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while using limited resources, is the basic objective of this paper.

Satellite infrared imaging of the ocean surface has been used effectively to
map sea surface temperature patterns. Such sea surface temperature patterns
can be used, along with climatology, to identify subsurface thermal structure
in an ocean area according to results of this study. More accurate inputs can
be made to range dependent acoustic prediction models, thus improving the ASW
environmental predictions available to fleet users.
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ABSTRACT

Predicting the thermal structure of the oceans is of
importance to the Naval cactician, 1logistician, or search
and rescue coordinator. OUnderstanding the structure of the
oceans provides valuable insights to <+hose who must utilize
+he oceanic environment effectively in <*heir day +o day
operations.

Today, recent information about an area is limited tc
point observations of single bathythermographs. Pav models
produce an accurate picture of the ocean environmaent tha*
can be used for updating tactics 4> conform to a changing
situation. Producing a reliable predic*ion of corditions
for a large area, while using limited resources, is the
basic objective of this paper.

Satelli“e infrared imaging of the ocean surface has been
used effectively ¢to map sea surface +*emperature pattermns.
Such sea surface temperature patterns can be used, aliong
vith climmtology, *c identify subsurface thermal s*ructure
ir ar ocean area according to results of this s+tudy. More
accurate inputs can be made +o range dependen+ accustic
prediction models, thus iaproving <*he anvironmental
predictions available +o fleet users. is‘\
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ii A. PREDICTION OF OCEAN THEZRMAL STRUCTURE
) Attempts to predict *he vertical temperature profile in
3; a large body of water can be quite varied. A climatological

atlas may be used and a profile chosen which corresponds to
the location and time of 1interest. The climatology may be
L updated using an interpolation from one climatclogical
period to another. A recent asasura2ment in an area can be
used to modify the climatological pradiction, thus producing
a more +ime~-sensitive prediction. Masasurements which may be

1 used to to modify climatological presdictions are temperature
S: structure in the upper ocear and sea surface ¢temperature
a2 (SST) .

The bathy*hermograph (BT) providas a temperature profils
at a poirt, wvhile satellite measur=aments can provide recent
=2 sea surface temperature patterns over an area of interest.
A cosbination of climatology, recently-measured temperature
structure (ET), and satellite-derived SST cculd provide a
very —reasonable prediction of <+he vertical <+emperature
“Tn profiie for a body of water.

B. PROBLEM OF ACOUSTIC PREDICTIONS

.93 Accura*e predictions c¢f transmission 1loss depend on

path. The primary physically-measurable quantity which
affects sound speed (and thus transaission loss) is teapera-
ture. Temperature structure of th2 water is an important
fac+or in acoustic losses alorg a transmission path. There

o«
- accurate specifications of water masses along an acoustic
e

v is no way to gather tempera*ure profiles rapidly along a

o
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desired track. To measure temperatures along <+he tracks
aralyzed for the experiment discussed in thies <thesis
required 2 nipe-hour mission by a dedicated patrol aircraf:.
The operational fleet user does not have the luxury of dedi-
cated air assets to provide a detailed thermal description
of an area of acoustic interest,

Obvicusly, the eaployment of a dsdicated patrol aircraf:
loaded with a store of expendable bathythermographs is not 2
realistic solution to the problem of predicting acoustic
properties in various 1locations of the world. The use of
numerical models, relying on clisatological files, and modi-
fisd by recent observations, provides a (first guess in
predicting theramal structure. However, these amcdels require
time to produce results, and may “herafore not accurately
present the actual thermal structure.

If a coupling exists between conditions at the air-sea
bcundary and the depth of the mixed layer, satellites can
provide a means of rapidly surveying the sea surface in an
oceanic operating area. The satellite sea surface
observations could then be used to es*+ipate “he vertical
temperature sctructure thrcughout the operating area. If a
good linkage exists Dbetween sea surface conditions and the
mixed layer depth, <the accuracy and “imeliness of acoustic
predictions could be iaproved. Such ocean surface
condi+ions observable resmotely by satellite include sea
sur face temperature, ocean color, and topography.

C. EXPERIMENTAL BASIS FOR THIS THESIS

In Novenber and Deceamber of 1980, “he Naval Postgraduate
School conducted the Acoustic Stora Transfer 2and Response
Experiment (ASTREX). This experiment wvas conduc+ed as part
of the first s“orm Transfer and Response Experimens (STREX),
a Joint Iinvestigaticn by United States and Canada %o

1
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determine <*he effects on the air-sea boundary of VNorth
Pacific storas, and the converse (Ref. 1]. Figure 1.1 shows
the location of +“he ASTREX area in the context of <the
eastern North Pacific oOcean. Three £flight tracks wers
exanined vithin %his area. Bach track covered a diagonal
through “he central area of the square from the southeast to
tke northvest.
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II. CLINATOLOGY OF IHE EASIERN NORTH RACIFIC OCEAN

A. OVEPRVIEW OF THE EASTERN NORTH PACIFIC OCEAN

A
L2t eradetan .l

Much of the research conducted in the Bastern ©North
Pacific Ocean relies on data collected at Ocean Weather
Sta+ion "p® (OWS-P), locat=2d4 at SON, 145W, in *he center of
the Gulf of Alaska. The rese¢arch project reported hLere
cperated in an area of the North Pacific *o the east and
south of OWS-P. Tabata [Ref. 2] concluded that the charac-
teristics of OWS-P vere represantative of the waters in the
northeast Pacific region

Ocean Station "P" is situated north of the Subarctic
Current, well to the northwest of the divergence which is
formed when the West Wind Drif: apprcaches the North
American continent [Ref. 3)]. The Califorria Current is the
. " southerly component of the West Wind Drift after i¢ divides,
vhile the northerly componen:t foras *he Alaska Curraa+t and
continues i*s flow into “he Alaska Gyre [Ref. &].

The climatological description of <+he projec:t area
depends on a combination of multipla-year observations from
OWS-P ard observations wi*hin the area itself, The region
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ThWH

s from vhich “he data were taken includes the subarctic front
f and the source of the California Current. The California
- Current is a permanent feature in the observation area.

3 The obsarvation area may be described by three regions:
,é the Coastal, or Transitisn Region, extands from *he coast
: out to 130W; +he Subarctic Watermass extends sszaward beyonld
L the coastal zone to the north of 42N; and the Certral
3 Pacific Watermass is south of 42N. (Ref. S). Bcundacies
3 separating +“hese zones ar2 dynamic, and demarcation lires
by ' serve only as initial positions for observing variabili+y. J
. 17
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A seasonal change ir the 1location of <these boundaries
can be no-ed froa observations of climatological data.
S These seasonal changes can be related, in part, 'to weather
conditions in the Northeast Pacific. In the winter, the
v Aleutian Low Jdominates the atmospheric sea level pressure
patterns, and irn *he summer the region 1is urder <*he
influence of the North Pacific High. These systeas both
drive the prevailing westerly winds, which give rise *to the
West Wind Drift in the upper ocean (Ref. 7).

Although the boundaries do vary, the variation of the
boundary be*ween the Subarctic and the Subtropic vatermasses

is 1low. The position of <+the front was “"relatively
constant®, between 40N and 428, as observed by Dodimead ¢t
: al. (Ref. 8). Roden [Ref. 9] found the position of the
? front to vary from 40N to 458, and stated that this frontal

s position was highly dependent on the prevailing wind flelds.
5 This seess reasonable fcr a latitudinal boundary as the wind
direction remains predominately vasterly <£froa month ¢to
msonth, while wind speed in vinter is generally twice that of
sunmer [Ref. 10].

Dodimead ¢t al. found that *he coastal 2zone was amuch
smaller in vinter than in susmer [Ref. 11]. This could be
5 due in part to an increase in wind speed in wvinter (compared
to summer) along a longitudindal boundary tha%t is teraina+ed
by the coastal zone and North America.

B. WATER HASS THARACTERIST ICS

The region used for ASTREX contains three vater nmasses.
These are: 1) Coastal Water extending froam the coast to *“he
California Current (130W);: 2 Bastern Subarctic Pacific
Water extending southwvard to about U2N; and 3) Subtropic
Pacific Water to the south of 42N [Ref. 12].
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Dodimead ¢t al. revieved the area in teras of various
domains. This description shows three zones in ¢*he vertical
salinity structure: the upver 2zone, located above a pernmsa-
nent halocline, displays a seasonal variation; the permanent
halocline (100-200m) represents the second 2zone whose
vertical extent varies with latituds; balow the halccline is
+he lowver 2zcne, vhich begins at the salinity surface (S =
33.8 g/kg), and has gradually-increasing salinity and
decreasing temperature with depth. It displays less
seasonal variation in temperatura salinity than the
upper zone. (Ref. 13].

In the upper zone, the region is influenced by both
Coastal and Transitional Domains. The 1lower zone can be
partitioned into the Central Subarctic, Transi*ioral and
California Undercurrent Domains [Ref. 14].

The Tabata and Dodimead gt al. descriptions vary {in
approach, but results are sinilar for the wvatermass
structure of the ASTREX ragion.

and

1. BSatexpass Analvsis

The Coas<al Watermass, referrad tc as the Transition
Region by Sverdrup, Johnson and Pleming (1942), extends from
the coast of Califorria ¢> about 130# Longitude, vwhere it is

bounded by the Bastern North Pacific Central Water (or
Subtropic Pacific Water according to Tully, 1964).

Both the scuthward California Curren+t and <he
inshore ccun+ercurrent (Davidson Current) make “he
Transition Zone highly variable. By contrast, both the

Subarctic Pacific Water and the Subtropic Pacific Water have
auch less variability over time.

Predoainately during spring and upvelling
occurs off +he California coast. In regions of upvelling,
the sea surface temperatures in summa> may be lower *han in

summer,
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vinter, The Davidson countercurra2nt con«inues +o flow
northwardé during the upwelling season, but at depths greater
+han 200 meters. During the winter, the Davidsor Current
may extend to the surface= and flow northward <o abou* U8NW.

An examination of monthly mean depths to the +op of
the thermocline shows a dspth variaticn of 15 +o 60 meters
at +the end cf the upwelling season (July-September). A vari-
ation of 45 to 90 meters in the depth of the tharmocline can
be noted at the 2nd of the winter season (Januacy-February).
Addi+ionally, 4in all seasons, <he mixed layer deepens with
increasing distance from “he coast. (Ref. 161].

Close o the coast, in the Transition Zone, salinity
and temperature structures will be affected by both
upvelling and cocastal run-off. Wi+h increasing distance
fros the coast, a more stable structure develoos. West of
130W, salinities at the surface are 32,5 ¢o 33.0 g/kg,
increasing to about 33.0 %o 33.5 gs/k3y at 120 meters depth.

The Bastern Subarctic Pacific Watermass is charac-
terized by three layers. The upper layer (surface ¢o
approximately 100 meters) is seasonal in structure. In
vinter this layer is well-mixed, bnt in summer a sharp ther-
mccline and a halocline form in this layer. The second
layer is the "principal®™ halocline (from 100 to 200 meters)
vhich marks the tr-ansition from +the seasonal layer *o *he
"stable" deep layer. In the deep or lower 1layer (depths
greater than 200 meters), the salinity increases with depth
and the teamperature decreases. At 1000 meters depth, +he
temperature is 2.8C and salinity is 34.4 g/kg.

By contrast, ¢the Subtropic Pacific Wwater has no
persanent halocline., Rather, it shows a salinity decreasing
with Jdepth to a ainisum between 200 and 800 nmeters.
Teaperature is the dominating factor in the formation of <he
seasonal layer. The upper zone, which displays seasonal
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teaperature variations, extsnds to 2a dapth of about 150
meters, beyond which a2 persanent tharmccline exists. This
seasonal zone is isothermal to a depth of 150 meters in
early spring, shallowing to a dapth of 40 to 60 meters
during the summer and into fall.

2. Domaia Analysis

By partitioning the area into well-defined domains,
a nore detailed description of the water masses can be made,
However, there are few clear-cut boundaries in either the
upper or lower zones, and the halocline vanish2s in cartain
situvations (Ref. 17].

The upper zone of the “est region is a coabination
of Transitional and Coastal Domains. The Coastal Domain has
2 thermal structure which is very dependen* on location.
Such location-dependent ovrocesses as river run-off, heating
and cc.ling, and wind cause the Coastal Domain *¢ be highly
variable from place “o nlace [Ref. 18].

The Transitional Domain can be identified by rela-
tively warm waters (T>15C in suamer and T>7C ir winter), and
r2latively high salirnities (S>32.2 3/kg at the surface and
$>33.4 g/kg at the top of the halocline). In the tast
region howvever, the salinities may be somevhat 1lower
{Ref. 19] (as discussed earlier, aean salinities at the
surface in the +test region were 32.5 *o 33.0 g/kg:; at %he
top of the halocline *the salinities were 33.0 ¢o 33.5 ag/kqg).

Based on the domain descriptior, the upper zore of,
the test region can be characteriz=q by a layer c¢ wa<cer

approxisately one hundrad metars deap, which varies -
seasonally. This upper zone shows ar increass of salinity
with depth <o the halocline whan it axis<+s. An even

s“ronger increase of salinity occurs through +he halocline
(.003 g/kg/a < GRAD (S) < .008 g/k3/m). At “he bo~%ca of
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the halocline the salinity approaches 33.8 g/kg. Also, a
temperature ainimum may occur a%+ the bottom of the upper
layer [Ref. 21].

The upper zone respords to atmospharic affects and
shows much more variability than doss *the lower 2zore. The
halocline acts as a "permanert boundary" between <*he upper
zone and the lowver 2zone. Coampared to the upp2r zone, the
lover zone has a stable salipity structure. ([Ref. 22].

A second halocline foras in +he upper 2zone during
the summer. This halocline begins at 10 *o 30 meters depth
and is due to the mixing effects of “he light summer winds.
Below this secondary halocline (which <can extend +*o0 75
meters), “he water is nearly isohaline down to the principal
halocline (100 to 200 meters depth in <+he Subarctic Water)
(Ref. 23). '

The lowver zone of the test region can be partitioned
into (a* mos*t) three domains, depending on the season.
These lower domains are tha2 Central Subacctic, Irarnsitional,
and the California Undercurrent [Ref. 2&].

The Central Subarctic Domain is typical of tke liower
layer water in +he northwast cornar of the test =cegion.
This is also the water type associated with OWS-P. Dodim=ad
et al. identify this domain as water underlying a
vell-defined halocline. At OWS-P, the halocline is defined
by a salinity gradien+ of 0.01 g/kg per meter. The salinity
increases with depth very slowly in the 1lower 1layer
{Ref. 2513

The Transitiomal Domain underlies its surzface
counterpart throughout the southern half of +he test region
and also extends through the northeast gquaz*er of +he
region. Near the coast, both this domain and the California
Ondercurren* can exist. The Transitional Domain is s+trongly
influenced hy the major geostrophic currents in <+he area.
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It 4is a narrov band underlying the West Wind Drif+ and
broadens as this curreant separates “c form +the Alaskan and
California currents. . In the Transitional Domain the
halocline is less pronounced than in the Certral Subarctic
Domain. The Transitional Domain bridges the gap betveen the
strongly-layered Subarctic Water and the Subtropical Water
vhich has no dis+inct halocline (Ref. 28].

The third lover domain pressnt in the test area is
the California Undercurrsnt Domain. As the naae iamplies,
this dosmain is influenced principally by tha subsurface
countercurrent vhich runs northward near the coast. The
countercurrent originates in the wara wvater of the Eastorn
Central Pacific water. Dodimead 2ot al. characterizes
California Undercurrent water by teamperatures greater than
6C on *“he 34 g/kg surface of salinity, as opposed to the
Transitional Domain defined at a salinity of 33.8 g/kg with
temperatures less than 6.5C [Ref. 29].

3. Ieppezatuze Siructure

The salinity structure of <%the eastern North Pacific
provides a relatively stable basis for defining water masses
in the area. However, characte-ization ¢f wvater masses
requires a salinity-temperature relationship as well. Ths
true variability of acoustic conditians in the eastern Nerth
Pacific must come from periodic and/or random variations in
temperature vwhich are superimposed on the basic densiey
structure determined by salinity. 0f course, salinity
variaticns may be of importance in the coastal regions %00,
vhere siginificant in+trusions of fresh wva*ter or more saline
upvellad vater mey occur.

At OWS-P, the teaperature of the upper zone has an
annual periodic variation, reachiny a maximum in the late
sunner, and a ainimum in late winter. The maximum annual
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teaperature variation noted between 1956 and 1962 was abou+
9C. Variations of temperature in “he entire upper zone
folloved the same Cycle as sea surface temperature,
appearirg *o be in phase with ¢tha periodic sea surface
teaperature variation (Ref. 30].

As with salirity, <he temperature variations are
greates: ir ¢he upper zone., The tamperature range decreases
fron a paximum of 9C in the upper SO maters “o less than 3C
variation a+ 125 naeters 1sp*h. Below the bhaloclire, the
small temperature variation with depth (gradient) should be
reasonably well predicted from monthly climatological data.

In *he upper zone, a saasonal thermocline begins to
develop in spring with ¢he advent of the heating season.
The 4isothermal March layer becomss a two-layer nmediums
through April when a seasonal <thermdscline begins to develop
at abou* 30 meters. This seasonal *herwocline reaches a
maximua depth of about 50 meters, dapending on the s*rength
of <+the prevailing winds, but car be expected *0 occur
between 30 and SO0 meters during +he spring ard suasmer. The
thermocline shows the strongest gradien* in late <summer
(August-Septsmber), when it is at i+s shallcwest 3ep4h (30
meters) [Ref. 31].

With ¢the advent of autumn, the cooling season
begins., The seascral thermocline deepens “hroughout the
cooling season due to the effects of colder surface vater
and increased aixing caused by the strong winter winds.

The seasonal thermocline foras, coincidernt wi«h the
formation of the secondary or seasoral haloclire. This
*hermocline is very stable, and hence, ¢the structure of %he
upper zore is quite predictable [Ref. 32]. The seasonal
thermocline and persanent halccline loca“ions can be used as
inputs to predict the vertical structure of ¢the upper 100
meter layer during the heating and cooling seasomns. Sea
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sur face <*emperatures may provide input ragarding the
strength of the seasonal thermocline (gradient) sirce both
the layer thickness and ths temperature at th2 bottom of tha
theraocline remain relatively constant.

Characteristics of the Subarctic Water are found in
the vaters which comprise <the Transitional Domain. Haters
in ¢he Coastal Domain, on the other hand, will vary from the
Subarctic Water structure. Coastal Waters remain very near
the coas:t in winter, but extend further seawvard in the
susmer. The primary effact of mirqling Coastal Waters with
Transitior Water will be on salinity structura2. The Coastal
Water tends to be 1less salipne +han Traasitior Watar. A
- vinter section of temperature and salinity takem through the
test region in 1959 indicated a narrow 2zon2 of coastal
irfluence (to about 130W), which showed as an incresase in
temperature and decrease in salinity from <+the Transitional
Domain. A summer section at the same latitude <chowed 2
strong coastal influencs sut %o 130W; +the temperatures wvere
such varser and salirnities much 1lower in the Coastal Domain
A than in the Transiticnal Domain.

C. METECROLOGY OF THE EAST ERN NORTH PACIPIC OCEAR

The discussion of +the meteorology of the ASTREX region
} and the northeast Pacifiz Ocean will be 1limited to factors
vhich affect aspaceborne instruments, rather than those
o factors which influence the circulation and heat transfer in
. +he area.

ﬁ The most obvious path interference encountered ty a

spacetorne instrument is atmospheric moisture in +the fore of
clouds. During ASTREX, clcuds obscured mos+ 2f the satel-
lite field of viev on every measureaent day. Since the
i purpose of the experiment involved studying the effects of
Nor+h Pacific storas, cloudiness was an unavoidable obstacla
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for the secondary mission of coaparing satellite data to In
Situ observations. Winter cloudiness in the North Pacific
is a mador problem for visual and infrared imaging of the
ocean surface.

The neteorological phenomena vhich dirsctly affec+
space-based ocean viewing instruments are aeroscls in the
. fora of moisture ard salts. Meisture, in its cbvious forms
: of clouds and rain, severely degrales passive observation
| instruments which rely on visual c¢r irfrared energy.
g. Passive microvave radiometers suffar degradation when the
& vieving area includes severe rains.

The Navy Marine Climatic Atlas of the World [Ref. 33)
was consulted <o deteraine climatic conditions in <the
Bastern North Pacific in November and December. Por both
months, cloudiness greater <+han 4/8 can be expected about*
four days in five. This represents a severe degradatior for
visual and infrared imaging cf the North Pacific waters in
Soveaber and December.

Precipi*+ation reported 1in the Atlas increases from 19
percent in November +o about 2u4 percent in D2ceaber. In

other words, rain occurs about one day in fiva in Ncvember
and one day in four in December. Rain constitutes an inter-
ference effect for passive microwave systeas and total
degradation for visual ard infrared sys+enms.

Relativa humidity was r2ported as greazer +tharn 90
percent cne day in ive in November and one day inr four in
Deceaber. This follcws the precipita*ion variation. Maunl
and Sidran [(Ref. 34] reported on effects of water vapor at
4SN and 60N. Prom their Tepor+, water vapor conten*t in the
atmosphere over <*he Bastarn North Pacific (between ao¥sou)
can cause a teamperature eorror of the order »o5f 2 degrees
Kelvin in winter and 6 degreas Kelvin in summer. These
errors represent the difference between uncorrected
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satellite sea surface temperature obeservations and actual
sea surface temparatures.
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IIT. SATELLIZES IV OCCANOGRAPHY

A. INSTROMENTS FOR OBSERVING THE OCEBANS

1. Yisuyal and Infrared Imsaging

Sevaral series of satellites have both visual and
infrared capabilities. Aaong these satellites are the GOES
series, NINBUS series, and NOAA ssries. Stevart (1981)
presents an excellent summary of satellite instruments used
for oceanography. He also lists th2 satellites vhich carry
oceanographic instruments and the specific ins*ruments each
satellite carries [Ref. 35].

The Geostationary Observa+ional Environmental
Satellite (GOES) systaa is composed of “wo satelli*es in
geosynchronous earth orbits over ths equator. The satel-

lites, designated GOES-East (subpoint at 75 degrees vest
Long?i tude) and GOBS-West (subpoint a+ 135 degrees wes*
Longitude), scan the earth, with overlapping coverage over
the Americas, from Africa to <+the western Pacific Ocean
(Ref. 36].

The GO®S sa%tellitas, using the visible and infrared
spin scar radicmeter (VISSR), can scan the full disk of the
earth in 18.2 ainutes and generate an image every thirty
minutes [Ref. 37). Pigure 3.1 is a visual image produced by
“he GOES VISSR. Tabla T 1lists “he spectral channels and
zesolutions for the VISSRA. Pigure 3.2 presents the atmos-
pheric transaission windows for the +visible and infrared
portions of the electromagnetic spec*runm.

GOES can provide near-real-time coverage of oceanic
areas in the Atlantic ard Pacific Oceans. GOES imagery was
utilized during the STREX experiaent as a meteorological
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TABLE I

Vvisible and Inftared Spin Scan Radiometer (VISSR)
hann e liz tisn.

Channel Spatial Rgsolution Wavelength

(at subpoin (aicromaters)
Visible 1 ka 0.55 - 0.75
Infrared 8 ka 10.5 - 12.6
iet 1 st s 1l resolu*ion_for the visi ble
gha ai ?% 0. gg i lgles, and S nrau* llcal pilas
or the in ra'ed channa R

aid. GOES images of sea surface temperature are useful for
studying oceanic circulation, but the spatial resolution is
not as good (8 kn) as ths resolution from satellites irn low
ear*h orbits, such as NOAA-6 (1.1 ka rasolution at infrared
wvavelengths).

The Nimbus~7 spacecraft carries the Coastal Zone
Color Scanner (C2CS), which is a2 visuyal radiation instrumen<+
centered in specific vavelength bards to measurs:
concentra+ions of phytoplankton in the ocean. Table II
shovs the wvaveleng“hs for indicated C2CS channels.

The Advanced Very High Resolution Radiocameter (AVHRR)
is a five-channel instrumen®t used on the NOAA-6 ard NOAA-7
spacecraf:. The AVARR on the NOAA-6 has one visual channel
and three infrared channels (the fifth channel is a repeat
of channel four). NOAA-7 utilizes all five channels. The
AVARR has a ground resolution of 1.1 k» in all chanrels. 1In
the day%isa, <+he first two channels (visible and far red to
near IR) can be used to filter cloud-contaminated infrared
Reagureaents. Channel three (3.5-3.93 um) can ornly be used
at nigh%t because of severa ccntamination by reflected solar
energy. Channel four (10.5-11.5um) z=an be used day or nigh:
for seasuring sea surface temperatur:.
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TABLE II

Coastal Zone Color Scanner (CZCS) Channelization.

Channel Wavelength (microaeters)
1 0.433 - 0.453 blue)
2 0.310 - 0.530 green
3 0.540 - 0.560 gr een
u 00660 - 0-680 red)
5 0.700 - 0.800 far red/nsar IR)
6 10.5 - 12.5 far IR)
Not e: .
1. Channel 6 failed in 1979.
2. Resolution is approxima*ely 1 km for all channels.

Table III is adapted from bo+h Referance 36 and 37.
It lists <+he AVHRR spectral channels for the AVHRR/1 and

AVHRR /2.

Char

—

D VEWN

Not

2.
3.

TABLE IIT

Advancaed Very High Resolution Radiometer (AVHRR)
Channalizatiosn

nel Wavelength (micrometers)

0.58 0.68 visibl

0.;25 - 1.10 ?5 regl'ear IR)

3.55 - 3.93 | B dle

10.5 - 11.5 ar IR}

11.5 - 12,5 far IR
Spatial resolution a*t sa*ellice subpoint is
0.5 nau~ical miles (1.1 km).
Chanr2) 4 wavelength is 10.3 - 11.3 um for all
AVERR/2 instgunents.
Channel 5 added to further enhance sea surface
measurements in the tropics.
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The noise equivalent temperatur2 (NETD) of “hs AVHRR
is less than 0.12 degrees Kelvin for a 300 degree Kelvin
scene [Ref. 40]. The temperature sansitivity for the chan-
nels is approximately 0.5-degrees-Kelvin when viewing a
300-degree-Kelvin scene. Since the noise equivalent +emper-
ature of the system is less than the temperatur2a sensitivity
of the channels, identification of thermal gradients orn +he
order of 0.5-degrees~-Kelvin per kilometer is feasibhle.

In Chapter «wo, the mwmeteorslogical phencmera which
interfere with visible and dinfrared imagery of the ocean
surface were discussed. The following discussion deals wi<«
the AVHRR and tachniques used +to coaspensate for atmospheric
effects. The AVHRR measures a "brigh:iness ‘eamperature® of
the sea surface, and the actual temperature can be computed
using physical radiation laws, The sea surfaca temperature
is calcula*ed from the brightness “2mperature by correc=ing
for attenuation and 2smission of +he a*mosphera. The
radiometer is calibra<ed on board the spacecraft by having
the instrument view deep space (approximataly
2-degree-Kelvin black body), and the radiometer housing
(monitored by “hermis<tors). The mul“i-channel simul“aneous
imaing of <+he sea surface forms *he basis for <*he a*mos-
pheric corrzctions used for “he AVHRR mezsurements.

Deschamps arnd ° hulpin fRef., 41] proposed a
multispec-ral correction method which is “he basis <€or the
AVHRR measursemen* accuracy of sea surface *emperatuce. The
simultaneous solutien of thres different "window"
measuremen*s removes many =ncn-linearities causead by
atmospheric effects and approximations used 5 calculate
radiances. The cost of improving atmospheric correc+ions is
an increase in ¢he noise -equivalan* temperature of the
sys-en.
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The AVHRR/1 (NOAA-6) uses tw> bands for analysis and
atmospheric corrections. The analysis bands are channels
three and four. Bach channel has 13 different respons2 *o
vater vapor in the atmosphere. The variation of response of
the two channels makes the corrections more reliable.
However, channel +hre2 operates very near the five
micrometer wvavelength where solar energy is about equal to
the enmitted =2nergy of a 300-degre2-Kelvin black body (sea
sur face) . Therefore, channel thr2e is a rnight channel.
Channel four can be used day or night.

leitao et al. [Ref. 42] discuss the use of satel-
lite infrared imagexy +o locate +*he northern surface
boundary of the Gulf Stream. They conclude that “he maximum
sea surface temperature gradient is a good approxima*ion to
the location of “*he northern boundary.

A problem with d2termining sea <surface “emperature
gradients from space is the variability of *he atmosphere.
Maul (Bef. 43) discusses the effects of the atmosphere on
ocean surface thermal gradients. In a moist atmosphere, a
thermal gradient can be reduced to lsss +thar half of izs
actual value by the atmosphere.

2. Passive Microwave Radiometry

Thae latest instrument used for passive miccowave
observa~ions of <the earth is the Scanning Multi-frequency
(channel) Microwave Radiometer (SMMR). This instrumen+ is
operational on NIMBUS-7. Sea surface +“emperaturles ar=2
calculated from brightness temperatures measured at 6.6
gigahertz (4.54 cm waveleng<th). At *his frequency, spa=ial
resolution is generally considered to be 150 kn. Tes*:
results of “he NIMBUS-7 system inlicated that ra2solution
cells for the 6.6 GHz channel wera 157x156 km (Ref. 44].
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Lipes [Ref. 45) czsferred to <¢he detrimantal effects
of rain and sunglint (reflec*ion of the sun off of ¢the water
surface) on <*he SEASAT SHMMR (a similar instrument 3is on
NINBUS-7). Rain and sunglint caused “h2 SMMR derived sea
surface temperature to be much higher than the actual sea
surface temperature. Areas without sunglint or rain were
mora accurately measured by the SEASAT SMNMR.

In addition 40 probleas vwith rain and sunglin%, the
SMMR is also susceptible *o radio frequency interference
(RFI), ard severe sidelobe contamina*tion within 600 km of
land [Ref. U61]. Inproveaents in the instrument desigr and
in *he ground-based processing design would reduce the side-
lobe contamination problea for the SNNR [Ref. 47].

3. sSatellite Radar Altinmeter

Satellite altimetry presents ar active approach to
lccating water mass boundaries and other density related
anomalies in the oceans. The satellite meoasures heigh*
above the surface of the sar+h, Thase da*a, combinad with
the orbi+al parameters of the spacecraft, form the basis fcr
measuring the height of <the s2a surfacs along +he
sub-satellite <+rack. The radar altimeter maps the
+topography of <the ocean along ¢th2 satelli*e ground track,
sinrce the instrument is fixed at nadis and does no+* scan
acreoss track, The oc=2an topography is the difference
bet veen the sea surface and “he geoii. Surface gecs“rophic
currents can be derived from the ocsan topography generated
by a radar altimeter.

Al*imeter height measurement uncertainities exist
due to atmospheric propagation and ionospheric effects,
local devia<ions of the >cean surface topography £from the
geoid, and inaccuracias in “he satesllite orbit. Density
gradients associated with geostrophis currents accour+t for a
small part of the topographic variatisns (Ref. 48].
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The SEASAT altimeter, accurite to 10 cenzimeta2rs in
absolute altitude measureaent, was an excellent irns-rumen¢
for measur ing the location of surface geostrophic curcents.
The GEOS-3 altimeter, accura*e to 50 centime“ers in absolute
altitude, was capable of locating thke slope associa*ed with
the Gulf Streaam by using an averaging process [Ref. 49].

The altimeter is a promising instrument for the
future, It is capable of detecting westarn bourdary
currents such as the Kuroshio, but the error of the heigh*
seasurement is s<ill larger than the signal generatad by a
wveak curren:. A western boundary current will cause the se2 -
surface to rise one meter over 100 kilometers, A 10 cen+i-
meter accuracy of height maasuremen*t is required to measure
such a slope of the sea sur face accurately. When the slope
of <*+he sea surface is an order o5f magnitude less than
1a/100km, more accurate hei ght measur=2ments are required.

B. OTHER INSTRUMENTS POR OBSERVING THE OCEANS

This chapter has bean directed toward thos2 instruments
wvhich may be of impertance to the probleam of predicting <«he
mixed layer depth f-om sea surface “2mperature. The problem
is much aore complex than cause and &ffect between sea
sur face teaperature and mixed layer depth. This repert is
limiting *he scope of ths investigation 4o ascertaining a
relationship between sea surface +2mperature, ¢thermocline
- gradient, and mixed layer 3depth, if indeed one 2xists,

The problem <can be expanded ¢o irclude “he effects of
vind aixing and heat budget. The space “echnology needed %o
provide observations of wind speed, wave height, and :emper-
ature has been demonstrated on SEASAT. The SMMR can provide
information on the wind speed, in addition ¢5 sea surface
teaperatures. Besides sur face topography, the altimster on
SEASAT cculd provide information on significant vave height.

T
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Additional instruments on SEASAT provided wind velocity
(Scatterometer), and surface vave 3irection and wavelength
(SAR) . The Scatterometer (SCAr) and the Synthetic Apera+ure
Radar (SAR) are active microwave imagers and not subjec*: to
many of the probleas encountered by passive systeas.
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Iv. EXPERIMENTAL DESIGYN

A. OBJECTIVE

The objective of this investigation was to determine if
a relationship between sea surface temperature, sasixed layer
depth, ard thermocline gradient could be established. By
revieving the climatology of the area, and including +he sea
surface temperature patterns and sub-surface structure, an
eapirical approach ¢to forecasting the extent 9f <*he aixed
layer from surface observations and limited bathy+hermo-
graphs was to be developed.

Legeckis and Gordon [Ref. S0O)] found “hat+
satellite~derived sea sur face temperature frents
correspond ed to deep-raaching subsurface teaperature
structure. They also concluded that thke observed mamixed
layer depth correlated with “he surface teaperature pat+eras
observed for the Brazil Current and two warm core eddiss,

Blackstone and Whritner (Ref. 51] s+udied the persis-
tence of observed sca sur face tamperature patterns to a
depth of 1000 feet off the coast >f southern Califorria,
Air-dropped Expendable Bathythermographs (AXBT) vare
eaployed “0 examine regisns which iisplayed a s*zong sea
sur face temperature gradient in Defense Mesteorclogical
Satellite imagery. The AXBT's provided observations of the
vertical temperature structure associated with «he
observable sea surface tempera“ure patterans. From analysis
of tempera*ture patterns a+ various depths, Whritner and
Blackstcne observed that the temperature gradiant associazed
with sea surface teamperature pa+tterns was still recognizable
a: 1000 feet.
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Leitao et al. [(Ref. S2] £fcund that +he maximum sea
sur face temperature gradiant (as obsarved from space) was
useful for approximating the northsrn surface boundary of
ths Gulf S+*reanm.

B. DATA ACQUISITION

In November and December of 1980, the Naval Postgradunate
School conducted the Acoustic Stora Transfer and Response
Experiment (discussed in chapter v . As part of this exper-
iment, Air-Dropped Expendable Bathythermographs (AXBT) were
placed along the same track on six lays. There were three
flights in Novesmber, covering +the center track. In
December, another three flights were conducted. The center
track was again covered “hree times, but on the 1last two
flights, tracks offset froa +the center also wers flown. The
offset tracks necessitated a reducticn in the number of
stations which could be taken alcng 3aither <he center *rack
or the offset track [ Ref. 53].

Satellite observations of sea sarface <“empera“ure were
collected from infrared imaging by <*he Advanced Very High
Resolution Radiometer (AVHRR) on board *he NOAA-6
spacscraft., AXBT's were ©placed 2long a 1000-km track (a:
55-ka intervals). The data from +he AXBT's were digitized
in five-meter increments o>f depth (s2e Pigures 4.1 and 4.2),
and the printed output was used “o construct the vartical
cross~-sections of temperature used in this *hesis.

In addition “o temperature souniings collected from the
AXBT's, soundings were made from a research vessel in <he
operating area using a Neil Brown conductivity temperature
depth (CTD) wicroprofiler [ Ref. 56].
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C. DATA ANALYSIS

1. Data Plots

As a means of beginning an analysis of the possible
relaticnship betveen sea surface <te2mperatura patteras and
corresponding patterns oS>f wmixed 1layer depth, var+tical
cross-sections of <*emperature for each £flight <+rack in
ASTREX vere construc+ed. In addition to these transec:s,
sea surface temperature was plotted by positicn along *he
flight track as well as aixed layer depth. A correla%ion
vas noted visually between ¢track position and both sea
surface teaperature and sixed layer iepth.

The measurements taken with the CTD were in <+he
nor+hvest ccrner of the ASTREX region. A PFlzet Numerical
Oceanography Center salinity profils for *he track (Figure
48.3) shous very 1little variation of salinity profiles
between stations 2 and 13. Since <the wvariability of
salinity in the Northeast Pacific is 1ow, the soundings
vhich were “aken with the CTD were assumed to be reasorably
representative of the area,

2. ssatistjcal Proceduge

Sea surface temperatures and nixed layer depths were
taken from Kilonski's [Ref. 57] digitized depths of +he
isotheras. The mixed layer depth at a location as reported
by Kilonski sometimes showed a variation of one me*er
between the two data €formats (digitized tampera“uces a-=
five-netér increments vsS. digitized depths of the
isotherns).

To examine variations with position alcng the track,
the outermost station on each flight was assignaed as *h2
origin. All other statisns were 1listed by (nau*ical aile)
distance from the origin. For examplz, station nine was the
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outermost station on 19 Noveamber. It was assigned th
) origin position (0.0) for that fligh*t +rack. The ad jacent
j} . station (seventeen) is thirty nautical miles from station

1]

= nine. Therefore, its position is listed as thirty (30).
-i ‘ In addition to position, s=2a surface temperature,
il and aixed layer depth, the gradisrt 2t the thermocline was
considered a recessary factor to include in the list of
- variables., Four depth intervals wer2 selected for computing
&. gradients in the thermocline. Th2 variations of gradients
with track position are plotted in Appendix A (November
tracks) and Appendix B (December *racks).

& From the vertical cross-sections, an initially small
o interval vas considered necessary for computing the
t! gradien+, The smallest interval available from Kilonski's

fl data vas five nmeters. Since the mixad layer depths did not
- fall on multiples of five meters, *“he first level above +he
reported aixed layer depth was used as a reference leval for
coaputing temperature changes at tha “op of the thermocline.
fcr example, if +he mixed layer 3epth was 67 meters, the
temperature at 65 meiers lepth was used as th2 temperature

at the top of the thermocline. T> swmooth gradient varia-

tions caused by this method of defining +the temperature at
th2 top of the thermocline, gradisnts were also coaputed
over intervals of fifteen, fifty, 2and ore-hundred meters.

vew
v e
.

L A
i
2 a2

.«.'~‘~T-.'-II".'

The computed temperature changes are 1listad in
various +*ables associa*ed with each fligh* track. The
normalized values of gradient comput2ad €rom zach interval

LIRS
»

- are listed in Appendix C.

Q The da:-a aralysis wvwas done using the interactive

S statistical computing system MINITAB [Ref. 58]. Basic

ﬁ statistics (means and standard deviations), corcela<tion, and

: linear regression analysis were pearformed for each fligh*
track. MINITAB correlation of data resulted In +the
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computation of the correlation coefficient (r) as discussed
in Miller and Preund (Ref. 591).

Three models of amixed layer depth were daveloped for
each flight track. These models wsre simply the least
squares regression cf mixad layer depth as a function of sea
surface tempera*ure, position, and gradient in the *hermo-
cline. If the correlation between sea surfacs temperature
and mixed 1layer depth was weak, <then <he model of mixed
layer depth as a function of sea surface +*emperzture was
ignored.

Regression analysis in MINITAB yields a curve and a
coefficient of determination as a measure of “he goodness of
the curve-fit (the coefficient of determination is the
square cf the correlation coefficien:). To avoid confusion,
each of the measures of correlation between various coambina-
tions of parameters will be identified whenever used.

D. OBSERVATIONS BY PLIGHT

1. Elight Irack Op2

The vertical tamperature cross-section for flight
track one is shown in Figure 4.4. Ten sta*ions were used
to construct this profile. Isotherms *terded to be desper
rearer the coast than out at sea.

A varm water pockat exists betweer stations four and
+*wo. Tkis warm pocket parsisted through the vertical exten*
of +*he scundings be“veen these statiosns.

Figure 4.5 shows both the se2a surface “emperature
and mixed layer depth along the flight +track. A possible
correlation betveen sea sur face “cemperature and mixed layer
depth along the flight “rack is suggested by the variations
of both with posi+ion along the track (r = 0.33).

51




Station Number

— ¢ ¥ §-F % ¥ %

(w)H1430

Pigure 4.4 Vertical Temperature Cross-section
(15 Novesmber| .

52

.......... . e e - - . . - . - .
BV . ST L . . X . . . .
L L2 - T D R T N T Y T T T T T Y T e




B T T R e B e ) “a
e el AT Wt W . - B

-t e

TN TR TR TN T N T g—.
- . .« . et . PN . . .

et e ta s

R

TEMPERATURE (©)

2 ' @2 L

e

8 = ' Q
| §

v ¥ ¥

’,....-o“"'

Station Number

S

L]

2 .
(w)H1420 ' !

t,

Pigure 4.5 .5
igure (15 November).

xed Layer Depth and Sea Surface Temperature

53




bocs
3
i

, S—
. . . : P .‘ . N

Creng .

“ll
d.“.
S
R

Por £light ore, 2 strong n2gative correlation (r =
-0.818) exists for the gradiert computed from the upper five
se- ers of the thermoclinse. This sugges*s that the ipitial
gradient a+t the *hermocline weakens in *the transition region
(coastal vaters). The weakening of this initial gradiernt
could also be due to the presence of a waram meander cr eddy
as suggested by the vertical temperatur2 cross-sectiorn.
Table IV lists, by station:
1. pcsition relative to> the most-seaward buoy:
2. 8ixed layer depth;
3. sea surface tempera:ure;
4. <temperature change in the upper five mesters of <+he
thermocline (4T/5);
S. temperature change in the upper 15 meters c¢f +the
thermocline (4T/15);
6. temperature change in the upper 50 meters of *“he
*thermocline (dT/S0); and
7. *temperature change in <the upper 100 meters of <*he
thermocline (4T/100).
Table IV is <*the matrix which was manipulated <o examine
correlations between various elements in the problem, and
was a source of values Iin regressisn analysis for model
equations.
Attempts to fit several equations for mixed layer
depth were made using various measurable gquantities. The

results are listed in Appendix D. Table V lists *ha model
variables used and provides <+he compu“ed coefficien%t of
determination for each model. The aost striking rela+ion-

ship occurred for a fit 5f mixed layer depth as a function
of “rack position, sea surface *“emperature, and gradient
from 100 metars. The ccafficient »5f determination for the
fit was 0.88. The correlation (r) between MLD and the €func-
tion of <the <three variables was 0.94. Posi<ion and
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TABLE IV

MLD, SST and Gradients at the Thermocline, 15 November 1980.

Buoy Position MLD SST dT/5m d4dT/15m d4T/S0a dT/100m
540 3 13.81 1.15 .86 3 9 4.6
5 480 6 15.88 1.4% %.69 3.6 5.9
4 420 S9 14.86 1.13 3.14 5«35 6.82
5 360 45 14,43 1.56 2.58 4.01 5.06
6 300 62 14.32 1.70 3.64 5.27 6.49
7 240 ST 13.41 2.52 3.36 4.22 5.92
: 3 180 61 13.27 1.94 3.33 4.49 5.66
9 120 51 12.52 2.u8 3.04 4.01 5.30
] 10 60 53 12.33 2.67 3.66 4.74 5.49
& 11 0 54 12.09 1.99 2.88 4.09 4.79
: Notes: . .

1. Buoy column indicates station number in vertical
tenp rature_cross-sections.

2. DPosition column lists the range (in nautical miles)
from the most seaward buoy.

3. d4dT/5m is the temperature change over the firs: five
meter interval in the thermoclin2; 4T/15 is the
temperatura change over the first fifteen nater
interval in the fhermocline; dT/50 and dT/100
follovw in the same manner.

TABLE V

8odels of MLD for 15 November.

Coefficient of De+ermination
0.111
0.818

Model Variables
SST
SST, Posi

SST, Pos!
Gradient"

Notes:
1. SST is sea surface taom
2. Pos *}on refers to sta

ive o +
3. Gra

ition
ftion
(100f 0.880
erature,
ion sition
he most saaward station.
fant é refers to the gradient
conputed rop the upper 100 métars of
+he thermocline,
The coefficient of determipation will equal

4.
one for a perfect fit of the curve *o data.
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temperature are easily measured by satelli*+e. Gradient “hen
becomes *he primary factor of uncer+ainity.

2. Elight Tzack Iwo

The vertical temperature cross-section for 17
November is shown in Figure 4.6. Twanty-three stations were
used to construct this transect. The prcfile is in*eresting
for three reasons:

1. This flight has n> observational "holes" along the
track;

2. Satellite imagery from NOAA-6 is available for a
portion of the track:

3. The vertical tenperature st.ructure of a
satellite-observed sea-surface-+emperatur2 anomaly carn
be studied.

At <he top of the thermoclin2, the gradient appears
strong between staticns 13 and 16 (isotherms are densely
packed). Beginning at station nine, the isotharms begin ¢o
diverge. This indicates a weakening of the gradient in the
upper five zo fifteen meters of the <*hermocline. As with
fligh+ ore, “*he initial gradient (from five meters) is
inversely correlated with position alceng this track. The
ini«ial strangth of <+he gradient at the “op of the “hermo-
cline decreases “owards tha coast.

The loca<ion of the divergence of the isotheras a*
the top of +“he thermocline (station 9) corresponds to the

loccation of the change from the Ce2n-ral Subarc+ic Domain to
the Transi+ional Domain as presentad by Dodimead e+ al.
Pigure 4.7 is a plot of sea surface “emperature and

'.v
P adrht it

WP T S SN |

G '

mixed-layer-depth variation with position. Prom station
nine %o station twenty-one, the sea surface temperature
increases almost linearly with position, wvwhile mixed layer
dep+th fluctuates around sixty meters. Satellite imagery
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identified a warm meander between station four ard sta*+ion
twventy-+vwo (FPigures 4.8 and 4.3). This shows up as a rapid
increase in sea surface “emaperature over a (longer) dis‘ance
from s+-ation four to station three. The sea surface
temperature reaches a maximum in the vicinity of station
three, ard then falls rapidly across the southeast wall of
+he meander. The mixed layer depth also reaches a maxipum
at station three, and then falls rapidly across the
southeast wvall. This correlation betweer sea surface
temperature patterns and vertical s:ructure in the vicirity
of frontal positions was also noted by Legeckis and Gordon
(Ref. 33), cited earlier.

Examinations of this track based on domains and
satellite imagery requirss that th2 track be split into
three separate sections. The first sacticn, in the Central
Subarctic Domain, includes statiors thirteen through
six+een. The Transitional Domain is then split using +he
satelli*e imagery. OCne s2ction extends from station aine to
station twenty-onre. The wars smeanier then constitutes the
final section and includes stations four to twenty-four.

Table VI provides pcsition, mixed layer depth, sea
sur face temperature, anrd gradients in the <+hermocline for
each station occupied for flight *+raczk <%wo. As with fligh+
ons, this table constitutes “he matrix used to 2xamine
relationships between various elements which may lead ¢o 2
prediction of mixed layer depth.

Correlations of sea surface *“emperature and aixed
layer depth alonqg the entire “rack vyvield low valuas for <he
correlation coefficient (r) . Por “hs entire track, there is
little correlation betwaen sea surface 4emperatire and aixed
layer depth (r = 0.17). Mixed layer da2p*h as a function of
position, ssa surface teamperature, and gradient from the 100
meter thermocline is better (r = 0.84). Hovwever, along
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TABLE VI

MLD, SST and Gradients at the Thermocline, 17 Noveaber 1980.

Buoy Position MLD SST ar/5a d4dT/15m dT/SOa A4T/100m

L] L] . L4 3.7
§ 53 93 1388 1# 0 a3 a9 &)
4 510 6§ 14.83 1.48 3. N 5.01 6.04
5 450 S4 14.46 1.51 3.47 4.95 6.11
6 390 61 13.97 1.64 2.9% 4.09 5.33
7 330 5S4 13.06 1.69 3.2 4,33 5.70
8 270 70 1%.87 2.65 3.35 4.64 5.30
9 210 64 12,14 1.19 2.96 4.36 4.95
10 150 58 11.95 1.67 3.70 4.76 g.SZ
11 90 58 11.63 2.58 3. 39 4.73 .19
12 30 58 10.61 1.85 2.63 3.87 4.23
13 0 56 10.13 2.47 3.09 3.90 4.25
14 60 48 10.72 1.7% 3.68 3.62 4.24
HIE I R0 O B A
19 240 58 12.65 1.95 %.88 3.33 a.gs
18 300 59 12.30 1.43 2. 88 4.07 5.64
19 360 58 13.86 2.66 3.63 5.06 6.22
20 429 5S4 14.43 1.16 3.55 5.20 6.24
21 480 58 14.51 1.83 3.84 4.84 6.1
%2 540 53 1%.%“ 1.80 3.50 5.70 6.70

3 600 69 15.59 0.93 2.64 4.66 6.30
24 660 26 13.54 1.08 1.95 4.28 5.35

shorter track segaments, and particularly across the m2arndsr,
nixed 1layer depth and s2a surface ¢temperature show mor2
ccrrelation than for the s2ntire track. Acress the meandar,
the correla+tion coefficient for mixad layer depth vs. ssa
surface temperature is 0.86. This was not *he case in
either “he Central Subarctic Demain (r = J.40) or in the
othar part of the Transitisonal Dowmain (r = -0.53).

‘The mixed layer d2pth and sea surfacs *temperatur?
i no* correlate %o any siginificant degree on 17 November.
Therefore, only two models are proposed for %hi flight
track. As stated previously, breaking <+<hsz track in%o
segments yields 2 mucn higher correla*ion be-wsen otherwvise
uncorrelated parameters. Table VII presents the models for
the entire 4rack omly.
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TABLE VII

Models of MLD for 17 November.

Model Variables Coefficient of Determination
SST, Posi:=ion 0.615

SST ., Posi*tion,

Gradient (15) 0.627

SST ., Positiorn

GZadien: (100f 0.707

Note:

1. Two gradient models wera computed
becadse the gradzent from 15 mez2rs
appeared “o be more hlthx corr2latad
with “rack posi+ion than the gradient
conputed from *he upper 100 méters of
the thermocline,

The higher corralation betweer sea surface tempera-
ture and aixed layer depth in the warm meander may provide a
means of estimating the depth of the a@ixed layer in such
anomalies through observations of sea surface *empera“ure.

During the interval between £1ight one and f£fligh*
+wo, ore s-orm had traversed the aresa and another had begun
to0 approach the most western s*a*tions on *he %rack. a
slight Jdeepening of <he 10~-degr2e +hrough 11-4egree
isotherms occurred. The average wmixed layer dep+h changed
from 53.7 meters on 15 November %o 57.0 meters on 17
November.

3. Eligat Track Thres

Pigqure 4.10 is ths vertical cToss-saection associated
vith flight track three. Fourtean sta“ions were used to
construct +“his transect. Although there are some holes in
+he data along <the track, +this profile npresents a picture
similar %o fligh* %“rack two.
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The gradient at the *top of the thermocline diverges

!! begirnirg a* station nine, dJust as in *he previcus seciions.

Again, the gradient computed from the first five meters of

the thermocline was inversely correlated with position (r =

%i . -0. 766) . The meander discussed for fligh+ “wo s%ill can be
located in *his profile between stations four and +*wo.

The sea surface temperature &nd mixed layer depth

TVvery

variaticns with position are plotted ir Figur= 4.11. Tabl=

VIII lists +he values for mixed layer depth, sea surface
temperature, and gradients alenc¢ *he f£ligh* <track. Between
station nine and station six (Transitional Domain) bo*h sea
sur face temperature and wmixed layer depth vary alsmost
linearly. Over *he 23ntize track 1length, hovever, the
corrtelation between the two is negligible (r = 0.10). Fron
station twenty-one to station one (across %4he meander) <*he
correlation between @ixed 1layer 32pch ard s=»a surface
temperature is much better (r = 0.51).

A front moved into the flight +rack area on 17
November, and became stationrary over the area on 18
Novenmber. The staticnary front caused pcor coaditiors for
sa*elli-e observations due to clouds. Small changas in sea
surface +%empera*ure patterns could be expected froam the
front, but +*he basic structure remained unchanged from 17
Noveaber. The average mixed layer Jdep+th for 19 November
remained at 57.0 meters. The position and s+tructure of +the
meander along the track remaired unchanged except for zhe
development of a peak -emperature exceeding 16 degrees
Celsius a+t station three,

Table IX summarizes the mod2ls examined for flight
track three. The ccrrelation coefficien* computed for sea
sur face +‘emperature versus mixed layer depth was ex<remely
low (r = 0.01). Therefsre, +*he ma>del equaticn for mixed
layer depth as a function of sea surface <emperature was
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TABLE VIII

MLD, SST and Gradients at the Thermocline, 19 Novamber 1980.

Buoy Position MLD SST dT/5m 4T/15a d4dT/50m 4T/100m
8 13.17 1.15 .8 3. -

] %88 39 1244 43 %88 @:d3 9:83
4 300 58 14.81 1.13 3.14 5.35 6.22
5 280 59 14.43 1.56 2.58 4.01 5.06
6 180 56 13.95 1.70 3.64 5.27 6.49
7 120 58 13.14 2.52 3. 36 4,22 5.52
8 60 62 13.00 1.94 3.33 4.49 5.66
9 0 66 11.98 2.48 3.04 4.01 5.30
17 30 64 12.79 2.67 3.66 4.74 5.49
18 90 61 12.95 1.99 2.88 4.09 4.79
290 210 64 14,32 1.15 2.86 3.90 4.65
21 270 58 14.35 1.41 2.69 4.62 5.92
22 330 43 15.80 1.13 3.14 5.35 6.22
23 390 59 15.48 1,56 2.58 4,01 5.06
24 450 54 13.51 1.70 3.64 5.27 6.49

omitted. Instead, a second gradiert model was introduced as
with flight track <¢wo. The gradizn+t €rom 100 nme*ers was
continued as an element in a separate model because this
gradient was ei*her the most influential or secori nmos*
infiuential of all gradients used in model equations.

The best fit of any model for mixed layer depth was
thes model based only on sea surface temperature and track
posi+ion. Both surface temperature and ‘rack position are
variables which can be d2rived £frcm a satellite image of %he
sea surface.

4. Flight Track Fou:

The vertical cross-section of temperature for flight
track four (Figure 4.12) was constructed from 21 stations.
It is the mcst complete transec*t except for 17 November, A
definite cooling has occurred between 17 November and “his 1
December track. Sur face temperaturas dropped by abou+t one
degree Celsius (the averagye sea surface “emperature dropped
from 13.1 degrees Celsius on 17 Novembar “o 12.0 dagrees
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TABLE IX

Models of MLD for 19 November.

Model Vvariables Coefficient of Determina+<ion
SST, Position 0.615

SST,. Position

dradient (B 0.547

SST ., Position

Gradient (100f 0.517

Note:

1. Two gradient models wsre computed
becaise the gradient from 5 meters
aggeared to be more highly correlated
with track position +«han the gradient
computed from the upper 100 meters of
the thermocline.

Celsius on 1 December). The gradiert in *he upper five to
fifteen metars of the thermocline is not as strong as along
the November £light tracks. Although =still negatively
correlated with track position, the correlation between
gradient and track position is much we2aker for +this track
(t = -0.16) +han for similar gradients computed from *he
upper five meters of the “hermocline. The meander is still
recognizable, but its vertical profile is much less
pronounced than during the November flights.

The gradient compu*2d f£rom “he upver five me+2rs of
“he thermocline showed “he stronges: ccrrela*ion with posi-
tion for all gradients computed alony flight «rack four. As
noted previously, the correlation between the €five meter
gradient and pcsition has steadily decreased since the
first flight. However, "he five m2%2r gradient is the mos*
highly correlated of any gradient with position on =ach of
the four flights.

Mixed layer depth doesn't show much rela+tionship to
rack position. Sea surface “emperature 4doas incr-2ase along
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the track, but the change across +he neander is not as
significan* as in past flights. Figure 4.13 dispiays the
variation with pcsition for both mixed layer dep:h and sea
sur face temperature.

TABLE X

MLD, SST and Gradients at the Thermocline, 1 December 1980.

buoy positior HLD SST dT/5m d4dT/15m d4T/S0m d4T/190m

1 9 1 12.98 o1 . 3.9 4.
3 19 ] 18:2¢ 147 %88 a8 4:83
5 450 64 13.30 1.13 3.14 5.35 6.22
6 390 69 12.32 1.56 2.38 4.01 5.06
7 330 72 11.74 1.70 3.64 5.27 6.49
8 270 72 11.82 1.9 3.33 4.49 5.66
9 210 61 11,12 2.52 3.36 4,22 S5.52
10 150 J2 10.72 1.94 3.33 4.49 5.66
11 90 78 10.77 2.52 3. 36 4,22 5.52
.12 30 70 9.13 2.48 3.04 4.01 5.30
13 0 74 8.94 2.67 3.66 .74 5.49
14 60 72 9.51 1.9 2.88 4.09 4.79
15 120 69 10.82 1,15 2. 86 3.90 4.65
17 240 70 11.42 1.41 2.69 4.62 5.92
18 300 78 11.70 1.13 3.14 5.35 6.22
19 360 74 12,98 1.56 2.58 4.01 5.06
20 429 80 13.25 1.70 3.64 5.27 6.49
21 480 69 13.54 1,99 2.88 4.09 4.79
22 5B8 66 14,24 2,67 3.66 4.74 5.49
23 60 59 14.27 2.48 3.04 4.01 5.30
24 660 50 13.06 2.e67 3.66 4.74 5.49

Table X 1lists the factors vhich were eoxamined for
£fligh* four. This fligh* was unusual in tha® large changes
from previous flights occurred in th2 corralations.

Both sea surface temperaturs and mixed layer depth
had higher correlations with track pcsition than on previous
flights. The correlation of gradients with position
declined in all four cases <examined. Mixed layer depth was
more highly correlated with sea surface “empera*ure “har on
pravious flights.
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Three amodels ars prasented for £light four and
summarized in Table XI. Since the correlation of sea
surface temperature and mixed layer depth was the highest
observed of all flights, it is included as a model. Mixed
layer depth as a function of track position, sea surface
temperature ard thermocline gradient showed *ha bes*
correlation when the gradient computed from 100 wmetaers was
used.

TABLE XI

Models of MLD for 1 Dacenmber.

Model Variables Coeffizient of D2teramaination
SST 0.175
SST, Position 0.609

. 3
: R

0.663

Note:

. 7. One gradient nodel was con$ut=i

. because the gradient ron 00 meters

agge ed *o be more high c*relate
rack position than any othe

grad;en

5. [Elight Izack Five (Center 2p3 Soucth)

The fifth f£1light added another dimension to *he AXBT
analysis. The southern track, offse+ by 60 nautical miles
from *he center +rack, provided addi-=ional information abou*
+he extent of “he warm meander discussed previously. Figure
4,14, cons«ructed from 2leven stations, is <+he vertical
Tempera~ure Cross-section for +ths center track on 3
Deceaber. Pigure 4.15, constructed from ight sta*ions,
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shows the profile for the southern track. Table XII lists
the values for mixed layer depth, sea surface temperature,
and gradients along the center f£light track. Table XIII
lists similar data for the southern track.

The vértical temperature profiles for +the <wo tracks

are similar in some respects. Tha meander is definitely
present on the center track. The southern track displays
some similar subsurface structure in the area where the
meander should be located (between stations forty-one and
for+y-three). Although station forty-two should be irside
the warm meander, the surface temperature at *he sta+tion is
13.5 degrees Celsius, about one-half degree *0o low *o be a
part of the meander. The closed warm pocket of water is not
present in *he southern track (the canter track has a closed
pocket of 14 degqgres Celsius wvater).

The meander/eddy influence appears +to be present to
about 290 meters in both tracks. The southern track does
not have the pronounced structure shown along *he certer
track. Al“hough some signs of th2 meander remain in the
southern track, ¢the meander appears to have foramed a closed
circulation.

Along the center flight track, sea surface
“emperature and aixed layer depth (Pigure 4.16) are no*
highly corralated (r = 0.38). Across the eddy, however, the
correla*ion coefficient for sea surface temperature versus
nixed layer dep*h increases to 0.88. The southern <rack
(Piqure 8.1 also shows an exc2llant c¢correlation betveen
set sur face “emperature 2and amixed layer depth ( r = 0.84).
The corrleation betveen these <+vwo variables is less (r =
0.66) across the track segmert vhich coincides wi+h <he
eddy. It appears that -he meandar has foraed into 2n eddy
which dces tot extend to *he southern <track.
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Most of the southern track is in <he Transiticral
Domain. The Ceniral Subarctic Domain has influence up to
station thisty-five, after which the track is urdar +the
influence of the Transitional Domain., Charges apppeac to b2
linear along the track within the Transitional Domain.

Winds increased from 11 meters/sec (24 kts) %to 14-16
meters/sec (30-3S kts) on 1 December. These wind speeds
were sustained *hrough 2 December ard *hrough mos+ of 3
December [ Ref. 61]). These cold northwasterly winds lowered
tha sea surface +emperaturs along <*he track, but caused no
major changes o the vertical Tempera*ure Cross-section.

The average mixed layer depth for the cen+er track
was 66.4 meters on 3 Dec=amber. The sou+therr *rack averaged
64.6 me*ers. There was a decreasa2 in +the average mixed
layer depth along the track since the previous £flight on 1
December. In comparing the two days, a lac-ge decrease in
mixed layer occurred at station five (21 meter change). At
first glance +his appears to be an insrrumen:t error.
However, the mixed layer depth profile for flight track one
(Pigure 4.5) is very similar to +he prcfile feor flight track
five. Oon both days station five had a shallow mixed layer
which deepened considerably across the edady.

When overlaid, the mixed layer depth profiles and
the sea snrface “emperatura profiles for “racks one and five
are remarkably similar. The mixed layer depth for fligh+
five is deeper than for flight one, bu* “he variations with
position are very similar. Betwaer stazions ten and +wvo,
the sea surface “emperatur2 is highly correlazsd (r = 0.98)
with pesition, and the mixed 1layer dep-h shows sonm2
correlation (r = 0.54).

Four model equations were used €fcr each *rack on
£1ight five. The models are summarized in Table XIV for *“he
cen~er track, and in Table XV for “h2 southerrn %rack. On
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TABLE XII

MLD, SST and Gradients at the Thermocline, 3 December 1$80.

Buoy Position MLD SST aTr/5a d4T/15m 4T/50m d4T/100m
46 (1 4 12.47 9.04 1.28 3.5 4.4
5 ) ggg 73 1“.2“ 1.85 2.%9 4.6 5.

4 510 62 14.16 1.35 2.73 4.87 5.46
5 450 42 13.88 1.41 2.17 3.35 4.51
6 390 72 13.06 1.42 2.44 4.20 5.20
7 330 69 11.77 0.81 2.07 3.01 4.14
8 270 83 11.42 1.53 2.66 3.Nn 4,36
9 210 77 10.99 1.80 2.26 3.24 3.27
10 150 62 10.02 2.28 2. 71 3.30 3.82
12 30 66 8.86 0.78 1.43 2.24 2.43
13 0 82 8.46 1.42 1.88 2.20 2.49
TABLE XIII

MLD, SST and Gradierts at *he Thermocline, 3 December 1980
(South)

Buoy Position MLD SST aT/5n d4T/15m dT/S0a dT/100m

34 0 80 o4 1.2 2.26 3.23 3.42
35 50 86 3.5% 1.43 1.;0 2.40 2.62
33 240 70 11.44 1,69 1.88 3.08 3.55
39 300 64 12.04 1,00 2.53 3.34 4.61
41 420 74 13.27 0.92 2.60 3.48 4.89
42 480 43 13.46 1.79 3.61 4.20 4.76
43 540 46 13.89 1.62 2. 56 4,29 5.12
4y 600 56 13.65 1.07 2.10 4,09 5.22

+he south *rack, +he gradient zcompuzed <€from 100 meters
produced the wvorst £fit of any model of mixed layer as a
func=ion of sea surface temperature, +rack position and
thermocline gradient. The gradient from 100 meters proiuced
the best fit for the center <rack 1ddel. Por compacrison,
the southern track model using the gradien*t conputed f-onm
100 meters is included.
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TABLE XIV

Models of MLD for 3 December, Center Track.

Model Variables Coefficient of Determination
SST 0.146
SST, Position 0.u404
SST P051t10n,
Gradien< (15) N.441
Ss?T sition
craazen+ (100 0.523
TABLE XV

Models of MLD for 3 December, Sou+h Track.

Model Variables Coefficzient of Detarmination
SST 0.703
SST, Position 0.716
SS“ Position,
radien~" (59) 0.861
82241 20517430y 0.716

Flight six examin2d both *he center <track (Pigure
4.18) and a parallel track 60 nauatical milss to *he norxth
(Figure 4.19) with elevan stations each. The values of
mixed layer depth, sea surface temperature, and gradient
associated with each station are given in Table XVI for <he
center track, and Tabls XVII <£for the northe-n track. The
tempera-ure structure along thke <c3n*er *rack rcessmbles
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previous £flight +racks. The isotherms begin to diverge
after station nine. The gradient computed from the upper
five meters of the thermocline is nega*tively correlated with
position (r = -0.27).

The eddy seems to have diminished both in 1length
along the center track and in depth. The northern track
does not appear +to traverse *+he eddy.

The sea surface temperatur2 and mixed 1layer depth
variaticn with posi*ion along the center track (Pigure 4.20)
show the best correlation in any €£1light along the center
track. Both sea surface temperatur2 and mixed layer depth
varied linearly with position up to sta+ion three. Sea
surface temperature corralation wi*h position along the
entire track was better (r = 0.92) than along *he shorter
track across the eddy (r = -0.80), c¢r along any pravious
center flight track. Mixed 1layer depth was more highly
correlated with position across the eddy (r = -0.95) than
along the entire +rack (r = -0.83).

Across +the eddy on *he canter track, sea surface
<empera-ure and nixed layer depth again are highly
correlated (= = 0.90). Over +he entire *rack length, the
relationship between sea surface temperature and mixed layer
depth is not as strong (r = -0.55). Of all fligh+s, this
was the bes* overall corrslation of sea surface “empsraturs:
and mixed layer depth for the center track.

The northern *rack (Figure 4.21) shows a
relatiorship similar %*o that along =<-he center “rack between
sea surface temperature and mixed layer depth. The eddy is
not apparent in the sea surface tempe-ature profile, but
does present a familiar profile 5f mixed 1layer dep+*h.
Actoss “he oddy position on <+he north track, mixed layer
1epth is highly correlated with position (r = -0.97). This
z3me velationship holds true €for “he «center +rack (r =
-J.3%).
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A subsurface feature developed over the course of
the experiment, and became very obvious in the northern
track on S December. t station 58, +*he isotherms reach 2
maximum depth. A ccrresponding 2xcursion +o depth for *he
same isotherms (6 ard 7 degree Celilsius) cccurs along “he
center *rack at station nine. In looking back through the
previous fligh* cross-sections, this same excursion is found
+0 occur on flights four and five.

Lundell [(Ref. 62] reported a submerged sound channel
in the vicinity of s+a%isn nine. The Kilonski digitized
bathythermographs indicated a slight inversion in this area
(of the order 0.3 degrees Celsius). This unusual structure
occurs at the boundary betvween +wo Domains: +he Cerntral
Subarctic aad Transitional. Along the cent2r <+rack, the
maximum depth eoxcursion of <«hs six and seven degree
isotherws shifted to the wes* betwean flight two and flight
six.

This submerged f2ature is not driven by surface
conditions as it occurs well below both thermoclire and
halocline. This appears to be some *type of shift in lowver
domain boundaries. A time series sver one or twc months,
between s-ations seven and *en, might have provided soa=2
insight into the 1lower layer variabili=e at this decmain

boundary.
&; As with *he southern track on £light five,  “he
ﬁ northerr track data on flight six showed the worst fi+t by a
a model using the gradient <computed frcm 100 meters. Th=

gradien- from fifty metars produced the best fit on *+his
track. The gradient from five meters produced the bast fi*
on the center <rack. The model paramecters and coefficients

of determination are presanted in Tables XVIIT and XIX.
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TABLE XVI

MLD, SST and Gradients at the Thermocline, 5 Deceamber 1980.
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TABLE XVIII

!l Modsls of MLD for S December, Center Track.

Model Variables Coefficient of Detarminaticn
SST ‘ 0.298
SST, Position 0.962
SST Pos on,
Gradient %) 0.977
SST, Position
Gradien+t (100 f 0.963
TABLE XIX

Models of MLD for S December, North Track.

1‘ . Model Variables Coefficient of Determination
= SST 0.370

SST, Position 0.846

 : SsT,, Position,

N Gradient (50) 0.872

3tadiens (100f 0.854

ERART
ISR A
TICE W s

[}

by five degree squares. In ths tazs+t <cegion, the mean

;i salinity curves are nearly coastant. Bernstein 2% al.
E¥ [Ref, 64] used this method *o es*timatas dynamic heigh=s in
t% tha Western North Pacific with good success. It was decided
b *o emplecy both a single recent salinity sounding in the area
E; (from a CTD cast), and a Flee+ Numerical OJceanographic
?, Center calinity climatology for Novamber, as a basis €or
Ei calculating and comparing dynamic hzights for £light *“rack
i tvwo (17 November). '
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TABLE XX

Dyramic Heights Relative to 350 meters (17 Nov).

BOUY POSITION CONST-S PNOC-S
1 . 61 .
i 33: §:843 §: 823
14 64Q. 0.638 0.644
11 30. 0.654 0.658
15 120. 0.654 0.658
10 150. 0.656 0.657
16 180. 0.665 0.663
9 210. 0.69% 0.690
17 240. 0.705 0.698
8 270. 0.713 0.698
18 300. 0.717 0.690
7 330. 0.714 0.681
19 360. 0.742 0.699
SO R 4 ¥
g a%g. 0.759 0.768
21 480. 0.766 0.774
y 510. 0.777 0.779
22 54Q. 0.763 0.747
3 57Q. 0.821 0.821
23 600. 0.817 0.816
2 630. 0.737 0.73%
24 660. 0.704 0.697
Notes: . .
1. Beights in dynaaic metars. _, .
2. Con&+-S refers to single sallnltx profile for entire area.
3. FNOC-S refers to November salinl_x climatology from +the
Flee+ Numerical Oceanographic Center.

Consideration +*hen was given 5 plottiag the dynanmic
topography along the track. Since only one salini+y prcfile
vas used <*«o0 calculate th2 dynamic height at all sta*%icns,
the resulting variations in dynamic heigh*s along th2 *rack
vere due o0 *“emperature varia+ions »only. The reference
level was solected as 350 metars because this depth zepra-
sented the useful 1limit of “emperature da%a available from
the digitized report.

As a nmeans of comparing dynamic heigh~ wvariation with
position and other factors of interas:t such as +2mpera
gradient a* the tharmoclin2 or mixed layer depth, *+he Plae+
Numerical Oceanographic <Center clima*tology for th

<D
™M
[
. e
€Q
=
«t
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track was used in calculations of dynamic heights. The
results are shown in Figure 4.22 and Table IXX.

The variation of dynamic height along +the track was low
(0. 19 meters/kilometer). Across th2 eddy +he height chang=
was 0.1 meters per 150 kilome“2rs. This height signal would
be too small for the SEASAT altimetzr *o detact accurately.
However, future generations of satellite altimeters should
be able to detect the magnitude of the signal from <=his
eddy.

The *emperature gradien* in *he +hermocline can bLe an
impor+ant factor in a wmodel 2f mixed layer depth. This
gradient cannot be pradicted accurately from sea surface
temperature observatioms. Therefor2, a correlation between
thermocline gradient and dynamic h2ight was investigated.
The gradient from one hundred meters showed *+he str-ornges*
correlation with dynamic height. The possibility 2xists,
+hen, to predict the gradient from measursd values of
dynamic heights along the tzack.

F. OVERALL OBSERVATIONS

1. An Bddy on the Southeastern 2art of the Track

A varm eddy formed 3in the observation area. I+
began as an intrusion of warm wvater (+t+he meander imaged by
satelli+e on 17 November) and evertually appeared “o form a
closed circulation. Based on the November image, +h2 eddy
appeared to have a 90-nautical-mile (165 kilometer) major
axis and a 60-nautical-mila (110 kilome<ter) minor axis. By
the end of the experiment, +he major axis had decreased to
about 60 nautical miles, while “he airor axis did not
decrease significan<+ly.

The sea surfaces temperature and mixed layer depth
were highly correla*ed across +hs eddy. The southeast
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"wall"” ocf this eddy displayed sharp gradien+s of both sea
surface temperature and mixed layer iepth. The correlation
vas consistantly stronqg =nough *o infer “*hat the influence
of *he e¢ddy was confined to *he vertical area directly below
t+he surface thermal manifistation, tha* is, +*he fron% which
existed between the eddy water and the surrourding wa*er had
a slope wvhich approached ninety degrees, especially to the
southeast of the eddy.

2. Gradiepts in the Lhermocline

The gradient computed from “he firs+ five me“ers of
the thermocline showed a negative correla*ion with position
in seven of eight flight tracks. Thz gradient wvas stronges=
to the eas* of station nins. Station nine lias near the
boundary between the Czntral Subarctic Domain ard the
Transitional Domain.

The gradieant computed froa five metzrs was more
correlated with position in November *han in Decenmber,
Table XXI 1lists the <correlation coefficients for <hs
gradient from five meters.

Of the gradients computed, the gradient from five
meters and the gradient from one handred metars generally
had the bes* correlation with positiorn. A«t2mpts to model
nixed layer depth were ga2n3rally more successful using *<he
gradient compu-ed from 100 meters. This is to be expected
as the gradient computed f-om 100 me+ers tends to smco+h
errors introduced by an arbitrary starting poin* (the
strength of the five meter gradient could vary by as much as
twenty percent depending on what depth was selected as ta2
“op of “he thermocline., Table XXII lists the two gradients,
by £light <rack, vhich exhibited +he largest magni<tude
correla+tion with position pn the flight =zrack.
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TABLE XXI

Correlation Coefficiant . fc
vs. Position

PLIGHT

1

AAVWNIEWN

(south)
{north)

DATE

—d and b

VN 20 N

Nov
Nov
Nov
Dec
Dec
Dec
Dec
Dac

(r) for Gradien+ from S5 me%ers

CORRELATION COEPFICIENT (r)

[
[elolelalelolels)
2P FE =~ JND
NS JUTTND -
ONN OO

[ )

TABLE XXII

Gradients Most Correlated with Posi+tion (by Flight).

FLIGHT DATE
1 15 Nov
2 17 Nov
3 19 Nov
4 1 Dec
S 3 Dec
5 () 3 Dec
6 5 Dec
6 (N) 5 Dec

GRADIENT (<)
5 -8.818
15 -0.412
S -0.58
100 +0.57g
S -0.766
50 +0.282
S -0.159
50 +0.115
100 +0.842
5 -0.478
<31
18° +8:849
100 +0.781
50 #8.5“2
100 +0.524
5 -0.129

Note:
1. Track five south indicated by 5§S) and
track six nor+h indicated by 6 (N).
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3. Sea surfacs Iemperaturs

The sea surface “smperature correla*ted with position
or all £flight tracks. This is due in par* *o the sys*tem of
specifying positions on the line. Tt is s%ill interesting
to note tha:t the sea surface temperature increased almos:
linearly along the track until reaching the eddy. There, 2a
second order fit with position was more appropriate. Tablz
XXITI 1lists *he correlation ccefficiant computed for sea
surface ‘emperature vs. position for each *“rack.

TABLE XXIII

Correlation Coefficien* (r) for SST vs. Track Position.

FLIGHT DATE ENTIR® TRACK EDDY LOCATION
1 15 Nov 0.856 -g.122
2 17 Nov 0.909 -). 81
3 19 Novw 0.569 -0.480
4 1 Dec 0.909 ~-J.648
5 3 Dec 0.894 -Q.476
5 (8) 3 Nec 0.982 0.764
6 5 Dec 9.917 -0.795
6 (N) 5 Dec 0.954 0.491

Not a3

1.

Eddy loca*ion is <*he along «rack ccrrela+ion
between buoys that would define the eddy
boundaries (stations 4 to 24 on 17 November).

The objective of this study was no* +“he formula“ion
of a predictor for sea surface temparature. Observed sea
surface “emperature pat*2rns did show when Jdeviations from
+ha expected climatolcgy occurred. The sea surface tempera-
ture gradients, 4in particular, providad very good informa-
tion for defining frontal conditions a* the eddy. Although
values of sea surface temperatura did no= imply
corresponding values of mixed layer depth wi+*h any
reliabilisy, the sharp gradients of surface <“emparature2
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along the track did occur in conjuaction with similar
gradients of mixed layer depth.

Satellite-derived sea surfacs temperature gradients,
then, can be used to modify sound velocity profiles when
vater mass discontinuities are observed. As a first guess,
a sirgle bathythermograph could provide temperatures, while
satellite-derived surface temperatures could be used ¢o
nodify the measured vertical structure a+ another location.
The sea surface +temperature gradisnts would be useful as a
decision aid for predicting the changes occurring in the
nixed layer depth. A vertical temperature structure along
the proposed track could be worked out in +his amanner.

TABLE XXIV

Correlation Coefficient (r) - MLD vs. Track Position.

PLIGHT DATE ENTIRE TRACK EDDY LOCATION
1 15 Nov -0.1“9 - 02 1
4 1 Dec -0.655 -0.931
S 3 Dec -0.569 -0.018
S (9) 3 Dec -0.845 -0.527
6 S Dec -0.827 -8.95u
6 (W 5 Dec -0.787 -0.972
Note: Eddy location is the same as in the previous +able.

4. Nixed Laver Dsepth

The aixed 1layer depth varied along each <rack.
sometimes i+ would correlate with position, but seldom woull
the correla*ion be as high as for sea surface teaperaturs.
The correlation was always negative, that 1s the mixed layer
shallowved tovard the coast. This is %5 be expected from *he
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clisatological description of the area. The Transitional
Domain is characterized by a wveakening of the halocline,
varmer vater, and shallower isothermal surface layers.

The sea surface tesperature indicated <*he presence
of a varm meander or eddy. The satellite image from 17
Noveamber shows the thermal signature of wvarm vater entrained

e .
e laialeinls

fﬁ in a cold area. Even so, the sea surface *“emparature
33 generally did not show as strong a correlation with pesition
2 in the eddy as Aid amixed layer depth. Table XXIV shows the

correlation coefficients for mixed layer depth vs. <+rack
position, both for the entire track and the eddy only. This
‘, may provide a means of estimating mixed layer depth in warms
L eddies. Satellites can be used to define the surface
boundaries of a wars eddy. Then aixed layer depth across
the eddy could be predicted as a function of position in the

eddy.
'{ TABLE XXV
- Correlation Coefficients (r) for MLD vs. SST.
N
M Plight r (entire track) r (edly)
N <334 .97
L 5 8.%30 §.358
> 3 -0.101 509
4 -0.418 og 1
.. g had ¢ Y g . 1
- g 9 - ‘gag “3:8 §
2 6 (¥) -0.860 -0.43
3 Note: h dd 4 orrelat ¢ dat
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& S. pized Layer Depth and Ss3 sSurface Temperature
il corzelations

; Mixed layer depth and sea surface temperature shoved
. little correlation ir N>vember, bat the December flight
| - tracks showed a strong increasse in <the correlation
: coafficient for the entire track. The eddy displayed a
; strong mixed-layer-depth sea-surface-temperatures correlation
T: in Noveaber, decreasing somevhat in Decesmber. Table XXV

sumnarizes the correlation coefficiants for aixed layer

R depth and sea surface temperature for each day of
i observations.
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V. GONCLUSIONS AND RECOMMENDATIONS

46,00,04, 2008
Al S

, A. CONCLUSIONS
Satellites can be used to map sea surface conditions,
) particularly sea surface tesperature. Por ASTREX Jata,
Qﬁ knovledge of sea surface temperaturs and position along %he

£flight tzack was used +¢> model aixed layer depth. This
model correlated poorly vith in situ observatiosns. When
gradient in the thermocline wvas adled ¢to the =model, the
% correlation increased significartly.
The gradient in the thermocline may be predicted (with
. low confidance) from satellite altimpster measureaents of the
'% . ocean surface. A useful relationship betveen thermocline
2 gradient and the dynasic topography variations may exist.
The most striking result of this study wvas the strong

s correlation obssrved betveen sea surface temperature and
'1 nixed layer depth across a wvara edly. Setellite imagery
e provided the 1location of the eddy boundaries with a high
f' degree of accuracy. The strength >f *kis surface thermal
‘: front is an indication of mixed layer depth variability ia
.ﬁ the area. (Qualitatively, a large thermal gradient at the
3 sur face indicates a corra2spondingly large change in aixed
; layer depth. Across the southeastarn boundary of the wara
-3 eddy, .the sea surface teamperaturs and aixed layer depth
ﬁ changed sigipificantly in the same sense (bo*h increased
s together when tracked from the rorthwest to the southeast).
Uncorrected satellite temperatures in the area displayed
? +he same variations along the track as 3id observed AXBT sea
'g sur face *eaperatures. Th2 variations of sea surface tamper-
i; ature (thermal gradients at the surface) con*tain the infor-
% mation needed to locate anomalies such as the wvarm eddy
,é

g %
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‘% observed in the southeastarn part of the flight tracks. The
NOAA-6/7 satellites can resolve 0.5 degree Kelvin tempera-
tures at one-kilometer resolution. Frontal areas can be
identified and accurately located. The AXBI's provided
temperature values at S5S-kilometer intervals, which vere
sufficient to observe that the eddy 4id exist, but were not
sufficient to pinpoint the 43y boundaries. Satellite
'S imagery, providing  <temperature vilues at one-kilometer
7 intervals, can be usad to specify the boundaries of a fromt
or eddy sore accurately.

v, o6 ol -0 ot e
2158

g
(2

&

;. B. RECCHMMENDATIONS

ey

P

. In future experiments in the ASTREX region,
X consideration should be given <%0 investigating satellite
'CE located-anomalies such as ¢the wvars 3ddy observed 4during
- ASTREX. Until a satellite altimster becomes available,

’y
7y

dynamic heights aust bhe calculated 4indirectly from other

i observed variables. Therefore, “he salinity should be
3 measured in any future tast area.

43 Various models of aixed layer depth mus:t be explored.
j In addition to modeling <¢he mixed layer as a functior of
ﬁ position, sea surface temperatures and gradient in the
,§ thermocline, additiomal factors should be added. These
- factors should include wind aixing in the nixed layer based
; on observed wird speeds in the area, dynamic heights
j? associated with “racks examined, and possibly observed sea
,f state in the area.

ﬁ " Another model which could prove very useful would
& include the effaects of vind speed and duration on the mixed
'i layez depth. Wind vas not used as a factor in this study,
ay

but it is an important element in the formation of the aixed
layer. Between the November and December flights, wind
speed increased and so did aixed layer depth. Instruaents

%
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- such as the SHNR on NIMBUS-7 can provide scaler vwind fields

for an area. The formulation of mixed 1layer depth as a

function of wmagritude and Auration of wind, saa surface
> temperatures, and other factors may provide the best model
xS of mixed layer depth.
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' I ARRENDIX A

]
YARIATION OF IHERMOCLINE GRADIENIS WIIH ROSITION RTOR
: BOVENBER

] ¥ 3
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Figure A.1 Gradient froa 5 meters vs. Position (15 Now)
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Figure A.2 Gradient froa 15 meters vs. Positioa (1S ¥ow),
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Pigure A.3 Gradient from 50 meters vs. Position (1S Novw).
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Pigure A.S Gradient from . aeters vs, Position (17 Nov).
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rigure A.6 Gradient froa 15 meters vs. Position (17 ¥ov).
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Pigure A.7 Gradient from S50 meters vs. Position (17 ¥ovw),
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Pigure A.8 Gradient from 100 meters vs. Position (17 vwovw).
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Pigure 1.9 Gradient fros S meters vs. Position (19 Nov).
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Pigure 1.10 Gradient froa 15 meters vs. Position (19 Novw).
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Pigure A.11 Gradient from 50 meters vs, Position (19 Now),
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ARRENDIX B

, YARIATION OF IHERMOCLINE GRADIENIS WITH POSITION FOR
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Pigure B. 14 Gradient froam 15 meters vs Position (1 Dec).
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Pigure B. 15 Gradient froa 50 meters vs. Position (1 Dec).
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Pigure B.16 Gradient froa 100 meters vs, Position (1 Dec),
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Pigure B.17 Gradient fros S meters vs. Position (3 Dec).
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Pigure B. 19 Gradient from 50 meters vs. Position (3 Dec).
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Pigure B.20 Gradient from 100 meters vs, Position (3 Dec).
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Pigure B.22 Gtadb’nt from 15 meters vs Position (3 Dec -
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