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ABSTRACT

fath yther mograph data acquired from the research vessel

KUSNS SILAS BENT along a meridional track in the Northeastp. Pacific during September 1977 were statistically analyzed to

determine possible associations between the subsurface ther-

mal structure and sea surface temperature. Strcngly corre-

lated variables (thermoclire gradients, mixed layer depth,

and locaticns cf the seascnal and main thermoclines) within

the verti cal temperature profile were used in linear regres-

sion methcds to form empirical relationshi-ps. The generated

~ -equations then are utilized to define the subsurface thermalI
structure from only an input of sea surface tempszaturs.

Comparison tests with teiporally and spatially remove-d BT

data wars ccnducted with results indi-cat64ing successful

application withi-n a water mass domain with uniformly chang-

ing charaot.e:±s.tics.
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A. IMPORTIANCE OF DETERM1INING OCEAN THERMAL STRUCTtIRE

An iupcrl'ant physical property and product of vari-'cus

*dynamical p~ccesses occurring in the cceans is the thermal

structure. Ailthough it is derived from only a few mecha-

nisms such as air-sea thermal energy exchange, forced arnd

free convective mixing and horizontal ocean thermal advec-

tion, t he i..nterac n of these processes along wlth ct har

hydrodynamic motions can beccue immensely complicated.

Since the temperature profil6e has Important implications for

*cl im a tic weather predicticn, commercial fisheries and mili-

tary acoustic surveillance, to mention a few, the ability

*to predict this structure is of major Importance.

CliumatologicaJ. atlases present an averaged profi.Le for a

certain period and locaticn. However, this results in a

*generalized tterral structure which is no-: accurate enough

to accomplish the precise needs of underwater sound proppaqa-

t-icn forecasting. Recent developments in numeri;cal modeling

of the upper-ccean temperatures have produced vast .4mprcvs-

ments in the analysis and predic-tion of mixed layirs and

other synoptic oceanic features (Clancy et al., 1981). I1

:3 :nevi-tabls that this method will1 reach --he scphistica-ticn

15



*4

of today's meteorological forecasting, but with the ccmpLex-

* ity of the physical processes involved and with present data @
*sparsity ir many ocean areas, many inaccuracies still exist.

The tathytbermoqraph (BT) provides an accurate

temperature profi~le at a point location in the upper ocean.

* Since the vertical thermal structure over a larga area pro-

vides the mairn factor which affects the propagation charac-

*teristics of underwater acoustics, the need for many

*temperature profiles in Navy ASW operat4&ons is obvious. The

- expense involved in ship and aircraft deployment olf BT's for

*an ocean area of interest often prohibits the use of this

most accurate means of obtaining a detailed therzal

- descripticr.

B . SATELLITE DE ERMIuIATIC1N OF SUBSUEFACZE THERMAL STRUCTURE

* The study of the oceans by satellites has become a sajc:

*arena for sc-intific scrutiny and investigation. Aready i.t

has given added insight into the numerous processes that

govern oceanic tehavior. The Gulf Stream eddies and fronts,

thr- coastal u~wel-ling off the Somali and Arabian coasts, and

other applicat-Jons in biological. geophysical and dynamical

*fields are becoming well known. However, in spite of great

progress, sa-tellite remote sensing techniques for observing

oceanic processes are far from bei.g fully realized.

16



The fundamental problem which continuously arisez.,

besides atmospheric effects which will not be discussel, is

that satallite chservaticns are made at the suzface alcne

and that all ccnclusi4ons about subsurface processes are

obtained from inference rather than by direct measurement. V

Consequently, the applications of satellit.s for oceanogra-

phy are limited to those phenomena that generate surfac"

signatures dcetectable by electromagnetic waves. Once these

surface manifes-tat-ons are observed, it is necessary to have

kncwledge of the physical processes involved to interpret

their meaning. Currently there are fsw methods available

where a qualitative "feel" for subsurface featur-s can be

directly expressed as empi-ical relationships from remot.ly -r

sensed measurements at the sea surface. If a linkage is

found to exist between the air-sea interface and the thermal

structure helow, a satellite would t.-hen be the perfect plat-

form to collect sea surface data rapidly over all the

world's oceans. This surface information could then be used

to infer the subsurface vertical temperature structure.

C. EURPOSE A t GCALS OF TEESIS

Th- primary purpose fcr the cngoing research ito the

prediction of subsurface thermal structure is to understard

17



the processis and relaticnshiLps that govern th? ocean 's

behavior. Ecles that are performed by ships and alrcraft A

-(vi-a expendatle bathythermographs) .n determi.ning the-

temperature prcfiles could be played better by satellites,

provided a "link" Is found to read the below-surface events

from the sea surface signatures. Therefors, if strong ccr-

relations and relationships could be ascar'tained between

*satellite-de~ived sea surface temperatu-res and vsrt.-cal

*temperature profiles, then the areas of acoust-ical oceanicg-

raphy and naval tactical applications would benefit greatly.

The goal of this thesis i-s to dstarmine the possible

*correlations that exist between the subsurface thermal

structure and the temperature at the surface. T her-, from -
tlhe-se relaticnships and use of regressicn formulas,

pra-dicted verti4cal temperature profiles could be computed

frcm an irput cf sea surface temperature alons.

r 18 '



II. CCEANO GRAPHIC CHARACTERISTICS OF THE

A. WIND SYSTEES AND CURRENTS

The Northeast Pacific has been studied extensively for

* many years and it has revealed a complex arrangement of

-environmental conditions. Severe storms, high winds, varied

water masses, numerous currents and unique temperature and

salini-ty structures are a ncrmal occurrence for the region.

In the winter the Ncz:th Pacific i4s usually under the

influence of the Aleutian Low in the atmosphere while for

-the summer mcnths a high pressure system dominates (Uda,

1963) . The distribution of the mean surface winds are ccn-

trolled by these two systems. At the locati-cn cf the now

retired ocean weather Staticn "P" (OWS-P, posi4,-t-:d at 50N,

*1L&5W in the Gulf of Alaska) -the prevailing winds are from

*the southwest (Tabata, 1965) . From Th-:e influence of these

wind patterns, the surface waters flow eastward across the

Pacific Ocear, in the vicinit-y of Station "P'.. This flow

* consists cf the West Wind Drift and Subarctic Current which

then diverge tc form the scuthward flowing California Cur-

*rent and the northward f lo win g Alaskan Current (Tabata,

19



1978). Fg 1 shows the location of Ocean Weather Statlcr.

"Pt . and the major surface currents of t:ne North Pacifi-c.

r tNORM PACNC OKM

j I '~F1 GENERAL CIRCULAIMW

Ir 00~ d

or

-4h

Figure 1 . Locat'icn of OWS-P and Nort-h Pacific Ocean Surfacs
Currerts (From Tully, 1960).
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B. WATER HISSES AND FRONTS

The Ncrtheas-t Pacific can be divided into thres? major
0

regicns based upon their water characterist ics. Near the

V.icinity cf CiS-P and ncrthward is the Subarct--c Pacific

water Mass in whic the upper 100-150 a layar is composed of0

cold and icy-salini1ty water. Tc the south warm and highly

*saline water exists in the upper layars of the Subtropic

Water Mass. In tetwesn and along the coast lies a ragior in

* which characteristics frcm both water masses are combined.

This is known as the Transition Zone where -:here is a marked

*gradation of cceanog-!aph-*c properties from one region t-c

*another, with the boundaries separating these wa,:er masses

*having complicated thermohaline stractures (Roden, 1970).

The lccaticn cf the Subarctic Front bstween the two water

masses rsmains fairly constant, from 40N to 45N, and is

* largely depeadent on the prevailing wi-nds (Roden, 1975).

1 . SUBAkC!~g RIATER IASS CHARACTERISTICS

The wain feature of the vertical structure of

oceanic prcpetties is the existence of an upper zone, a

halccline and a lower zone (Uda, 1963) . The temperature,

salinitr.y ard density profiles of these three zones for sum-

mer- and wirts-: are depicted In Fig. 2.

21
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Figure 2. Chaacteristic Temperature and Sali6nity Prof.les
(Frcu Tully, 1S64)
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The upper zone, which extends frcm the surface tc a

depth of about iCO m, generally has a low salinity level of

less than 33 g/kg with the lowest values being closest to

the ccastal recicns in the late spring (Uda, 1963). In the

winter, the water in this zone is thoroughly mixed with all

physical properties becoming homcgeneous. During the sum-

mar, due tc lighter surface winds, a shallow isohaline and

. isothermal layer exis-s from 10 to 30 m balow the sea sur-

face. Below this mixed layer is a strong negative thermo-

cline wi-th teiperature decreasing as much as 8C in 20 m; in

the same zone a small halccline ex-tends above another near-

ischaline layer to the bottom of the upper zone (Tabata,

1965).

Belcw the upper zone lies the main halocline which

is permanent, as the salinity increases by as much as 1 g/kg

from 100 tc 200 m (Tabata, 1960). The temprature generally

dqcreases with depth in this region, but a: times a

temperature _nversion occurs to a depth of about 150 m.

This positive temperature gradient is in a stable layer

(density increases with depth) since it is located withiDn

the main halocline (Uda, 1963).
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In the lower zone, below the halocline, the p:cper--

ties of the water change gradually with depth. Salinity 0

*increases slightly by about 0.6 g/kg in 1000 m while the

-temperature decreases to a value of approximately 2.8C at a

depth of 1000 is (Tabata, 1965).

The variations of saliAnit r ot prnucdi

the upper zone and halocline and are less ia the lover zone.

The annual salinity variations in the upper zone are charac-

* rerized by a decrease in the upper 30 m in the late summer

IR or early fall with a ffaximum in late winter oz early spring.

* These seasonal fluctuations result primarily from zhe evapc-

*raticn and precipitation imbalances commoa to the r-3gic n..

*Annual variaticn is similar at great depths, but lags the

surface layezs in time (Tatata, 1965).

At the surface, several features are observed in the

salinity patterr. Basically, the trend of th4 surface

isohalines appears to be east-wesn throughout the year with

major changes occurring alcng the coast. Also, a pezman;:nt

*salinity maximum of about 33 g/kg exists near the center of

the Gulf cf Alaska, south of Kodiak ISland. The salinit y

decreases southward to a minimum of about_ 32.6 g/kg in the

vicinit-y of SON4 and -hen incr-eases fu-_th'%= south into the

Subtropical Water Mass (Uda, 1963) .
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The "th-ree-zcne" struct ure of the water columz is

characteristic of the deep ocean re3gion of the Subarctic

Domain. However, it does not always exist in nea:-coastal

waters as current systems, coastal winds and frssh water

runoff from land can modify the profiles. As shown in Figs.

3 and 4, this coastal regime primarily alters the upper

zone. Alcng the western United Statas this domain ex-4.sts

out to about 130W. The lower zone also becomes affected by

the proximit-y to land of the Calij-6ornia Undercurrent

(Doedimead et di. 196 2).

2. SUETRCFIC WATER MIASS CHARACTERISTICS

To th.e south of the Subarctic region is the Sub-

-tropic Water Mass which is basically warmer and more saline A

*than the Subarctic Water. In the upper layer the high val-

i es of salinity (greater than 34 g/kg) due to higher evapo-

raticn decrease to a minimum at 200 -to 600 m and are typical

of the values throughout the yea:. Sea surface temperatures

remain feirly ccnstant with an isothermal upper zone averag-

ing about 20 m in thickness below the sea surface, dus tc

rthe prevailing winds. Es low t hi4s zone exi-sts a negative

permanent thermocline reaching dcwn to a depth of 500-600 m.

Also, therl is no characteristic halocline3 or major
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tperature inversion as there was in the water mass -c -,he

north (Tahata, 1c.65) .The deep water str-ucture is basically

continuous and similar from the Subarctic to Subt'-roFic .

regicns (Uda, 1963).

3. TRANSIlICI ZONE0

The Transition Zcne, located in the central and

ea s-ern- North Eacific between 45N and 35.N, sapara-tes Subarc-

t ic Water frcm Subtropic Water. 1It c o ns ists of the mixed

water origintg in the warm, saline Kuroshio andth cod

low salinity Cyashio currents as they move eastward in the

West Wind frIft (Uda, 1963).

The width of this zonal belt, which is about 2 tc 4

degrees of latitude, and -the strength of its boundaries, are

primarily determined by the wind stress at the sea surface.

The no~ther. toundary is characterized by many temperature

'nversions and by the gradual disappearance of the Subarctic

haloclins. At the southern boundary the vertical. structure

becomes basically isohaline with a strong negatiA've thermo-

cline in the upper layer (I.cden, 1970)

The Transition Zone is primarily a popry fth

* upper ocean, as its characteristics fade below a few hundred-

* ees. A he s racr ths regon h as a di-stinc-tivs
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meridional (N-S) temperature gradient of apprcximatsly 1.OC

per 100km as it stretches eastward across the Pacific Ocesan.

The horizcntal surface salinit y patter a xhiis.ii

*structure alcrg a latitude band throughout the year with

*values increasing as much as 0.8 g/kg meridionally (Uda,

1963).

The upper layers are often characterized by

* temperature inversions which can occur because of the exis-

*tence of the associated halocline. These inversicns

decrease in magritude and slowly increase in depth tcward

* lower latitudes.

The vert cal distribu-cion of propertie-s at in-terme-

*diate depths shows that the salinity becomes effec-tively

i-sohaline, with a slight zinimum developing below 300 m at

the southern tcundar-y (Uda, 1963).

*4. DENS11Y STRUCTURE AND THE SUBARCTIC FRONT

The density cf sea water is calculated pr.imarily

from Its -temperature and salinity at depth. In the Subarc-

tic wat-ers, salinity governs the density structure. The

seascnal variatility illustrates some of :nae features that

occur in the vertical profiles. in winter, basically i-so-

pycnal conditicns are found throughout the upper zone as
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*temperature and salini,ty are well mixed. In summer, a mJ nor

pycreccline corresponding to the shallow thermoclize is --

*observed. Hcwever, a large and permanent pycnocline occurs

along with the main halocline. In the lovs: zone, the den-

sity increases gradually with depth (Uda, 1963) .0

In Subtropic Water, the density is controlled by th a

temperature. Here the warm aurface layer of about 10 to

*30 m is 7isopycnal from the mixing of the prevailing winds.

A permanent pycnccline exists at lower depths due to thejj
therscclire in the region (Oda, 1963)

The Transition Region has a complex density struc-

*ture as numerous minor density fronts occur a-: depth due tco

the temperature and salinity inversions.

The Subarctic Front in the eastern North Pacific is

a narrow, meandering band located in t-hs latsitude range of

LION tc 45N. lhis front has a uni'que structure -;n it-s lack

of a den siAty front in the upper 100 m. rhe strong horizon-

tal temperature and salirity gradiJents are in almost corn-

plete balance. Below this upper layer a density front of

modera-te irternsity slopes sliLghtl.y to t-he sout:h (Rcden,

1975).
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The mixed laysr depth can str-ongly change across the

Subarctic Frcrt. Tc the north, the mixed layer exte=nds to

the top of the balocline at about 100 m. To the south,

- there is nc halccline and, during the stormy, winter season,

the mixed layer depth can extend to almost 300 m. In the -

summer months the seasonal thermocline contr-ols the depth of

the mixed layer and there i s little d&iffea::en ce across ths

- Subarctic Front (Boden, 1975)

P4
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III. THERMAL STRUCTURE 0

A. THERHAL STRUCTURE IN THE NORTHEAST PACIFIC OCEAN

The interaction between the sea and atmosphere is the

dominant process determining temperature structure ~n th e

upper layers. Below, temperature is a fairzly cons.-ant prop-

erty with the structure being determined by internal pro-

cesses, such as advection and mixing.

Two heating cycles occur in the ocean: diurnal and sea-

sonal. In the daily cycle the surface layer is heated dur-

ing the dayl~gbt hours and cooled during the night. in the

higher latitudes during the heating season, i.e., the middle

*six months of the year, a daily net heat gain occurs (Uda,

1963). Fig. 5 llustrates the annual cycle of heatirng and

*cooling and i4s relaticr to the thermal str-uct.ure. In

larch, at the srd of the cooling season, the waters are

nearly '6scths:mal to the top of ths halocline located a--

about 100 m in depth. Wit-h the begi-nning of -:he heat-n

seascn in April, the hea-t is accumulated as small

0temperature inversions are gradually mixed lcwnwa~d by li4ght

winds. During subsequent short periods of hi;.gh winds these
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transients are quickly ercded and a shallow isothermal stir-

face layer results.

Eelov the surface layer, a sharp negative thermoclins is

formed between 30 and 60 m in a temperature transim.ior. layer

adjacent to the deeper cold wat ers. From the and of the

heating season until the waters area again nearly isothermal

in March, the thermocline deepens to about 100 m.

In this ccean region, below the thermoclins there 's

usually a codler layer nearly 120 m in depth v whic isa

ble, since it occurs within the main halocline. Below the4

cooler layer there may be an increase in: tamperature with

depth, an inversion. Temperature inversi4ons can be classi-4

fied i.nto three types according to their method of formatior

*and behavicr. The first type, which is the most common in

* the eastern Ncrth Pacific, is a result of the seasonal cycle

of heating and cooling. The upper layers in an extremely

*cold winter car become colder than the waters 4n the hal.--

dlin e below and a positive temperature gradient is formed.

* Wih te aven ofthe following heating szason the

*temperature of the su-r-face waters increase causing a

(negati-ve) thermocline tc f orm above the positive thermal-

gradient. The temperature minlmum thus generally is located
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j ust above tle halocline at 120 m and changes very li-tls

during the course of the summer heating period. Durzing the

follcwi.ng winter season tlke upper thermocline decays ini the

temperature inversion may be erased (Uda, 1963).4

Another process which can cause temperature inversicns

is the fcrmaticr, of sea-ice in the western Pacific. The

remaining cold (-1C) *high salinity surface layer sinks tc a

* level of stability in the ex'sting halocline and is carrIed0

eastward in the West Wind Drif t where it complat4ly mixes

with other waters before reaching 140W. Depending cn the

amount of heatinq of the surface layers during the transit,

the temperature inversion may or may no= persist throughout

the year (Foden, 1964).

A thi-rd prccess: results in a subsurfaca temperature max-

imum when the warm, more saline Subtropical Watr intzudes

*under the colder Subarctic Waters. The advgctiLng water then

is slightly cccled and sinks; i44 remains warme: than the

surrourdings, however, and forms the temperature maximum a

depth. its urper boundary is generally limited by the sta-

bility cri4tericn of the main halocline (tUda, 1953).

As the cccling period begins in late September, the sur-

face waters are cooled and mixed downwar:d by convection as
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*wall as by the strong winds of the fall and winter months.

The seasonal thermocline sinks and nazzows un-til i-- reaches

*the halocline. By late winter the upper zonea has reached

:rs zinimuz temperature of the year.

At depths below 500 m temperature variations are small,

*seldcu exceeding standard deviations of 0.34C (Tabata,

1960). Fig. 6 shows the typical tamperatu.re structure at

* Ocean Station "P"1 for both summer and winter months.

* B. INTERNAL WAVE EFFECTS CN THER31AL STRUCTURE

In many vertical temperature s-tructure analyses, t he-4-

l eo-ths of th-3 isctherms fluctuate considerably. Peariodicity

and amplitude cf the fluctuations appear non-systematic, tun-

result frcm -.1e superposition of a largs numbsr o f in tsrn al1

wave trains. Th a limitina frequencies ran-ge fr-om the
Brunt-Valsa la to tnertial; in the Subarctic RS~ion, Pszicis

from 5 minut-es to at leas-t half a day have bsen. observed.

The vertical displacement cf iLsctherms is of the crder of

5 m at the tcp of the thermocline and perhaps as larZge as

25 a at the level of the principal balocline (Tully and

GiJovando, 1963). 0
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*C. HCRIZON'IAL SURFACE THERMAL STRUCTURE

Near the center of the Gulf of Alaska is loca-ned an area

* of temperature minimum that coincides with tha dynamic cen.-

*ter of the Alaskan Gyre. in summer it roughly overlies the

center of the gyre as determined by the salinity maximum,

- but in vir~te: the two are separated (U'da, 1963).

South from the cold core dome to approximately 35N thq

therral field is oriented zonally except near -:he coastal

-regions. This configura-tion coztinues yea= round wi th a

seascnal range of 7.OC throughout the T'ransition Region

(Uda, 1963). The horizontal thermal gradient in the nor-th-

*south directicn is strongest in the Transiztion- Zone where

gradients cf IC,'IG0km are common, as shown in Figq. 7.
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IV. EXPEHIM1EWT

A. CBJECTIVE

For ocean monitoring from space to become sffsctive, the

*intericr mcti4cns of the oceans must be i4nfmerred from the

resulting siqnature of surface pzoperzies. The abili _y

*define the subsurface structure accurately by this memhci is

becoming increasingly utilized and unde~stood.

tegeckis and Gordon (1982) described the ability of sat-

ellite infrared imagery tc locate sea surface temperature

-fronts, and the relation cf these surface features to sub-

*surface tezpazature structure. F or the Braz-l Cu:tani

*two warm cc=-= Eddies, they noted the mixed layer depth co-

relate-d with tte surface tc-mpesrature patterzns.

Bernstein, Breaker and Whritner (1977) examined the eddy

formati4ons in the California Current from combined ship, a-

and satellite platfo~ms and fcund that the sea surface

* temperature patterns confczmed to subsurface warm and cold

*mesoscale variations. They con~clude3d th at i: n unstab

regions such as the California Current, surface and main -

-hercline terperatu~e d.6stributions havs relationships t

aach cther. Thus, in such a region, :emotsly sensad sea
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surface temperature pattezrs would be able to interpret sub-

surface circulation.
74S

From these recent examples of satelte-determirsed Sub-

*surface structure and from other oceanographic 164-terature,

it appears that the regicns of the world's oceans where

large instabilities occur (i;.e., boundary cur.-ents, ccasTal

* upwelli.,ng zones, etc.). the subsurface dynamic features are

* readily deduced from the surface observations. Are-as of the

seas which are quiescent and uasually located in -he central

oceans have nct been as reasy to describe accurately. In

* these regions, the use of either dynamical or empirical,

*methcds could be the only means of forecasting the thermal

structure cf the cceans.

Numerical mcdels are based on dynamical principles and

will ulti-mately provide the basis for pred-icting ocear,-c

processes. Emp rical mq4thods have been de-termined i n the

L,.*.past for certain regions and for limi4ted tlms periods, but

do nct appear to be valid uni-versally. If relationships A

could be dev'sid fcr certain wa-er masses or ocean~c

regimes, --hen the possi.bil-,y exists of piecing together the

subsurface t~ermal features in the differen- regions by u+Ji-_

1 zi-;ng remote sensing to define cert-ain surface

measurementS.
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Toward this gcal, the first objective of this thesi4s is

to determine what: particular relationships exist bstween sea

surface temperature and subsurface thermal structure for a

relatively "guiet" region in the northeast Pacific Ocean.

By examining tle climatolcgy, an empirical set of equations

could -then ts derivad between sea surface temp9rature, mixed

layer depth, thermocline gradient and the depths of prcm--

* nent points within the structure.

The seccnd objective is to produce a predicted vertical

temperature prcfile .1from the best fit zvgressiozi equaticns

for a particular water region and SST at a future timei and

di f ferent location. when these profiles ars compared to

actual temperature-derth prof.-les, accuracy of this statis-

* tical methcd will be determined.

B. DATA ACQUISITION

During t~.e p=eriod 5 to 14 September 1977, the U.S. Naval

oceancgraphic survey vessel USNS SILAS SENT conductead ocean-

*ographi-c surveys to Ieteimine th r thermohaline and sound

vel1o cit4y structures across the Califiorni:a Current, t he-

Transitior Zcre and Subtrcpical Water. For t.hi-s thpsis, the

only data u-tilized were along a 1155 km meri-dional track

south cf Ccian Weather Station 11P", as displayad in Fig. 8.
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The data ccnsisted of 28 vertical reamperatursa p~ofii!=s

spaced approxima-tely 42 km apart; they spanned the period 9

to 11 September 1977.

- Ueathe= cond"itions during this period were gove~r.ed by a

weak statiAcnary low pressure system with mostly low cicud

*cover and pericds of light drizzle and showers. The wind

*speed varied frcm 5 to 20 knots from several directicns

causing wave heights of approximately 3 to 6 m along the "0

*entire track 4FNCC, 1977)

Expendable bathythermcgraphs (XBT's) were used to defiJna

*the thermal stcture. The resulting temperature traces

plotted cnboard ship were coded or. bathythermograph log

sh eetICs, which were utilized as the data point-a for reccn-

*struction cf the thermal profiles. Characteristic of this

- procedure is the loss of the fin4 thermal structure, as only

*prcminent poi-nts cn the temperature profile are re-corded tc

* give the general shape and location of important features.

Another problem associated with this method of data

acquisition is the varying probability that the observer on

the vessel at the time of the XBT drop correctly chose the

rMproper poirts tc reflect adequately the mixed layer depth,

thsrMOCline gradient and temperature inversions. Incor=Sct
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record~ng cf ths values alcng with malfunctioning in 5 no

10% cf the XB1s can also te a source of potential error.

* C. ASSESSEENT CE TEMIPERATURJE STRUCTURE

T c begin the analysis cf subsurface thermal structure,

* re:alizi4ng the "crude'$ nature of the data, the tsmperature-'0

depth points were plotted cn a computer graphi-cs system and

the 28 thermal profiles were reconstructed. From these pro-

files a ver ical cross-section of -ths- meri dional te.mper-ature

structure was drawn, Fig. S. I4t was noted immediately -:hat

nunercus temperature inversions existed along the northern

* and central regi4cns of -,he track, but they ceased at approx-

-mately 41N4. This subsurface border clearly def ines the

* Subarctic Frcnt which divides the Subarctic from Subtropic

Waters; while at the surface there is no indi6cation of the

d iv -iio n. The temperature inversions varied in st-rength,

but generally shcwed an increase in depth in a southward

* direction.

The upper mixed layer displayed little vaziabiity wit h

few transients fonud within the structure. There- were no

large eddies rctsd in the surface layer and the mixed layer

*depth appeared relatively constant along the entire trrack.

*weak mescscale features are probably present, but, tha
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spat-ial rescluticn prohibits their detection. The tharmc-

cline was also fairly constant in dept. wit h trrgs

*gradients tetwsen 30 to 60 a. The isoth=erms in the lower

*layers characteristically deepened to the south, with sev-

eral areas of large variability located near the tamperature

* inversions. The large warm intrusion located at 4&7N may be

caused by errors in the data, as a structure this size in

the Subarctic Region does not appear to be congruent with

the other features, and is not mentioned in the research

To assess further the vertical thermal structu~e, promi-

*nent points, gradients ard zones were defined on a typical

tamperature profile from the test region. Fi'g. 10 illus-

trates the variables that were used to analyze sta-4:stically

the thermal prcfile. Descriptions of -these variables are:

*.SST - Sea surface temperature was defi ned as the sur-
face temperature reported on the bath ythermogra ph logs.
Since this is the temp erature recorded on the X BTtrace
when the XBT orobe entered the water, a slight dispar-
ity f Ica remtel.y-sersed SST may occur due to the
response time o f the XBT system.

6LBO - Ecttcm ofge eptha hecl was visuallydermndath

determined as the depth where the seasonal -:hsermocline
markedly changes into a weaker negative tzemperature
q~adient blcw.
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*TBOI.- Tempirature at the bottom of the seascnal --her-
mocline. --

*DT - rifference in temperature be-tween the tempe.=aru--9
a- the mixed layer depth and at the bo-ttom of seasonal 0,
thermcclire.

*DZ - Difference in depth between ths mixed layer depth
and bcttcm cf seasona 1 hermocline.

B UZ - Depth of the bottom of the main thermocline was
*visually determined as the depth wheres the :-hermccl-ne

changes to an isothermal or positive. :empseLatur-
gradlentc ust above the temperature inversion regio.

**TBUZ - Temperature at the bo tt6om of the main thermo-
Cline.

*DTBUZ - rif ference i n temperature bet wt:en t he4
te=mperatu-e at the mixed layer depth and at the bottom
Of main thezmocline.

*DZBUZ - C.if fer enc e in denth between. the mixed layer
depth and the bottom of main thermocline.

*T4~60 Temperature at, reference depth of 4~60 m which
was selected a~bitrarily a t maximum depth of XBT
zeports.

*DT5 - Temperature change in upper 5 :a of r:hermocline
below the mixed layer depth.

**DT15 -Temperature chann-ge in upper 15 m of thermocline
below the mixed layer depth.

*DT50 - Temperature change in u pper SO0 m of -:hermocl.6n C

below tbe mixed layer depth.

*DT1OO0 Tsm erature change in upper 100 m cf thermo-
cline telcw he mixed layer depth.

*DIS -Distance. from northern most XBT Arop.
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ThiLs assessment d-efines the aeneral structure primarlly

in the upper layers above the permanent halocli-ne. The

detail of the smaller structure such as transients in the

mixed layer and multiple theruoclines are not included

because they are variable and minor with respect t!-o the

princiJpal structure. The temperature invsrsion feature

*below the main thermocl 6ne was n ot charact=erize=d as -

*occurrence in th~e region varies ;i location and -intensity

during the test period. In those zones within tha Suba~ctIc

*Regicn where a sub-thermccline temperature maximum s x is z

peranetly during the heating season, additional variabiss

should be use d tc define this part of: the thAermal profile.

Initially, the sea surface temperature gradient was use:d

as a variahie? in the analysis. However, problems occurrel

in ccmputing ccnsistent gradients along the Track as the

calculated values wer:e ur.realistic and inaccurate ccmpared

with actual conditions at the ti"me; t h s variable was

dropped frcm this study.

These varibles provided the statistical base fzom which

all ccrrelaticne and regression eguationis were derived. The

values could then distinguish the fluctua.t4ng and transien-t

features from the medilan thermal structure. Tables I, II
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and III list the values from the analyzed -shermal profiles

by XET drcp number. -

7ABLE I

Locations and Times of XBT Measurements

XBT CAT 1EI_.E (Z) LAT (N) LONG (W) DISTANCE (k) O

" 339 090613 SEP 77 47.98 144.98 0
340 0SC804 SEP 77 47.65 144.98 36
341 C91003 SEP 77 47.20 144.98 86 . -
242 CS1200 SEP 77 46.82 144.82 128
343 091800 SEP 77 46. 07 145.05 212
144 0 2000 SEP 77 45.70 145.04 253
345 092205 SEP 77 45.33 145.04 294
346 100000 SEP 77 45.02 145.04 329
347 100308 SEP 77 44.73 145.00 361
-48 1005C8 SEP 77 44.37 144.98 401
39 100708 SEP 77 44.00 144.98 442

350 1CC904 SEP 77 43.63 144.98 483
351 101100 SEP 77 43.28 144.97 522
352 1C1400 SEP 77 43.07 144.95 546
353 101600 SEP 77 42.70 144.93 587
354 1C1800 SEP 77 42.32 144.95 629
355 102000 SEP 77 41. 93 144.98 672
356 11C002 SEP 77 41.55 145.00 714
357 110203 SEP 77 41.17 145.00 757
358 1104C6 SEP 77 40.75 145.00 803
359 110604 SEP 77 40.37 145.00 846
360 111000 SEP 77 39.97 144.98 890
361 111200 SEP 77 39.60 145.10 931
362 111400 SEP 77 39..22 145.25 973
363 111600 SEP 77 38.83 145.37 1017
-64 112304 SEP 77 38.30 145.47 1076
365 120107 SEP 77 37.93 145.53 1117
366 1203C7 SEP 77 37.58 145.67 1156
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TABLE II

Values of SST, MiD, Thermocline Gradients ani T460

XBT SST (Sc) EI. D (R) DT5(2) DTI5(Sc) DT50.g(2) 2T122 (c) T.I60 (c)

339 13.4 -. 1.5 4.6 7.1 6.6 4.0
340 13.6 -24 0.3 1.5 6.6 7.4 4.1
341 14. 1 -25 2.5 4.3 6.0 6. 2 5.0
342 14.4 -25 2.3 5.6 7.1 7.6 4.2
343 15.1 -19 2.4 4.8 7.3 8. 1 4.6
344 15.3 -32 0.3 4.6 7.7 7.4 4.9345 15.6 -29 3.1 4.9 7.3 7.9 6.2" i"

346 15.7 -19 0.4 4.7 6.7 7.9 4.7
347 16.6 -27 0.2 4.8 7.9 9. 1 4.7
348 16.2 -20 0.5 4.7 7.4 8.4 4.8349 17.0 -21 0.4 5.3 8.0 8.5 4.9
350 18. 1 -20 0.2 6.2 9.1 10.3 4.9
351 18.3- -.- 0 3.6 4.2 7.8 10.2 5.0
352 18. 1 -20 0.3 5.8 8.4 8.7 5.1
353 18.4 -20 0.7 4.0 9.0 9.9 5.0
354 18.1 -20 0.6 5.4 8.6 9.3 5.2
355 19.3 -21 0.6 5.4 9.3 10.3 5.3
356 19.7 -15 0.2 6.9 9o6 10.8 5o3
357 19.5 -23 0.6 6.4 9.7 10.7 5.3
358 20. 1 -16 0.3 2.1 9.4 10.3 5.6
359 20.3 -22 0.8 7.0 10.0 10.8 5.6
360 20.1 -16 0.5 2.6 8.3 10.3 5o9
361 20.5 -30 2.4 6.1 9.3 10.4 5.5
362 21.5 -22 0.3 5.7 10.5 11.6 5.8
363 21.4 -22 3.8 6.4 9.8 11.4 5.8
364 22.5 -27 O.14 6.2 9.8 11.1 6.5
365 22.3 -22 0.4 5.6 7.6 9.6 6.9
366 22.7 -20 3.3 5.2 8.1 10.4 6.8
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TABLE III

Values of Tharmocline TemFeraturas and Depths

339 -88 5.4 7.4 55 -95 5.3 7.2 62
340 -80 6.5 6.8 56 -109 5.9 7.4 85
341 -70 7.E 5.9 45 -110 7.4 6.3 85
342 -79 6.6 7.2 54 -128 6.2 7.6 103
343 -81 6.6 8.0 62 -138 6.5 8. 1 119
344 -81 7.1 7.7 49 -112 6.7 8.1 80 0
34 5 -68 7.8 7.1 39 -112 7.0 7.9 83
346 -57 8.4 6.8 38 -100 7.3 7.9 81
347 -68 P.6 7.8 41 -114 7.3 9. 1 87348 -65 6.4 7.3 45 -143 7.6 8.1 128
349 -50 9.1 7.5 29 -109 8. 1 8.5 88
350 -56 8.8 9.0 36 -123 7.5 10.3 103
351 -57 10.7 7.0 27 -148 7.2 10.5 118
352 -73 9.0 8.5 53 -158 7.8 9.7 138
353 -67 9.4 8.8 47 -132 7.7 10.5 112
354 -63 9.3 8.6 43 -120 8.6 9.3 100
355 -59 9.9 9.1 38 -130 8.6 10.4 109
356 -54 9.9 9.5 39 -134 8.5 10.9 119
357 -62 10.1 9.1 39 -127 8.4 10.8 1014
358 -50 11.3 8.6 34 -120 9.3 10.6 104
359 -53 10.8 9.4 31 -95 9.4 10.8 73
360 -78 10.5 9.5 62 -180 9.3 10.7 164i 4
361 -99 9.5 10.2 69 -127 9.3 10.4 97
362 -68 11.0 10.4 46 -157 9.4 12.0 135
363 -100 10.2 11.0 68 -155 9.7 11.5 123
364 -91 12.2 10.0 64 -173 10.5 11.7 144
365 -100 12.5 9.3 78 -196 10.7 11.3 174
366 -100 12.2 10.2 80 -188 10.7 11.7 168
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*To examine the variations and trends of the individual

thersal prcfi&le features along the track, graphs of t h

*variables as related to distancq and lati6-tuda are plo-tted in

* Appendix A. These diagrams illustrate some of t16he concepts

* that were discussed in previous chapters pertainiLng tco the

variabilit-y in thermal structure within a particular region.

The sea surfacs temperature over t4he enti4r- track as

shcwn in Fig. A.1 increases linearly to the scuth where the

maan gradievnt w az 0. 8Cl100km . The strongsst gra d ie n t

occurred in the vicinity of 4I4N and reachad a value of

* 2.3C/lOOkm. Fig. 11 shcws the see surface tempe~rature: in

* the North facific as compiled from ship r-eports and clima-

tology by Fleet Numerical Cceanography Canter for 10 Septem- 1

ber 1977. In the region of data acquisition, the meridional

temperature gradient and surface isother-m structure closely

(Fiq. A.1). Satellite infrared imagery during -this time 1
pericd was cbstr'tcted due to the thick cloud cove: over ths

area; therefcze, this ffethod of sea sur face -'em;)sratur=e

determi-nation was not used as was desired (Tabata ana

KImber, 1S'79).
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Pig. A. 2 sho-ws -,he depth of the mixed layer along trhe

track. The mean depth was -22.9 m with a maximum and mini-

mum depth cf -32 and -15 9, respectively. The layer's gen-

eral trend of a slight shallowizg by about 5 m in t he

southward directiLon. is observed until 40N is reached where

the trend reverses and becomes !eaper. This locatiot of

change in the mixed layer- depth t16rsnd accurately coi ncides

wi-th the Subarctic Front. 4

The fcur thermocline gradient variJablss ir. Figs. 1.3

through 1.6 displayed a measurable trend along the track.

* The variability of the temperature change in the upper 51 m

*of the thermccline (DT5) was large in the norther:n and

*southern ends of the track. In ,:he center, with the excep-

tiorn cf cns data point, a mean value of O.3c/5m was

observ--d. The tcundaries of these three zones of the DT5

variable agreed with the divi4si-:%r of the track inztc -thce

three regicns, i.e., Subarctic Water, T.-a-siticnal Zonie and

Subtropic late=. This effect was not:ed in many of --he the=-

mal structure variable plots. DT15, DT50 and DTIO0 all

increased with decreasing latituds, but the general trends

differed between each variable. DT15 shoved the largest-0

*range of variability with only a slight increase in
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temperature grad-ent, while DT50 and DT100 both increased at

a greater ratze. When plc-tted collectively, as shown in Yg

*12, the relationships become apparent. Generally, w4 t h I

increasing sea surface temperature, the negative temperature

gradient of the zhermccline increases slowly at a relatively

* constant rate.

Two cther depth-dependent variables on the vsrtical

temperature profile, besi.Jdes the mixed laye3r depth, 'ire the

bottom of the seasonal and main thermoclinas, BOT and BUZ,

respectively. Figs. A.?7 and A. 11 display thesea var~.ables as

they vary with latitude. The vari--ability of the plots ray

be due in part -tc internal waves wish typical amplitudes of

* 15 m for the ECT and 30 m for the BUZ.

T he BCT's general trend southward along the track to

about LION showed a slight decrease in depth from -80 to

*-60 z. Again, t-his location ccoincides wit6-h tzhe Subarctic

Front as did the MLD. The SOT then increasss shazply as mha

trend reverses tc a depth of -90 m.

For the BUiZ, the trend is just the opposite of the BOT

In ths Subarctic Water and Transitional Zone. The depth of

the bottom of the main thermoc line Increases slowly until

reachinrg the Subarctic Frcnt , wheretemxmm aito.i
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depth is approximately 85 m. In Subtropic Wat!er, the -tzernd

of the BUZ Increases in dspth at a g:aater rate along the

* southern and cf the track.

When the MILD, BOT and EUZ are plotted together, as shown

in Fig. 13, additional relationships appear. In the Subarc-

* tic and Transition Regions, north of 40N1, the thickness of

*the upper layers above tie bottom of the seasonal thermo-

Cline (BOT) decreased in a southward diraction. Wth the-

H5LD trend at a relatively constant depth, the only thermal

-layer to change iA:n magnitude appreciably is the thermocl.ine.

*This suggests that the seasonal t1-hermocline, with it S

*negative tempctrature gradient, becomes stronger as the SST

increases aad as the thermocl!ine thicknsss decreases.

*Indeed, the temperature d...fference (OT) and thickness (DZ)

of the seascral thermocline displayed in Figs. A.9 and

A. 10, respectively, agree with this_ suggestion.

As previously mentioned, the depth of the bottom of the

main tnermccline gradually deepens toward the south along

thq9 track. Fi gs. A. 13 and A. 14 show the increasing dif fer-

ence in tempera-.ure and depth from the mixed layer depth,

DTBUZ and DZBUZ, respectively. These tendencies, in con-

junction with the trend of -the BOT, indicat-a that the
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negative temperature gradient at the love-. part of thp main

thermocline becomes weaker and thicker toward the south in

* the Subarctic and Transiticnal Regions.

For Subtropical water, south of 40N, the BOT has

reversed its trend at the Subarctic Front and increases in

depth. T1he BUZ continues to deepen, but at a gre-a-t;er rate

than to the north. Temperatures at these two locations on-

- t~he thermal prcfile, TBOT and TBUZ, slowly inras inearly

with decreasing latitude at nearly the same rate of .

0.5c/lO0km. These values suggest tha-t the negative

temperat,ure gradient at the lower part of the main thermo-

* cline continues to weaken and thicken, but at a deeper depth

than in the northern waters. A t the upper layers, the

paamtrso te esoa thermocline, DT and DZ, increase

with increasing EST.

-:D. STATISTICAL EHOCEflURE

To predict th-e subsurface thermal structure from a given

sea surface temperature, a statistical approach was umilizad

*to determine the relationships between the -thermal structzuz

* variables. The data analysis was done using the BTOnED sa

*tistical computer programs on the Naval Postgzaduats

School's IBM 3033 computer system. Details of the BIOMED
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computer prcgrams used in the analysis are p~oviI'dd

Appendix E. Basic statistics (mean and standard devia-

tions), scatter diagrams, correlation and linaar regression

analysi.s were performed on all variables.

*As part cf the regression analysis, th e correlation

*coefficients fcr all combinations of pairs of the sixteen

variables were cuputed. These simple correlaticns are an __

*estimate cf the strength cf the linear association betwe

*two variables and do not imply the cause for the relaticn-

ship cr which variables affect the variation of the other.

Scatter diagrams were used in conjunction with the

rsgression analysis to assist in refining the correlaticrs

-between variables. By visuallly removing poor data points

*that detracted from trends wi&-thin specific regions, t h

analysis cculd be improved. After determining the best fit

*correlaticns, least square linear regression equations are

*computed between variables and also with sea surface

t praJeas -the independent variable. This enabled a

vert.ical temperature profile to be determined by calculatira

-the values for the variables with the only input- being thze

sea surface temperature.
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The values cf the 16 thermal structure variabl s f _om-

the 28 temperature profiles along the track were correlatedA ~oi
for all ccmbinations with the results shown in Table IV.

Several strong relationships appear with the correlation

coefficients of a few variables being greater than 0.750.

The sea surface temperature hal the greatest number of

strong correlations which greatly enhances the idea of pre-

dicticn of the thermal pzcfile from the SST. The highest

correlation coefficient (0.993) occurred when the SST was

compared with the distance along the track. This was L

erpected due tc the relatively constant north-south surfac.

-amperature gradient in this region of the Northqast

Pa cif ic.

Cther strong correlations with -he sea surface

temperature were the temperatures at the bottom of the sea-

sonal and main thermocline, TBOT (0.944) and TBUZ (0.949) ,

respectively. When plotted together, as shown n Fig. ,

the trends clearly appear. The variables' similar relation-

ships imply tha- the entire vertical temperature profile

"leans" tcward warmer temperatures as -he small negative -

thermal gradient in the deeper layers increase with increas-

ing sea surface temperature. The change in temperature :n
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IABLE IV

Correiaticn Coefficients of Thermal Variab! .

6

,%%LD MLD

SST .224 SST

!;T 5 -. 484 -. 028 DT-

DI 5 -. 121 .385 .080 DTi 5

To50 .157 .770 -.211 .- 4 5 -.,50

DTIOO .235 .905 -.065 .393 .902 'OTIOO

T .128 .83 5 -. 026 .1466 .81+3 .867 D- "

DZ -. 156 .305 .280 .018 -.082 .050 .425 DZ

S,"BOT .459 -. 203 -..06 -.055 .12. .030 -.341 -.9+9 BCT

TBOT .296 .94 -.065 .251 .632 .822 .688 .150 -.01 TBOTU

BUZ -. 202 -. 682 -. 124 -. 098 -. 239 -. L-96 -. 566 -. 64+3 .5;1+ -. 653 L,;Z
T.Z .267 .~-9L -.035 .33. .630 .770 .792 .355 -.2 . .932 -.6 54 :BUZ

UrBUZ .217 .960 -.068 .368 .842 .961 .891 .20. -.Ii+..885 -.638 .E30 DT3UZ

DZBUZ .374 .678 -.031 .068 .2146 .535 .551 .578 .1+01 .665 -.983 .661 .631. DZUZ

DIS .217 .993 -.012 .365 .738 .878 .885 .356 -.251 .931 -.683 .63 .934 .684 DIs

T.60 .114 .31 .139 .265 .135 .;9 .6 "  .0 -. 3:: .83, -, 56 . .706 .663 .8L6

MEAN -23.2 18.1 1.2 5.0 i.3 9.3 8.5 468. -72.0 9.3 -133.3 f.I 9.6 110.2 580.9

STU DE'# 5.1 ,:.b 1.2 1.3 1.2 1.5 1.3 116-3  15.- 1.5 27.' 1 .14 1.6 28..? 3 3.6
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the upper 50 and 100 m. cf the thermocline also I-Splayed

strong direct relationships with the SST.

Two pairs of variables which exhibited strong neaa-sve

correlaticrs, and for similar reasons, wers BOT-DZ (-0.949)

and BUZ-DZEUZ (-0.983). These combinations indicats that a

-relationship exists between both the BOT and BUJZ and the

-MLD. This is due to the relatively small variations in the

- mixed layer depth when compared to the large fluc-tuati-ons of

*the ECT and BUZ. Tharefcre, as the bottom of the seasonal

and main thermoclines varied, the depth difference between

*these variables and the MID similarly changed. Thi s could

p rovide an important link in letermining the mixed 2.a y e

depth if a viable connecti-on cculd be established between

*the BOT or BUZ and SST. However, accordiLng to the correla-

*ticn coefficients comparing the SST to LILD (0.224), to HOT

(-0.203) and to BUZ (-0.6e2) , tha stzr,7-th of tzhess rsla-

-ticnships was weak as .shcwr in Fi gs. 15, 16, an~d 17. Corre-

laticna of the cther variables with --he mixed layer depth

revealed lit-le as tc pcssible methods to datermins --his

K important thezmal structure variable.

Dlue tc -le roticsable differences -a thermal structure

characteristics among the vari-ous ragions encountered alcng
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the track, the data were next divided into Subarctic, Tran-

siticnal, Frontal and Subtropical groupings. These divi-

- sions were determined from the previously discussed regioral

characteristics and thermal analysi6s of Chapters 11 and III, -

- and in retrospect, they proved to be an accurate reflection

of the boundary locations at the time of data acquisition.

The Subarctic Water characteristics were mraced from ths

* northern-most vertical temperature profila on the -rack -:c

- XBT staticn number 345 at 45.33N4. The Transitional Zone was

*observed from UET station 346 to station 357 at '41.17N4 fcl-

* loved b e ubricFcnt between stations 358 and 359.

Beginning at XB'I station 360 at (39.97N4) ,and continuing

* south to the end cf the track, was an ocean region contain-

ing properties cf the Subtxcpi4c Water. Fig. 1 lutae

the divisions of the track data points Lnto the Various

rsgicns.

To observe the separation of the data by groupings bet-

ter, and to refine furt."er the correla.icn coeffIcients,

scatter diagrams of several of the thermal variables were

plotted using the BIOMED comput.er programs. Since the only

variables that correlated strongly with SST were other

temperature-dependent variables such as TBOT, DT, TBUZ and
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DTBUZ, a closer in-spscticn of the depth-dependent variables

was desired. To ascertain whether the sea surface

tmperature can define the depth of ce~ta-,n variables iJs

necessary in the develcfment of the thermal profile.

Therefore, regicnal scatter diagrams for the three priA*mary

*depth dependent variables (MWLD, BOT, BUZ) and SST as ccm-

pared to the cther variables were plotted and analyzed.
Al

The scatter diagrams for sea surfice temperature when

compared to the cther variables are listed Mn Appendix C.

Due to the high correlaticn coefficients of these thersal

variables the trends of the data points were clearly vis-

ble. Obvious linear relations cccur between SST and DTSO,

DT100, DT, TEC7.U TBUZ and DTBUZ through the various regicns.

DT5 and DT15 also displayed an element of l-inear-ity whenI

s!evsral of the acre distant data points wzere- removed. Ths

*computer-derived correlation ccefficiants fo: th e s two

vari&ables were excessively low due to the remote points.

For the variable DT5 shown in Fig. C.2, the dat:a behaved. in

a strong linear fashion in the Transitional Region as a

temperature change of 0.3C In the upper 5 a of --he thermc-.]

clins was tbze mean. All cf the thermocliLne gradient vari-

ables, DT50 D!15, DT50 and DT100, could than be modeled by a2
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lirnea: equatior. related xc the SST, at least in the Tran-

siticn Region.

Two scatzer diagrams which ccmparg SST to BUZ and DZBUZ,

Figs. C. 1C and C.13, illustrate a perceivable li-near tren~d

between the variables while the correlation co-f fi-c ie rt s

re flect a mcderate level of association, (-0.687) an d

(0.61 E) , respectively. Again, w 1th several of the remc-.e

iata points removed, an improved c o rrel at io n coefficient

could be computed which better portrays the reJlat. onslhip

with SST.

Cther depth-de pendent variables, for which a visual

*ralationship was observed with SST In ths scatter diagrams,

were for ECT and DZ, Figs. C.6 ar.d C.9. Both exhi-bited a

'IV" cr wedge shaps with data for the Subarctic and Subtropi-

* cal waters cn ei-ther wing and data for the Transitional Zone

in the cenzer. If the ncrthern or southern regi-onal data

were removed, then a higher correlation could be obtained

ut4.ili1z ing that from the Transitional Region alone. Howdever,

wi-h the visual trn n.~ einclosely fol'lowinrg the

trend of data frcm teSubarctic Water, dataL from the north-

-rn end of the track could be used to assfrz in ths accurate 7

d et e rmin at icn cf r ela t icn s hi Ps with the SST.. 11h
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- combination of data from these two regions is reasonable

since the locaticn of the Subarctic Front is on the southern

boundary of the Transition Zone, and the wa-ter characteris-

tics are sixilar. Therefore, the Subtropi'c Water data

rpo-.nts shculd Ite removed to derive the correlations with .

* data from only the two northern regions.

The two data points in the regional scatter diagrams far

* the Subarctic Front consistently followed the Transitional

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

variables BC!, D Z, BUZ and DZBUZ, the Front provided the

*sharp break between tbe Transitional and Subtrcpical

*Regi-*cns, but in the scatter plots for the remaining thermal

variables ths Subarctic Front f ell within the trend of the

* two ncrthern :egicns.

The scatter plot com paring mi.xed layer depth to SST,

shown in Fig. C.1, initially appea--s riot to raveal any pa-

tern whi6ch oculd be used to infer a relationship wit.!h the

SST. However, if the SubtIropi-cal Water data points are not

included, a trend of decreasing depth is noticed and --he

corrlaton cce-Ificient value of 0.224 between thess two

var-iables should increase appreciably.
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The regicnal scatter diagrams comparing mixed lay -.

depth to the cther variables did not exhibit any s'rong ccr-

relat ions and were not included. Howeve:, several weak pat-

terns were cbserved which indicated a trend of the fLD

slowly decreasing in depth in a scuthward directicr. for the

northern twc regions. All scatter plots displayed large

variability among tne data points which agrees with the low

correlaticn coefficients fcr the variable.

Appendices D and E contain the regional scatter diagrams

for ECT and EUZ, respectively. These plots show a greater

*i linear dependence among the variables, and therefore higher - -

* correlation coefficients, than was shown by the mixed layer

depth. It mcst cases when the Subtropical Water data are

removed, leaving only data from the Subarctic, Transition

and Frontal regicns, a strcnger relationship was observed.

Two nctewc.-mhy scatter diagrams which had strong

*. negative correlations were BOT-DZ and BUZ-DZBUZ as shown in

Figs. 19 and 20. As previously noted, these two variables

with high correla-tion coefficients could provide the neces-

sary link tc deCermine the mixed layer depth. Since DZ and

DZBUZ are the differences in depth from the .LD to the BOT

and EOZ, respectively, a pair of simple equations define the

ralationshp.
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MW a BOT + DZ

MLD aEUZ + CZBUZ

note: 11LE, ECT and BUZ are negative values (depth) -

The only weak "link" in the two equati .ons i6s the de.er-

mi"nation of the BOT and BUZ directly from SST. To imprcve

the correlaticn coefficients for these two vari6ablss as sug-

gasted by the regional scatter diagrams, data from the Sub-

tropical Vater and several distant data points which

*detracted from the established trends were removed. In sev-

eral cf the Ficts, primarily fcr the temperature-depsndent -
*variables, w~are the trend was actually stronger and more

* accurate with data from tke Subtrop.-ical Region included, the

correlaticn ccefficients were improved. The correlat-ion

* coefficients fcr the best-fit trends are listed in Table V.

Indications ars made to show which coefficiants increased or

lacr~ased trcu the values -resented in Table IV.

An example cf a correla.tion coefficienz that decreased

*due to the removal of 4ata points and yet provided a

*stronger trend was the RID versus DT5 combination which

changed frcu -0.484 to -0.197. In this case, the majcrit-6y
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TABLE V
Best-F!t Ccrrelaticn Ccefficients of Thermal Variables

0

/

SST .535 SST

DI ~ 5 .197P .271' DT 5

T 15 .197 .67 -.063 i 5

Lro .52 .930 .3. .. oO DTO50

DTIOO .4,95 .905 -. 289 .38? .926 DTIOO -1
DT .49 .8 1 '-.497' .511" .952 .844? O
DZ -.156 -.645 .o3 -.2_,3 -.--' -.559'-.200 DZ

I , , , I
* 30' .557 .776 -.25? .256' .54'. .725' .1*10 -*.9 ii,

.5 71 0 -7i
TBOT .480 .944 -.199 .22 .77 . . -772

3UZ -.307 -.790 .212 .223 -.239 -. 96 -.566 -.61-3 .511+ -.653 Bul -

I . ". ,-- .1' . - .83 1' .57? ..- 6 ., T BI;z,". l .
IBUZ .62- .949 -.379' .35 .7.3 .71?.7-62 .31 .7-.5 BZI OI ~ I I -

-T3LZ .1+36 .963 -.30t+ .357 .935 .977 .59 5-.503 .650 .3 -.636 .698 TBUZ

DZBUZ .531 .766 .021 .120 .221 .29e .292 .237 .171' .I2 .953 .071 "i 'z;z

S93 .1+07 .46 .917 .922 .E5 -. 633 .775 .931 -.686 .963 .921+ .6;1+ DIS

T160 .28O .331 .057 .276 .541 .599 .- 1+ -.588 .596 .835 -.686 .882 .706 .6-3 .846

note: (') indicates increased cC-4ficients

irdica"es decreased coefficients
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of data pcints were grouped about the DT5 Value Of 0.4C p=7

5 m and a MLfl value of -23 m. The a-:tempt -.o capturs the

trend of the Transition ]Region was made by excluding the

*distant scattezed points; however, thi-s detracted from the

overall trerd and reduced the correlation coefficise.0

A large numbe= of correlation coefficiLents improved Sig-

nificantly by this method of data exclusion. Mcst, notice-

able is the variable SST, which, (except for the combination

with DT5) increased all other coefficients :o g~sater te~n

0. 645 with six ircreasing above 0.900. The important co-re-

-laticns of SSVI with BOT and BUZ Improved from -0.203 and

*-0.682 to 0.776 and -0.790, respectively. The correlatio

coefficient of SST versus EOT even reversed si-gn.

This -Increased strength in the various correlaticns

between variables provided the confiden-ca to i.nf-er that usa-

ble, relalicnehi~s exist in the vert1ical -thermal pro-file.

*Sinrce the variable SST had the greatest number of s-.rcng

correlatiens wit:h the other variables, the st-atistical

methcd of deri ving linear regrassion aaquat-ions - onnqC.ly

Lthe input of SST appeared practical.
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E. EEGRESSICIN ECUATICN AN~ALYSIS

From the best f-1t, correlation ccefficignts o-f -tasva-

able SST in ccmbination with the other vari4ablces, - h focl-

lowing linear regression eguations were derived:

M1LD =(1.2C01) SST -43.300

r'15 =(0.03629) SST -0.21573

DT15 (0. 16058) SSTr + 2.2271

D150 =(0.48462) SST -0.14105

DT100 =(0.48506) SST +0.52999

BCT =(3.9611) SST -133.08

TBOT (0.61762) SST -1.9317

DT (0.411729) SST + 0.94677

DZ =(-2.7611) SST + 89.7827,

BUZ =(-7.5247) SST -0.00793

TEUZ =(0.48510) SST -0.66001

DTBUZ =(0.55345) SST -0.42130I[I DZEUZ =(7.7697) SST -27.820



To construct a ccmplee vertical temperaturs p-Cofilz'

since the variables previously mentioned only defined the

upper domain cof the thermal structure, new variable was

-needed from lcwer depths. The temperatuze a-- 460 m was chc-

sen because it was the lowest datum Pcoit avai-labla from the

XBT da--a provided alcng the track. Thl s type of variable

was not par-ti-cularly desired as it relates a termperature -tc

a specific derth rather than to a feature on -the? t-hrmal

*prof ile. A be-tter variable would be at a reference dept-h

where the tzape-zaiturg gradient becomes iso-:hermal in +th z

deeper regions of t.he ocean. However, this was not availa-

ble from the limfited depth of the data and the T4~60 variable-

was established. The same methods of aalysiswr-epoe

*on this variable as we:re ccnducted on the others. ihezn ccm-

pared to th1e sea surface zemperaturs, A Correlati on coe4f fi-

*cient of 0.8--1 wa s computec alcng wit--h a strong linear

r-eresin t eaton culdter uda toam.eTereo e bottoma-

tredsin heqregiona catlde usdiag tm Terieo r abottom

point of the pr-edicted temperature proflies at 460 meetrs2

from the variable SST. The linaar raqression equation for

TL460 was ccmputed as:

T'460 =(0.21834) SST +1.3 109

09
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Two ctbh.r imFcrtant relationships which were div.by

regression analysis, but they do not use SST as the indepen-

dent vari4ablz:

DZ =(-0.85394S) BCT -12.693

DZBUZ (-1.0359) BUZ -27.a92

These equaticns use the computed values of BOT and BUZ

as detsrminad frcm the SST to calculate the zhickness of thP

*seascnal and main t he r mcclines. The magnitude of these

h thck nas s es (EZ, DZEUZ) when added to t1h-i BOT or BUZ,

respectively, can then define the mixed layer depth

Due t c the relatively low correlation coefficient2

b at ween. SST and MLD for the SST-derived MLD equation

(0.535), possibly a combination of equations whch define

--Dwih higher correlations could improve the accuracy in

determining the mixed laycr depth. The ragression eguaticn

for the SSI-de.-ived BUZ, with a c or re9la ti-o.n c o e f c 1en r.of

-0.790 between the two variables, along with the BUZ-derived

*DZBUZ mentioned above with a ccrrqlation coefficient- of

-0.9e3, seezingly provide the st~ongqst combination.

KTher efore , the group of equations used for the mixed layer

ver4t. determinaticn were:
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BUZ =(-7.E247) SST -0.00793

IDIZEUZ =(-1.0359) BUZ -27.892

£MLD B UZ + DZBUZ

Th~ee cther combinat'cns of regression ega"ons could _

have been usad to dete3rmine the mixed layer depth, but were

not chosen because- of their lower co~rela-rion coefficients A

between variables. The equations and correlation coeff-

cients (r) are 1~.1sted belcu:

BOT =(3.S611) SST -133.08 0 .776

DZ =(-2.7611) SST + e9.782 r =-0.64&5

MLD =BCT + r.

BOT =(3.S6 11) SST -133.08 r =0.776

DZ (-0.E5394) EOT -12.693 r=-0.949

MLD BCT + DZ

8(4



- - .

AA

BUZ =(-7.5247) SST -0.007 93 r=-0.790

DZBUZ 1 7.7697) SST -27.820 r=0.766

- ~ILD =BEJZ + DZBUZ

With the MID determined, the tempara ture at this d=epth

wa s needed to provide the fundamental tamperature from which

-:he thermccline could be computad. A variable TMLD was

added to represent the temperature at -.he mixed layer depth

*and was defined as the sum of TEUZ and D-TBUZ. Since both

*temperature-dependent variables had vsTry high correlaticn

w w4 th the SST, 0.949 and 0.960 respectively, strang conft-

dence could be placed in the resul-ting variable, TILD.

An additional feature in calculating TMLD by this meat.-hod

*was to allcv for a slight negative temparature gradient tc

occur in the mixed layer. Many ocean thermal structure mod-

*els assume that this upper layer will be isothsrmal when

actually a rasicprofile often includes a tempgrature

gradient.

'Ihe four thermal gradient variables DT5, DT15, DT50 and

DT100, as determined from the SST, were subtractzed from the

temperature and depth of th~e mi-xed layer to fo--m the the:rmo-

cldine. This str uctu.re, along with the SST and mixed layer
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depth values, provided the upper portion of the verti.cal

temperature prof ile.

In the re-gion below the seasonal tharmocline the

temperature-dependent variables, TEOT and TBUZ, and depth-

dependent variables, BOT and BUZ, werea computed directly

from the input of SST and applied to the temperature pro-

file. several times during the plot7tin-g of these pcints in

the testirg and ccmpariscr phase of the, thesis, the lca'iJon

of the DT100 variable would occur below both the BOT and BUZ

or between them. In these cases it was simple to adjust the -*

saquerce of pcints to allcw the proper construction of n

temperature profile.

Fin-1allIy, in the generation of the temperature profiles,

the variable T460 was used to provide ths- lower base of thq

structure. Since T4&60 was an artificially-gerne~ated va-

able, def ined at a constant depth, the characteristic small

te-mperaturc- variations at that depth should still be accu-

rately reflected.

verztical tearerature profile. These waere plotted on aoa fnn onswr sdt eieteet:

Tv!KTEiCNIX 618 graphic display system and ccnrnectsd wit h a

r-itional spline method that allows some curvature between
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points. This was done to prayt e emperature pro f iss

ofA the regicn acme realistically.

F. THERMIAL FNCFILE TEST IND COM1PARISON ANALYSIS

TE~1ST 1

Tie first type of comparison t4.est was conducted with 0

the criginal track of data used in the gansraticn of the

predicted th=ermal profiles. The XET temperature-dep-th pro-

files of the Subarctic Water and Transition Zone were ccm-

Dared with the ccuputed temperature pro-files which utili-zed

the sea surface tgmperatrre of the actual XBT tracs as ths

only input. Pig. 21 shows the compario-btee6h

cbserved and predicted thermal structures for thenrte-A

most XBT staticn on the track. Appendix F lists the remai-n-

in tety1ofl comparisons for t he northern r=gion~s

excluding the Subtropic Water.

The ccmparisons generally illustrated a strclg si;m-

larity in the upper layers. The mixad layer dapth alcng

with the slight negative temperature gradient i.n the la yter

were rsali-stically predicted for a majcrit4-y of casss; inter-2

nal wave mct.4cns are assumed responsible for ths largest

variation frc. the predicced profilUes. The upper thermo-

dline region closely approximated the strong thermal
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gradent measured by the XBTs. -zte oe tlermcclin=,

greater variatility occurred, assumed due to intarnal waves

and 4'hertal advection, resulting in poor comparisor~s as

shown in Pigs. P.2, F.11 and F.12 for XBT sta-tions 341, 350

and 351.

The predicted lower regicns were nat as Precise when

*compared to the observed profiles usually due tc the exis-

te-nce of a significant temperature inversion. Lack of a

model for this feature, which was no. attempted, clearly

affected the profiles at depths greater than 130 m. Sevesral -

predicted profiles, however, did attempt to reproduce this

* structure with the placement of the DT100 variable below the

BUZ. This was shown in XET stations 343-346 and 348 (Figs. 4 0

* F.4 F .7 and F.9).

Between the bottom of the main thermocline and 460

* n, seeal pre-dicted profiles ccmpletely failed to approx:-

ma-te the observed structurs. This was caused by the lack of

variables in -the lower laysrs as well as the compu ter-gens:-

&aed curva-ture between data points. When the variablas

DT100 and BUZ were very close togethser, as shown for XBT

stati-cns 348 and 349 (Pigs. F.9 and F.10) ,the profile wculd.

bulge wi-tb a Ecaitive or negative gradient.
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Utilizing only nine points to define the pred-tct-Rd

thermal prcfl-e cbviously smooths the fine structure wfi-:hir

the thermocline and mixed layer. Hcwever, due to the small

si-ze and transient nature cf these features, their removal

would not severely limit the usefulness of the predicted

structures.

In this initial test6, si;nce the predicted

temperature s~ructu.-es were gen~erated and compared with the

same XBT data from the meridional track, the compariscns

should be relatively close. The predicted profiles would

actually represent the average of all the observed thermal

structures as the variables reflect the treads along the

* track.

2.TEST 2

A more stringent and realistac test was att:emptsd

that defines the spatial limitations of this thermal pre-

diction method. Test 2 ccnsists of comparing obser-ved and

predicted temperature profiles which occurred during the

*same time period as the data generation, but spatially

re3moved. A possible indication as to a limit in -the effec-

tive distance wculd be t 1e observation that ths prsdic-ted

profile hegins to diverge greatly from the actual

temperature profile.
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The test XBT data were obtained from Fleet Num--ricaJ.

0ceancgrapby Center by a computer search for all available

lET drops which cccurred in September from 1965 to 1980 in a

ter. degree wide strip of lcngitude which surrounds the orig-

inal track. Inexplicably, the data received were limited -to

- the area scuth of 44K, excluding the Subarctic Water. Lack

of tize Exevented an attempt tc acquire these data which

would be useful, but not entirely necessary, for analysiz6

The temperaturs-depth data were then selected by noting the

positions relative tc the original data. To provide an

*effective test, a variety of locations in the Transi--iona.

*Zone were chosen. However, these positions were ccnstrai-ned

* by the availability of data in the region and appeared as a

*zonal belt perpendicular to the original track. Fig. 22

shows --ha. locaticn of original and test XBT drops.

The temprerature-defth pcirnts proviled by F40C were

*then plotted and connected on the computer graphical display

with the same amunm of curvature applj'ed to the profile as

before. Both observed and predicted profiles were plotted

* togetber again for analysis and comparison. purposes.

Five vertical temperature profiles from the 10-11

*September period were compared with the predicted profils
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as generated from the sea surface temperature of t h -

observed profiles. The test produced varied results with

oiseveral features of the ccmputed temperature pro-filss comn-

pa-ing favorably with the actual thermal st.ructure. Ths

largest differences were ncted for the two profiles located

the greatest distance frcm the meridional track at 145W.

Figs. 23 and 24 il1lustrate the comparisons at thase icca-

tions, approximately 400 km east and west from the original0

track of data. The mixed layer depth and upperthroln

-ragicns ef the predicted profile closely resembled t h

observed profile, but both structures displayed differences

* in the lower rigicns.

The easter most observed pr:of-lze had a thin, strc:ng

*thermccline which gradually weakened with depth. This ccn-

trasted markedly with the strong z~d sharply-defined thermo-

* dine of the predicted prcfile. The regions below 150 M

dislayd smiar temperature gradlients for both prcfiles.

Fcr -:Ie western incst test pr o file, ths only region

to liffer sIgnificantly fmcm the predicted structure was -ths

lower domain telcw 130 m . The location of the two clcse

variablas, BUZ and DT100, along with ths computer-generateid 0

curvature forcei the predicted profile to divarge from tha

weak temperat-ure inversiors.
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The three other test cases, shown inFigs. 25, 26

an d 27, which were located closer to the or.iginal -track, all

displayed strong similaritiss between the observsd and

predicted prof ilss. Ex cept for the fins structure and pos-

sible effects of internal waves cn the depth of the thermo-

Cline, the ccmputed prcfiles were very accurate. Thoe

Un-usual shape of the observed temperatura profile at ths

* bottcs of the seasonal ther-mocline, in Fig. 27, and clcse

* approximtion by the predicted profile, illustrates 4ths

strong ability of Ithis stazisr2.cal method -.o produce ther-mal6

featurss unique to a certain regior..

T c t -3st the spatial limitations of this empirica.

method f urther, a vertical tempera-.ure profile taken at

Ocearn Weather Station "P11 during the data-ganeration t Imes

periocd was examined. Since the locat ion of the rorthern

most XBT drcp cn the track was two degrees of la 6 titude s u th

of OWS-P, the results should indicate the reliability Of the

method outside the test region. Fg. 28 lisplays the comn-

parison tenween the obser-ved and predi-c-ted prcfilss for

Frcm the surface tc the middle of the thermoclins,

the two profiles were very similar, with the mi;,xed layer
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depth accurately depicted. However, the lower seqmen%: of

the two prcfiles differed by 2.OC. With tha actual vertical

temperature prCfile being considerably cooler th a n

predicted, a different regime must have been encountered.

Tabata (11961) suggests f rcm his observations in the region

that hcri4zcntal transport cf colder water: from the vicinity

of the Alaskan Gyre, Iying northwest of the station, may

cause a decrease i tempgrature during the summer mon~ths.

3. TEST

TIS third tes-! ircluded both spatia!2 and tim-e dif-

ftrercss n an attempt -1c forecast the vertical ther=mal

st ructure up to three weeks In the future. The only availa-

ble XBT test da~a Ir. the Transitional Region were located

within three degrees longitude to the west cf the original

track as s1.cwn J. Fig. 9 29. V e r tical temperature profiles

were chosen at- weekly intervals and compared wi6th +-he

predicted structures.

At the end of the first week, the observed thermal

prefils, as shcwr in Fig. 30, displays a deeper mi-x!ed lays:

to a depth o! L40 m cverlying an extremely strong negative

temperature gradient. This feature was not rspresentsd well

by the prsdict';d profile as the computed MLD and thsrmocline
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va riabless were shallower in depth. Ths shaps of h

observed mixed layer infers strong wind ani convic-tivs m--x-

in g, so surface weather charts for the periLod of 11-18 S- 0

tember 1977 in the Ncrtheast, Pacifi'c were checked fc= -rhs

occurrence of a sign-ificant atmospheric -3vent. on 17 Sep-

tember 1977, a cold front associated with a- low pressure

syst-em in the Gulf of Alaska had quick'ly passed t-hrough the

test region with rain and 35 knot winds. The weather during

*the period of dama acquisit-ion, 8-11 September 1977, as

described befcre, was mcstly cloudy wJith pez-iods of I-ght

winds and scattered showers (FNOC, 1977). These conmrasting

atmcspheric situations suggest a major li4mitatiJon in th~a

statistical model, as weather eaffects on teupper vertical

temperature structure must be prcperly accounted for intas

predicted rcfile.

The lower half of the thermccline onteprdce -

tsmperature prcfile closely followed the observed structurze

do wn to 170 m. Except for the weak tsmpera-ture inversion am

200 z, which was not included ini the ampirical model, The

lower domain tehaved. well.

0The next test profile was taker on 24 September

1977.. thirteen days after the data gene3ration for the
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*prediczed structure. Location of this tast XBT was on :nes

southern tcundary of the T~ansitional Zone approxirna-nly 200

*ka west of the criginal track. The predictezd temosranturs

-profile3 in Fig. 31 clearly resembled the observed vart cal

thermal structure, but with slightly cooler tem'eratureS.

Duke to the szrcng winds f-.om the storm a week earliler, ths

-observed MID remained deep. However, a -:ransiz.-t at 30

depth had fcrmed with a 0.5C increase i;.n sea surfac .

temperature as the weathqr in the region during the seoc.

week was dcminated by a strong high pressure system. Thea

*observed profile'is thermocline. al!so deeper, d by about: 10 m,

which may be- due to internal waves, or itmay have been

caused by warm advection from the scuth. Immediately below

*the thermocline, the two profiles dIffared slightly because

* of the fine structure inte rgo. The predict-ed

*temperature at 460 m depth remained accurate when compared

to the observed tsmperature throughout all the tempcra2.

tests.

The fi-nal test fc~ecast was conducted for an XBT

location 209 kir to the west of the north-south track on 30

September 1977, nearly tuc weeks after the basic dat-a were

acquired. Ancther cold front associated with a low vrsssure
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system acved thicugh the area cn 25-26 September 1977 and

* was immediately followed ty a high pressure ridge. The

* storm, with ffaximum winds of 40 knots, maintained the 40 M .

thick i'sotberial mixed layer as shown in Fig. 32. The wind

mixing had increased and deepened the n -9gati.-ve temperature

9 gradient cf the thermocli-ne to a level approximately 10 m

below the predicted Frof-ile. In the lower domain of the

*thermal st-ructure a large differen~ce was noted due ta the

s'light temperature i-nversicn of the observed profile and to

-:he close location of the two variables, BUZ and DT100, a:

*130 z onl thze credicted prcf-ile. The profiles coincided at

the 460 m depth as determined by the variable '460.

The accuracy of the Dr edicted profile after three

weeks from the time of data acquisiti.on for the statistical

analysis shows an overall degradation. However, considering

tht w som ytems passed through the region and the

summer heating season was approaching i ts end, the fore-

casted prcfile was not excessively poOr.

G. FEVIEW CP PREDICTED TEE26AL PROFILE RESULTS

* ~~he underlying rsquirement of the st-atisia-apoc

in predicting the vertical temperature profile- is to acguir

accurate data that reflects the mean thermal conditi6ons for
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a particular season and region. Besides the acquis::z

techniques, the importance in precisely def in inQ cshe

regicnal bounda~ies is essenti al. Both temperature and

* sali-ni-ty should be used tc establish the limits of usable

data when applying correlation and regression analyses.

-Results of tle predicted thermal prof4lss l1ocatsd outside

*the data generation area, as defined by a ce-rtain region,

displayed a marked degradation in the lower thermocline and

*lower domain regicns. The predicted p.rofiles lccated near

the3 area generally portrayed -:he observed temperat:ure pro- -

files realistically within the spatial limits of 4~55 km

* about the original data.

The results of t he texporal accuracy of the predictsed

pr of iles indicate a favorable ability to forecast the t6he-:

mal structure wi.th certain limitations. The main limiting

fact-cr was the weather which must be included in the analy-

Sis. Clearly, when high winds pass th~cugh a region after

the vertical temperature data Is acquired, tche upper thermal

*structure will be altered. Two regions of the thermal pro-

*file that will be if fected are the dept-h of the mixed layer

and strength of the theraocli-ne. For short periods of abcu-:

one week, this upper dcmai4n I n the wate r column will
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primar.ly reflect changes due to -tbe wind aad free ccZ2VvcC-

-tive zixing. Per time scales cf greatez than a wezk, an

occasional thermal Intrusicn from the Subarctic or Subzrcpic

Region may be an additicnal factor that could altez the

thermal structure. Such advective processes would be dilffi.-

cult to forecast by the statistical method in :egions where

* large meanders and eddies cocur, but they should nct greatly

*af f tct a relatively quiescent area such as in. the Tran-

siticral Zcne.

An example cf another problem encoun-tered by this method

of thermal structure p re d I.c--I on from the sea sur-facs

temperatume is the process of heating at t-he ocean's sur-

*face, called the "after1ncon eff ect." F J a. 33 illustrates

* the difference in the predicted rvrofils's structure with -:he

*observed "a f errn con ef fec ." Sin-ce the sea surface

t-am~erature dsetermines the -thermal profile i-n this sta+. st46-

cal mcdel, an error is izerosed in -he subsurface structura,

throughout ths entire depth. With tile surface h e ain g

remo ved, tha predicted profile wculd closely resemble the

observed Frofile. The "afte1-irnoon effect"~ would greatly

hinder the ability of rescte sensIng to determine the sub- 0

suzfaca thezmal structure by this method.
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'The methcd of detsrmiring mixed layer depth was r-evie-wsd

to ensure that the best possible value was computad and used

4r. tle empirical scheme. As discussed earlier, th:. MLD pro-

vides a base for the variables D75, DT15, DT5O, DT100, DT,

DZ, DTBUZ and DZBUZ to define their values in the predicted

temperature profile. The cth-r variables SOT, TBOT, BUZ and

TBUZ, b.sides contributing to the construction of the pro-

file, provids a check to maintain coninu~ty with the MLD-

determined variables. Tle technique used in .his thesis to -- "

compute MLD caused no problems in the determination of the

thermal profile; however a comparison tes- of computing

mixed layer depth by the five different mathods, defined

earlier in Chapter IV, was conducted to ascertain which -

* merhcd is #.bq acst accurate.

All methods were provided with the same SST values from

the original data of -he rcrth-scu-h track and compared with

the ac-ual mix.d layer depth. The computed depths were then
correlated to determine the best tchn'que. Results frcm

the test indicated all methcds were surprisingly -qual. The

method used was chosen bacause of the higher correlaticns:

oetween variables. However, the simplist method, which was

the SST-derived wixed layer depth, with a corrsla-.ion coef-

ficient of 0.535, could have been used with squal success.
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V. CONCLUSIONS AN BECCHLIENDATIONS0

A. CONCLUSICNE

The sea surface temperature reflects many o-f -:he phys-

Cal Erccesses that govern the oceans. Use of rsmote sensir.g

to map the surface thermal structure of -he world's oceans

accurately and rapidly presently exists, but -:he lettermi'na-9

iOn or p-rec-se subsurface vartical temperature stucture

from thase surface sio~natures is unrealizzd. Possi'b'! vonly

in selected oce=an regions can insi;ght be gained in-o dele-

m~ing quantatv relaticnships for dir9ctl inferig h

subsurface fsatuzes from the sea surface -temperaturs. I r

relativsly quiet locations with unifocrmly changing proper-

ti :s, such as in the Trans it ional Zonea of ths Northeast

PaciJfic, many st:cng correlations can b-z obs--r:ved within th-a

thermal structure.

The results of the statist-ical analysis indicated -that

the strongest- relationships withn t!he= vertical temperature

prcfile eccurred with the thermally-dependent variables

(TBOI, DI, TEtJZ, DT BU Z) as t hey v a=rIesd with SST. The

depth-related variables (ELD, BOT, DZ, BUZ, DZ3UZ) displayed
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weaker correlaticns wit-h the surface temperaturs, bu-t tr ;rids

still could be observed through the thermal structure. The

use of scatter di-agrams tc assist in the correlati-on analy-

* sis Cf variables was necessary to establish regiJonal bounda-

r.i Cs and the best fit poin ts for the derivatilon of

* regression s~uat-oas.

An impcrtant regicn within the vertical temperature prc-

file is the tbermocline. In practical ter-:ms, isde pth,

srer:h and gzadient strcrgly influence --he propagation of

underwater sound. The predicticr of t:his structure by use

*of cnly sea surface temperature would grsatly enhance AS4

ca pability. Normally, within the Northeast Pacific, th s

correlation between SST and thezmocline depth is rno: very

h4 hgh; hcweve:r, in ths Transition Zone wit h uni--formly chang-

ngstcructure a reasonable predictabili ty can be obtained.

The thermccline variables (DT5, DT15, DT5O, DT103) all pro-

Vi ded tre nds freK which SS'I-relatad val~ues were computed tc

define -ths thermal st=,uc-_ire. Overall, the most :)rec-_4seLy

predicted region of the tezpserature profila was -:he thermo-

cdins. The depth may have varied du:-a to .nenlwave~s, but

the negati-ve tem~ezaturs gradient was accurate and realistic

when compared --o the obsarved structure.
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B. RECOM MEN LAlIC NS

In future research of this method, an expanded set cf

vertical temperature data from parallel or bi'sectIng -tracks

should be es-tatished as the data base for statistIcal an-al-

ysis. The additi14cn of an east-west track of data would pro- 7

vi-de latitudin~al trends whic-h could also be usged in th e

predicted temperature profiles. As in any data aquisiticn,

a consideraticn as to the minimum amount of data points -o

de termine th e thermal structure statistically should be

made. Meanwbile, a number of no less than 20 profiles over

a distance of 1000 km with spacing between poin-ts not to

exceed 50 km is recommended.

Cther suggestions -for model Improvement include adding

*dynamical and thermodynamical variables such as wind speed,

direction and duration, air temperature, radiation flux, and

.other atmcepheric effects which could alt:er the ocean ther-

Mal structure. Most of these factors can be detarmined by

rsmote sensing; data from other satellite sensors, such as

az altimeter, SAB and Coastal Zora ColorScnewhhca

measure sea surface signatures, should also be included.

To determine the limitat.ion of accuracy for the sais

ti-cally-dat-erminsd profile method, more stringent tests
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shculd be conducted which increase th-e spatial and rim:aec-

tors. in certai-n ocean regions on~e could possibly maa-4n

* reascnabJle accuracies within hundreds of kilometer-s and sev-

* eral weeks duration from -he acquisition of thermal data.

* Different ccean iccations should be analyzed and tested to

*destermine the pcssi4ble recions where the thermal profilss

Vary in an ordcerly fashion which can be easily modeled.

Areas where mescscale features, such as addias and fronts,

are constantly altering the water column by advactive pro-

cesses would be Foor candidates for this method.

Another reccmmendation is tc test --r o-ther siasons of

the year -to determine if the statistical approach would

*apply. The difference in the vertical thermal st-:ucture

from the heating to cooling saason is so great that possib'v

there could be cnly a cer-ain window of time that allows th-i

* sea surface temperature to define -the subsurface structure.

Finally, a met hcd fcr detetm Pning the occa::encs of;

large tzemperature inversicns in the Subarctic and T~ansition

* Regicns is needed. This important thermal feature., because

4f is vara-icn in magnitude, depth and location, affects

*greatly the propagation. of sound by fcrming a sound channel

*immediately belcw the t.hermocline. If this structure can be
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predicted thsn t1~e full potential of -she st:atistical me-hcd

of detgrairing subsurface thermal structure from sea surface

* temperature wculd be realized.
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AEPENDIX A

THERMIAL VARIABLES VERSUS LATITUDE/DISTANCE ALONG
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AEPENDIX B

BICLMEfICAI COMIPUTES PROGRAM1S (DIXON AND BROWN,

1979)

The EIC3ED stati6stical compu-te: programs were ua-ilizel

because of the simple and flexible programming p-rov-d=ed

in aralyzi.nq the thermal data. In constructing the vert'icaj.

tamperatuze profiLles, the stati sticaJ. analys is rsquired cc:-

rslati and regression eguatlo ccmputa--ion ar. sca-:-e=

diagram plctting cof the tbermal1 variab2.es.

Thme program initially select ed was I Stapw'ise Rsgrass'icn

-P2F.' 7hiLs program cciputes Simple statistircs, ..

mean, standard deviation, etc., correlat ion coeffi-cients andl

1- .,Far regression equaat-icns for any number of varilables.

Ths statistics used in ths computations a=ra definad as:.

* wear. x X,/

" s-andard deviaticn S

" the ccrrelat-6on ocefficiant, between two var-iables
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In simple linear rqgressi on analysis, where th-r i

only cne indejendent variable, the coeff6icients are d=---=r- -

mined by a lzeast squares method. The fozm cf --ha squaticas

ar S:

y A +Bx (where A and B are the lie:coeff-icients)

The BICN4!D computer program used to print tae regional

scatter diagrams is titled 'Bivariate (Scatter) Pl1o ts-

*P6D.' R-icressi:r equations for regressing variable x on y

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

the regressicni lines with the axis of the plot. This was

*ussful in analyzing the data t-o determine the be st fit fo r

* th-3 various :egicns. L~
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APPENDIX C

REGIONAI SCATTER DIAGRAMS - SST VERSUS THERMAL

V ARI ABL ES
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APPENDIX D

REGIONAL SCATTER DIAGRAMS - BOT VZRStJS THERMAL

VARIABLES
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APPENDIX E

REGICNAL SCATTER DIAGRAM~S - BUZ VERSUS THERMAL

VARIABLES
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APPENDIX F

OBSERVED AND PREDICTED THERMAL PROFILES ALONG
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