=p*h, ars thz
bo+tcm of tte seasonal and main thermoclianss, BOT and BUZ,
respectively. Figs. A.7 and A.11 display thsse vaciables as
they vary with latitude. The variabili+y of the plots ray
be due in par* tc internal wazves wizth =ypical amplitudes cf
15 m for the ECT and 30 m for the BUZ.

Tha BC1's general t-end southward along ths track =0

about 40N shcwed a slight decrease in Jepth fren -80 to

- -60 w. Again, *his lccatiorn <coincides wizh <h2 Subazctic
- Front as did the MLD. The BOT then increasss sharply as <hs
. ] tzend zeversss tc a depth of -30 m.

- For tke BUZ, +he trend is just the opposite of +he EBOT
- in the Subarctic Water and Transi*ional Zone. The dzp%h cf
4 : . : :
X ~“he tcttom of +he main +thermoclire increases slowly un<il
- -2achirg the Subazctic Frent, where the maximum variatiorn in
8
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depth is apprcximately 85 nm. In Subktropic Wazer, the =rend ;]_
of the BUZ increases in depth a< a g-2ater rate alcng the Ai'f
southern snd cf the track. -af

When the MID, BOT and EUZ are plotted togather, as shown
in Fig. 13, additional relationships appear. 1In +“he Subarc- f.;;

tic and Transiticn Regions, north of 40N, <+he thickness c¢
the upper layers above tte bottom of the ssascnal thsrmo-
cline (BOT) decreased in a southward dirsction. With ths
MLD trend at a relatively constant depth, <the only therrpal
layer to change in maénitude appreciably is thke thermocline.
This suggests <that <the seasonal <thermocline, with izs
negative *emperature gradient, becomes stronger as the SST

increases aand as tha +hermocline ~hickness decreases.

Indeed, the temperature difference (DT) and thickness (D?Z)

of the seascral thermocline displayed in Figs. A.9 and
A.10, respec+ively, agree with this suggestiorn.

As previcusly men<ioned, the depth of the bottom cf ths

main thermccline gradually despens +oward the south alcng

the track. Figs. A.13 and A.14 show *he increasing diffec-

ence in tempera<ure and depth from +he mixad layer dspth,

n DTBUZ and DZBUZ, respectively. These tendencies, in con- “‘f.
. junction with the ¢trend of the EOT, indicatz that <ke '
4 ‘
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negative temperature gradient a+¢ *hs lower part of thes main

&
4

{ thermocline bscomes weaker and thicker toward ths south iz ®
- R
- the Subarctic and Transiticnal Regions. Sl
r e
b L R
4 For Subtrcpical wWater, south of 40N, the BOT has e
_ reversed its trend at the Subarctic Front and increases ia -

depth. Tke BUZ continues +o deepen, but at a gr2actar -ate
J. than t¢ the north. Temperatures at ¢hese two locations on
o <he thermal prcfile, 1TBOT and TBUZ, slcwly increase linearly

with decreasing 1latitude at nea:cly “he same <Ta*e of

0.5C/100kn. These values suggest <tha= the nega+ive
+amperature gradient at +the lower par<t of the mainr ‘hermo-
clire continues to weaken and thickan, but at a deeper depth
“han ir the nor+thern wvaters. At <+he upper layers, +*he
paraseters of +the seasonal tharmocline, DT and DZ, increase

with increasing SsT.

D. STATISTIC2L EROCELURE
To predict %te subsurface thermal structure f-om a given
s2a surface *temperature, a statistical approach was utilizad

to determine +he relationships between the <hermal structurcs

4 variables. The data analysis was done using the BTOMED s<za-
«istical computer programs on the Naval Postgraduate

Schoecl's IEM 3033 conputer systen. Details c¢f <+he BIOMED
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computer prcgrams used in the analysis arz p-evided i
Appendix E. Basic s+tatistics (mean and s*andazd devia-
+ions), scatter diagrams, correlation and linear regression
analysis were performed on all variables.

As part cf the regression analysis, <the <corrslaticn
coefficients fcr all comtina+ions of pairs of <the sixteen
variables were ccmputed. These simple correlaticns are an
estimpate cf tke strength cf <he linsar association betwesn
two variaktles and do no* imply the cause fo- the relaticn-
ship cr which variablss affect the variation of the o%her.

Scatter diagrams were used in conjunction with ths

ragression analysis to assist ip refizing <+he correlaticrs

between variakles. By visually removing pocr data points
that detracted from trends within specific regions, th=
analysis cculd be improved. After determiniang the best £it

correlaticns, least squazes linear <ragression equations are
compu*ed tLtetweer variablass and also with sea surface
tamperatucze as <he independent variable. This =2nabled a
vartical *+emperature prcfile o ke detarmined by calculating
+*+h2 valiues fcr *he varialtles with the only inpu< being *hsz

sea surface temperature.
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5 o
3 The valuss cf the 16 thermal structuce variablss f-onm

B Lo
:l the 28 temperature profiles along the track were cor-elated ——
' j

for all ccmbirations with the results shown in Tabls 1V,

Several strong relationships appear with the correlation

coefficients cf a few variables Lkeing gr2ater than 0.750.
The sea surface temperature had the greatest nrumber of

strong correlations which greatly enhances +he idesa of pre-

dictien cf the thermal prcfile from the SST. The highest
. correlaticn coefficient (0.993) <c¢ccurred whan the SST was
L y

P comparsd with the distance alcng the track. This was

evpected due t¢ the rslatively coastant north-sou*h surfacs

tamperature gradient in this region of the ©YNortheast

Pacific.

Cthar stzceng correlations witk the sea surfacsa
+*emperature were the “emperatures a:< the bottom of the sea-
sonal and main thermocline, TBOT (0.944) and TBUZ (0.949),
respectively. When plot“ed together, as shown in Fig. 14,
the trsnds clearly appear. The variables' similar reia<tion-
ships imply thaz the entire vertical temperatuce prcfile
"leans" tcvard warmer temperatures as <h2 small negative

ncreas-

.J-

thersal gradient in the deeper layers iacr2as2 with

1))

ing sea surface temperatuce. The change in temperature in

63
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TABLE 1V
Correlaticn Coefficients of Thermal Variablas
| uLD MLD
- SsT .22%  SST
TS5 -.484 .,028 DTS
DT15 121 335 L0820 DTS
:'. DISO  .157 770 -.211 485 0TS0
e DT100  .235 .905 -.065 .393 .932 "OT100
- oT 128 L835 -.026 Jb66 .83 .67 OT )
:l.; Y4 -.156 .305 ,280 .018 -.082 .030 .425 ©2
;\‘__ s01 JM59 2,203 -.406 =.055 ,124 .030 -,3b1 -.949  BCT
TBOT 0296 JOul «.0565 L2351 .632 .822 .688 .130 -.0L1 TBOT
8UZ =.202 ©.682 .12 =.098 -.239 -.L06 -.546 -.643 .5ik <653 B2
TEUZ o267 .59 =.035 L33% .630 .770 .792 .355 -.23 .932 -.65% TEUZ
ITBUZ  .217 .950 =-.068 .368 842 .961 .891 .20% -.11e ,885 -.536 .E30 DT3UZ
DZBUZ .37+ .678 =.031 068 .246 .535 .551 .578 .LO1 .665 -.983 .661 634 DZ5UZ
oIS 217,993 -,012 .365 .738 .878 .EB5 .356 -.2351 .91 -.588 .¢63) .o3+ .684 DIS
T460 Sl 231 139 L2685 B35 .F00 LGkl Lag o 3r (835 -.285 LE32 0725 .053 WELE
MEAN =23.2 18.1 1.2 5.0 3.3 9,3 5.5 LB,5 -72.0 9.3 =123.3 f.1 0 9.5 1192.2 580.9
STU DEY 5ot o8 1.2 1o 1.2 1.3 1.3 1,3 1500 1.8 27,8 1 1.6 28,9 W15
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the upper 50 and 100 m ¢f <the +thermocline also displzyed
strong direct relationshigs with the SST.

Two pairs of variables which exhibit=2d st-ong n=ga<ive
correlaticrs, and for similar reasons, were BOT-DZ (~0.949)
and BUZ-DZEUZ (-0.983). These combirations indica*t=2 that a
r2lationshifp exists ‘tetween both +he BOT and BUZ and the
MLD. This is due to the relatively small variations in the
mixed layar depth when compared %o “he large fluctuvations 0of
“he BOT and BUZ. Therefcre, as the bottom ¢f th2 seasonal
and main thermoclines varied, the depth Jdifference between
thase variables and the MID similarly changed. This could
provide an iméortant link 4in determining =he mixed laye:
dapth if a viaktle connection <c¢culd be established betwean
the BOT or BU2 and SST. However, according +¢ thk=2 correla-

~ion ccefficients comparing “he SST +to ALD (0.224), +o BOT

- -

th

(~0.203) and *oc BUOZ (-0.682), tha stren3th of thess r=la-

ticnships was weak as shewr ian FPigs. 15, 16, and 17. Corre-
laticns of <+he cther variables with zhe mixsd layer dep=h
rcevealed little as tc pcssible methods to dztermine <his

importan+ thermal structure variabls.

Cue t¢c +te roticeable differences in +hermal structure

- charactecis<ics among the various ragions sncounterzd alcn
. 65
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the track, the data were rnext divided into Subarctic, Traxn-
siticnal, Frontal and Suttropical groupings. Thess divi-
sicns were deterwmined from the previously discussed regioral
characteristics and thermal analysis of Chapters II and III,
and in restrospect, they rroved to be an accucate reflecticon
of the boundary locations at the time of data acquisitior.

The Sukarctic Water characteristics were traced from ths
northern-most vertical <+temperature profils on the <rack =c
XBT staticn number 345 a+ 45.33N. The Traasitional Zone was
observed from XBT sta+*ion 346 to station 357 at 41.17N £cl-
lowed by the Subarctic Frent between stazions 358 and 359.
Begirning at XBT station 360 at (39.97N), and continuing
south <o the end c¢f the +rack, was an ocean region corntain-
ing propertics cf the Subtrcpic Water. PFig., 18 illus+ra%tss
the divisions of <the +rack data poinis into <Le various
ra2gicns.

To observe tke separation of <th:z data by groupings bet-
ter, and to refines <furtiler “he <correlazicn cosfficients,
scatter diagrams of several of the *hermal variables were
plotted using the BIOMED ccmputer programs. Since the only
variakles that <correlated strengly wit SST were other

temperature~-dependern+t variables such as TBOT, DT, TBUZ angd
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DTBUZ, a closer inspecticn of “he depth-dspendent variables
E’ vas desired. To ascertain whether <he sea surfacs —
E temperature carn define the depth of cec-tain variables is
ggf necessary in tte develcgment of <the +hermal prcfile.
Therefore, =regicml scatter diagrams for <he th-se primary e
de pth dependent variakles (MLD, BOT, BUZ) ard SST as ccm-
pared to tlke cther variables were plo+z=2d and analyzed. L;;:
)
The scatter diagrams for sea surfice <temperature whsan b
comparzd *o +he cther variables ac-e listed in Appendix C.
Due to +the high correlaticn coefficieats of these thermal

variables +ths *rends of the data points ware clearly visi-

ble. Obvicus linear relations cccur between SST and DTSO,
pT100, DT, TBCT, 1TBUZ and DTBUZ through the various regicns.
DTS and DT15 also displayed an el2ment of 1linearity when
s2veral of the mcre distant data points war:z removed. Th2
computer-derived correlation ccefficiznts <£for =*hese +*we
variables were excessively low due o <h2 remote points.

For the variakle DTS shown in Fig. C.2, th2 da=a behavei in

a  strong linear fashion in +the Transitional Region as a
romperature change of 0.3C in the upper S m of <k2 thercmc-
cline was ths mean, All c¢f the thermocline gradient vari-

ables, DTS, DT15, DT50 and DT100, could th3n be modelad by a
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lirear equa+icn relatsd <tc the SST, at l2ast in the Tran- .
si+iecn Regior, —_——

Two scatter diagrams which ccapare SST To BUZ and DZBUZ,

Figs. C.1C and C.13, illustrate a perceivable lingar +trerd Iﬂjﬁq

batweer +the variables while +*he correlaticn co2fficizrn+s

L reflec: a mcdera+te level of association, (-0.687) and
Ei (0.678), resrec+ively. Again, with sevaral of the remc=e
:ﬁj data points remcved, an improved correlation c¢oefficien+
;E could be ccoputed which tetter portrays the <rczla+<ioanship _.Q_J
S vith SST. ,,A_J

Cther derth-dependent variables, for which a visual SR

TV T

r2laticnship was cbserved with SST In thz scatter diagranms,

wers for ECT and DZ, PFigs. C.6 ard C.9. Both exhibited a

wy" cr wedge stape wi=h data for *h2 Subarctic ard Sub*ropi-

cal ®aters cn ei+ther wing and data for the Transitional Zcns

in ~ke center:. If the ncrthern or southée-n -egional daza

were removed, <then a higher correlation could be ob*ained

utilizing that frcm the Tramsiticnal Region alone. However,

. . . . . - .
. with the visual +trend in *his region <clcsely followirng +he
\-‘,‘
L -
;ﬁ *rend of data frcm the Sutarctic Wa%ter, data rfrom the nor%h-
8
9 ern end of +he *rack could be used to assict in the accurate
»':-
- determinatica cf relaticnships with  <+he SST. Th=
\"
-
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combination of data from thess *wo regions is reasonatle
sirce the lccaticn of the Subarctic Front is on the southern
boundary cf <he Transition 2one, and the water characteris-
+tics are sirmilar. Therefore, the Subtropic Water da<z
points shculd te removed tc derive <the correlations with
data from ocnly the twc nerthern regions.

The tw¢ da*a points in the regional'scatter diagrams for

the Subarctic Front consistently followed the Transitioral

. Zone data trends. As shcwn in Appendix C, £or the thermal

= variakles BOI, DZ, BUZ and DZBUZ, the Front provided the

sharp break tetweern +he Transitional and Subtrcpical

Regicns, tu* in the scatter plots for the remaining thermal

variatles the Sukarctic Front fell within the +rend of the
<wc ncrthern regiens. B

The =catter plot comparing wixed laysr depth o S5ST,

(0]

2
12

shcwn in Fig. C€.1, initially a2ppeacs rot *o raveal aay pat-

l.'l :.

o

L

+ern which «c¢culd be used o infer a c=laticnship with th2

a X ®

P

i3

SST. Hcwevsz, if *he Subtropical Water data poin*s are not .

e g
[

Y ey
« .

included, a +rend of decreasing depta is noticsd zand xh2

correlaticn ccefficient valuz of 0.224 between thesz2 <+wo

et
o

& variables shculd increase appreciatkly. ]
h
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The regicnal scatter diagrams comparing mixad 1laye:s
depth to the cther variables did not exhibit any s*znng ccr-
rela*ions and were not included. However, several weak pat-
terns were ckserved which indicated a <tr=2nd of the MLD
slowly decreasing in depth ir a scuthward directicn for t¢he
northern twc 1regions. All scatter plots isplayzsd large
variability amcng tane data points which agrees with the 1lecw
correlaticn ccefficients fcr the variable.

Appendices D and E contain the ragional sca=tsr diagrams
for BCT and EUZ, respectively. These plots show a greater
lirear dependenc: among the variables, and thsrefore higher
correlation coefficients, thar was showr by the mixed laye:r
depth. It mcst cases when the Subtropical Water data are
ramoved, 1leaving only da+a from the Subarctic, Transiticn
and Frontal regicms, a sticngesr relatiocnship was observed.

Twc nctewcczthy scatter diagrams which nad strong
negative ccrrelations were BOT-D2 and BUZ-DZBUZ as shown in
Figs. 19 and 20. As previously noted, th2se two variables
with high correlation coefficients could provide the neces-
sary link %c determine the mixed laysr depth. Since DZ and
DZBUZ are the differences in depth from ths MLD +o the EOT
and EUZ, respectively, a pair of simple equations dzfine ¢hsz

r2lationshig.

75

R N O s S U




SRR M ArUi e A A G RS e < e S A AN e b -t M SN a B e e s e Lo g o
5 R
[~ B
«a .
MLD = BOT + DZ o
. L@
o MLD = EUZ + CZBUZ
) ncte: MLILC, ECT and BUZ are negative valuszs (depth)
ﬂﬁ The only weak "liak"™ in #he <*wo eguations is *he deter-
j. mination c¢f the BOT and BUGZ directly from SST. To imprcve

the corralaticn ccefficients for these =wo variables as sug-

gasted by the zeqgional sca**ter diagrams, data from thes Sub-

+ropical Wa<zer and several distant data points which

detracted frcm the establishsd trends were rsmoved. In sev-

ndent

eral cf the flcts, primarily fcr the zemperaturse-depe
variakles, witere the <trend was actually stronger and mors
accurate with da*a from tike Subtropical Region included, the
correlaticnr <ccafficients were imprcved. The correlazion
coefficients fcr the best-fit <¢rends a-e liszed in Tabls V.
Indica<ions ar¢ made *o show which coefficiants increased or
Jacreased frce the values presented in Tabls IV.

An exaaple cf a correlation ccefficient +hat decreased

due <o the remcval of <ca*ta points ard ye+* provided a

stconger trerd was *the MID versus DTS5 combira<ion which

changed frcm -0.484 *o -0.197. 1In <his case, the majcriz ST
76 '
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TABLE V
Best-Pi+t Ccrrelaticn Ccefficients of Tharmal Variables

LR AR A At Ak

MLD MLD \
ssT 535  ser —_—
ots  -a197 27 DS e
' ' ° R ‘I
15 4197 677 =.063 DS
,
DT50 .52 .930 .35 .+63 DTSO
DT100 495 .905 -.239 .385 .926 DT100

ot 499 .859 2497 L5110 052 .86 OT
D2 u156 =645 037 =.223 —iiet <559 <.200 D2
’ ¢ 2 ) .
BOT 0357 776 «.255 4256 594 .725 .10 -.949  BuT )

¢ . ’ / ’ .0 4 L,
P30T 480 L9l <.199 225 W771 .839 .355 -.772 873 ILuT
302 =307 =.790 1212 223 =239 -.#96 -.365 =.6%3 L51b ~.653  BUZ

-]
ABUZ 822 .549 «.379 .33% 753 LMY L67F -6 3317 LE7€ -.85. TBUZ

! ’ . o

ST3UZ 436 .560 <.30W .357 .935 .977 .339 -.503 .650 .Eu1 -.638 .696 DTEUZ
! Q . o, ...
52302 L3537 .766 .021 120 221 .288 .298 .37 a7 182 -.933 .07 L3n8 LZsu2

1
/ 3 .963 .93 .63+ DIS

1 [} -
SIS 5 0303 407 L46 .617 L9227 LEEF <u823 J775 931 .68
TW80 W2 B3 L037 L2276 W51 .599  Jilde <0588 .598 .519 -.685 382 .706 .6-3 .EB46

!

&
q

"
e

es
2s

- noze: S' indicat
0) irdicatz

increased ¢
decreased ¢
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of data pcints were grouped about +he DTS5 valus of 0.4C p==

w
-+
5
o

S m and a MLLC value of =23 m. Ths acttempt to captur
“rend of +the Transition Region was made by excludinag the
distant scattered points; however, <this dstractad from tae
ovarall trerd and reduced the correlation coefficient,

A large rumber of correlation coefficients improved sig-
nificantly by <his me+hod cf data exclusioa. Mcst notice-
able is +he variable SST, whick, (excepz for the combina*ion
with DTS) increased all cther <coefficients =» g-sa“er +than
0.645 with six ircreasing above 0.900. The Zmpcrzant corrzs-
la*icns of SST with BOT and BUZ improvaed £rem -0.203 zrnd
-0.682 to 0.776 and -0.790C, respectively. Tne correlation

coefficient cf SST versus EOT even reversed siga.

(7%

Tkis ncreased strength in +the various correlat*icns
between variakles provided +he cenfidence *o infer that usa-
ble rela*icnships exist in the wvertical <hsrmal preiile.

Sirce ~he wvariable SST had “he greatss*t number of szrcn

ot
[

correlaticns wi-h the other variables, *he s=z+istical

ons using crly

-

me+hcd of d=2riving linear regrassion a23Juac

ALY
ot
=
1]

input cf SST appeared practical.
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E. KEGRESSICN ECUATICN ANALYSIS

ot
p=]
W
<
»
5]
[EJ
]
|

EI From the test £it correlation ccefficients of

I8}
¥
1]

rn

[e]

[
]

. able SST in ccaobination with +the other vaciables,

lowing linear regression sgquations were deriveil:

MLD (1.2C01) SST - 43.300

nw-w-wf... u
Lo s T L N A
[}
i
I

LT5 = (0.03629) SST - 0.21573

|
ol

(0.1€058) SST + 2.227M

]

DT15

DTS50 (0.48462) SST - 0.14105

DT100 = (0.48506) SST + 0.52999

T r‘rr‘rfﬂvf'lf
1

..-.l e R N N " . .
L P . L ',
. AR ) A AEAEARERSRRTN
- o X4 . . . ' T R A
' « v . . . M . - VE.l ‘4 .'.'- |..'

D T P . . - N .. s e T N v

VI I U AR ata el 3 o e T

TBOT - (0.61762) SST - 1.9317

DT = (0.41729) SST + 0.94677
DZ = {-2.7611) SST + 89.782
BUZ = (-7.5247) SST - 0.00793

TEUZ = (0.48510) SST - 0.66001

DTEUZ (0.55345) SS5T - 0.42130 1f¢¢j

DZEUZ (7.7697) ssT -27.820
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To cornstruct a ccmplete vertical <2mperaturs prcfils,
since the variatles previously mentioned only d<cfirned ths
upper domain cf +he thermal structure, a 2ew variable was
needed frcr lcwer depths. The temperature at 460 m was che-
sen ltecaucse it was the lowest datum pcint available from the

XBT da<a rrovided alcng the track. This *“ype of varialkle

—

was nct particularly desired as it relates a temperature *c
a specific derth rather +than to a feature cn <the zherpal
profils, A ketter variatle would be at a r=fersnce degzh
where the tsmpperaturz gradient becomes iscthermal in <+he
deeper regicns of “he ocearn. However, Zhis was not availa-
ble from thke limited dep=h of the data and the T460 variatle
was €stablished. The same methods of anralysis were eamployed
on this variable as were ccnducted on the others. Whan ccm-
pared to +hes sca surface temperaturs, a co-rslatiecn coeffi-
cient 0% 0.831 was <comruted aleng wizh a s+Zong 1linear
#-end in the regicnai scatter diagram. Therefore, a linzar
ragression equa<ion could be used +to determin2 <+he bottonm
poirct of <the predictad temperature profilss at 460 me-ers

from *he variatle SST. The linzar ragression equation for

T460 was ccmpu+ed as:

TU60 = (0.21834) SST + 1.3139
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Two cther impcrtant rela+ionships which were dsrivzi by
regressior analysis, but *they do not use SST 2as +the indspen-

dent variaklz:

DZ = (-0.8£394) BCT - 12.693

D2BUZ = (-1.0359) 3UZ - 27.392

These equa*icns use +he computed values of BOT and 2UZ

thickness c¢f the

[(}]

as det2rmin2d4 frcm ths SST to calculate =h
seascral and main thermcclines. The magni<ude of <+hese
thicknsesses (LZ, DZEBUZ) when add=zd o +ha BOT or BUZ,

ayer depth.

.._l

respectively, can then define the mixed

Due +t¢ +tke reolatively low corrslation coefficien+
batweer SST and MLD £cr the SST~derivad MLD <equation
(0.535), rpcssibly a comktination of eguations which define
LD with higher o>rrelations could improve the accuracy in

determining +he mix=2d laysr depth. The c=gression eguaticn

for the SST-dezived BUZ, with a correla+«iosn cocefficienzt o
-0.790 between *he two variables, alorng with the BUZ-derivad
DZBUZ manticned above with 2 ccrrela<ion ccefficient of
-0.9¢€3, seszingly provide the s+t-ongest combinatiorn.
Tharefore, the group of <quations used for tne mixed laye:

decth determinaticn were:
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BUZ

DZEUZ = (-1.0359) BUZ - 27.892

MLD = BUZ + DZBUZ

Th-ee ctter combina*ticns of regression =guatiorns could

have been usz=d to detarmine the mixed layasr depth, but were

not chosen Lecause of their lcower cocrelazion coefficiznzs

rh

be+weern variaktlas. The equazions and correlatiocn cc=2££i-

cients (r) ace listed belcwu:

BOT = (3.€611) SST - 133.08 0.776

s ]
i

DZ = (-2.7611) SST + 89.732 T -0.645

MLD

BCT + L2

BOT = 0.776

"
3]
L

(3.5611) sSST - 133.08

DZ = (-0.E5394) EBOT - 12.693

r
1]

-0.949

MLD = BCT + DZ

e AN A A
e o T
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BUZ = (-7.5247) SST - 0.00793 r = -0.790
DZBUZ = (7.7697) SST - 27.820 T = 0.766

MLD = BUZ + DZBUZ

With the MID de<ermined, <+he <empsrature at this dzsgpth
vas needed tc provide the fundamental =2mparature £rom which
the *harmccline could be compu+2d. A variablz TMLD was
added to represent tha temparatur2 at the mixed layer dep<h
and was defiped as the sum of TBUZ arnd DTBUZ. Since beth
“emperature~dependent variabiles had vary high correlaticns
wi<h *ke SST, 0.949 and 0.960 respec*ively, strceng confi-
derce could te placed in the resul=ing variazble, TNMLD.

An additional features in calculating TMLD by this me<hod
was to allcw for a slight negative <+emparatuze gradient tc
nccur in the mixsd layer. Many ocean thermal structure mod-
els assume <that this upper layer will bes isothermal when
ac*ually a realistic profile often includes a temperature
gradient.

The four +kerml gradient variables DTS, DT15, DTS00 =2nd
DT 100, as determined from the SST, wer:s subtrractzd from th=2
~amperature and depth of the mixed layer to form the thzc-po-

clirne. This structure, alcng with “he SST and mixed layer
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d2pth values, provided the upper portion of the vertical
t2mperature gprcfile.

In the 1region below the seasonal <thzrmoclinzes the
temperature-degrendent variables, TBOT and TBUZ, and depth-
dependent variables, BOT and BUZ, wer-s ccmputsd direc+ly
from th?2 input cf SST and arpplied %o the ~temperatuce pro-
file. Several *imes during *he plotting of these peinzts in
the *estirg ané ccmpariscr phase of the thesis, the lcca*ion

of <he DT100 variable would cccur bzlow both the BOT and BUZ

1))

or tetween them. In these cases it was simple to z2djust ¢h
s2querce c¢f rcints +tc allcw +he proper const-uction of <k=2
teamperature profile.

Finally, in +the generation ¢f +he tsmperacure profiles,
«he variatle TU6C was used t¢ provide ths lcwer base of <*he
structure, Since T460 was an ar<«ificially-gernerated vari-
able, d2fined at a constant depth, <the chacacteristic small
“emperature variazions at *hat depth should s=2ill bz accu-

rately reflected.

(1]

A —o*tal cf nine points were used zo defize +the entirc
vertical temperature prcfile. These w2ze ploz+<ed on a
TEKTRONIX 618 graphic display system and ccmnected wivh a

raticnal spline wmethed that allows some curvaturs betwesn
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points. This was done to portray the temperatur2 preofilzs

cf +he regicn mcre realistically.

F. THERMAL EFCFILE TEST AND COMPARISCN ANALYSIS
1. IEST 1

Tke firs* type of comparison test was conductzd wi%h
the crigipal +<rack of data used in the g=neraticn of thea
predicted thsrmal profiles. The XET tsmpsrature-depth pro-
files of the Sutarctic Water and Traasition Zons were ccm-
pared with the ccmputed <temperature profiles which utilized
*ha sea surface <+eomperatire of the actual XBT +race as ths
only input. Fig. 21 shcws the compariscn betwezn the
cbserved ard predicted thermal structures for the nc-thein-
most XBT sta<icn on the track. Appendix F lis+s thke remain-
ing twenty prcfile <comparisons <fcor <the northern regicns
excluding the Subtropic Water.

The ccmparisons generally illustratszd a strcng simi-

lari¢y in tke upper layers. The mix2d ilayer dap*h alcng
with the slight negative temperature gradisnt in +hs lays:

e

were realis~ically predicted for a majcrity of casss; inter
nal wave mcticns ars assumed responsible for the largss+
variation frcm the predicted profiles. The upper “hermo-

cline region closely approximated <the strong <+hermal
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'..:
gradient measured by +he XBTs. In the lower +hermcclirns,
greater variakility occurred, assumad due to intsrnal wavss _;;i:
and *Lerszal advection, result ing in poor comparisors as :i
shown in Figs. F.2, P.11 and F. 12 for XBT staz=iors 341, 350 %
and 351. fA.Qéé

The predicted lower regicns werze not as precise when ;fffg
compared to the observed profiles usually due tc the exis-
+tence of a significant temperature inversior. Lack of a
aodel for this featurs, which was no: a*temp+ed, clearly
af fected the rrofiles a*t depths grea+er than 130 m. Several
predicted grcfiles, however, did a*teapt to reproduce this

structurz with the placement of the DT100 variable below the

BUZ. This was shown in XET stations 343-346 and 348 (Figs.
F.4 - F.7 ard F.9).

Betweer <he bottcm of +he main 2hermoclin2 and 469
m, several predicted profiles ccmgletsly failzd to approxi-

ma-e *he ctserved structure. This was caused by +the lack of

vaciables in the lower laysrs as well as +#h2 compuzer-gensc-
azed cucvature Letween cata points. Whep “he wvariablss

DT100 2nd BUOZ were very close together, as shown for XBET

staticns 348 and 349 (Pigs. P.9 and P.10), the profile wculd f:%%ﬂ

bulge wi<h a pcsitive or negative gradiant:. jff;f
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U+*ilizing only nine points to define +the predic+*ed
“hermal prcfile cbviously smooths the fina structure wizhin
tha thermocline and mixed layer. Hcwever, due to “he srall
size ard transient nature cf these featurss, their removal
would noct severely limit *he usefulness of the predic=ead
structures.

In this 4initial test, sinc2 <+he predicted
ta2mperature structures were gererazed and comparsd with the
same XBT data from the weridional track, the compariscas
should be relatively closa. The predicted profilss would
actually represent tha average of all the <cbserved therzal
structures as +he variables reflect the +rezds along <+he
track.

<. IEST 2

A more stringent and realistic test was at<wemp*zd
“hat defines +h2 spatial limitations of this <thermal prs-
dicticn method. Test 2 ccensists of comparing observed and
predicted <emperature prcfiles which occurrzd during <+he
same time periocod as the data generation, but spatially
ramcved. A rcssible indication as to a limit in *he eifec-
tive distance wculd be tte observation *hat thsz prediczed

prcfile tegins to diverge grea<+ly from the actual

tamperature prcfile.

.
PO )
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The test XBT da*ta were oktainad from Fleet Num=rical
Oc=ancgraphby Cen*ter by a ccmputer search for all availatle
XBT drops which cccurred in September fzom 1965 to 1980 ia a
zen degree wide strip of lcngitude which surrounds the orig-
iral track. 1Inexplicably, the data reczived were limited <o
+he area scuth of 44N, excluding *he Subarctic Water. Lack
of time [prevented an attemp*t tc acguire these duta whicnh
would be useful, but no* entirely necessary, for analysis.
The temperaturc-depth data were2 then sslected by nctirg <the
positions relative tc the original daxa. To provide an
effective test, a variety of 1loca<ions ip the Transizional
Zone were chosen. Howvwever, these positions were ccns+trained
by t+he availatility of data in +he regioa and appear=d as a
zonal bel+ perpendicular tc the origiral trcack. Fig. 22
shows <he locaticn of original and test XBT drops.

The *emperature-degth pcirts provided by FNOC were
then plotted and conrected on the computer graphical display
wi+th the same amcunt cf curvature applied tc the profils as
be fore. Ecth otserved anrd predicted profiles wer2 plotted
together agair fcr aralysis aad ccmparisor puc-posss.

Pive vertical <temperature profiles from the 10-11

September period were compared with th2 predicted profilss

[1
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:ﬁ as generated from the =sea surface ztsempesrature of <h2 T
: observed profiles. The test produced varied resul+s wizh o
e . e

several features of the ccmputed temperature precfilss com- e

S

pazing faveratly with the actual thermal Truc=ur=z. Th2 o

largest differences wzre ncted for the +two profiles locats ;i{if

A

the gr2atest distance frcm the meridional +track at 145%. L

Figs. 23 and 24 illustrate the cocmparisons at these lcca- R

] ' d

tions, arpproximately 400 km east and west from tha original @

track of daxa. The mixed layer depth and ugper thermoclina
ragicns c¢f +the predicted profile closely rssembled <he
obssrved profile, but both struc*tures 3isplayed differencss
in the lower regicns.

The castern mcst ckserved profils had a thin, streng

therscclire which gradually waakened with depth. This ccn-

trasted markedly with ths strong 2.4 sharply-defined thermo-

cline of the predicted prcfile. The rsgions bslow 150 nu

—r

o Fa

displayed similar “emperature gradisnts for both precfiles.

“.l 4 : *
-‘. . -‘. -

Ll i )

I3

Pcr the wes<tern mcst tast profils, the only region

I+ 42

+0o A

) e

ffer significantly frcm the predicted structure was the

lower 3domain telcw 130 nm. The location of <he <+wo clgse

F! variaklas, BUZ ard DT100, along with ths computer-generatsd
curva*ure forced the predicted profile to divarge fzom %hz

wzak temperature inversiorns.
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The three other *est cases, shown in Figs. 25, 26 i
and 27, which were located closer to ths original <rack, 2ll F;ff

displayed streng similaritiss be+twesn +he observed and

predicted profilszs. Except for the £ins structure and pcs- j:f5

sibtle effects of interrnal waves cn thes deprh of the thermo-

D

clire, +he ccmputed prcfiles were very accura<e, Tk

unusual shape of the observed temparatur2 profile a+ <+h

)

bottem of the seascnal thermocline, in Fig. 27, and clcse
apprceximation by the predicted profile, illustrates <+he
st-ong ability of this s*atistical method <o produce thertmal
f2atur2s unigque %o a certain regiorn.

Tec %2

n

+ +ths spatial 1liamitations of <this empirical
method <further, a ver+tical temperzture profile taksn a+
Ocean Weathker Statiox "P" during the dz%a-ganeration tims

> -
- -d

pericd was examined. Since the locztion ¢f +ke rorctk

1]
)

ct
')

nost XBT drcp ¢n the <“rack was two degr2es of latituds scuth

e

of OWS-P, the results should indicate *he raliability cf <%h=2

methcd outside the test region. Fig. 28 3displays the com-

pac-ison temween the obserzved and predic=ed prcfiles for

- OHS~-E.

Frem tke surface +c *he middle of +the thermocline,

the two profiles were ve: similar, with th2 mixed layer

0
. '.'-V. 1' ."- o '.7 “ . . : ’ s ° ) * '
. e A LA T T e e T T s
M“-h ) P NP Bt & VR VA SR TR S ‘o . L‘-- «_;_’.., T - ~ o -
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depth accurately dspicted. However, “he lower seqmen=~ of
the two prcfiles differed by 2.0C. With +th3 actual var+ical
temperature prcfile being considerably cooler <han
predicted, a different regime must have been encour<zred.
Tabata (1961) sugges*s frcm his c¢bservations in “he region
tha< hcrizcental “ransport cf colder water from th2 vicini+y
of the Alaskan Gyre, 1lying northwest of +he stazion, &may
caus€ a decrcase in temparature during the summer months.
3. TIEST 3

Tte <tird tes+ ircluded both spatial and <+ime dif-
farences 3in an attempt *¢ forecast +the vertical <harmal
s<=ructure up to three weeks in the future. The only availa-

ble XBT test da+*a ir +the Transi<tional Region were located

]

wi+hin three degrees 1longitude to <+he wsst <cf zh

(0]

origiral

t-ack as shewn in Fig. 29. Vertical tamperatur2 profiles
wera chossr 23+ weekly int2rvals and compared with <hs

pr2dicted stiructures.

A+t *he end c£f the first week, the observed thermal
prcfile, as shcwr in Fig. 30, displays a dz2per mix=d laye:
“o a depth of 4C m cverlying an extreacsly Strong nega+ive
tamperature gradient., This feature was not representzd well

by the predicted profile as the computed MLD aad thermocline

101
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variatles were shallower 3in dep+h. Th2 shape o2of <hs .
¥

observed mixed layer infers strong wind 2nd coavectivs mix- R
"

ing, so surface weather char+ts for tha pericd of 11-18 Sep- B} ,.
ember 1977 in the Ncr*heast Pacific were checked tfcr <hs ﬁﬁ{}f
nccurrence of a significant a<mospheric =svent,. Oon 17 S=zp- L
e,

+amber 1977, a c1ld front associated with & 1low pressurs

LERAMERY

g -
' B oo
. st LT
o SN e

system in <the Gulf of Alaska had quickly passed zhrcugh th2

tes* reqgion with rain and 35 knot winds. The weather during

P
PRI ]

+he periocd <f datwa acquisition, 8-11 September 1577, =as

descrited Lkefcre, was mcstly clecudy with periods of ligia+

NENDADY
‘ f 1

Lt A aCEa)
PN

windes and sca=tered showers (FNOC, 1977). These contras=ing

o
n
ot
v
o]
]
14
]
aa
e
W

a=mcspheric sitvarions suggest a major 1limi

o
=)

s«atistical mcdel, as weather effects on the upper ver<tic
tamperature s*ructure must be prcperly accounted for in tias
predicted prcfile.

The lower half of the thermccline on the predic+ed
tomperature prcfile closely followed <tne observed st-ucturs
down to 170 m. Excap* for the weak %“eomperazur2 inversion at
200 ®, which was not included irn +he smpiricai mecd2l, <he
lower domain tehaved well.

The next test precfile was taker on 24 Septzmber

the

Hh

o]

4]

o 1977. “hir-een days af*er +he data gen2ra=io:n

103
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- predicted structure. Location of this t2st XBT was on <he
southern tcundary of *he T-ansitioral Zone approxima=z=ly 2920
ka west of thke criginal track. The przdictzd tempzra-ure

profils in Fig. 31 cl2arly resembled -he observed ver<zical

~he-mal structurs, but with slightly cooler *emperaturc=zs,
Due to the strcng winds frecm +*he storm a wa2ek zarlier, <+hs
observed M1D remained deerg. However, &2 =ransiant at 30
depth haé fcrmed with a 9.5C increase in sea surfac

~amper2~ure as the weather in the -egion Jduring *he secc. .

week was dcminated by a strong high pressure sysztean. Ths
observad profile's *hermocline alsc deepen24 by abou= 10 =n,
which may bz due to internal wavzs, or i+t may hava been
caused by wa-r advection frem the scuth. Immsdiately below

the thermocline, the two prcfiles diffared sligh=ly becauss

ot

h

o
rh

of inz structure in the r=2gion. The pradicted

~amperature a< 460 m depth remainel accur-at2 when ccmpar=4

ot
(o]

*
=

e observed temperature throughcut ail the +empcral

The €inal test fcrecast was conducted for an X3T

location 209 kr %0 +*he west of the north-south <=rack o 30

Septemktar 1977, nearly twc weeks after +h2 basic daza wecs2

E acquired. Ancther cold frort associa*ed with a low pressure
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systed mcved <thrcugh the area c¢n 25-25 Szptember 1977 ani

was immediat=zly followed Lty & high prassure rijge. The

storm, with gzaximua winds of 40 knots, maintained the 40 n |

CN
PR

o Sl

LR . ’
3I
&

»

thick isothermal mixed layer as shcwn in Fig. 32. The wind

D

mixirg had increased and despened *he negative teamperature
gradient ¢£ +the thermocline %o a level approxima%zly 10 o
below the precdicted profile, In <the lower domain of <he
thermal s:tructure a large differsrnce was noted duz +¢ *he -

- siight temperatuce inversicn of the observsd profile and %o

Fi =he close locaticn o€ +*he two variables, 3UZ ard DT100, 3=
- 130 ¢ on *ks rprsdicted prcfile. Tha profiles coincidsd a<
;j th2 460 o dep*h as determined by the variable T460.

th
o
W

- +hr2

W

The accuracy of +*he »predictsd profile a

ct

istical

a

ot

]
0O

weeks frop the time of Qdata acquisizion for the s

analysis shows an overall degradation. However, comnsidarirng

~hat *wo stors systewms rassed through the region and the 5';

summer heating season was approaching i<s end, the fore- ;é;iﬁ

casted prcfile was no* excessively ccer. ;;;ij
: —
G. FEVIEW CF EREDICTED TEERMAL PROFILE RESULTS
; The underlying requirement of “he sza<is=ical apprcach Eﬂf;f
- in predicting the vertical tzmperature prcfile is <o acguire ;
? accurate da%a that reflects the mean thermal conditions for
i
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a particular season and region. Besides the acguisi=<inn

o0

techniques, the importance in precisesly defining =h

regicnal touncdac-ies is essential. Both temperature ard

=2

salinizy shculd be used tc <stablish the limits of usatle
dJata when arprlying correlation anrd rsgra2ssion 2analyses.
Results cf +tte predicted thermal profiles locat=2d ou<tsida
the data generaticn area, as defined by a csrtain region,
displayed a marked degradation in the lowsr thermocliine 2ard
lower domain regicms. Tte predicta2d profilss lccated near

th2 area generally portrayed the cbserved temperature pIc-

filss realistically within the spatial 1limits of 455 km

abcut th2 criginal daza.
The results cf the temporal accuracy of <+he predic+sd
rofiles indicate a favorakla ability <o forscast +th2 ther-

-

mal s*ructure with certain 1limitationms. The main limiting
fac=cr was the weaher which must be includsd in %hke analy-
sis. Clearly, when high winds pass thccugh a region after
*he vertical tempsrature data is acquired, the uppsr thermal
structure will te altered. Two regions of the +hermal pro-
£il2 that will be affected are <+he depzh of the mixed layer
and strength of the thermccline. For- short periods of abcu=

on2 week, tkis upper dcmain in *he water column will

108
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primarily reflect changes due to =<he wind axd fres ccnvsc-

«ive pixing. Fcr time scales ¢f greater than a we=k, 22

——

va
a4
o

[y

occasional thsrmal intrusicn from the Subarctic or Subztrcerpic

RN

Regicn may ke an additicnal factsr that could alter the

2’2’ e M

thergal structure. Such advective procssses would bz Jiffi-

cult to fcrecas* by +he statistical metaod ia c-zgions whersz

.

large meanders ard eddies cccur, but they should rnct greatly

[*)

€fsct a relatively quiescant acea such as ir the Tran-

wrey v
C AR NIPUN
P Ly

si+icral Zc¢ns.

h S8 i e 4

.

An exasrle cf anozher problem 2ncounter=2d4 py this methed
Gf thermal s+ructure prediction f-om th2 sea surfacz

ta2mperature is +he process of hea“ing at <h2 oc2an's sur-

face, called *he "aft2rncon effect." Pig, 33 illustratss
+*he difference in “he predicted cvrcfilsts structure with <=he
observed “af<terncon effec=" Sirce the ses surfaca

termizes the thermal preofile ip this sta+tisti-

w

tamperature 4

cal gcdel, an error is impecsed in the subsurface structurs:,

thzoughout <ths entirs degth. With <hes surfacs heatiag

r2moved, thz predict2d profils wculd closzly ressmble th2

observed frofils. The M“afieraoon effect" wculd gresatly

? hinder the ability of remcte sensing <o d2termine the sub-
su-facz “hermal structure ty =*his methocd.

'
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The methcd of deterniring mixed layer dspth was cevi d

U]

(1]

w

W

*o 2nsure that +the best pcssible value was comput2d4 and used
ir tte 3mpirical scheme. As discussed =arlizz, ths MLD pro-
vides a bass fcr the variatles DT5, DT15, DT50, DT100, DT,
DZ, DTBUZ and DZBUZ <0 define their valuss in <hz2 prediczed
tzmperature prefile. The cther variables BOT, TBOT, BUZ arnd

£

TBUZ, b2sides ccntrilkuting ¢tc the «ccustruction

Q

hs pro-

file, providz a check +*o maintain continuity with <+he MLD-
det2rminad variatles. Tre *echniqus used in “his “hesis +c

comput2 MLD caused 1o prcltlems in the dezesrmination ¢£ <hsz
therpal rrofils; however a compariscn t2s= of compu*irng

mixed layer depth by the five different mzthods, d=zfinzd

[

earlier in Chap<ter 1V, was conducted *o ascerraian waich
methecd is +he mcst accurate.

A1l me<thods ware provided wi<h <he same SST valuss froa
Zhe ¢riginal data of =the rcrth-scuzh *rack and compared wi<h
«hs actu2l =2ix¢d layer deg*h. The computed depths were +hen
correlatsd <o dstermine the best <:chniqua. Resuits izca
<ha test indicated all metheds were surprisingly squal. The
mztncd used was chosen because of *the highar corrzla+ticns
ve<vween variatles. Howaver, the simplist methed, which was

rrela<ion coef-

o]

~he €£ST-derived mixed layer depth, wizh a ¢

ficient of 0.535, could have been used with squal succ

SE.
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A. CONCLUSICNS

Ths sea surface *temperatur2 reflects wmany of <he physi-

tha* govern the cceans. Use of remote sensirng

Q
W
H
L1a]
"
(o]
Q
m
n
n
m
n

surface thermal s<ructurs of <the world's ocesans
accurately and rapidly presently exists, bu* <he detarmina-

=icn of precise subsurfacs vertical temperature s*Iucsure

frcm these surface signatures is unrealizsd. Possibly cnly

in selected oc=an regions can insight be gainsd intc de4sr-

mining gquantitative relaticnships for di-cec<ly infe2z-ing <he

subsurface fecatures from the sea surface tamperature. In

relativaly quiet 1locations with unifcrmly changiag prover-

izs, such as in <tihe Transitional 2Zone of <th2 Ncrtheas+

Pacific, many s*zc¢ng correlaticns can k2 cbsarved within the
¢cf the statiszical analysis indicatsd =tha:

vertical temperatuca

th

<he st-ongest rslationships within =<=h

cccurred with the <hermally-dependent variablszs

(rsoT, DI, TEUZ, DTBUZ) as +*hey vacied wi+h SST. Tha

depth-related variablss (LD, 30T, D2, BUZ, DZ3UZ) display=d
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veaker correlaticns with the surface temperaturs, bu= +rz=rnds
still could te okservsd through the thermal st-ucture. The
usz cf scattar diagrams tc assist in the corzslation araly-
sis ¢f variables was necessary to establish regional bounda-
ries and +he test fit peints for <+hs deriva*ion of
ragression 2juations.

Ar impcrtant regicn within the vertical temperature fprc-

€ile is “he thermocline. Ia practical =:z=rums, its degth,
strerg:=h and gradient strcrgly ianflusnce <he propaga<ion cf

underwater sound. The predicticn of <his structure by use
of cnly sea suzface <empezature would grzatly enhance ASH
capatili+y. No-mally, withir the VNorth=ast Pacific, =he
correla“ion be+ween SST and thertmoclin2 depth is rnc= very
high; hcwevsr, in the Transition Zone with uniformly caang-

ng structure 2 reasonable pr=dictability can be ob+<ained.

I
m

variables (DTS5, DT15, DT50, DT100) all pro-

-
-

[

-3
o
w
o+
e
D
(3]

mec

videé =zands frcm which SSTI-rela+ted4d values we-=2 compuzed :¢
define <he <hermal stzucture. Overalli, <the mcst pracisely
pra2dictzsd reqicn of <he temperatuce profils was <he “haramo-

cline., The depth may have varied du2 to ia=zrnal waves, bu=
“h2 negative temperature gradiant was accurate and realistic

vher comparzad <o <h2 obsa2rved structura.
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B. RECOMMENCATICNS

Ir futurs cesearch c¢f this method, an =2xpanded set cf
vartical “emrerature data from parallel or bisecting =racks
should bs eszaltlished as the data base for statistical arnal-
ysis. The additicn of an east-west track of data would pro-
vide 1z+*itudiral trends which could alsc be wused in <he

predicted temperature profiles. As in any data aquisi<icn,

[}

a comnsideraticn 2s to t+hs: pinimum amount ¢f data pcints =o
determine the <+hermal structure statistically should be
na de. Meanwhile, a number of no less <han 20 profiles cver
a dis*taace of 1000 km with spacing betwean poinzs nct =0
axceed 50 km is recoammended.

Cthar sugges+<ions <£or model improvement include adding

[Ye]

dynamical and thermodynamical variables such as wind spead,
direction and duration, air +tesmperature, radiation flux, and
o~ her atmcspheric effects which could al<zr the ocear ther-
mal structurs. Most of these factnrs can be detarmined by
c2mote sansing; data from cther satelliite sensors, suchk as
an altime+ez, SAR and Coastal 2Zornz2 Color Scanner which carn
measure s<a surface signatures, should also be iancluded.

To determine the limitaticn of accuracy for *hs statis-

{1}

tically-d2%terminsd profile method, more stringsnt test
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reascnable acciracies within hundzeds of kilometers and sev-

aral weaks dura<ion from the acgquisition of <thermal data.

Differen+< ccean lccations =should be aralyzed ard <cested <o

n

ilzs

d2termine the pcssible regions whare the thermal p-o

vary in an crderly fashicr which carn b2 ea

U]

ily =acdeled.
Aczac where mescscale features, such as eidiss and froanzs,
are cons=an+ly al+ering , the water column by advsciive pro-
cssses would ke poor candidates for “his method.

Another reccrmendation is t¢ test in other s32asons of

<h

D

year t¢ determine if the statisticali approach wculd

'J.

a cal *thermal s%tzucture

‘g
o]

ly. The diffzrences in <h2 v

D

r:
f-om the heazing tc cooling s=2ason is sc gzsat tha* possibly
“here could be cnly a cer<ain window of tim2 that allows the
s2a surface “cmperaty-e to define <he subsurface struc:ure.
Firally, a methed fcr determining <the occurzencs of
la-ge Temperature iaversicns in the Subarctic and Transition
Regicns is naeedzd. This important th=armal fsatuzs, D=cause
9f i+s variazicn in magnitude, depth and locazion, affzacts
greatly ~he propagation of sound by fcrming a sound charnrnel

iznmediately telcw the thermecline., If this struc-ure can b2
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-
3

predicted +hen the full pcten+tial of <he statistical me<hed
of determiring subsurface thermal structure from ssa sucface

temperature wculd be realized.
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AEPENDIX A

THERMAL VARIABLES VERSUS LATITUDE/DISTANCE ALONG
TRACK
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Figure A.1. SST Versus latitude/Distance.
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AEPENDIX B

BICMECICAL COMEUTEE PROGRAMS (DIXON AND BROWN,
1979)

The BICMED statistical compuzer programs werz utilized

because of the =imple and fl2xible progrzaaing i< preovidzd
in arnalyzing the thermal data. Ia cons<ructing *hs verctical R

t2mperature rrofiles, the statistical azalysis required ce:c- .{

)

|

T2

-4

ation and regrassion equation ccmputaticn and scaz<a2:o S

I
.
RTERN

diagram plctcing ¢ the *hermal variablas.

W0 T
)

t
F.os

Ths program iInitjally selected was 'S+%zpwise Rsgrzssica

- PZR.' This r¢rogram ccrputes =simpls

0]

Ta

m2an, standard dcviation, e*c., correlation coefficients ani

lizear regrsssion equaticns for any =number of variables.
Thz statis+ics used in the ccaputa+ions acz definsd as:

e mean >—<- = ZXJ/N .
e s=andard deviaticn S = [i(XJ‘)—()Z/(N’l)]

e <~he ccrrela+ion ccefficiant between *“wo variables
- Z(XJ'R)(VJ'W
- - !
[€(x-%)" £ (r-7)]"

r
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In simple 1linear regression analysis, whers there is

only cne indsgendent variable, th2 coefficients ace dztez-
mined by a l:ast squarss method. The fo-m cf <hs =quaticas
are:

Yy = A ¢+ Bx (where A and B are the lizxszar coefficien+s)

The BICMED computer program used to print the r=gional
scatter diagrams is +itled *Bivaciate (Sca*ter) Plots -
P6D.' Racressior equaticns £or regressing variable x on vy

and y on x can be requested along with the intersections of

n

wa

Ui

*he regrassicn lines with the axis of the plot. Thi

us=ful in analyzing the cata o de<termine -he Dbest f£it fcr

g

“n2 various rzegicnse,
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BEPENDIX C
REGIONAL SCATTER DIAGRAMS ~ SST VERSUS THERMAL .
VaRI ABL ES . e
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) ) 20
SEA SURFACE TEMPERATURE (O

Pigure C.1. Fegional Scat+t2r Diagram - SST Versus MLD.
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Figure C.Z2. £EKegional Sca:ter Diagram - SST Versus DTS.
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Figure C.3. Regioral Scazter Diagram - SST Versus DT15.
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