AD-A136 181

UNCLASSIFIED

THE GRAND BANKS EXPERIMENT: A SATELLITE/AIRCRAFT/SHIP 1/3
EXPERIMENT TO EXPLOD..{U) NAVAL OCEAN RESEARCH AND
DEVELOPMENT ACTIVITY NSTL STATION MS..

JUL 83 NORDA-49

P E LA VIOLETTE
F/G 17/9 NL




||||| 10 & B B
=g
C ks =
L - e
=
2 e pee

MICROCCRY RESCLUTION TEST UHART

NETOND ke . AR




NORDA Report 49

N /
~ The Grand Banks Experiment: /
N A Satellite/Aircraft/Ship Experiment to Explore
i the Ability of Specialized Radars to Define Ocean Fronts
A Paul E. La Violette
Oceanography Division
Ocean Science and Technology Laboratory
Juty 1983
on\C
* V'DEC 20 8
Approved for Public Releass
Distribution Unlimited
&
© Naval Ocean Research and Development Activity
- NSTL Station, Mississippi 36529
.
E g3 12 19 20%




Foreword

m

The Grand Banks Experiment was designed to examine the
ability of satellite- and alrcraft-specialized radars
to monitor ocean fronts. Data from these types of
radars provide information on aspects of the ocean we
have only recently learned to be important and at a
scale with which we are just becoming familiar. The
results of the experiment documented in this report
should help develop these radars 1into powerful
oceanographic research tools.
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G.T. Phelps, Captain, USN
Commanding Officer, NORDA




Executive Summary

" At various times during 1978-1979, a joint U.S.-
Canadian experiment involving ships, buoys, aircraft,
and satellites was conducted in the waters southeast
of the Grand Banks. The purpose wias to determine the
ability of satellite~ and aircraft-specialized radars
(SAR and SLAR) to monitor ocean fronts. The experiment
results, detailed in this report, show that these
radars are capable of defining thermal fronts under
most weather conditions. The degree, as well as type,
of definition depended on the angle the wind made with
the thermal front and associated currents. Winds blow-
ing parallel to the fronts produced shear lines ia the
SAR and SLAR imagery. Winds blowing orthogonal to the
front produced broad patterns whose changes mark the
location of the thermal fronts. This latter definition
produced the best delineation of the thermal fronts;
however, delineation was more gradual than the sharp
thermal gradients marking the fronts seen in satellite
infrared imagery. The possible causes of thesv effects
are detailed in this report.
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Preface

The Grand Banks Experiment is a U.S.-Canadian effort
to explore the utility of microwave sensors to define
ocean fronts. Chief among the sensors to be studied
are the synthetic and real aperture radars (SAR and
SLAR). These specialized radars are the subject of
this report.

A U.S.-Canadian investigative group called the Grand
Banks Experiment Team was assembled to conduct the
experiment and to analyze the resulting data. While
the author of this report is the U.S. principal in-
vestigator, the report has been assessed by the team
members (listed opposite) who worked on the SAR and
SLAR data. In this regard, the results should be con-
sidered a collective report on that portion of the
team's work.

The text of the report has a definite purpose: to
document the ability of SAR and SLAR to define ocean
thermal fronts and currents. Thus, extensive analyses
by the various team members toward results only par-
tially related to this objective have been re-edited
for inclusion in this report. The original papers have
been referenced for any reader who seeks further in- !
formation.
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The Grand Banks Experiment:

A Satellite/Aircraft/Ship Experiment
to Explore the Ability of Specialized Radars
to Define Ocean Fronts







Part |. General ‘

The sun was shiining oa the sea,
Shining with all his =ipght

He did his very best to nake

The billows smooth and bright ...

“"Through the Looking Glass”
by Lewis Carroll

1. Introduction diminish this effect (Deacon, 1961). A

large decrease or negative sign to the
The recent development and fnstal- alr-sea surfdce temperature difference
lation of synthetlc and real aperture (T4-Tg) can result in Increased
ralars (SAR and SLAR) ahoard satellites boundary-layer turhulence and, conse-
and alrcraft offers a unique opportunity quently, iacreased wave growth. Such a
to utilize radar backscatter (o,) data situation occurs abruptly in the reglon
to synoptically examine the roughness of an ocean front where (T -Tg) is
patterns of the ocean sarface. Mme of positive on one side of the frount and is
the most {mportant oceanographic appli- negative on the opposite side. This ef-
catlons of this Information is the capa- fect is regularly obscrved froa research
bility to monitor the location of ocean alrcraft, especially along the northern
frontal bhoundaries during all weather and western edge of the Gulf Stream as
conditions. shown in Figure 1.

]

Several mechanisms have been shown to Another lmportant mechanisn thait causes
cause  the surface roughness tn change changes to surface roughness across an
Across an ocean front. One of the im- ocean front is wave-current iateraction.
portant ones is the {nteraction of the Changes {1 either the amplitude or the
wind and the ocean surface. Studies such orientation of surface waves across cur-
1s Jones (1953), Kondo (1975), and Swect rent boundaries is a phenomenon often
et al. (1981) have shown that wind observed at sea. Early studies attrib-
stress on the ocean surface is markedly uted the abrupt changes in ocein rough-
dependent on the thermal stability of ness to sharp fluctuations in the cur-
the air {mmediately above the surface. rent field, such as observed in an inlet
For surface winds, the water remperature during the ebb and flood of the tides
(Tg) affects the vertical wind profile (Bowden, 1948; Barber, 1949). A good ex-
so that the surface stress s greater ample of such changes ls shown in Figure
when the water 1s warmer than the air 2.
temperature (T,) and 1less when the
water is cooler than the alr. Increasing The kinematic and dynaniec relation-
wind speeds, however, have been shown to ships that govern wave refraction and

Figure 1. Variations in the roughness patterns across the north wall of the Gulf
Stream looking south from a research aircraft at 300 m altitude. The smooth areas
in both photographs are regions of slope water. (Photograph by J. Kerling, NAV-
OCEANO).




Figure 2.

Tidal-current produced surface features in the sunglint in Discovery Pas-

sage, British Columbia, Canada (Hughes, 1978).

energy exchange between a shearing cur-
rent and a gravity wave component in
terns of radlation stress were developed
by Longuet-Higgins and Stewart (1960),
and Longuet-Higgzins (1961 and 1964).
Their results indicate that wave com-
ponents are modified by the current {an a
manner dependent upon the phase speed of
the wave and the initial angle of the
wave—-current encounter. Kenyon (1971)
noted that wave components can be re-
flected, trapped, or transmitted by such
currents as the Gulf Stream. Correspond-
ing changes have been observed by
Sugimori (1973) in the Kuroshio and by
Hayes (1980) 1in the Gulf Stream. As an

illustration of the importance of wave-
current

interactions, Huang et al.

(1971) applied the theoretical results
of each component of wind-propagated
waves to Pierson-Moskowitz spectra for
the two simple conditions of the wind
directly following the current and the
wind opposed to the current. In their
study, Huang et al. indicated that sig-
nificant changes {n the spectra should
be expected to occur under actual ocean
conditions.

In addition to current- and thermal-
associated roughness changes, other
mechanisms exist which, to various de-
grees, are responsible for the wvaria-
tions in surface roughness found near or
across ocean fronts. Chief among these
are the dampening effects of organic
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tilms, {aternal wave notions, and vari-
ations 17 borton topopraphy. Few indepth
studies  have bheen nmade that Jdirectly

teldate these effects to chanzes in ocean
trontal roughness.

A number of investigators have shown
that abrupt roughness changes in  the
adcean surface are visible from satel-
lites and that thesc changes are indica-
tive of oceudnographic events taking
place. (e.g. Soules, 1970; Strony and
De Ryvcke, 1973; Fett and Rabe, 1977,
Fert et al., 1975; aad La Violette et
al., 1980). These roughness changes are
seen in the satellite visible data as
changes in the reflective response of
the ocean surface to the sun's ravs.
Figure 3 is a gonod example of this
phenonenon.

In a similar fashion, the v, derived
from SAR and SLAR instruments should be
capable of delineating surface roughness
features associated with thermal and
current boundary effects. Since these
instruments respond to surface rough-
ness, their o, should be the response
to the same surface roughness effects as
thinse that create sunglint patterns and,
in many instances, the radar iwagery
should show features similar to those
seen in the sunglint imagery.

Some differences should be expected, of
course, when comparing sunglint patterns
and radar 1imagery. For example, the
peonetry for the raldar is simpler since
the instrument transwmits its own illu-
minating radiatinn. More important than
this, is the fact that the reflection
mechanism of the radar involves resonant
or Bragg scattering. The importance of
the resonant scattering to this study is
discussed in Parts IV and V using SLAR
and SAR imagery. In essence, however,
the origin of radar and sunglint images
are similar, and this similiarity 1is
used to help show the type of changes in
ocean roughness that create the varia-
tions 1in o5 seen in the radar imagery.

The main purpose of the Grand Banks Ex-
periment is to show that:

e thermal fronts, and their related cur-
rents and local weather conditions modi-
fv, or create conditions which modify,
the amplitude and orientation of local
waves,

e these modifications tform distinctive
roughness patterns in the ocean surface,
and the radar backscatter of aircraft
and satellite SAR and SLAR off these
roughened surfaces can be used to define
the region of these patterns.

Since these radars are not affected by
tfog, mist, or time of dav, the conclu-
sions show these radars to bhe useful
all-weather tools tfor ocean rescarch.

2. The Grand Banks Experiment

The Grand Banks Fxperiment took place in
the waters off the coast o! Nowfoundland
southeast of the Grand Banks., Satellite
data were collected tor the broad drea
located between 40° and 51° west and 35°
and 50° North. Ship and aircraft data
were collected for a relatively smaller
drea-—lo&° to 510 Wost and 390 to -"030
North (Fig. 4).

The experiment was conducted in two
survey phases. The first phase, called
"Baseline,” occurred during two weeks in
late June 1978. The second phase, called
"New Took,” occurred in early May and
again in Julv/August 1979, To provide
continuity between the two phases, sat-
ellite data were collected during the
intervening months.

Basceline had two purposes. The first was
to establish that there is a relation-
ship between the regional surtface rough-
ness patterns and the thermal fronts and
surface flow. The scecond wis to derive a

synoptic understanding of the physical
oceanography of the study reglon. The
launch of SEASAT-A was delayed wuntil
after the June survey and no SAR data




»

(b) Visible
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(o) Infrared




Figure 3 (left). Imagery of sunglint and thermal patterns in the Gulf Stream derived

from visible and infrared TIROS N data for 15 May 1979, These images represent 1
spectral radiation from the same earth scene that was received by the satellite sensor !
and then split to show the scene's electromagnetic radiation for the visible and thermal
ranges. Note that the visible image shows o continuous north south swath of sun
glint rather than a point source. This is a product of the rotation of the sensor and
mirror coupled with the forward movement of the satellite. A fuller explanation for
this phenomenon may be found in La Violette ¢t al., 1980. The infrared image is a
gray tone depiction of the thermal radiation of the oceans and clouds. Lighter tones
represent cold features, darke: tones represent warm features.
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Table A. Platforms and sensors used during BASELINE and NEW LOOK i
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are avallable for the period of Base-
line. However, SLAR data were collected
by a U. S. Coast Guard C-130 alrcraft.
Details on the instrumentation and
survey platforms used during Baseline
can be found in Table A.

New Look was planned so that SAR and
SLAR data could be obtained during an In
situ survey of the regional fronts. Un-
fortunately, several critical setbacks
occurred prior to and during New Llook
which required altering the experiment
approach. The most important setback was
the abrupt failure of SEASAT-A prior to
New Look and the resultant loss of a SAR
for the New Look phase of the experi-
ment. An aircraft SAR was planned as a
replacement, but at the start of New
Look this afrcraft developed mechanical
problems, and was forced to withdraw
from the survey without collecting any
SAR data.

Another major setback was a severe storm
that prevented the USNS LYNCH from en-
tering the study area i{n time to partic-
ipate in New Look. Thus, the in situ
wave measurements that the ship sclen-
tists would have made for ccaparison
with the remotely sensed data are not
available. A second ship, the CCS GADUS
ATLANTICUS, developed engine trouble and
was also forced to withdraw.

Despite these difficulties, the New Look
survey team was able to collect exten-
sive and, at times, unique data sets. As
will be shown, these data are of suffi-
cient quality to be used to resolve the
objectives of the SAR/SLAR portion of
the Grand Banks Experiment.

3. Analytical Approach

The analysis of the experimental data in
this study utilizes the following ap-
proach:

e Prove that the satellite infrared im~
agery reliably depicts ocean boundaries
of major significance and may be used in
a hindcast study with SEASAT SAR data
(Part II).

e Show that these boundaries have rough-
ness varlations discernible by SAR and
SLAR using (1) ship reports; (2) air-
craft laser, sonobuoy and camera data;
and (3) NOAA (TIROS-N) infrared and vis-
{ble data (Part III).

e Compare SLAR data with ship, aircraft
and satellite data taken durling Baseline
and New Look (Part 1IV).

® Conduct a hindcast study to compare
SEASAT-A SAR data taken in September-
October 1978 with NOAA-S5 infrared im-
agery, local weather data, and ship re-
ports collected during the same period
(Part V).

o Coalesce these results to show that
the radar backscatter o, of SAR and
SLAR can %e used to define ocean fronts
(Part V1i).

The next to last step is extremely crit-
ical. Since no ship or alrcraft data
were collected In the area for the per-
{od when SE*'SAT-A SAR was functioning,
reglstered [.0AA-5 Infrared imagery,
reglonal weather analyses, and local
ship reports will be the only sources of
surface truth. The first three steps
will be used to prove that the use of
satellite 1infrared imagery as surface

truth in the fourth step Is a valid con-
cept.
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1. Introduction

Recently developed computer techalques
using a blend of ship, aircraft, and
satelllte data (Holyer et al., 1980) now

enable oceanographers to study the syn-
optic details of an ocean area as com-
plex as that 1lying southeast ot the
Grand Banks. La Violette (1974, 1981a)
and La Violette et al. (1975) show that
data from satellites can be used in the
tield to operationally control the sur-—
vey of a4 complex area, and can he used
in combination with counventionally col-

lected data for the post-survey anal-
vsis. In survey, remotely sensed
data from satellites would be used to
provide broad, area coverage,

and {n situ data alreraft and ships

such o

synopt ic
from

would be used to Intensely examine small
critical regions within the larger study
area. Bascline  and New look were

conducted In this fashion.

The main purpose of this portion of the
study is to describe the oceanography of

the region as derived from ship/air-
craft/satellite surveys, and to show
that satelllte Infrared imagery can be

used to accurately locate the
of the repion's thermal fronts.

position

A more complete report on the oceano=-
graphic conditions found during the
Grand Banks surveys can he found In La
Violette (1981h).

2. Previous Studies

Historical aircratt and ship data indt-
cate that the ocean region southeast of
the Grand Banks {s the confluence of the
tulf Stream, North Atlantic, and Slope
waters. On the Grand Banks, the c¢old,

generally southward-moving waters of the
Labrador Current form a dynamfc buttress
to these warmer, northward~ and cast-
ward-moving waters. The interface of

9

Part Il. Baseline and New Look

s

these water masses composes the Labrador
Front, a complex pattern of
extrusions, and eddies which, in
historical data, seems to penerate
fusing patterns that change positionn and
strength from season to season and from
vear to year (Worthington, 1962, 1[97h;
Mann, 1967, 1971; and Clarke et al.,
1980).

meanders,

t he
SOn-

what

enters

A controversy exists over happens
to the Gulf Stream the
region of confluence. This conflict cen-
ters around the «c¢laim by Worthington
(1962, 1976) that a permanent low-pres-
sure trough exists over the bathvmetric
rise, known as the Newfoundland Ridge,
blocking further eastward flow of the
stream. According to Worthington, the
total flow of the Gulf Stream is there-
fore deflected southward toward the
Sargasso Sea and little, if any, mixing
between the waters of the Gulf
Stream aud the North Atlantic curreat
moving northward on the other of
the bathymetric ridge.

once it

acLurs

side

Mann (1967), the other elabor-
ares on a theory first advanced by Islin
(1936) that the stream splits into two
branches south of the Grand Banks (Fiy.
). Using April/May 1963 and June/July
1964 data collected by €SS BAFFIN, Mann
states that although much of the Gulf
Strean flows south, a branch of the Cult
Stream loops back at 38°30'N, 44°W to
join the WNorth Atlantic Current. Mann
also notes that {n the shallower
of the Newfoundland Ridge closer to
Grand Banks, slope water overrides
ridge and also joins the North
Curreat.

on hand ,

regfons
t he
the
Atlantic

Clarke ¢t al. (1980), the
results of a 1972 three-ship survey,
show what they consfder conclusive proof
that the Gulf Stream fndeed split
fnto two branches, the greatest

reporting on

does
with




Figure 6. Samples of satellite infrared imagery for the Grand Banks Experiment area
for the period January 1975 through October 1979. These imagery show that three
frontal extrusions were always present in the cloud-free data. However, imagery
showing all three structures at one time are rare. The ones presented here are
meant only as examples of these features. Newfoundland is the dark land mass in
the upper left corner of each image. The line drawing on the bathymetry chart is a
composite of all the imagery for 1978, and is drawn by hand on a common grid. The
solid line represents the edge of the cold water of the Labrador Front. The dashed
line represents the direction and type of extrusion away from the front. The shaded
area northwest of the front represents the dominant position of the Labrador Current
as seen in the imagery. The smaller shaded areas in the west are smaller slope water
current features that also appeared in the 1978 imagery. Composites drawn from
other years' imagery show similar results.
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amount  of  Gul!  Stream  water  turning
southwird and the smaller portion join-
frge the northern Atlantic waters.

Much ot the vceanographic data collected
{n the area have been taken by vessels
ot the Interanational lcee Patrol, which
began  systematically collecting ocean
station data in 1922. Based on these
data, mean dynamic topopraphies (using

1000 m as g reference level) tfor the
wnths of the iceberg scason (April, Maw

and June) were  calculated by Soule
(19h4).

Mountaia and Shuhy {(1980), after examin-
ing STH data taken by the USCGC HVER-
GREEN and USCGEC SHERMAN {n June 1976 and
CSOGC HAMILTON in August 1977, conclude
that mesoscale eddies were present along
the Newfoundland Ridye and that these
had 1 temporal and spacial variability
on a scale that had not heen resolved in
previous surveys. Their data indicated
the circulation pattern varied from one
in which the Sult Streamn branched around
the Ridge to one ia which a portion of
the Gult Stream crossed the Ridge.

The author feels that the problems en-
countered by the rvesecarchers stuadyinag

the dvonamics of this complex region have
not by insufficient data,
but rather by a lack of syvnoptic data.
Certainly, the Iaternational lee Patrol
data set Is not a small anount. However,
the International [ce Patrel data
looks at  standard
account being tiken
positions in any vear
describe the regional
Compilations

heena caused

repre-
loca-~
that
not

sent
tions,

repeated

with no
these one
best
structure.
into mean dyunamic topoyraphies,
composed by Soule, can easily hide tran-
sient wvariations that mav not be tri-
vial. As will be shown in the analvses
o. the Baseline and New lLook data,
translations of the main features of
only a few kilometers would introduce
drastic variations in point measurements
such as those made by STD's taken at
standard locations.

may
dvnamic
data
suc

of  these

as

3. Pre-Survey Satellite Data

In for the Baseline and New
Look surveys, NOAA-4 and NOAA-S satel-
Tite imapery for the three-year poeriod,
January 1975 through May 1978 were oxamn-
ined. During Baseline New as
well as during the intervening nonths in
hetweoen, additional satel lite data
(NOAA-5 and TIROS-N) were collected to
aid the aperations post-
survey analyses. Altogether, tive
of sat. llite data were
in this study (Fig. h).

preparation

and Looe,

in SUrvey and
over

years exanined

tor use

The data collected by and aircratt
during Baserline and New Look were hand-
led in the conventional manner for
tvpes of survey platforms. Remarks
cribing the collertion,

application of satellite
tnacluded as an appendix

familiar with

ship

these
des~
limitations, and
data have
for readers
data.

heon
un-
these types of
the WOAA-S
not with TIROS=%
juantitative image-to-
image comparison NOAN data s
dittricule variations in
sraphic distortion (see the appeniix).
Therefore, the !
satellite [aapery was done quaiitatively

A prohlem in use  of aad 5

data (that does
data) is  that

aodur
ar the
hecause ot [ATERE

pre-survey  atalyvsis o!

by haad=transterviagg the main srdadieat
features onto a comnon grid. Althoagh
this method is crude, the analesis of
the thermal  froat  between tae  cold,
southwest-aoving Labrador Curreat wiater
and the warmer, northward-woving Arlian-
tic waters show certain persistent fea-
tures. These features appedr as extru-
sions of cold water that are contin-
uously being extended away f{rom the
Labrador Front into the warmer Atlantic
waters. Moreover, these extrusions ex-
tend from nodal points overlayviag three
bathymetric features: The Newfoundland
Ridge, the Newfoundland Seamounts and
the Flemish Cap. The first two fedatures
lie within the study area and are ad-
dressed in detail in this report.

A composite drawing resulting from the
examinatlon of the satellite infrared
imagery for one year (1978) is shown in
Figure 6 to compare with samples of




cloud-free imagery from the several

vears of lmagery.

Clouds 4are always a problem {n utilizing
infrared satellite data for
phi-  analysis since they
satellites' view of the ocean. Thus,
monitoring a region as cloudy as the
study area for any extended period using
satellite infrared data 1s difficult.
Nonetheless, the pre-survey study showed
that large amounts of cold wdter were
always {n some phase of extrusion away
from the common nodal points. There ap-
pears to be no perilodicity to the growth
and decline of extrusions. In addi-
tion, the speed of thelr movement varles
considerably--at times a feature will
show 1little movement ind then begin to
move rapidly. Because of the reglonal
cloud cover and the NNDAA 4 and 5 data
reglstration problems mentioned with
NOAA-4 and 5 data, 1t (s difficult to
make quantitative measurements of the
movements. Since the {initial three years
of satellite data were examined only as
a pre-survey study, a more extenslve ex~
amination was not instigated.

vCeaNnvgr A=
block the

[

It is interesting to nnte that few com-
pletely separate eddies were found in
the several years of satellite imagery
(the average was three each year). Thin
filaments of cold~water tying the devel-
oplng eddies or gyres to the Labrador
Front are found to be normally present.

The significance of these unexpected
filaments 1is covered in the discussion
section.

4. Baseline Data—June 1978

Baseline took place during the period of

14-27 June 1978. The survey platforms
and the sensor Instrumentation relevant
to thls study are listed in Table A.

the Navy P-3 alrcraft
beginning 14

During the survey,
made seven survey flights,
June and finishing 25 June.

USNS LYNCH entered the area 14 June
departed 24 June. A satellite drif-
was released from the ship 22 June.
LSCGC EVERGREEN entered the area 19

The
and
ter
The

T

pie ot hengreed 2 g had
1ls hee v gl pped Wit itel 1t
frifter  huov that  wis  relegsci o T3
Aprtl aurth ot the I e w i
Moo show, the maveenee it L E ey STPREIAEN
through the study area derio tw )¢
che mala thernal foar ree,
Analyses of the Jarg oolle tod b ir-
cratt, ships, a1d baors show that o e
cold featare s delineated in the simul-

fafrare?

raneously ocollected satellite

{magery were the surfice maniestations
»E large ovedan frontal seraciuares that
extended more than 1930 o helsw the sar-
face (Figs. 7-13 glve Correiative
evidence of this). T addition, analvses
show that these frontal structares asved
during the survey period. Most af the
interesting movement occurred in the
witer over the Newroundiand Ridpe, and
it was there that the ship and air-raf:
data collectfon was concentrated.

By the end of the two-week survey, 4
ma jor structure with a large eddv-like
feature at {ts rermiaus had extruded
more than 140 km from the southwest
corner of the Labrador Front. The ini-
tial position of this movement can be
seen In the 12 June satellite infrared

imagery and the aircraft precision radi-
ition thermometer (PRT) data for 17/18
June in Figure 7. The movement culmi-
nates in the frontal position shown by
the 25 June satellite ima,e and the 27
June aircraft PRT analysis in Figure 9.
The step-by-step extrusion away from the
initial position is shown in the overlay
of major thermal gradients derived from

PRT data in Figure 10. As this figure
suggests (and the satellite data show
more positively), the main movement

began abruptly 18 June and continued to
the position shown for 27 June, which
was the end of the Baseline survey.
Unfortunately, clouds and the onset of
seasonal high humidity obscured satel-
lite views of the sea surface tempera-
ture gradients for the next two months.
Because of this, no further tracking of
the extruded cold feature could be made.




Plane views oI the 390 » toamperatures
show that the theranal gradieats at this
Jepth closely follow the surface pat-
teras of thernal extrusioa (Fig. 11).
Cruss sections constructed rrom ship 750

evpendable bathyvthermographs (XBTs)
s'tow that the cold feature extended at
least to the botton of the XBT traces
(Fig. 12). Finally, STD casts taken by

the shiip show that the salinity anl tem~
perature within the cold feature ditfter-

ed from the salinity and temperature
out side the feature as Jdeep as 1200 m
{(Fig. 13).

Two other extrusive features were exam-~

ined during Baseline. The first of these

features—-=-a southward extrusion of cold
witer along 49°30'W--is shown by the
satellite imagery to have slowly Jdevel-

oped into an eddy 100 km {n diameter. In
situ examination by the aircraft and
ships was limited to the filament con-
necting the main portion of the feature
with the Labrador Front (Figs. 7 and
12). However, positive evidence for ge-
neti. circulation was furnished by the
track of a satellite drifrer buoy (Fig.
14) released (nto the Labrador Current
at 48°31'N, 48°59'W by the USCGC EVER-
GREEN on 13 April (P. Richardson, WHOIL,
anpublished data).

It {s Interesting to compare the south-
wird movement of the buoy with the posi-
tion of the thin, c¢old core of the
l.abrador Current visible in the 12 .June
satellite image (Fig. 7). At 51°30'W,
the buoy turned eastward, and on 30 May
it became caught 1in the flow of the
southward extension at 49°30'W. The data
show that the buoy then became entrained
within the newly formed eddy and remain-
ed there rotating in a counter-clockwise
directinn untll the end of tracking 22
June. The eddy 1is visible i{n the NOAA-S
infrared image of 23 June in Figures 8
and l4.

The examination of the several years of
cnllected satellite 1magery 1indicates
that, although a cold feature near the
region of 49°30'W is often found, it
does not appear to be a persistent fea-
ture In the Imagery. On those occasions

found, it seems to form one
element of a bifurcated ridge feature,
with the position of the sccond New-
foundland Ridge feature being moved more
to the northeast than when only one fea-
ture is present.

when it s

Wave data were collected by a member of
the Canadian Wave Climate Study group
using a wave buoy deployed from USNS
LYNCH. The data from four of these de-
ployments are discussed in detail In
Part IV.

The third feature of interest--the cold
frontal feature over the Newfoundland
Seamounts--also showed strong extension
during Baseline. Although neither the
dlrcraft nor the ships entered this
region (except to show the bepinning of
northeast arcing of the thermal gradi-
ents north of 43°N in the 17/18 June
aircraft data analysis), the satellite
imagery did show feature development
from 12 to 25 June that was similar to
the cold extrusion over the Newfoundland
Ridge (Figs. 7 and 9). A satellite-
drifter buoy, dropped by the USNS LYNCH

on the eastern side of the Newfoundland
Ridge feature, followed the thermal
gradients northeastward at an average

speed of slightly over 100 cm/sec (Fig.
14). North of 43°N, the drifter began to
follow a course which outlines the cold
water feature over the Seamounts shown
in the northern portion of the 25 June
satellite image (Fig. 9).

5. New Look Data—May 1979

The sccond phase of the Grand Banks
Exper iment--New Llook--was made in 1979.
This phase was accomplished in  two
steps—--the first during the period 9-19
May; the second from 28 July to 14 Au-
gust. The {instruments wused and their

platforms are listed in Table A.

During the May survey, only aircraft and
satellites were used as data collection
platforms. As mentioned in Part I, two
ships that were to have participated in
the May survey were forced to withdraw.
Despite this loss, the May aircraft and
satellite data furnished {information
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(b) AiTCTOfY PRT OnQ'ySiS 3% 0" jAT I 1 16 [ 5% W

U S e T T T T T\
for 14/15 June 1978 *

| 55 2 1 [ n%

Ry 5
L I S
Z
§\ o1 \—/
6 "
o ~ = IR 1
g /

{c) Aircraft PRT analysis e e > o = o o —
. 1 ‘1
for 1718 June 1978 Al J T T T T X
S y BTSN
st / hd

13 ~ 13
, o
12 v’ =
R 13 -,.\\
AT : “ 1
_&\‘\_» v LY
. Ny ; \
t T L S — W
Ty AN
. \ / —
¥ ' \--" / T
i LT T~
A
0 ~
" L L \ | ! L o

W S0 19" 8 [l ta 15 1itw




PPWo b0 g9 ag "

—
(SN

Ly
410
400 -
30
de
. ' NN
39¢ 470 46
S5T°w  5ov 490 480
e NDAA 5 iteare g Tege—~20 L,
Figure g NOAA 5 frarod mage of study aray ¢, lane vy ARSI NI EO L
Craft PRT data in C for 25 June 197g. The afeay o I . o STNTSITIN Ny G
Brojection The diagongl N the pRT dtialy Lo refee gy,

he Gy reatione oy e sy,
XBTs, ang these gy, 4re dnalysed jp the (roog ~eCton gy Picay, 4 i
ment Ly Canadiay, Atmosphvri( ffnvirunmem Service

f’n‘ui\!" [N [RATENN




S S0° 19° 18" 17 16° 15 11°W
(RN LSRR S S S S S A [ L S N SR S M S S D UL N A S B S S IR
A 4 N

: :
1
t3' — 130
= 4
i .
i 4
12" - e
=
] ]
[ .
k 1
e E. - -
I ]
10"~ — 100
[ s
4
390 NP IS I IT AN S VIS ATIVI IS AR ae I | e e
W S0° 19° 18° 7O 16° 153" 1w
{b) Analysis of PRT data for 23 June 1978
17
- e T -




5 ] UW 504» 49(1
|

4404 —  —i—

N

437

‘s
LN B
! T
1
.
4
J -
: .
4 ~
! o [N I . ) A~
( 49 a3 47 ab
r e ooy e - R v Ty
. NOTAA P teae i e o bty deea o S5 Jai
o PR D data e O tor ST dane 157E D The infoared oo
NOTAA o o Tive chvngpee b in e PRT analy s vefon (o

Yo abapr KB T s acd e et e anabvsedh it os s st
corancement by Canadiin Mmosabievic Eoviroament Seev e

48° 47 460 45

+—




(b) Analysis of PRT data for 27 June 1978

SI°W S0° 19 18° i 16° 15° Jitw
3T LI 5 R L N L S T L AR N L S A O (S B S [
N F 4 N\
i 1

13°¢ r— - 13
F
% 1

12° b= . - 2
I |
r

e t- . -
=
- . 1
- ‘ 1

$40° — . . ~ 10
- - ]
| Ve

290 oo by by o by b e b g b ¥ ogge

5 50° 19° 18° 47° 16° A45° 11




Si°w 30° 19° 18" s 16" 15 H1°w
140 L LS S 0 S L S N S L N S O SN EM D (N UL SR ERR I (N SN SN 11
N O BN

- o ]
i 1
- /// qi
13° I~ : : ; : J -1 $3°
= .
r‘ s
— N
r :
42° p—- —1 12
| 4
i |
410 - - 11"
| J
40° - 'J 10
- 1
|
390 L 1 T IS I I I i I GG i (AN AE N I TR 390
al° 50° 19° 48° 47° 16° 15° 14

Figure 10. Progression of the extruding cold frontal feature of the Newfoundland
Ridge between 14 and 27 June, 1978. Each isoline represents the position of the main
thermal gradient for the representative day's flight.
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Figure 12.
XBTs were dropped every 1/2 hour.

Vertical analyses in °C of ship 750 m XBT data during Baseline.
Values at the top analyses refer to the time of
the XBT drop in Greenwich Mean Time (GMT) as well as the drop location.
vertical line at 1830 GMT, 14 June, of Line A refers to the change in direction shown

in the locationchart. The XBT data from 1030 to 1130 GMT,
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considered unreliable, and no analysis is presented for that period.

17 June, of Line C are
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complementary tu that provided by the
Baseline data. The satellite data cover-
ed the entire area, while the aircraft
measurements concentrated on details of
the frontal features over the Newfound-
land Ridge and the Newfoundland Sea-
mounts. The satellite image for Figure
15 i a good example of the frontal
features present in the waters off the
study area during May 1979.

The storm that plagued the ships created
cloud conditions that covered the area
extensively during New Look. However,
those satellite imagery clear enough to
display ocean thermal gradients show
that the Ridge feature did not move ap-
preciably during the survey. A compari-
son of the 9/10 May alrcraft PRT analy-
sis with the 15 May satellite image in
Figure 16 wverifies that very little
southeast extension of the cold feature
occurred despite the flve-day difference
in the data sets.

The aircraft data analyses for the 9/10
May flights proved interesting. Although
heavy fog and low clouds prevented col-
lection of surface radiation data by the
aircraft along aund north of the 42°N
track lines, analysis of the subsurface
AXBT data shows that the mailn cold water
feature in the area was actually being
extended from 49°30'W and that a second
feature, very wmuch smaller in compari-

/30

son, was present at 48°W, 42°45'N.

The TIROS-N data collected during New
ook are capable of more accurate -ogis-
tration than the data from NOAA- col-
lected during Baseline (see the Appen-
dix). Thus, the data from this satellite
can be rigorously compared with the air-
craft survey data analysis.

The horizontal distribution of the
smaller ridge feature Indicated by the
point AXBT measurements of 9/10 May Is
shown more clearly in the 15 May sat-
ellite image. Thus, during New look, as
duriag Baseline, a bifurcated Newfound-
land Ridge feature was present with the
eastern member of the bifurcation being
comparatively underdeveloped.

Upon examining the satellite and air-
craft data in the field, the western
member of the ridge feature was deemed
the more important structure, and inten-
sive measurements of its surface rough-
ness were planned. On 16 and 17 May 1in-
tensive frontal surveys were made that
cut a 150 km cross section across the
cold extrusion. Synoptic measurements
involving the temperature, currents, and
wave spectra of the ocean and tempera-
ture, humidity, and pressure variations
in the atmosphere were made along the
section. These measurements were design-
ed to show an instantaneous view of the
physical conditions 1in the atmosphere
and ocean across the feature. A detailed
account of the 1intensive surveys con-
ducted during these two davs 1is pre-
sented in Part III of this study.

On 19 May, an aerial survey was made of
the cold water gyre lying over the New-
foundland Seamounts. The feature had
been visible in the satelli-e infrared
lmagery for several days, but became
hidden under clouds two days prior to
the flight. The gyre, seen in best de-
tail in the satellite image for 15 May
(Fig. 17), extended over an area 200 ka
on {ts east-west axis and 100 km on 1its
north-south ax{s. Analysis of the air-
craft XBT data collected during the 19
May flight (Fig. 17) shows surface
structure similar to the gyre appearing
in the previous day's fmagery. The anal-
vsis shows that the complexities seen at
the surface extended at least to the
bottom of the afrcraft XBT traces, with
strong movement extending through all
levels.

6. New Look Data—July and August, 1979

The final portion of the New Look survey
took place during July and August 1979.
This portion of New Look was designed to
show that the cold water feature over
the Newfoundland Ridge was present dur-
Ing a period when seasonal high humidity
often obscures the reglon from the view
of infrared satellite sensors.




5 45 44
o 46" —T
510 w 50v 490 48" 47 e

‘ ’ 1 1w
Cot




51
MU
N

g a8 47

- 43

~ 42"

-41

- 40°

a

1'%




The survey consisted of the USNS LYNCH
making 750 m XBT drops while running a
diagonal cut across the Newfoundland
Ridge and partially over the Newfound-
land Seamounts. Two runs were made two
wecks arart. Analysis of XBT data ob-
tained from the first run, made 28-31
July (Fig. 18) differs very little from
the second run made two weeks later, 11—
14 August. Analyses of aircraft PRT and
XBT data collected along the same track-
lines at the same times produced essen-
tially the same results as the ship
data.

Only one satellite image recelved during
the July-August New Look survey was suf-
ficiently low in atmospheric moisture to
allow the ocean thermal gradients to be
seen In the study region. This image,
plus the aircraft and ship data, shows
that the Newfoundland Ridge and the New-
foundland Seamounts features were defi-
nitely present during the summer months.
An examination of the data indicates
that the Newfoundland Seamount feature
was fully extended, whereas the New-
foundland Ridge feature seems to be
withdrawn almost as far to the northwest
as the eastern ridge feature in May.

The 1infrared {mage also shows a cold
feature, partially hidden by clouds,
southwest of the ridge feature. From

this general location, it may be infer-
red that this cold feature is similar to

Figure 14.

the feature found at 49°30'W during May
and in the previous year during Base-
line. An indication of the subsurface
structure of this secondary feature may
be seen in the southern portion of the
28-31 July cross section. Unfortunately,
time constraints prevented any alrcraft
investigation of this feature.

1. Discussion

The cold water extrusion over the New-
foundland Ridge lies in the region where
Worthington places his "permanent low-
pressure trough” and, 1indeed, a low-
pressure trough is seen in the vertical
cross sections of a number of past sur™
veys (Worthington, 1962; Mann, 1967;
Reininger and Clarke, 1975; and Clarke
et al., 1980). During Baseline, the XBTs
along Line C 1in Figure 12 were delib-
erately dropped along a track near where
a line of XBTs were dropped from R/V
HUDSON 18 May 1972 (Reininger and
Clarke, 1975). The cross sectional anal-
ysis of the data from these HUDSON XBTs
shown in Figure 19 exhibits essentially
the same structure as the analysis of
LYNCH XBT data in Line C.

These analyses, as well as other analy-
ses of XBT data showing similar thermal
structures over the Newfoundland Ridge,
give an 1initial impression that a low-
pressure trough may Iindeed be a perma-
nent feature. However, one wonders how

Movement of sateliite drifter buoys within the Grand Banks Experiment
area during Baseline (Richardson, unpublished data, 1980).

The western drifter

buoy was released by the USCGC EVERGREEN on 13 April; the eastern buoy was

released by the USNS LYNCH on 22 June.
intervals of approximately twice a day (1200 and 2400 GMT).

The dots represent positions at time

The 17/18 June PRT

analysis is superposed on the draft chart to give perspective to the position of the

thermal gradients during a portion of the buoy's movement.

NOAA-5 infrared image

for 23 June is presented to show the current features in which the drifter buoys were
entrained. The newly formed eddy is visible in the image.
not the same projection as the drift chart.

Note that the image is
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Figure 15. TIROS N infrared image for 15 May 1979 showing thermal extrusions over
the Newfoundland Ridge and the Newfoundland Scamounts,  TIROS N data, unlike
NOAA 4 and 5 data, can be accurately registered and made into projections that
correspond to varvious anaglytical needs (in this study mercator projections gre used) .
This image has been registered to a mercator giid and digitally enhanced to show
various oceanographic features. The dark filament in the enhancemen' the gt
shows a branch of the Gulf Stream going around the Newfoundland Ridge feature.
The line A B refers to the region of the profite flights of 16 17 May 1979,
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Figure 16.

Sea surface and 300 m horizontal temperature analyses in °C of aircraft
PRT and XBT data for 9/10 May 1979 compared with 15 May 1979 infrared image.
The superposed analyses on the TIROS-N 15 May image show the small amount of
movement that had taken place in the five days as well as the continuity of the

cold structure with depth.
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Figure 17. Sea surface and 300 m horizontal temperature analyses in °C (aircraft
XBTs only) of the Newfoundland Seamount area for 19 May 1979 compared with a
computer composite of satellite infrared data for 13, 14, 15, and 16 June. The

superposed analyses on the image are presented to show the continuity of the cold
feature with time and depth.
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Figure 18. TIROS-N infrared image for 28 July 1979 and vertical analyses in °C of .
data from ship 750 m XBTs dropped in July 1979. The track of the USNS LYNCH is
superposed on the figure to show the relationship of the cross section to the infra-
red image. In the XBT analysis, the depth scale for the first 100 m is expanded to
show the details of this depth interval.
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the vertical structure would have looked
had the LYNCH XBTs been dropped along
Line C on 12 June 1978 when the feature
was slightly more northwest. Would any
evidence of a low-pressure trough have
been preseant? Ian fact, XBTs dropped
along the Line C track during the New

Look surveys of May and July/August 1979

would not have revealed a low pressure
trough. To even further emphasize the
point, it XBTs had been dropped along

the same track as Line B of Figure 12
during the July/August survey, analysis
would not have showu a cold feature.

I[f, instead of a "permanent low-pressure
trough,” an intermittent one is consid-
ered, one that is constantly expanding
in the form of extrusions and eddies,
then the seening inconsistency of the
features belng present on one occasion
and not on another would be resolved.
The analyses of the five years of satel-
lite data and those of the Grand Banks
Fxperiment surveys definitely show that
an extensive cold-water feature, inter-
aittently extending from the Labrador
Front, is normally formed over the New-
foundland Ridge.

It is interesting to note that only
rarely were eddies found in the histori-
~al satellite imagery that were not con-

nected to the Labrador Front by thin
filaments of cold water. During the sur-
vey ohases, filaments were found con-

acceting the front with the cold feature
4t 69°30'W (during Baseline) and the
feature over the Newfoundland Seamount
(daring New Look). Both of these fila-
nents extended bhelow 300 m, with the
filament at 49°30'W extending deeper
than 800 m. Thuas, the eddies found by
MYountain and Shuhy (1980) were probably
st i1l connected to the Labrador Front by
thin cold witer filaments, although the
filaments may not have been observed
because of station spacing. If this is
true, then such 4 filament would hlock
the movement of  Gulf Stream water
directly across the Ridge between the
eddies and the Labrador Front.

Although a cold water feature assoclated

with the Newfoundland Ridge normally
exists in sone stage of extrusion, {ts
actual position over the ridge varles

and, as examination of these data shows,
the feature can often be bifurcated
rather than singular. Clarke et al.
(1980) noticed a similar location dis-
parity when comparing their data analy-
sis on the low-pressure trough to that
of Maun (1967). Examination of the five
years of satellite imagery shows that
the main feature wandered in location
between the extreme eastern position
shown 1in Baseline and a point only
slightly west of the May 1979 location.
This extreme variation appears to occur
when the feature exhibits bifurcation.

Newfound-~
hand, are
singular {in occur-

The cold extrusions over the
land Seamounts, on the other
found to be always
rence and to 1lie directly over their
bathymetric counterpart (Fig. 20). The
fact that gross fits of this nature are
a consistent feature of the water over
the Seamounts indicates that the slope
of the bottom has a strong control on
the surface thermal pattern.

8. Conclusions

The analvses of Grand Banks
aircraft and ship data show that three
dynamic frontal structures projected
from the Labrador Front during 1978 and
1979: two extensions of cold water gen-
erally over the Newfoundland Ridge and a
third directly over the Newfoundland
Seanounts.

Experiment

A study of satellite imagery for a five-
year period, which includes these
veys, shows that the cold frontal
tures are always preseat in some

of extrusion. Their persistence through-
out the year, their extension as decp as
1500 m, and their close alipgnment with
hathymetric features deeper than 4000 o,
indicate  that they are  not minor
features caused by the local wind stress
on the surface layer, but are major
oceanopraphic features related to  the
circulation of the entire water column.

sur-
fea-
phasao
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Finally, a comparison of the Baseline imagery could be confidently used to
and New Look ship and aircraft data monitor the movement of these major
analyses with simultaneously collected frontal features during those times when
satellite data shows that the distribu- ship and aircraft data are not avail-
tion of thermal gradients in the two able. This conclusion is basic to the
data sets agree. It may be concluded, hindcast study of SEASAT-A SAR imagery
therefore, that in this area satellite in Part V.
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Figure 21. Infrared satellite image for 16 May 1979 superposed with the laser flight
patterns for 17 May 1979.
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Part lIl. The New Look Frontal Surveys
of 16 and 17 May 1979

.

1. Introduction

The analyses discussed in Part Il estab-
lished that major cold trontal features
are constantly being extruded from the
Labrador Front and that under cloud-free
conditlons, satellite infrared imagery
can rellably define these features. This
portion of the report will use New Look

data from the 16-17 May 1979 aircraft
surveys to take a closer look at the
cold features lying over the Newfound-

land Ridge. Tts main purpose is to show
that surface roughness within the c¢old
features is different from surface
roughness of the surrounding warmer
waters. An effort will also bhe made to
{dentify the processes that created

these roughness variations.

The flight patterns needed to make the
16-17 May surveys were quite complex. A

description of the 16 May flight as
detailed {in La Violette (198la) may be
used as an example of how the flights’

were conducted.
2. The Frontal Surveys

Once the physical boundaries of the New-
foundland Ridge extrusions were estab-
lished by the broad area surveys of 9-10
May (Flg. 16), two Intensive aircraft
surveys were planned for a 150 km cut
across the tongue of cold water. These
surveys were designed to show a synoptic

view of the atmosphere and the ocean
along the «cut at the time of the
flights.

Because of the nature of the data being
collected, the two surveys required a
cloud-free sky and, preferably, differ-
rent wind conditions. Clear-sky condi-
ttons did not occur until 15 May. During
the delay, TIROS-N and GOES imagery were
continuously monitored to provide weath-
er {nformation and to see {f any major
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oceanographic changes occurred. On 15
May, the satellite imagery showed the
weather over the Ridge fedture was clear
and indicated conditions would remain
clear for several days. The imagery also
showed that surfdce thermal patteras
over the Ridge feature had not drasti-
cally changed during the one-wecek delav.

Based on this ianformation, the cross
sectional surveys were conducted 15-17
May.

Only one TIROS-N pass is available for
computer vregistration for the twy~dav
surveys. This 1is the 0630Z pass 16 Mayv

shown in Figure 21. The main line of the
two-day survey was made along the line

cutting across the cold feature in the
figure.

On both days, the ©Navy P-3 aircraft
dropped sonobuoys withh approximately 9
km spacing at 15 positions across the
front (Fig. 22). The sonobuoys at each

drop point had their hydrophones set for
a depth of 18 m. The purpose of the
drops was to glve a close approximation
of the speed and direction of the cur-
rents across the Ridge feature by wmeas-
uring the drifts of the various buovs.
On 16 May, 2 hrs 20 wmin after the init-
ial drops, the line was reflown the
deift position of the buoys established
by the alrcraft's inertial navigation
system (INS). The current ianformation
derived from this tracking shown in
Figure 22.

and

is

On 17 May, the eastern front was found
to be displaced 30 km southwest of the
16 May position. Since the western front
did not move, the net result was a nar-
rower feature (the reason for this nar-

rowing will be covered in the discus-
ston). The spacing of the drops was

shortened accordingly and the sonobuoys
released. After a time interval the line
was reflown 1in a manner similar to the
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16 May flight. Unfortunately, the ini-
tial post-survey analysis showed that
the drift rates derived rrom this daca

were obviously erroneous. Recalrulations
of the navigation data indicated that
the initial sonnbuoy drop positions were
in errur. Fortunately, a third tracking
run had been made. The drift positions
of the sonobuoys along this third run
appear to be accurate, and {t Is the
drift data from this third track com-~
pared to the sonobuoy positions along
the second track that were used to cal-
culate the current data presented Iin
Figure 22.

A problem with usiag the third track
positions to <calculate drift times
rather than 1initial drop positions f{is
that the times are minimal for the de-
slred results. Also, hecause the alr-
craft flew a reverse course on the third
tracking run, the drift time for each
sonobuoy varies (on 16 May, the drift
rate of each buoy was esseatially the
same). The wvarflatfon s linear and
ranges from 1 hr 2 min at sonobuoy 15 to
2 hrs 7 min 1t sonobuoy 1. Desplte these
problems, the current spced and direc-
tions derived from the 17 May sonobuoy
tracking appear to be similar to those
made from 16 May data, and reinforces
the belief that the 17 May tracking data
are representative of the curreant condi-
tions.

As part of the 1A May sonobuny drops,
six dye markers were dropped between
sonobunys 3 and 5, with the third dve
marker and sonobuoy 4 being dropped to-
gether exactly on the thermal bhorder of
the western front. The photomosale of
Figure 23 shows thelr drift positions

after 1 hr 19 min.
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from the aiveraft s o
defintte foature (o
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front .
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gence along the

alrcraft the for

Teatare could not be deternineds The o=
incidence of the linear featare with the
thernal front was o:ted by the soientir-
ic orew of the alroraft By 4 Chiaracler-
istic sharp chawwe {0 the airorafc PRYT
trace.

Although a linear feature defining the
western front was visihle 16 Mav, an
overall sea state change across the
front was aot as obvious. However, the
alrcraft meteorological radar displav

showed narked changes in the sca clutter

that colncided with the lncation of the
thermal front. In the displav, a region
of greater clutter wis shown on the
warzer side of the front than on the
colder side. It 1is importait to note
that during the Baseline and New Look
flights, the ocean thermal froits were
almost always visible as sharp chanzes
fn the sea clutter on the aircraft aete-

nrological radar. Indecd, on a nunher of
oceasions, Instrument Jdrops were aale oa
these fronts on sva clutter vari-

itions on the radar displav.

hased

Environmental data =mwedsured along the
cross-sectional tracks are stacked asiag
the same horizontal scale in Figure 24

(16 May) and Figure 25 (17 “av). There

two  cdaveils to raeenber  in o asin

tiese The rirst
May XBTs were not dropped
track s other cavivonmental

are -
is that the 17
along the

data,

figures.
Same

bt

were actually dropped 3long 4 parallel
line 50 km to the soatheast (this iz
noted in Fiz. 23). The cross section i
presented in the Tigure only as an indi-
cition af wvertical thersal conditions.
The second point to remeaher is  that
navigatton fnacoaracies of 45 ko umav
exist hetwoen the position of 2ach piss
alony the standard track line. This er-
ror, createlt by precessinnal  soveneat
within the aiverafs INS, was unavoidabl.
du. toy  the aunersus  severe  tueas  the
Aireraft o made to collect the necessary
Jata.
e sderdved wind daty for 17 May at o aild
vivitades (7% through 3000 ) over the
ross=section tracks and for 25 m tor
the rest of the area are shown in Figuare
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Figure 23. Photographic mosiac of the drift positions of the dye markers dropped on
16 May. The time between the dropping of the dyes and the photographs was one
hour and ten minutes. At the time of the drop the winds were from the east at

5 m/sec. The relationship of the dye drop positions to those of the sonobuoys is
shown in Figure 21,

St — - - S e

— . iy




On 17 Mayv, the alrcraft flew a laser
profilometer at 250 m altitude in two
star  pdtterns: one over the western
tront and the other over the eastern
tront (Fig. 21). The laser data from
these star patterns, as well as fror
transect ilnes, quantify the variattons

in surface roughiess {nside and outside

e cold watrer feature.

3. Discussion

To simpli©yv discussion, this section is
divided 1into three parts: (a) curreats
and frontal moverneat, (b)) sarfiace winds
and sea stress, and (<) sea state. The
caonciusion  scecetlon will coalesce  he
findings »f thesc suhsections,

A Currents and Fronta! Movement

Analyses of the 16-17 Mav sonobuov dits

{Fig. 22) show that the cold water move!
it 1 <peed of 50-75 cm’sec in active
aredas near the fronts
null position in the
ds well as measurements

the
aad slowel o g
dat s,
witer

center. These

af  cold

aovenent  in the satellite limagerv, in-
Jicate that the cold water curreats were
noving around the Ridge feature counter-
Clovkwise s Thee curreats  in the  warn
witer poved  approximately 3un faster
than  the  cold  water and  followed o
sinilar counter-clockwise path  aroaad
tes o neriphery of the teature. The cur-

rents ia the warmer water of the western
front peaerally amoved Jaster than those
v the easterun front (OLOO cm/sec  as

oprposel to 50 cn/sec).

The photographic mosale of  the dyes
Jdropped 22 16 May (Fig. 23) show a smal-
ler drift of the dyes on the cold side
af the western front as compared with
the warm side. Without the mosaic to
examine, an analysis of the soaobuoy

may instead be quite
ot fairly uaiform
between the reglons
other measurements of shear were taken,
although sharp thermal frontal patterns
In the satelllite infrared imagery
pest that shear zones probably
within the Ridge feature.

sharp, with zoanes
velocitles lving
of sharp change. No

Sug-

ex{sted

Examination ot satellite and afroraft
Jdarta from 1--17 Mav, as well as SHr the
rest of the New ook Mav, aad Julv, and
August surveys, {ad{cates that the Ridge

extrusive

periads., s

letle
furiay these
compirison, the
show that the Nidge o
essentlally «tatic in
start of the Baselfin

feat are e rwent
movenent
proevioas  vears'  data
belay
position ar the

suddenly

1ture, afler

survew,

began extruding to the southedst at a
rapid rate (140 ko In 7 davs). Data from
the Baseline satellite-drifter buoy re-
leased  on 22 June {adicate curreat
speeds {n excess 0° 100 cm/sec were pre-
sent i the cool water inslde the east-
er front. It is possible that the rapid
extrusion after 17 June nipht have ia-
duced these speeds and that the 50 to
73 cmsec found duriag New ook are the
carreat  speeds that wi{pht  be noarmally
expected when the featare s not heday
extruded.

A examinatfon ot tive P ive vears ve
<atellite {mapery shows sivilar fastan-
ces  orf  Antermittent  extension. These
fmagery iodicate that the speed at which

the front is extruded varies consider-

i")l_‘.‘,
at other tines movin, extremely stowlvy.

sometimes moviage {n spurts, while

the short-term sonobuov

satellite

In additton to

measurement s, tmaperv  show

that frontal shedr waves were active on
hoth the western and eastern troats.
These moved at phase soceds of approxi-

mately 70 cm/sec, a perlod of approxi-
mately 0.83 davs and a wavelength of 50
km . during a 12-hour period 1is
marked by the drrows In the lImages In
Figure 27. A comparison of the speed of
the frontal waves with the speed of the

Movenent

currents shows the waves were moving at
close to the speed of the cold water
currents. The imagery show that rapid

data {n Figure 23 would iadtcate a grad-
ual change in current speed as the air-
cratt  approached the center  of  the
frontal structure. However, the mosaic
suggests that the apparent gpradaal
change in curreat velocity wmay he a re-
sult of the comparatively wide spacing
of the sonobuoys, and that the changes
. ;z_ - N = . ., —
R,
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Figure 26. Wind directions and speeds (m/s) for 17 May 1979 derived from aircraft
INS data. Values represent data collected for 75 through 300 m altitude over the area
of the cross section and 250 m altitude for the rest of the area.
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movemnent within the Ridge feature was
also measurable. Tracking the displace-
ment of several cold water features
within the feature over several days
shows they averaged 70 c¢m/sec. These
displacements are similar to velocities
measured during the short-term sonobuoy

tracking.

Aircraft XBTs taken on 16-17 May (Figs.
24 and 25) show the vertical profile of
the front to be extremely steep, t.e.,
with essentially no thermocline. This
lack of thermocline plus the regularity
of the shear waves would scem to {indi-
cate two possibilities: one is that wave
movement along the froat was causing
lateral northeast/southwest displacement
of the cold frontal edge; the second,
and more likely, {s that water was being
transported in a southeist direction
along the front in geostrophic balance
with the pressure field across the front
and was, therefore, an integral part of
the current system.

The sonobuoy data did not show varia-
tions in direction that could be attrib-
uted to sinusoidal vec:tor components of
the frontal waves. The satellite and
aircraft data, however, do show that a
narrower portion of the Ridge feature
was transected 17 May than 16 May. It
may be surmised from this information
that the trough of an eastern frontal
wave had moved into the tran<ect area.
Although no satellite data are currently
available for 17 May, an examination of
the wave movement seen In the previous
day's 1imagery may be used to show which
trough may have been responsible for the
narrowing of the transect area. This is
probably the trough between the two
southernmost arrows on the eastern front
{n Figure 27 and just south of the
eastern lasar star in Figure 21.

B. Surface Winds and Wind Stress

As stated in the introduction to Part I,
the speed and direction of local surface
winds in the regions of an ocean front
can be highly variable due to varfations
In the marine boundary layer. During the
16 crossings of the front made by the
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LYNCH during the Baseline survey of the
previous year, wind speed was reported
to lIncrease on 11 occasions when going
from the cold to the warm water. The
mean increase of these 11 crossings was
34%. On the remaining occasions, the
winds were the same across the front. On
no occasion was the reverse noticed.
Winds were generally 2-8 m/sec and wave
conditions were low. (The Baseline mete-
orological data collected by the LYNCH
are presented in detail in Part IV.)

Without the ships, fthe main source of
wind data during the New Look (May) sur-
veys was the aircraft INS. These data
indicated that, at the altitude the alr-
craft was flying, there were no marked
changes 1a hortzontal wind speed or
direction (Figs. 25 and 26). There were,
however, sharp differences in atmospher-
ic turbulence (as defined by INS verti-
cal accelerometer data) as the aircraft
crossed both the western and eastern

fronts. On 17 Mav at an altitude of 250
m, the change in atmospheric turbulence
was displaced 12 km from the surface

location of the western thermal boundary
(as marked by a 4°C jog in the PRT
trace). It wmay be surmised that the
reason for this displacement 1{s the 10
to 15 m/sec winds from the southeast.
What is difficult to determine {s wheth-
er the atmospheric front extended verti-
cally down to the surface or angled down

in an eastward direction toward the sur-

face location of the ocean front.

An  examination of the difference in
horizontal alr temperatures for 16 May
at wvarlous altitudes also shows the
stability of the air column across the
feature (Fig. 24). Untortunately, the
INS vertical accelerometer recorder was

inoperative on 16 May when air tempera-
ture data was avallable. Perversely,
when the INS vertical accelerometer was
operative on 17 May, alr temperature
data 1{s avallable, the two data
sets are not directly comparable. How-
ever, the air temperature for 75 m {n-
dicates that a westward displacement of
the atmospheric front occurred on 16 May
similar in extent to that shown by the
INS data for 17 May. In addition, air

no
thus




temperature data show the air over the
entire western half of the cold water
feature to be cooler than the air over
the eastern section. The data show that
a maximum change of 1.2°C occurred over

the western frontal area while the
change over the eastern froantal area was
0.3°C. Examination of the satellite in-
frared image for 16 May (Fig. 21) shows
that within the cold water feature, the
water 1is cooler in the western portion
than in the eastern portion.

while not conclusive, data from the INS
vertical accelerometer and the 250 m air
temperacures indicate that atmospheric
turbulence in the region of the western
oceanic front was less than over the
eastern oceanic front. Also, the gener-
ally cooler air over the western half of
the cold water feature indicated that
more stable atmospheric conditions were
present in that region than in the east-
ern region of the feature.

The INS wind data indicate that while
some modifications of wiand speed and
direction may have been taking place
across the front at the surface, the
winds at the various altitudes of the
aircraft (75 to 300U m) were zenerally
constant, coming from the east at 5
m/sec on 16 May aud increasing to great-
er than 19 wm/sec from the southeast on
17 May. Thesc winds seem reasonable when
compared with surface weather charts of
the area for 16-17 May. On 14 May, an
atmospheric high was extended well over
the area with gentle to moderate east to
southeasterly winds prevailing. On 17
May, the high retreated to the northeast
and the increased gradient flow caused a
gradual increase in wind speeds and a
shift to southeasterly winds.

The effect of these meteorological
conditinons on both days was to have a
wind regime which reinforced the current
on the eastern front and blew against
the flow on the western front. Conver-
sely, atmospheric turbulence was less
over the cooler water of the western
portion of the cold-water feature than
over the eastern portion. The effects
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these conditionsg had on the sea state
are detailed ia the next subsection.

C. Sea State

The collection of detailed, synoptic
wave datal was Lasic to the success of
the study. The proper method of cnllect-
ing such data posed a difficult problem.
During Baseline, a waverider buoy was
released from the LYNCH and wive spectra
collected across the feature. {These
data are discussed in Part IV.) Unfor-
tundately, the spectra from this single
source do not sive directionality. Dur-
ing New Look (Mav) an aircraft laser
profilometer was included, in addition
to the waverider buov, as part of the
wave spectra collection instrumentation.
When the New Look (May) research vessels
were forced to withdraw from the survey,
the laser profilometer became the prin-
cipal data source of quantitative wave
intormation.

Laser profilometers have heen used for
wave studies by others (e.g., Ross et
al., 1970; Schule et al., 1971; anit liu
and Ross, 1980). In most of thesc stud-
ies, the wave fields were dominated by
cither swell or wind waves, and a single
flight track in an appropriate direction
was believed to be all that was nceded.
However, ia the region of an ocean front
where waves and swells are observed to
change Jdirection and where several wave
sets can coexist, a single flight track
line provides insufficient information
for a competent wave study. In the study
of these types of seas, a flight plan
should be designed to handle not only
multiple component seas but also wave
refractions due to curreat zradients. A
flight plan with these objectives was
developed and used in the present study.

The flight plan consisted of flying the
lasc - profilometer in a star pattern
over both the eastern and western sides
of the cold extrusion (Figs. 21 and 27).
The significant wave Theight and  the
skewness values that resulted from the
laser profilometer data along each
flight track are given in Figure 28. 1In
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Figure 27. Infrared satellite image showing frontal wave movement for a twelve hour |
period between 15 and 16 May 1979
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Figure 28. Significant wave heights and skewness coefficients for 17 May 1979 derived
from laser profilometer data (after McClain, et al., 1982).




Table B. Summary of wave systems data (after McClain et al., 1982)

Wind Waves Swell ‘
Pattern Length Direcfion  Length  Direction NS Wing
(meters) (degrees) (meters) (degrees) (Hdg/Spd)
*/m/sec ;
Eastern Star 160 291 205 244 285/8,5
(warm Slde)
Eastern Star 135 281 188 232 265/10
(Cold Slde) |
Woestern Star 157 270 180 208 259/12,5 ‘
(Coid Side) i
|
western Star m 255 205 232 263/12,5
(Wwarm Side)
order to have a tightly grouped track seas were higher 1in the area of the
for determining the direction of the western star than the eastern star and
wave propagation only the spectra from that the local Hj,/3 minimum of 1.90 m
the sections near the front are used. occurs just prior to the eastern star
These sections are Indicated by heavier (unfortunately, the sonobuoy (9) dropped
lines in the wave height portion of the at this point failed, and no correspond-
figure. McClain et al. (1982) devised a ing current field can be compared to the
simple graphic method ¢to process the 1.90 m minimum). Given the essentially
data. Table B, above, shows the results constant wind speed and direction, the
of the McClaln et al., analysis. wind waves should be fully developed
across the feature. If this 1is true,
Based on these results, McClain et al. then changes in sea state must be the
(1982) show that a gencral trend of wave result of the interaction of the cur-
variation can be detected. The data from rent and an opposing or reinforcing
one track which went across the entire wind. This effect is most marked in the
cold feature (Flg. 29) show that the area over the western front where the
Western Eastern
Thermal Front Thermal Front

®00 00 ® O @ @ ® 0 @8
le—2.56{2.96 2.92}—2.71+2.3s—{2.zs|2.12| F2.16—}—2.25—}—1.90—] }—2.05-—]{' —2.28—

Cold Water Extrusion —_—_— //j Warm Water

Warm Water !

® Sonobuoy Numbers

le2.12—| significant Wave height

Figure 29. Significant wave heights in refation to sonobuoy positions along the
cross section on 17 May 1979 (after McClain et al., 1982).
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wind opposed the current and the highest
Hy/3 was found. In the center of the
cold feature where currents were mini-
mal, the lowest ;7 were found. 1In
the vcastern front area where the winds
and currents reintorced one another,
ity ;3 agaln  increased; but not te as
Zreat an  extent as over the western
front.

An examination of the significant wave
height data a? ng each flight track in
the eastern star shows that no dramatic
change took place {in the significant
wave helght as the aircraft flew over
the front. The situation in the western
star, however, was quite different, as a
marked increase In significant wave
height across the frontal boundary can
be seen. McClain et al. found that the
mean skewness values determined for both
the warm and the cold side of the star
patterns (leg 5 excluded) indicate that
the skewness was roughly 40% higher in
the warm water region.

To illustrate the sea state change
across the front, the apparent wave-
number spectra along flight track 7 are
shown in Figure 30. (The word apparent
1s stressed here since the spectra are
those collected along flight track 7 and
do not represent lines orthogonal to the
waves or swell.) As expected, all
spectra show two prominent peaks at
approximately the same location. Also,
the lower of the apparent wavenumber
peaks (hence, the longer wavelength)
represents the wind waves and the higher
wavenumber peaks represents swell due to
the angle of encounter with the two wave
traing. Along the track, the swell com-
ponent ranges in peak value from 6 to 11
radlans/m, but shows no systematic
change. On the other hand, the wind wave
component is very stable until the front
{s crossed. Once in the warm water, the
peak value goes to 1.5 times the preced-
ing value. Visual observations, on both
16-17 May, of 1iacreasing frequency of
whitecapping in the warm water also sup-
port these changes. However, at the al-
titude of 250 m, no significant change
in the mean horizontal wind speed or di-
rection was recorded by aircraft INS in
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flights acruss the ocean fruntal bouund-
arfes. McClain et al. suggest thit two
possibilities wmav be advanced to explain
the changes 1n sed state that were ob-

served across the fronts.

First, it must be remembercd thar deri-
nite wvariaticas in  airorare vertiooal
motion were deteeted by the INS vortiog]
accelerometer in tlvlny P AL t e
{ronts (Figs. 25-26). From this, it =av
be fnferred that the varilation i
turbulence ia the air-sca boundary liyer
may have been the chicef cause fur the

changes In sea state.

There are, however, quantitative Jdata
that present problems with this esplana-
tion. Theory states that as wave encrgy
grows, the wavelength assoclated with it
should increase, or at least should not
decrease. But the summary in Table B
shows that the wavelength decreased from
157 m to 111 m across the frontal bound-
ary. This discrepancy makes the sccond
possibility, the effect of current-wave
interaction seem to be more acceptable.

McClain et al. tabulated the surface
currents for 17 Mav (Table C) 1nto
along-front and cross-front components
with positive u in the down-stream di-
rection and positive v to the right of
u. Generally the u-component dominates
and the flow 1s essentlally a shear cur-
rent similar to that used by Longuet-
Higgins and Stewart (1960). McClain et
al. shows that stace the values of k and
8 (the angle between the wave ray and
the across~front axis) are measured di-
rectly on each side of the front, a com-—
parison between theory and wmeasurement
is possible. They state that the expres-
sions given by theory that can be most
easily tested are for changes in energy,
E, and wave number k. So that:

l-, S0 ,‘(9 )
S ‘ (3.1)
L, sin 2@
and
kl sin(8 )
Kk, sih2§>3 (3.2)
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Figure 30. Variations of wavenumber spectra for laser profilometer tracks over the
cross section on 17 May 1979 (after McClain, et al., 1982).

where the subscripts, 1 and 2, represent
initial and final values, respectively.

In this case, for the wind waves at the
western front, 0;=48° and 85=33°,
which result 1{in E3/E;=1.09 as com-
pared to 1.5 seen in track 7. From Equa-
tion 3.2, ko/ky;=1.36 as compared to

1.41 from the graphic method of wave-
length determination. In the theoretical
result, equation 3.2 is a consequence of
the irrotationality assumption coupled
with the constraint that all variables
are independent of the along-front coor-
dinate. The latter condition seems
reasonable since the currents are fairly
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Table C. Decomposition of current components (after McClain et al., 1982)
Head ing Along-Front Cross=Front

Sonobuoy #1 Y{m/s) (N) 9! u v

l 1,57 132 0 1,57 8!

2 1,44 132 0 1.44 v

3 .83 143 =11 L9 -.18 wWastarn

4 1.09 123 9 1.08 A7 Front

5 I3 107 25 66 .31

6 .54 116 16 .52 o35

7 .09 SE - - -

8 .30 75 - - -

10 W73 19 8 T2 .10

B .80 3 -8 .79 =0 fastern

12 1,07 0 -1 1,09 -.20 Front

14 55 25 +14 .95 W13

15 1,46 10 -1 1.46 9 '
8' is the angle between the current vector and the front, :

unidirectional, the distance across the
front is fairly small and 3.2 is approx-
imately satisfied. However, since con-
siderable wave breaking was occurring
and the boundary layer did change, one
would not expect equation 3.3 to be
valid for the wind wave fileld.

McClain et al. used the mean current
velocity of stations 1 and 2 and applied
the expression

H ="
6, = sin_l[sinﬂl(l—vzsinﬂl/vl) 3.
where C1=(g/k1)1/2,\1=157 m, 81=48°and
vp=1.5 m/sec. The predicted change in
direction should be 8°, but in this case
15° 1is observed. If equation 3.3 is
applied to the swell, the result implies
that the swell should not respond since
8; 1is only 14°. However, the measured
value of 8 is -10° indicating a 24°
refraction into the current which i{s un-
likely and renders equation 3.2 unusa-
ble. The disagreement {s probably due to
uncertainty in the graphic method em-—
ployed by McClain et al. in finding &
and B2 for the swell in this instance.
Actually, the value of swell propagation
direction into the front, 8;, appears
low compared to the other three values.

McClain et al. apply a similar procedure
to the wave components over the eastern
front where the wind waves were propa-
gating nearly perpendicular to the

current direction. The refraction across
the front was to the south (-12°). How-
ever, solving both 3.2 and 3.3 for 63
results in very small predicted changes
in direction. Using 3.1, no change in
the wind wave height is predicted. The
swell offers a better comparison since
it is traveling at a respectable angle
to the current. Here ©1=57° and 8)=
49° as measured. Application of equation
3.2 to each side results in sin(8/%)
equaling 0.00409 on the east and 0.00401
on the west. Using equation 3.3 with
81=57° and v5=0.92 w/s (the wmean of
sonobuoys 11 and 12), 89=50° is in
excellent agreement with the measured
value of 49°. Thus, this last situation
offers the best data/theory match.

McClain et al. also show that the change
in significant wave height can be com-
puted by taking the square root of equa-
tion 3.1 and wusing 61=57° and 87=
49°, a value of 0.95 1{s obtained for the
swell. Using the Hj ;3 values corre-
sponding to the segments used in deter-
mining the 8's, the ratio of the medun
values from each subpattern 1is also
0.96. This indicates that the change in
sea state on the eastern side was proba-
bly due to a small modification of the
swell by the current.

4. Conclusions

Analyses of the data derived from the
sonobuoys across the cold feature show a
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curreant field that decreases from the
western and eastern front to a null
point slightly east of the center of the
structure. Dye markers dropped across
the western front i{ndicate that {mmedi-
ately at the front, a large horizontal
shear existed with a 74 cm/sec curreat
on the warm side existing less than 1500
m from water woving at 34 cm/sec on the
cold side. No other measurements of
shear were taken although patterns in
the PRT analysis and satellite infrareld
imagery indicate that shear zones proba-
bly existed at the eastern front and in
several areas within the cold feature.

A study of the satellite data show that
frontal shear waves were moving along
both sides of the cold feature at a
period of approximately 18 hours. The
study 1ndicates that the movement of
these waves through the current field
should have induced a sinusoidal modula-
tion to the velocity vectors of the cur-
rent. However, since the sonobuoy data
presented no such vector orlentation, it
is inferred that the data were collected
for too short a period to measure these
effects.

Wind speed and direction derived fron
aircraft INS show little wvariation
across the feature (at least at the al-
titude of the aircraft). The gradual
{ncrease in wind speed that was found to
the southwest 1is what may be expected
from the gradient flow associated with
the atmospheric high shown iIn the re-~
glonal meteorological analysis. Those
variations in wind speed seem small in
comparison with the wave height varia-
tions found by the laser data at the
western front and seem to be more align-
ed to varlations 1in the current (al-
though the change in wave direction does
follow the change in wind direction).
For example, the position of winimum
roughness in the central portion of the
cold feature matches the region of di-
minished currents. Also the roughness of
the western frontal area, unaccountably
diminishes southwest of the front. The
alrcraft winds for that region show no
change and the difference may be due to
the diminishing of the effects of

current shear away from the zone of the
frontal waves.

Examination of the INS vertical acceler-
ometer data for 17 May indicate that at
the 250 m altitude, the atmospheric tur-
bulence front was slightly displaced
from the ocean front. Although the dis-
placement was most lilkely cdaused by the
southeasterly winds, 1t 1s not known
whether the displacement extended ver-
tically to the surface or angled to the
ocean fronts. Alr temperature Jdata for
16 May present a similar displacement
occurring on this date at 50 m altitude.
Visual observations showed a several
kilometer wide zone of ilncreased surface
roughness on 17 May and a well-defined
narrow (i.e., several meters) line 16
May. Whitecaps appeared 1in the warmer
water on both days.

In summary, the analyses of data from
Intensive aircraft surveys 16-17 May
1979 indicate that well-defined regions
of ocean surface roughness existed 1in
the study area, that these roughness re-
glons delineated the frontal boundaries
of the cold feature and, 1in general,
could be used to define the feature.

In addition, studies of the data {indi-
cate that while some roughness induced
by air/sea thermal instability was pres-
ent, the major cause of the measured
variations In ocean roughness seemed to
be the 1interaction of the wave field
with the current.

It should be noted that the sulte of
instruments used 1in the two-day survey
were incapable of measuring short period
gravity waves. They were designed to
measure larger scale ocean roughness
such as long period gravity waves, cur-
rent shear boundaries and thermal bound-
aries. As described, the instruments did
this rather well. However, it 1s the
shorter period waves that are detected
by the syntheti{c- and real-aperture
radars. The following portions of the
study will show how these larger scale
phenomena control the orientation of
these short period waves and thelir
detection by SAR and SLAR.
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Table D. Characteristics of the NASA Lewis Research Center U.S. Coast
Guard Side Looking Airborne Radar

i ® Motorola AN/ARPL-740 - Real Aperture .
|

! -

| e frequancy: X-8and, Tunable - 9:10-9,40 e

e Pulse widtn: 20UJ NS

e Pulss Repatitior freque~cy: 9572 pe~ sec, or ranlom’ .y varianle

Polarizatlon: H-H

e Antenna Langth: 5,9M
e DB Antenna Beamwidth: D,450E5 = 7,85 MRAL

Hange Resolution: 3M

5

i ® Minimum Datectable Slignal: =47 O834

e Mapping Swatrs: 25, 50, 100 xm with offset in ' xm sterg,
both sidges of alrcratt

' e fmage Jutputs: Real Ttime tuil resuiutlon andl o owet Lrocessen fiw
o

Real *ime dijitally Jrv silvar procass paver o 07~

i e Dl3i*ta' Tape Qutput )
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Part [V. Side Looking Airborne Radar (SLAR)

v. Introduction

The presious portion of the study at-
tempts to show that distinctive vough-
ness viariatioas are associated with the
cold features extruded from the Labridor
front. It also indicates that although
the air-sea temperature difference was a
factor on 16-17 May 1979, the najor
cause for the changes ia roughness ap-
peared to be the varlations ian current
and wind stress. This portion of the
report will document the detection of
these roughness variations by special-
{zed radars--in thls case SLaR. The

study will compare SLAR imagerv to near-
simultaneous environaental measurenents
taken by ship and afrcraft.

experimentad
SLAR-equipped
tnited
open seas. The
state by oil

Coast Guard has
use of using
C-130's to police oll spills in
States waterways and the
telltale modnlation of sea
pollutants 1is the basic rationale for
their experiments. Ir. addition to being
useful in detecting oil spills, the U.S.
Coast Guard has explored the use of SLAR
monitor the movement of
fce in shipping lanes. FExperiments of
this nature have been carried cat in the
Newfoundland/Labrador part  of
the U.S. Coast Guard's role as the
acional unit of the TInternational
Patrol. Thus, SLAR equipped £-~130's were
operating in the study area during the
period of the Grand Banks Experiment and
made time-available
basis. The the SLAR
abhoard one used dur-
ing Baseline viven in
Tahle D.

The U.S.
with the

as a device to

Area as
Oper=
lece

available on a
specifications of
of the two aircraft

and New Look 1is

were

Since both SEASAT-A SAR and the ERIM SAR
aboard the Canad{an Convair 480 were not

availabhle durfng Basceline and New Look,

daring the actaal wriods of the

eXpoerineat .

2. The U. S. Coast Guard SLAR Data

S AU Vey s

SLAR-equinped 0-130 Slights were ade
over the experiment area on 11 and 19
June 1978 (Baseline) and o1 19 and 15
Mav 1979 (New Look). The tirst three
flipghts were taken by the Coast Goard
AOS alrcraft using & K-hind SIAR hori-
zontally polarized on the port side of

the aircrafec and vertically polarized on
the starboard side. NDuring the ‘ourth
flight, data was collected fron an
¥-band  SLAR  heloauing to
Research Center ani lown aboard g
Guar] aircraft. This radar was horizoa-
tally polarized on both sides of  the

[T
CAATLOWY S

Zoast

alrcratt. Simultaneous to the collection
of the SILAR data during these flights,

collected and

scleatific

infrared scanner data were

presented to  the aircraft

crew on i realtime video display. This
continuous Jdisplay confirmed that the
roughness features seen in the  35LAR

inages were aligned with the thermal
fronts in the area. Figure 31(a) aad (b)

shows  exanples of H-hand SLAR iaagery

ohtained dur iy t e two Baseliae
flights. Figure 31(~) shows 1 sample of
Y-hand  SLAR taken duriayg the New Look
flight. Real tine optical SLAR iaagery
of this nature weve the oaly products
retained fron the Coast Guard operation-
al SLAR systems. Thus, 10 igital proce-
essing could bhe done with cither the

SLAR or the infrared scanner data.

June 1973 K-band SLAR imagery
(Fig. 31(a)) shows feature roughness
patterns associated with the front loca-
ted at 44°107°N, 48°25'W in the satellite

The 11

image for 12 Junc 1978 (Fig. 7). The
hipher radar rveflectance (lighter tone)

in the SLAR image occurs over the waraet

P U S

the U.S. Coast Guard SLAR represents the water, implving 1 rougher water surface.
only spectalized radar data collected The lower radar roflectance (dark tone)
5
- g -
= . - i T - d e .- — e e — e -




(o) K-band SLAR-11 June 1978

(b) K-band SLAR-19 June 1978
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(¢) X-band SLAR-16 May 1979

Figure 31. Samples of Coast Guard SLAR imagery collected during Baseline and New
Look. The imagery in (a) and (b) were collected by the Coast Guard AOS and Air-
craft 94D side-looking airborne radar on 11 June 1978 (a) and on 19 June 1978 (b).
The nadir return from directly beneath the aircraft is shown along the top of each
image. The range to the dashed line is 26 km, with each image segment being approx-
imately 600 m. In (a), the aircraft was heading south (to the right) and took this
image using the SLAR in a vertical polarization mode from the starboard side of the
aircraft. In (b), the aircraft was heading west (to the left) and took this image in a
horizontal polarization mode from the port side of the aircraft. The image in (c) was
collected by the NASA Lewis Research center aboard the Coast Guard aircraft on

16 May 1979. The image was made from the starboard side of the aircraft as it flew

east.

occurs over the cooler water and implies
a smoother surface. Similar changes have
been reported by others. For example,
Weissnman and Thoupson (1977), after ex-
amining radar imagery of the Gulf Stream
off Florida, interpreted similar varia-
tions in reflectance as variations in
surface wind stress caused by changes in
atmospheric stability and relative water
velocity. In the SLAR image shown here,
the wind direction and strength is not
known nor {s the exact relation to the
thermal front (i.e., whether the SLAR
defined front match or was several kilo-
meters displaced from the thermal
front).

The 19 June 1978 K-band SILAR image (Fig.
31(b)) shows surface patterns similar to
patterns suggested to be assoclated with
internal waves (Apel and Charnel, 1974;
Fett et al., 1978; Fett and Rabe, 1977).
These patterns agafin lay 1in the cold
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side of the front near 44°10'N, 48°25'y
in the aircraft PRT analysis in Figuar:
17. As the aircraft lata show surlace
temperature at this time was 8°C, heavy
fog and low clouds were present. Wiads
were less then 3 wm/sec. Seeiny internal
wave patterns of this type is predice-
able in this region both bhecause of the
greater water stratification and hecause
they are more clearly visible due to the
comparatively calm saurface of the cold
water.

On 16 May 1979, an I-band SLAR was flown
across the front at an altitade of 5300 n
(Fig. 31(c)). On this occasion, frontal
features similar to shear patteras were
found that appeared to be aligned to
the fronts at 40°15'N, 43°950'W and at
40°15'N, 47°30'9W. The winds at this tinme
were cast to southeasterly (i.e., at
right angles to the f{ront) at less then
5 w/sec. While the match for these data
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Figure 32 (opposite page and above). A comparison of (a) and aircraft K Band SLAR
image, (b) aircraft PRT and ship temperature analysis, and (¢) of NOAA 5 infrared
image for a period centered on 19 June 1979. (Image enhancement by Atmospheric
Environment Service, Canada.) The right side of the K Band SLAR image is hori
zontally polarized. Note that the veitically polarized (left) portion of the SLAR
image does not present as detailed delineation of the front as the horizonta! poiari
zation (right) portion of the image. A return flight {north} over the same part gave
similar results.

appear to he excellent ) navipgation o - acenrred in the sonthern portion ot
rors in the aotatioa ot the dirmapesy do Coast Cuard Plivhts 19 Juoe 979 (Fie,
not Altow this data to be used exceept as 32y, Since  sweveral  data o soarces oare
an exanple of froatal pattern aligonmenat. available near the tine of  this inaye,

it is informative to compare these data

3. The SLAR Image for 19 June 1978 and the SLAR Daage o detail.

The best example of features in the SLAR Fipure 32 presents a comparison of the

imagery matching features scen in the 19 June SLAR dimape, the 19 June satel-

aircraft  and  satellite  intrared data lite tufrared imape and  che 19 Jdune
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(a) Infrared

Figure 33. NOAA 5 infrared {a) and visible (b) mmogery collectod an 10 June o0
at 12485 GMT.  (image enhancement by Atmosphernic Fnviconment Servn o, Canadhe




(b) Visible




thermal front. (The 18°C isotherm repre-
senting the latter was constructed using
ship surfuace temperature data for 17-19
June and aircraft PRT data for 17 and 23
June.) In the comparison, several fea-
tures of similarity became evident. The
most striking {s the correlation of the
curved features unorth of 42°N latitude
found 1in the SILAR image and the arced
thermal gradients shown in the frontal
analysis and infrared image. In the SLAR
image, the region separating these
curved features and the mottled patterns
to the south i{s in the sane location as
the thermal front {n the infrared image.
The mottled patterns in turn match the
cold water region of the infrared image.

North of 42°50'N a similar phenomenon
occurs. The striation Aarea ends and a
mottled pattern veglon begins. The mot-
tled patterns in thls instance appear to
he composed of internal waves.

One feature to note in the SITAR image on
Figure 32 is that the frontal reglon
1oes not have . marked demarcation simi-
lar to the sharp gray tone delineation
shown in the infrared inagery. This com-
paratively gradual change across ocean
thermal fronts appears to be a normal
feature of SIAR and SAR imagery and is
discussed more thoroughly in the discus—
sion section of this portion and in the
portion dealing with SAR imagery.

No daytime satellite pass is available
for 19 .June. The infrared image shown in
the figure 1s a late eveaing pass. Thus,
noy simultaneous visible image is avail-
able and no comparison of the sunglint
patterns with similarly positioned SIAR
patterns [s possible. However, the visi-
ble {image from a daytime satellite pass
of one weck earlier (12 June) may be
used to derive an understanding of some
of the roughness features shown In the
SILAR 1{mage (LaViolette et al., 1980).
The 12 June visible image and its com-
panion infrared image are shown in Fig-
ure 33. Desplte the offset of secven
days, the sunglint in the visible lnage
shows specular responses to regilonal
ocean roughness that are similar in
location to varilations In o4 shown In

<

the 19 June SLAR imagery. In addition,
the sunglint features 1In the visible
satellite image have an obvious correla-
tion with the thermal features shown in
the companion infrared Image. Although
many of these features are caused by
atmospheric conditions, in a number of
instances they are caused by sea state.
In the visible image, there are numerous
areas that appear dark and are identifi-
able as cold water reglons in the ther-
mal iwmage. For NOAA-5 satellite visible
imagery, maximum sunglint for this time
of year occurs along the eastern margin
of each image. For the latitude of the
Grand Banks Experiment, the eastern mar-
gin of the Image requires facet slopes
in the water of 0° to 2° to give specu-
lar reflections of the sun to the satel-
lite. These slope requirements increase
asymptotically westward. Where dark fea-
tures begin to appear in the cold water
areas of the 12 June visible image,
slopes of 6° to 8° are required to pro-
vide specular response of the sun. The
uniformity of the darkening 1in these
regions 1is evidence that these ocean
areas dre relatlvely smooth and that fog
is absent.

Weather charts for 12 June show a region
of high pressure over the Grand Banks
Experiment area with light easterly pre-
vailing winds. Ship reports indicate 3°
to 6°C alr temperature to dewpoint dif-
ference over both the warmer and colder
water. The light easterly winds, how-
ever, advect molst air from over the
warm water to over the cold water. This
could cause fog to be formed over the
cold water side of a north-south ocean
front. Such a fog could be the cause of
the bright area at the end of the cold
ridge feature.

The author feels that aside from the
obvious cloud features, nany of the
varfattions In speculdar response in the
12 June vistble image are due to vari-
ations in sea state. Unfortunately,
correlating these varlations to exact
ocean events is 1mpossible since there
{s no simultianeous ship or aircraft
coverage. The image is presented only to
give a spatial preseatation of ocean
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roughness that may be similar to sea
state features at the time of the 19
June SLAR image.

Sea state conditlons for 19 June 1978
reported by the meteorological team
aboard the USNS LYNCH indicate that the
dominant swells were coming from the
south (180°-160°) with a mean height of
2 meters and a frequency of 1.4 Hz.
Their reports (Table E) of (T5-Tg)
values 1indicate stable or <close to
neutral atmospheric conditions were
present. In the area of the eastern
front, the ailr was close to the same
temperature as the sea on the warm water
side of the front. On the cold water
side of the front, the air was warmer
than the sea by approximately 2.0°C. At
the time of the overflight of the Coast
Guard aircraft, the USNS LYNCH was In
the cold water at 42°03'N, 48°32'W, with
a (T,-Tg) difference of 2.5°C, air-
dewpoint temperature difference of
1.8°C, and southeasterly winds at 5
m/sec (the alrcraft reported winds of
6.6 m/sec).

Table E also shows the winds to have
been blowing parallel to the eastern
front with a slight reduction in wind
speed (8 to 6 m/s) on the cold water
side of the front as compared to the
warm water side. Not only did the air
temperature decrease in going from the
warm with the cold water but the dew-
point temperature decreased as well,
signaling a drop rather than a rise in
humidity. These data indicate that the
location of a weak atmospheric front was
coincident with that of the ocean front.

Waverider buoy data collected 18-19 June
are shown in Figure 34. If these data
can be considered synoptic, then the
swells coming from the south behave as
expected, decreasing in height and in-
creasing In frequency as they progress
northward. No marked change 1s visible
in these data between the wind waves or
swell on one side of the front than on
the other.

The movement of the satellite drifter
buoy dropped from the LYNCH several days

later (22 June) may be used to get a
general feel for the currents 1in the
cold water on 19 June. Figure 14 shows
the drifter moving at speeds of 100 ca/s
2?2 June near the eastern front. As men-—

in Part II, this speed may be the
result of the sudden increase 1in the
southeastward extension of the cold
water feature on 18 June, thus the cur-
rent speed on 19 June may have been
slightly less then the 22 .June measure-
ment.

4. Discussion

Analysis of the Baseline data from the
satellite drifter buoy, the waverider
buoy, and the ship meteorological obser-
vations indicate that the thermal air-
sea differences over both the cold and
warm waters were not the major cause of
the strong differences of o, in the 19
June SLAR image. FExcept for the weak at-
mospheric front aligned with the ocean
front, there was little in the thermal
alr-sea 1interaction that would create
the strong changes. The meteorological
observations show (T4-Tg) differ-
ences were close to neutral in the warm
water and were positive in the cold
water. On the other hand, as evidence
that the currents played a major role in
the variations of o,, the satellite
drifter buoy data show a strong current
was present inside the cold water fea-
ture and aligned with the shape of the
front. Unfortunately, no curreat meas-
surements were taken in the warm water
outside the feature. However, the fact
that an even faster current was present
in the warm water may be inferred from
the New Look sonobuoy data collected the
following year (Fig. 22). During New
Look, the warm water current on one side
of the front was 307 faster then the
current in the cold water on the other
side of the front. Shear conditions
would have been present between the core
of the faster moving warm water and the
cold water. The vertically polarized
SLAR imagery during the southern run of
the Coast Guard aircraft does show stri-
ation patterns fn the area of the warm
water which indicate shear conditions
may have been present.

~




Table E. Meteorological and surface temperature data
for 18 and 19 June 1978 - - USNS LYNCH

Wind Waves Swell Waves
Date Time (2) woir WSpd Ta Ts Ta-Ts To Per,> Ht.?  Dir, Per, > Ht 4
Sta, A
1900~ 160 9 21,1 20,6 0.5 18 2 1.5 170 6 2,0
2030
e 2100 160 S 20,0 20,5 0,5 17 2 1.5 180 6 2,0
3
; 2200 170 9 20,2 20,5 0.3 18 2 1.5 180 6 2,0
| 2300 140 1,0 19.6 19,7 0,1 18 2 1.5 180 6 2,0
E _%L_ 0000 140 0.8 18,8 19,0 0.2 18 2 1.5 180 7 2.0
b } 0100 160 0,7 18,7 18,8 0,1 18 2 1.5 180 7 2,0
0200 160 9 19,5 18.6 0.9 18 2 1,5 180 7 2,0
0300 150 1,0 19,5 18.9 0.6 18 - - 180 7 2,0
0400 150 0,8 19,6 18,4 1,2 18 - - 180 7 2,0
0500 150 0.8 19,5 20,4 0.9 18 - - 180 7 2.5
{ Sta, B
: 0600~ 160 0,6 20,1 20,1 0.0 18 - - 160 7 2.5
0800 Frontal Passage
0900 160 0.6 17.9 17.2 0.7 17 - - 160 5 2,5
1000 160 0.5 17,0 15,7 1.3 16 - - 160 5 2.5
o
§ 1100 150 0,6 16.9 14,8 2,1 15 3 1.0 160 5 1,5
2 1200 140 0.7 17.6 15,4 2.2 16 2 0.5 160 5 1.5
1300 140 0,7 17,4 15,4 2,0 16 2 0.5 160 5 1.5
Sta, C
1330~ 150 0.5 17,7 15,4 2.3 16 2 0.5 160 5 1.5
1500
1600 120 0.5 19,8 15,3 4,5 15 2 0.5 160 5 1.5
1700 130 0,5 17.8 15,3 2,5 15 2 0.5 160 5 1.5
1800 140 0,7 17,7 15,5 2,2 15 2 0.5 160 S 1.5
1900 170 0,7 19,1 16,2 2.9 17 3 1.0 160 5 1,5 ‘
Sta, D '
1930- 140 0.7 16,1 15,3 0.8 16 3 1.0 160 5 1.5 ) g
‘L 2100 '
1, Wind speed In meters/sec 3, Wave periods In seconds
2, All temperatures in °C 4, Wave heights in mefers
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Figure 34.
19 June 1979.

cal team (see Table E).

Canadian waverider buoy data taken across the eastern front on 18 and
The direction of swell is that observed by the shipboard meteorologi-
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Although a sharp gradient marks the
ocean front in the temperature data, the
19 June SLAR image does not show a simi-
larly sharp boundary. The change ingg,
across the front, while definite, 1is
gradual. This gradual change {s also in-
dicative of the current influence on the
variation in o, because of frictional
effects, the strongest currents are not
found immediately at the front but are
normally displaced to one side.

The mottled pattern of the cold water in
the 19 June SIAR 1mage 1s similar to
patterns found in SAR imagery taken dur-
ing the life of SEASAT-A. The generally
darker appearance of these cold water
patterns 1in comparison with the wmore
specular response of the warm water
seems to denote a quleter sea state. The
nottled patterns themselves are unusual,
however, 1in that they do not resemble
the sunglint patterns seen In either
satellite visible 1imagery or manned
spacecraft photography. This variation
may be due to a phenomenon not present
in the specular return of 1incoherent
sunlight: Bragg scattering. In the case
of the specialized radars, the coherent
signals returned from short-period waves
are elther reinforced or destroyed ac-
cording to the spacing of these ocean
reflectors in relation to the radar fre-
quency.

One reason advanced, therefore, to
explain the cause of these mottled pat-
terns is that they are the returns from
long-perfod, low-elevation swells that
had capillary waves of the same wave-
lengths as the radar, but only a portion
of which were tilted at the correct
angle to provide resonant backscatter.
The result is that in the relatively
calm seas of the cold feature, the only
backscatter was from the capillary waves
aligned at the proper angles along these
long period swells. These 1long-period,
low elevation swells may have continued
unchanged into the warm water; however,
the increased specularity of the more
chaotic warm water was so great that
thelr o, 1s essentially masked in the
SLAR image. Figure 35 shows a sea condi-
tion on the lee side of the USNS LYNCH

with a similar effect. Here, the hull of
the vessel blocks the near-surface wind
for a short distance and the swell fileld
i1s visible in the water. Beyond this lee
effect, the ocean becomes highly reflec-
tive and the swells in that area are
comparatively hidden in the speckle.

The mottled patterns of the SLAR image
have different orientation and wave-
length from the southerly swells report-
ed by the meteorological team aboard the
LYNCH. The waves associated with the
SLAR patterns may have low frequencles
and amplitudes which are undetectable in
the presence of the higher frequencies
and amplitudes of the swell set from the
south 1identified by the meteorological
team. In the aggregate, however, the
broader area of these lower frequency
waves provide the greater resonant back-
scatter and this area 1s what was de-
tected by the radar. The lack of visual
detection of these low frequency, low
amplitude waves by shipboard observers
is an observational phenomenon often
noticed in coordinated operations bet-
ween alrcraft and ships. Roughness fea-
tures in the ocean, plainly visible to
observers aboard the aircraft, cannot be
seen by observers looking at the same
stretch of water from the low elevation
angle of the ship; and increased alti-
tude heightens the visibility of these
roughness features.

Whether the north-south orientation of
the mottled patterns 1is actively inde-
pendent or 1is aligned to the shape of
the cold feature can not be determined
from the 19 June data. Since the air-
craft did not cross the cold feature's
southern front, a curved alignment pa-
rallel to the southern terminus could
not be proved or disproved.

5. Conclusions

U. 8. Coast Guard SLAR imagery collected
during both Baseline and New Look does
show roughness patterns that are associ-
ated with the location of thermal

fronts. In the imagery of the vertical-
ly/horizontally polarized K-Band SILAR,

the horizontally polarized imagery pro-
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Figure 353. Variauouns in the wave field on the lee side of the USNS LYNCH. Photo
graph was taken from the main deck. The wave field change is 30 m from ship
{vhoto by R. A. Oriol).

cideol the s mast o iatormation. The data responses The author feels rhagr gic o
trom ooe Slivht doaring New Leox oare oall CRICeS re G resabto ot Broagy oo srtern o
i Lhie dnd imaery that are available and that the motticd patteras e cgas
tar  exaninaticny Chose appear  to have by backscattor trom extreaciv oa e
navication errevs which limirs their nse- od, lTow eclevation waves havia, tie
fulness. Thi< sampling is insaffic-ieat erooaagle  and  spacing tor 1 vowo o
o tell o whether  the K-Band  SLAR is return  to  the ailreratt  radare. il
superior o the  -Band o detecting these eftfects are plainly visible in 174
fronts. calmer, cold wiaters faside b v ida
feature, thev are lost in the spcculiar
Althon~h the 7.9, Cosast Guard SLAR im- wiarm water outside.
amery Jdo present patrern changes {n the
revions o ocean tronts sivilar to the In addition, there are striatians pat-
changes  seen In osatellite visible  im- terns apparent in the horizoantal pelar-

wrery, there are obvions ditferences. In fred portion of the SLAR iaagery that
hoth  the  Baseline and New  Look  STAR run  parallel to the front on the wars
imyery, the image arca coincident to water side of the normal boundarv. Thesc
the cold ridge witers has o distinct features may be shear lites created by
mottled appearance. On the other hand, the faster moving warm wialer and aceent-
the areas of the warmer waters outside ed by the opposition of the wind to the
the cold feature show 1 more specular current flow.
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Part V. SEASAT-A SAR

l. Introduction

On 29 June 1978 the National Aeronau-
tics and Space Administration launched
SEASAT-A, the first satellite dedicated
to the exploration of the oceans (Fig.
36). SEASAT-A contained active and pas-
sive microwave instruments designed to
measure large scale ocean and atmospher-
ic processes. On 10 October 1978 after
100 days of operation, a massive short
circuit caused the spacecraft and all
its sensors to permanently shut down.

Prior to the failure, SEASAT~-A SAR data
were collected during the period 21
September and 10 October from seven sat-
ellite passes over the Grand Banks Ex-
reriment area. As mentioned in Part I,
no survey platforms were in the study
area during that time. Thus, the compar-
ison of SEASAT-A SAR data with real time
ocean events as measured by other
sources 1is limited to NOAA-5 infrared
data and regional weather analyses. No
NOAA visible 1Image 1s included 1in the
study, since the combination of the
lateness of the year and the high lati~-
tude of the gtudy region preclude any
sunglint belng detectable by the NOAA-5
visible sensors. The results of compar-
ing SEASAT-A SAR with NOAA-5 thermal
imagery and reglonal weather analyses
are the subject of this section of the
study.

2. The SEASAT-A SAR Data

SAR data represent the reflectivity of a
surface at the opening frequency in the
backscatter direction (oy,). The values
of o, obtained are directly propor-
tional to tine surface backscatter cross
section and are represented in the SAR
imagery as variations in brightness. In
the decimeter spectral region (the wave-
length of the SEASAT-A SAR was 23.5 cm),
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the backscatter energy is dependent pri-
marily on the physical properties of the
reflecting surface (i.e., average slope
and small-scale roughness), and the
dielectric constant of the reflecting
surface.

The SEASAT-A SAR was able to sense only
the spatial distribution of 30 cm to 40
cm waves on the ocean surface--in es-
sence, short-period gravity waves. This
was done through a Bragg resonance of
the radar backscatter of the ocean sur-
face. Experience has shown that the dis-
tribution of these short period waves is
correlated with larger scale ocean
roughness phenomena such as long gravity
waves, current shear boundaries, thermal
boundaries, and regional bathymetry. The
ability of the SEASAT-A SAR to detect
and monitor these large scale oceanic
processes is dependent upon the modula-
tions of the short period waves by these
larger scale phenomena.

The image format of the SEASAT-A SAR
system contains distortions that result
from the spacecraft's movement to the
Earth, as well as to the 1imaging geom-—
etry. Distortions, in the first in-
stance, arise from the effects of the
Earth's rotation and curvature and from
differences in pixel dimensions in the
along—track (azimuth) and across-track
(range) directions. In the along-track
direction pixel size varies with the
velocity of the spacecraft relative to
the image target on Earth at any partic-
ular Earth latitude. 1In the across-—
track direction, pixel size varies with
the range distance between the space-
craft nadir and the target. Pixel sizes
of the images In this study are approxi-
mately 16 m in the along-track direction
and vary across-track from about 19.4 m
in the near range to about 14.8 m in the
far range.




Since SAR nadir-image format basically
represents the slant range, or distance
from nadir to each of the respective
surface elements 1in the scene, the
SEASAT-A SAR 1imagery normally contains
distortions due to the imaging geometry
that are inherent in all SAR imaging
systems. In the SEASAT-A SAR 1imagery
presented in this study, this distortion
has been partially corrected during
processing. This correction allows the
range azimuth aspect ratio to be each
maintained at unity at the center of
subswath.

All of the SEASAT-A SAR data used in
this study are optically processed
imagery. The processing was done by tle
Jet Propulsion Laboratory (JPL) in Pasa-
dena, California. Although digital pro-

cessed SAR data have some advantages
vver optical processed data, time and
funding constraints prevented the SAR

data from being digitally processed into
imagery for use 1n the present study
(Fig. 37 shows an example of an optical
SAR image and the same SAR data digital-
ly processed). In the optical image, the
SEASAT-A SAR 100 km swath was divided
into four subswaths to accommodate pro-
cessing limitations. The data for each
subswath were processed separately and
recorded on 70 mm film. Each subswath
film strip covers an area about 30 km
wide and overlaps the adjacent subswath
by 6 to 7 km. An across-track gradient
of image brightness resulting from pro-
cessor peculiarities is present in each
subswath. This creates a discontinuity
in image brightness across the sub-~
swaths. The dots at the edges of each
strip are timing marks representing a
one-second flight distance oan the ground
(about 6.67 km).

The location of an ocean feature in an
optical image filmstrip that includes
landmarks can be estimated with an error
of about 2 km by using maps and space-
craft ephemeris data. However, an opti-
cal 1imagc filmstrip without landmarks

can easlly suffer a location error of
more than 10 km The magnitude of loca-
important in a

tion error becomes

region as far from land as the Grand
Banks experiment area. Two of the
ascending SAR data passes~-2 and 5 Octo-
ber--went over land and these had re-
spective location errors of 13 and 17 km
to the southwest (i.e., the images would
have to be repositioned by these dis-
tances easterly at right angles to the
track line to be geographically cor-
rect). None of the f1lm strips of the
descending passes included land, thus,
their location error cannot be defined.

All of the SEASAT-A SAR data collected
over the Grand Banks area were collected
during the period of the "frozen orbit”
(i.e., the orbit of the satellite was
such that {t passed over essentially the
same area every three days). The conver-
gence of the ascending and descending
paths of the frozen orbit form a dia-
mond-shaped region in the northern por-
tion of the studyv area which was viewed
by the satellite for two of every three
days. This cross—over region is of par-
ticular interest in that the SEASAT SAR
had a right-side look and was in an or-
bit inclination of 108°. Thus, the con-
vergence of the two orbits provides an
opportunity to examine the variability
of ¢, data for the same region at dif-
ferent satellite orientations. Figure 38
shows where this diamond-shaped region
fell in the Grand Banks uxperiment area.

3. September-October Data

The Canadian Shoe Cove satellite data
receiving station did not begin to cper-
ationally receive SEASAT-A SAR data
until late Svptember 1978. Of the SAR
passes that the station recorded, seven
covered the rand Banks Experiment area,
five descending and two ascending. Only
eleven NOAA-5 passes are available for
the 20-day perfod when the SAR data were
collected. Of these, five are suffi-
ciently cloud free to use in this study
and four are close enough in time to use
for comparison with the SAR data. Table
F presents the times and orbit numbers
of the SEASAT-A and NOAA-5 data used in
this study.




In general, The NOAA-5 {nfrared imagery
showed that for the period September 21
through October 4, three cold-water fea-
tures extended from the Labrador Front.
Two of these formed a blfurcatel feature
lylng over the Newfoundland Ridge,
whereas the third was locatel over the
Newfoundland Seamounts. In the text that
follows these are discussed as the New-
foundland Ridge-East feature, the New-
found land Ridge-West feature, and the
Newfoundland Seamount feature. A sche-
matic presentatlon representing the
overall general positions of these ther-
mal features derived from all five NOAA-
5 passes 1s given in Figure 38. However,
some movements In the individual fea-
tures are observable In the day-to-day
infrared imagery. These are also pre-
sented in Figure 38. The NOAA-5 image
for 29 September 1is presented in Filgure
39 to show the relationship of the vari-
ous features to one another in a single
image.

The NOAA-S imagery, as stated in Appen-
dix A, are difficult =0 register into a
mercator projection with an accuracy
greater than +20 km. This is especially
true for the imagery used in  this
comparison; most of which 1lie outside
the satellite syncih line. Howsver, the
persistence of the relative geographic
positions of the three thermal features
from image to image Is strong evidence
that computer yenerated registrations
are well within the giveun accuracy. This
persistence is wespecially noticeable in
the four overlays of the Na2wfoundland
Ridge-East feature shown in Figure 38.

Table F shows that »n the morning of 21
September, NOAA-5 and SEASAT-A pisses
over the study area were approximately
two hours apart. There 1s no companiun
SEASAT-A SAR 1image for 26 Septeaber.
However, the NOAA-5 IR image listed for
that day 1is 1invaluable in showing the

Table F. SEASAT-A related NOAA-5 passes over the Grand Banks experiment area

SEASAT-A

NOAA-5*

Date (1978) Pass Number Time () Pass Number Time (2)

21 September 1231 (Descending) 02:25 hrs 9702 00:20 hrs

26 September _ 9788 12:45 hrs

29 September e 9801 12:28 nhrs
30 September 1360 (Descending) 03:20 hrs — ——
2 October 1395 (Ascending) 13:22 hrs 9838 23:22 hrs
3 October 1403 (Descending) 03:14 hrs J— e
4 October 9888 12:42 hrs
5 October 1438 (Ascending) 13:35 hrs _— e——
6 October 1446 (Descending) 03:27 hrs PR, -
9 October 1489 (Descending)  03:42 hrs _— R
* 0f the elaven NOAA-5 passes saved by NOAA NESS, only the five presented hers are

usable because of elther clouds or poor data tapes.
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continuity of the imagery over Newfound-
land Ridge for the period between 21-29
September. The remainder of the related
NOAA-5 and SEASAT-A passes in the table
vary in time apart; ranging from 4 to 23
hours. Because of the large time differ-
entials between 6 and 9 October SEASAT
passes and their nearest NOAA pass,
their SAR/IR comparisons must be used
with discretion.

The time differences, while sufficient
for comparisons of purely oceanographic
features, are insufficient for compari-
sons that involve the critical relation-
ship of wind to current. Figure 40 shows
surface weather analysis of the general
region of the Grand Banks for 0000 hours
(Z) for 21 September and for each day
for the period 29 September-9 October.
The figure 1is presented to show the gen-
eral weather conditions present during
the study period, as well as to demon-
strate tne rapid movement of atmospheric
froats through the area. In the anal'ses
that follow, information on general wind
conditions for the times of SEASAT-A SAR
passage are derived from interpetative
analysis of the six-hour synoptic sur-
face weather charts and ship reports.
The winds thus derived are given in
Table G for each of the thermal features
for the scven days of SAR coverage.

Nuring the period of 21 September-9
October, no ship reports were available

close to the fronts. Those reports which
are available are from ships well into
the warm or cold water areas. Tempera-
ture and wind conditions derived from
these reports, therefore, should be con-
sidered to represent the general warm or
cold water regions rather than condi-
tions immediately at the fronts. The re-
ports show the temperatures of the warm
waters were in the low 20's(°C) whereas
the cold waters of the ridge features
averaged 15°C. The lowest temperatures
were reported by ships operating in the
area of the Newfoundland Seamounts,
where water temperatures of B8°C were
reported.

For clarity, the three main features are
discussed separately starting with the
most stable of the features: The New-
foundland Ridge-East feature. The dis-
cussion section Immediately following
will coalesce the findings of these sub-
sections.

A. The Newfoundland Ridge-East Feature

The eastern portion of the bifurcated
thermal feature lying over the Newfound-
land Ridge remained remarkably stable
during 21 September-4 October 1978. The
minor movement shown in the schematic
overlay in Figure 38 may be due to
accuracy variances in the computer-
registered imagery.

Table G. General speed (m/sec} and direction of winds over the
three main ocean features*

SPEED SPELED SPEED

Newfound land
Kidge ~ East
Feature 10 NW 10 SW 10 2

Newt yund land
Ridjo - West

Newtound land
Seamount

--21 Sept--  --30 Sept-- ---2 Uct---

Featura 10 NNW 1) SwW 7 L5t

Feature 10 W 10 Sw 10 ENE

~--3 Oct===  ===5 Oct--- =---6 Oct--- =---9 Oct---
SPEED SPEED SPEED SPEED
m/sec DIR, m/sec DIR. m/sec DIR, m/sec DIR, m/sec DIR., m/sec DIR. m/sec DIR.

5 SE 14 NW 15 N 7 St
5 S i3 NNwW 19 NE b St
7 St 16 NW 15 NNw o]

*Nata obtained from surface weather charts and ship reports,
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Figure 38. The general positions and movement of th: cold water features during the :
period 21 September through 4 October 1978. The presentations were derived from f
the five NOAA-5 infrared images listed in Table F.
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Figure 39. The three cold water features on 29 September 1978,

The overlay is the
descending and ascending swaths of the SEASAT A SAR.
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Figure 40. Surface weather analyses for 21 September and the period 29 September
through 4 October 1978. Ship observations are shown on those days having
SEASAT-A SAR data.
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In comparing the descending SAR imagery
with the IR imagg?;w-of this feature
(Figs. 41-43), the correlation of ob-
vious frontal features In the two data
sets 1s usually very good. The average
displacement of the SAR with the IR (ap-
proximately 25 km) 1is well within the
data locatlon accuracy of the two sat-
ellites. The exception occurs In compar-
ing the 4 October IR image to the 3 Oct-
ober SAR image. Here, the southern front
in the SAR 1mage for this date s
extremely poorly defined; thus, the
relation with the corresponding feature
fn the IR image must also be considered
poor. Since the southern front I1s
comparatively well displayed in the next
available SAR image--6 October (Fig.
44), 1t may be inferred that the absence
of an obvious frontal demarcation 1s due
to some variation in the current or wind
regime.

In comparing the ascending SAR 1imagery
(2 and 5 October) with the IR imagery,
no corresponding frontal feature {s
visible. 1Indeed, the ascending SAR
imagery show no indication of any struc-
ture in the area of the Newfoundland
Ridge, and the 1imagery are wuniformly
specular (although as will be shown the
ascending SAR imagery do show frontal
features Iin the area of the Newfoundland
Seamounts). This discrepancy is probably
due to location errors 1in the two data
sets-—an east-west displacement of less
than 30 km would allow this to occur. As
mentioned earlier, the 2 and 5 October
swaths have a proven locatlion error of
13 and 17 km, respectively. Similar
errors 1in the other data sets are
probably present.

Although only the SAR imagery for 21 and
30 September and 3 and 6 October are
close enough 1In time to allow direct
comparison with the IR 1imagery, the
constant position of the feature allows
a limited comparison between the 6 and 9
October SAR image with the 4 October IR
lmage (Fig. 44). This shows a match of
location of the northern front in the 9
October image that 1s similar to the
match of the previous SAR-IR 1Imagery.
However, approximately 25 km south of
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the northern front, a sharp variation in
¢y 1s fouand that 1lies in an almost
east-west direction. No corresponding
feature 1is shown 1n the 4 October IR
fmage; since this IR image is the most
current available, identification of a
possible corresponding thermal feature
is impossible. South of this sharp vari-
ation is a poorly defined pattern whose
southernmost portion matches the loca-
tion of the southern front in the 4
October IR image.

The direction of the winds were variable
during the four days that allow direct
SAR-IR comparison. In the area of the
Newfoundland Ridge-East feature, the
winds were parallel to the northern and
southern fronts on two occasions (21
September and 3 October). On 30 Septem-
ber and 6 October, the winds blew essen-
tially across the fronts. The wind
speeds were generally greater than 10
m/sec with an exception on 3 October
when wind speeds are estimated at 5
m/ sec.

B. Newfoundland Ridge-West Feature

The westernmost Newfoundland Ridge fea-
ture is visible only in the 21, 26 and
29 September IR Iimagery (Figs. 45 and
46). The 26 September IR image (not pre-
sented) shows the feature still in posi-
tion, thus providing continuity between
the 21 and 29 September IR imagery. How-
ever, the 29 September IR image shows a
definite weakening of the thermal gradi-
ents associated with the feature. The
region was cloud-covered on 2 October.
On 4 October, when the region became
comparatively less cloudy, the IR image
shows no indication of a cold feature.

For comparison with these IR imagery,
the best of the SAR imagery is that of
21 September. The locativn correlation
for this SAR image and the IR image is
very good (Fig. 45). On the other hand,
the location correlation of the 29 and
30 September SAR and IR imagery is very
poor (Fig. 46). In this latter compari-
son the tip of the main feature in the
SAR-IR imagery matches well, but the SAR
image shows a poorly delineated area of
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roughness in the southern portion of the
image that does not matcl a correspond-
ing thermal feature in the 29 September
IR image. However, the area of roughness
does match the IR feature in the 21
September IR image. In fact, the SAR
imagery for the western ridge tcature
for ¥ 6, and 9 October also show rough-
ness patterns that correspond in general
location with the cold IR feature on 21
September. All these SAR imagery show
roughness patterns similar to that of 30
September, and it is difficult to draw a
line on any image that denotes exactly
where the thermal feature begins. How-
ever, the general region in each SAR
imagery that corresponds to the location
of the thermal feature of 21 September
are areas of obvious o5 change.

The wind speed for both 21 and 30 Sep-
tember was 10 m/sec. The direction in
relation to the thermal fronts of the
feature is interesting. Unlike the lin-
ear features shown in the SAR imagery of
the Newfoundland Ridge-East feature, the
frontal features in these two SAR imag-
ery are curved. Thus, the effects of
essentially constant winds blowing at
different angles to the front can be
observed.

C. New Foundland Seamount Feature

During 21 September—4 October, the ther-
mal feature lying over the Newfoundland
Seamounts had the most horizontal move-
ment of the three ocean features (Fig.
38). The IR images for the period 29
September—4 October are spaced clusely
enough in time so that the relative
movement of the feature can be measured.
These measurements show that a relative
translation of 100 km took place toward
the east in the six-day period. In addi-
tion, the relative displacement of the
feature appears to have been 30 km to
the south between 29 September and 2 Oc-
tober. Examination of the cold features
located in the IR image for 21 and 29
September show that the general movement
was too great to do more than generally

indicate that the thermal structure on
21 September is genetically related to
the thermal structure on 29 September.
(The 26 September IR image was cloud
covered in the region of the Seimounts
and could not provide continuity between
the 21 and 29 September images.)

In comparing the SAR 1imagery and IR
imagery, the most unusual match is that
shown for 21 September (Fig. 47). In all
the SAR/IR comparisons made for this
study, this 1is the one occasion that
does not appear to relate to another.
This data set 1is further discussed in
the discussion section.

The remaining SAR imagery of the New-
foundland Seamounts area show good cor-
relation with the IR imagery, with the
best defined front displayed in the SAR
image for 30 September (Fig. 48). The
SAR imagery for 2 and 3 October show a
general frontal region rather than a
well-defined front (Fig. 49). The SAR
imagery for 5 and 6 October show only a
very general correlation with the IR
image for 2 and 4 October (Fig. 50). The
S and 6 October imagery have linear fea-
tures which, because of their location,
may be regarded as resulting from shear
action at the front. Since the 4 October
IR image is cloud covered in the area of
the SAR data swath, features iIn the SAR
imagery for 5 and 6 October mnmust he
compared to thermal features in the 2
October IR image. Figure 50 shows both
locations in the drawing while present-
ing only the 4 October IR 1image. The
apparent offset of the SAR delineations
of the thermal front in Figures 49 and
50 are easily corrected with an error of
less than 5 km by moving the SAR swath
to the east using the location correc-
tions mentioned earlier.

Wind conditions derived from the weathe
charts and ship reports show that winds
were normally strong--10 m/sec or great-
er. The exception was 3 October when the
wind speed in the area of the Seamounts
averaged 7 m/sec.
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Figure 42. The SAR and infrared imagery for the Newfoundland Ridge East
feature for 21 September 1978.
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Figure 43. The SAR and infrared imagery for the Newfoundland Ridge-East feature
for 2-4 October 1978. The schematic shows the SAR frontal definition (heavy line)
for 3 October overlain on the area of the cold water (zipped patterns) for 2 and 4
October. Since the swath area of the SAR was cloud-covered on 2 October only the
IR image for 4 October is shown.
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Figure 44. The SAR and infrared imagery for the Newfoundland Ridge East feature
for 4, 6, and 9 October 1978. The schematic shows the SAR frontal definitions

(heavy line) for 6 and 9 October overlain on the area of the cold water (zipped pattern)

for 4 October.
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Figure 45. The SAR and infrared imagery for the Newfoundland Ridge-West feature
for 21 September 1978. The schematic shows the SAR frontal definition (heavy line)
for 21 September overlain on the area of the cold water (zipped pattern) for

.1 September.

&R




Winds
NNW-10M/SEC

{c) SEASAT SAR
21 September

¥
48°W 47°W

89




N 4«%% // 47 30 September

.Z\
30 September
390 S |
SAR\ ,
(a) Schematic of IR-SAR
COVERAGE Collocation

49° 48° 47° 46°W

41°N

(b) NOAA-5 IR
29 September

Figure 46. The SAR and infrared imagery for the Newfoundland-West feature for
29 and 30 September 1978. The schematic shows the SAR frontal definition (heavy
line) for 30 September overlain on the area of the cold water (zipped pattern) for
29 September.
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Figure 47. The SAR and infrared imagery for the Newfoundland Seamounts for

21 September 1978. The schematic shows the area of the cold water only. No definable
structure (such as seen in the other SAR imagery) is visible in the SAR image of this
area.




43°N

45°W \ 44|°W
Winds . ’
W-10 M/SEC
_— -
449N - = “ [ .. 4 j ‘ ' -;—44°N

(c) SEASAT SAR
21 September
43°N

I LB

—
46°W 45°W




46° 45° 44° 43°W
45°N YLD

/COLD é///////
o FEATURE //////

440 4%

\ 30 September

S»:\R
SAR COVERAGE

N
N
§\\‘

43°
(a) Schematic of
| IR-SAR Collocation
46° 45° 44° 43°W
450N =

440

43°

(b) NOAA-5 IR
29 September

Figure 48. The SAR and infrared imagery for the Newfoundland Seamounts for 29 and
30 September 1978. The schematic shows the SAR frontal defination (heavy line) for
30 September overlain on the area of the coid water (zipped pattern) for 29 September.
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Figure 49. The SAR and infrared imagery for the Newfoundland Seamounts for
2-4 October 1978. The schematic shows the SAR frontal definitions (heavy lines)
for 2 and 3 October overifain on the cold water (zipped pattern) for 2 October.
Since the swath area of the SAR was cloud covered on 4 Octlober only the 2 October
IR image is shown and the 4 October IR area is shown as a dashed line on the
schematic. None of the SAR imagery registration have been corrected.
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4. Discussion

In comparing the September-October 1979
data, the thermal fronts in the IR im-
agery are generally found to be delinea-
ted by changes in ¢, in the SAR 1image-
ry, with location accuracles consistent
with the limits of the computer regis-
tration of both data sets. This included
those instances where the SAR swaths of
the ascending and descending orbits
crossed.

Correlation is not possible in one case
(the Newfoundland Seamount feature on 21
September) and {s extremely poor in two
cases: the southern thermal front of the
eastern ridge feature on 3 October and
the western feature on 29-30 September.
The following discussion provides possi-
ble reasons for these discrepancies.

The patterns in the 21 September SAR
image in the area of the Newfoundland
Seamount ;s resemble features reported by
other i:vestigators as being caused by
strong rain cells (e.g., Fu and Holt,
1982). However, the few ship reports in
the area do not indicate rain, and the
atmospheric trough (shown by the weather
charts to lie to the southeast of the
feature [Fig. 40]) should create gener-
ally clear conditions. In any case, the
environmental event that did occur was
obviously strong enough to override the
sea-state features related to the ther-
mal front.

The poor showing of the southern front
in the 3 October SAR image may be a
result of a combination of factors. One
of these factors 1is that winds on 3
October were the weakest of all the
times when Grand Banks SAR data were
collected (in the Seamount area, they
were approximately 5 m/sec). A second,
and probably more important, factor 1is
that the 3 October SAR 1image 1is the
poorest of the SAR images used in this
study. Time constraints prevented opti-
cally reprocessing the entire 3 October
SAR filmstrip to better show features
that were obviously subdued 1in this
area, as well as In the other two
frontal areas.

The poor correlation of the western
ridge feature 29-30 September may be a
result of a resi{dual circulation remain-
ing from the 21 September thermal fea-
ture. An examination of the 21 Septem-
ber IR image gives an indication that
cold water is no longer beinpg punped
into the feature at the surface and that
the feature {s being cut off from irts
northern source of cold water (as an
example of a strong intrusion of cold
surface water--and hence, indicative of
a more dynamic connection withi  the
Labrador front--see the cold band of
water visible in the southern portion of
the eastern ridge feature in Figs.
41-44),

After a given Interval of time, mixing
in the surface layers caused the feature
to lose its surface thermal expression.
In the 29 September IR image, the fea-
ture i{s visible only in the northwest-
erly portion of the sub-area. As nen-
tioned, no thermal feature is prescnt in
the comparatively cloud-free IR ifnage of
4 October. However, despite the disap-
pearance of a surface thermal exvpres-
sion, surface rotational clrculation
evidently remained. This residual cir-
culation 1is 1likely the cause of the
roughness patterns shown 1{in the SAR
image for 30 September and 3, 6, and 9
October.

Although the locations of roughness
features {n the SAR 1imagery generally
agree with the locations of thermal
frontal features [n the IR tmagery, the
roughness features do not show coasis-
tent patterns from day to day. These sea
state changes are probably the result of
atmospheric changes. The work of other
investigators (discussed in Part I and
in the analyses of Baseline and New Look
data) 1indicates that four atmospheric
conditions control the sea conditions
across a thermal front:

e wind blowing from the cold to the warn
water

o wind blowing from the warm to the cold
water

o wind blowing parallel to the front and
counter to the current




e wind blowing parallel to the fromt and
with the current

Variations created by a combination of
these conditions may occur. Also the
relationship (T4-Tg) across the
front affects the degree that the first
two conditions apply.

A hindcast study of the envirommental
conditions on the dayvs that SAR imagery
were collected might disclose the causes
of the roughness variations. The rest of
this section 1s composed of such a
study. It must be emphasized that the
study is limited in the amount of avail-
able surface data. The wind speed and
directions used are derived from surface
weather analysis charts and ship reports
(none of which were <close to the
fronts). Thus, accurate afr, water, and
dew point temperature data ordinarily
considered vital for this type study are
not available. However, as will be
shown, a hindcast study can be made from
the available data that, {n the author's
opinion, gives a fair assessment of the
environmental conditions that were pres-
ent.

Again, because of 1its persistent loca-—
tion, the Newfoundland Ridge-East fea-
ture 1is chosen to lead the hindcast
examination of the three cold water fea-
tures (Figs. 41-44). As shown in Table
G, during the period 21 September-9
October, wind speed over the eastern
ridge feature was generally 10 m/sec
(with the exception of 3 October when
winds decreased to 5 m/sec). However,
the directfon of the winds varied
considerably, and could be said to have
"boxed the compass” during the study
period. Thus, {f the location of the
feature 1{is constant and the current 1is
considered to not change, then the only
factors that will alter the surface
roughness (and, therefore, the radar
return) will be wind speed, wind direc-
tion, and air temperature.

The SAR swath cut directly across the

extrusfon and resulted {n two froats
being present in each SAR image: one on
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the northern side of the feature and the
other on the southern side. As shown by
the two-day Intensive examination of a
similar ridge feature in Part III, the
currents in the area of the northern
front should have flowed toward the west
(actually west northwest) and the cur-
rents at the southern front moved to the
east. The central portion should have
had an essentially null current.

On 21 September, northwesterly winds
were blowing parallel to the fronts and
thus, opposed the currents in the north-
ern frontal areas and reinforced the
curreuts in the southern frontal area.
In the SAR imagery, the northern and
southern fronts d4re well defined by
linear shear patterns. The intensity of
the patterns for both fronts are the
same with neither the northern or south-
ern front being more prevalent. The
roughness patterns in the cold water
regiou are similar to patterns in the
cold water regions a short distance away
from the immediate area of either front.

Thus, the only marked roughness changes
in the SAR image are the shear patterns
marking the location of the northern and
southern fronts (note that the sccondary
southern front inside the cold water in
the IR image Is also shown by a faint
line in the SAR image). No change 1is
noticeable across the feature that could
be attributable to the change in speed
and direction of the currents.

In the next SAR image of the eastern
ridge feature~-30 September--the winds
are the same speed as on 21 September.
However, on this date the winds were at
right angles to the two froats--going
from the warm to the cold water at the
southern front and from the cold to the
warm water at the northern front. The
result of these wind conditions {s that
the entire region of the cold feature
has a different «, pattern than the
warm water regions. The SAR image dis-
plays no linear shear patterns at the
frontal boundaries as on 21 September,
nor are the exact boundaries of the
fronts as well delineated. The center

A Cup el e . -




portion of the feature, where currents
should be at a minimum, shows essential-
ly the same return as the outer regions
of the cold water. Although the entire
region of the cold water is well defined
by the roughness pattern, the northern
portion exhibits the strongest return.

In the 3 October SAR image, the feature
is poorly defined (due to the quality of
the optical processed image as much as
anything else). On this occasion, the
wind direction is again parallel to the
front. Now, the southeasterly wind
should have been opposing the currents
at the southern front and reinforcing
the currents at the northern froant. The
northern front shows a more generalized
shear area than on 21 September. The
southern front 1s extremely poorly
defined. The central portions of the
feature show a slightly different o,
than in the warm water, but the quality
of the 1image precludes any positive
statement.

On 6 and 9 October, the winds blew
across the northern and southern fronts;
although not at as sharp an angle as on
29 September. The northerly winds on 6
October appear to create conditions that
cause the southern front in the SAR
image to be the better defined. Note
that the linear east-west feature split-
ting the center of the ridge feature in
the 9 October SAR image can be faintly
seen in the 6 October SAR image. It {s
unfortunate that no simultaneous IR
image 1is available for comparison to
interpret the cause of the linear
change.

The hindcast study of the Newfoundland
Ridge-East feature provided both expect-
ed and unexpected results: the winds
blowing from the cold to the warm water
created sufficient vertical turbulence
to make the frontal boundaries stand out
the best. The general settling of the
air due to the winds blowing from the
warm to the cold water also defined the
frontal feature but without as strong a
frontal boundary. In general, under both
of these conditions, the entire cold
water feature had a markedly different
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oo pattern than the warm water, with
the warm water pattern being more spec-
ular. What cannot be defined is whether
there was an offset in the locations of
the SAR roughness delineations from the
actual locations of the thermal fronts.
The location error of the IR images
prevented any interpretation. That such
offsets may occur is suggested by the
intensive frontal surveys discussed in
Part II1IL.

Surprisingly, winds blowing parallel to
the front, whether ©blowing with or
against the current, produced only shear
patterns. No marked difference appeared
in o, on one side of the cold water
feature as compared to the other because
of the wind opposing or reinforcing the
current .

A continuation of the hindcast study of
the envirommental conditions of the
other two cold water features should
show whether these initial results are
repeated.

The Newfoundland Ridge-West feature
(Figs. 45 and 46) presented several dif-
ferent aspects to the SEASAT-A SAR than
the Newfoundland Ridge-East feature. The
first is that the frontal area of the
western feature within the SAR swath is
more circular than the straight fronts
lying within the SAR swath of the east-
ern feature. Thus, a wind from almost
any direction {is parallel in some
places, and at other places is at a
right angle to the front or current
flow. Although the cold water feature is
generally well defined by arcuate wave-~
like structures by the northerly 10
m/sec winds of 21 September, the best
defined area 1is the southeast quarter.
The wave~like structures are probably
shear deformations of waves and resemble
features seen in the 19 June SLAR imag-
ery (Fig. 32).

The remaining SAR image of the western
ridge area graphically shows how the
western ridge feature differs from the
eastern feature. In the SAR image of 30
September for example, the cold water
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Figure 51. An example of the variations in vertical atmospheric turbulence across the
western (A) and eastern (A') thermal fronts. A pengraph attached to the vertical
accelerometer of the P-3 INS showed the vertical movement of the aircraft as it flew
across the frontal structure at an altitude of 300 meters on 10 May. The western front,
having the sharpest thermal gradient of the two fronts, showed the quickest atmospheric
response. The horizontal wind field, as measured by the aircraft's drift for the same
altitude and time, showed no appreciable deviation. This lack of horizontal variability
was found in later flights, even when the aircraft flew as low as 70 meters above the
water. This example is only one of a number of similiar INS graphs made during the
flights. Of particular interest was that during periods when the aircraft was flying
through obscuring low clouds or fog with the PRT inactive, the INS graphs indicated
changes in vertical turbulence which were shown to be associated with thermal fronts
by simultaneous AXBT drops.
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surface expression 1is gone. The rough-
ness pattern shown 1is probably a circu-
lation feature from the well-mixed sur-
face expression of the cold water. How-
ever, without a strong (Tg-Tg), the
oo variations must be due entirely to
wind-current interaction. In Figure 45,
the circulation feature can be seen as a
poorly defined roughness region that 1is
in the same general area as the 21 Sept-
ember cold water feature in Figure 44.
This area of disturbance i{s repeated in
the SAR imagery for 3, 6 and 9 October.

The study of the environmental condi-
tions that generate the o, returns 1in
the SAR imagery for the eastern ridge
feature 1indicates that winds blowing
parallel to the direction of a current
do not generate broad patterns of uni-
form o, in the SEASAT-A SAR {imagery.
The patterns visible in Figure 45 (and
in the imagery for 6 and 9 October) must
be due to winds blowing at an angle to
the current direction. The curved front
of the feature seen in Figure 44 allows
such variation to take place.

In the Newfoundland Seamounts region,
the cold water frontal boundary also
forms a strong curve within the SAR
swath. On 30 September, the SAR image
shows a strong change In oo as the
wind blew from the warm water over the
cold. The specular return of the warm
water 1in this case sharply contrasts
with features In the cold water, which
resemble the mottled patterns seen in
the 19 June SLAR image (Fig. 32).

On 3 October the winds were parallel to
the front. However, while the feature is
visible in the SAR image, 1t is poorly
defined. Again, mottled patterns are
visible in the cold water. This effect
may be the result of the wind blowing
across the front outside the SAR swath
area, as shown by the dlagram in Figure
49. On 6 October, the winds were also
parallel to the front and the SAR image
displays sharp shear lines that outline
the frontal border. On this date, the
0, from the cold water 1inside the
feature 18 similar to the warm water
outside the feature.
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The cross—-over imagery formed by ascend-
ing SEASAT-A passes also show the Sea-
mounts feature, although with some dif-
ferences. On 2 October, the ascending
SAR 1image shows a change of o4 on the
edge of the SAR swath. However, it 1is
poorly defined, despite the fact that
the wind was blowing from the cold to
the warm water--a situatios+ which, 1in
the descending Grand Banks SAR passes,
provided the best frontal definition.
In the case of the ascending pass for 5
October, the wind was blowing parallel
to the front and the SAR image shows the
same sharp linear features as the 3AR
image for 6 October, although it is
slightly fainter.

Thus, the western ridge and seamount
features show o, patterns which define
the areas of cold water in much the
fashion shown for the eastern ridge
feature. In these cases the arcuate
structure of the features within the SAR
swath accentuated the fact that the wind
blowing at right angles to the thermal
front and curreat produced the best
defined pattern to delineate the front.

5. Conclusions

From the 1limited study of several
SEASAT-A SAR and NOAA-5 IR imagery, fit
s found that the roughness patterns in
the SAR imagery does delineate the loca-
tions of the major thermal fronts shown
in the IR imagery.

The comparatively poor accuracy of the
NOAA-5 registration prevents defining
whether the SAR roughness features lie
directly over or are displaced several
kilometers to one side of the thermal
fronts. The quality of the definition
varies from SAR image to SAR image,
apparently according to the angle the
wind makes with the thermal front and
the current. The best conditions for
defining the front occurred when the
winds were blowing at right angles to
the front and current and were moving
from the cold to the warm water. The
second best conditions occurred when the
winds blew from the warm to the cold
water. In nelther case was the front as
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sharply defined as the front in the IR
image. In both cases, the broad patterns
made by the o, changes were the method
of definition, with the cold water area
having more mottled patterns and the
warm water areas having specular, more
even patterns.

In those cases where the wind blew
parallel to the front, it did not seem
to matter whether the wind was blowing
with or against the current. The SAR
imagery showed 1linear striations {in
these cases, which outiined the frontal
thermal boundary, with no obvious dif-
ferences between the cold water o,
return and the warm water regional
return. In those cases containing both
effects, such as when the front was
curved and the wind encountered the
front and current at angles less than
90°, wvariations of the two conditions
took place.

Some of these results secem contradictory
to what was found in the studles of the
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New Look frontal surveys of 16-17 May
1979 discussed in Part V, and the New
Look and Baseline SLAR imagery discussed
in Part IV. In the frontal surveys, the
data indicate that while some roughness
induced by air/sea thermal 1instability
was present, the major environmental
cause of the meast . roughness was the
changes in the curreant field and the
interaction of the wind field with the
current. The discrepancies 1in the two
results will be further covered in Part
VI conclusions.

One 1interesting result of the compari-
sons was the possibility that cross-
current winds created conditions that
allowed the SAR o, to delineate a
circulation pattern assoclated with a
subsurface thermal structure. In this
instance no change in surface thermal
conditions was detectable in the IR
imagery. This ability could be useful in
the study of old cold water rings whose
only surface manifestation is a circula-
tion pattern.




Part Vl. Conclusions

The actual appearance of the surface of the open sea . . . 1is

mostly in the sharpest contrast to that of rhythmic regularity. If
a wind blows, waves of all different sizes are present, varying in
form from long, gently sloping ridges to waves of short and sharp
crests. Superimposed on the gentler waves, which may or may not

run in the direction of the wind,

series of deformations of the

surface appear which, from the point of view of physics, can be

1. Discussion

The main purpose of the Grand Banks
Experiment is to examine the ability of
specialized radars such as the SLAR and
SAR to define ocean fronts. The SULARs
used in the experiment were operated
aboard U.S. Coast Guard aircraft of the
International Ice Patrol. The SAR was
part of the suite of microwave sensors
aboard SEASAT-A.

The SLAR and SAR are designed to measure
waves of certain wavelengths. The SLAR
used in this study operated in the K-
and X-bands of the electromagnetic spec—
trum. The SAR operated in the L-band. In
the ocean, waves of these dimensions are
short-period gravity waves. If the ocean
was composed of only such waves, then
the demarcation of ocean thermal fronts
would be fairly straightforward, since
these waves are caused by atmospheric
turbulence (which varies with the inten-
sity of the thermal gradients present
between the ocean surface and the atmos-
phere) and do not move far from their
area of generation.

However, the ocean surface is not limit-
ed to such high frequency waves. The
forces which create short-period gravity
waves also create long-period gravity
waves. These longer-lasting waves are,
in turn, modified by currents and other

termed waves only by stretching the definitfon.
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physical processes much in the way
discussed in Part I.

It is, however, the o, from the short-
period gravity waves that the real- and
synthetic-aperture radars measure. Ex-
perience has shown that the distri-
bution of these short period waves |is
correlated with larger scale ocean
roughness phenomena such as long gravity
waves, current shear boundaries, thermal
boundaries, and bathymetry. The ability
of SLAR and SAR to detect and wmonitor
these large-scale oceanic processes {is
dependent upon the modulations of the
short-period gravity waves by these
larger scale phenomena.

This is the problem of the Grand Banks
Experiment. In the actual ocean, in an
area of complex currents and sharp
changes in atmospheric conditions, can
the radar return from the regional
roughness conditions define the location
of actual fronts, and if they can, what
are the conditions which allow them to
do so?

We tried to set up an experiment to
measure those conditions. To begin with,
the fronts examined during the Baseline
and New Look field surveys were sections
of large cold-water structures being ex-
truded from the Labrador Front out over
the Newfoundland Ridge and Newfoundland




Seamounts. Analyses of the alrcraft,
ship, and satellite data taken during
the field surveys (Parts 11 and III) re-
veal that the extrusions extended deeper
than 1000 m and were obviously strongly
controlled by the deeper bathymetric
features (in the case of the Newfound-
land Ridge, this 1included bathymetric
features deeper than 4000 m).

The analyses show that the variations in
the regional sea surface temperature and
the currents were directly related to
these deep cold water extrusions. They
show also that the air-sea temperature
differences, the interaction of the wind
and the current and related local atmos-
pheric factors such as dewpoint and
pressure, had marked effect on the mag-
nitude and variation of the local rough-
ness conditions.

The analysis of the data from the inten-~
sive aircraft survey of 16-17 May 1979
indicates that well-defined regions of
ocean surface roughness existed in the
study area, that these roughness regions
delineated the frontal boundaries of the
cold feature and, in general, that they

could be used to define the feature
itself.
In addition, studies of the alircraft

data indicate that while some roughness
induced by alr/sea thermal instability
was present (Fig. 5), the major cause of
the measured variations in ocean rough-
ness seemed to be the interaction of the
wave fleld with the curreat.

It must be emphasized that the suite of
instruments used in the two-day study
were incapable of measuring short period
waves. The Instruments were designed to
measure larger—scale ocean roughness
such as long period gravity waves, cur-
rent boundaries, and thermal fronts. As
mentioned earlier it 1s the shorter
perlod waves that are detected by the
synthetic- and real-aperture radars.

The next step was to
conventional measurements

compare these
with actual

SLAR and SAR data. In the case of SIAR,

r————-——-———-————————————-—-—____‘

the comparison of Coast Guard SLAR
imagery (Figs. 31 and 32) with simul-
taneous ocean meAasurements {indicates
that certain sea condltions produced
certain patterns. Linear features akin
to shear strlations and aligned parallel
to the currents are visible in the Im-
agery in the areas of the warm water
near the front. Mottled patterns sug-
gestive of extremely low amplitude, long
period waves are present in the imagery
in the areas of cold water. Although the
mottled patterns show some alignments,
these do not coincide with the reports
by ship observers nor do they seem to be
aligned to the front. Finally, while the
regions of the fronts are always indica-
ted in the SLAR imagery, these (with the
exception of Fig. 31(a) SLAR image) are
not always shown as sharp lines such as
seen in infrared imagery of fronts.

The best example of SLAR imagery that
had ship data to provide surface truth
occurred during Baseline on 19 June
1978. On this occasion analysis of
satellite drifter buoy, wave rider buoy,
and ship meteorological observations
indicated that the thermal air-sea dif-
ferences over the cold and warm waters
were not the major cause of the strong
differences of ¢, seen in the 19 June
SLAR image. Except for the weak atmos-
pheric front aligned with the ocean
front, there was little in the thermal
air-sea 1interaction that would seem to
create the strong changes. (T,-Tg)
differences were close to neutral in the
warm water and were positive In the cold
water. Winds in this instance were mov-
ing parallel to the front at speeds
greater than 6 m/sec and were reinforc-
{ing a current that was woving at 1
m/sec. Previous data showed that shear
conditions should have been present at
the front, separating the core of faster
moving warm water from the cold water.
The vertically polarized SLAR {imagery
during the southern run of the Coast
Guard aircraft show patterns indicative
of such shear conditions (Fig. 32).

The SAR data are compared in Part V with
thermal features 1in NOAA-5 {1afrared




imagery, weather charts and to ship-of-
opportunity meteorological reports.

These comparisons show that the thermal
fronts are always characterized by fea-
tures in the SAR imagery, including the
cross-over regions of the ascending and
descending SEASAT-A orbits. The compari-
sons also showed that these features are
simflar to features in the SLAR imagery.

A hindcast study wusing the SAR and
infrared Imagery and local meteorologi-
cal reports indicates that the orienta-
tion and strength of the regional winds
to the thermal front and current seens
to be the major factor in the ability of
the SAR to depict the front. The study
indicated that winds blowing from the
cold to the warm water created suffici-
ent vertical turbulence in the warnm
water to make the frontal boundaries
stand out in the SAR imagery as pattern
changes of @,. The subsidence of the
alr over the cold water when the winds
blow from the warm to the cold water
created comparatively calm sea condi-
tions, which also helped define the
frontal boundary in the SAR imagery.

This latter condition did not produce as
strong a change 1in pattern as did the
wind going from the cold to warm water.
In either case the o, boundary was not
as sharp as the demarcation of the ther-—
mal gradients found in the 1infrared
imagery. In this regard the comparative-
ly poor registration of the NOAA-5 im-
agery prevented ascertaining whether the
roughness patterns were offset from the
thermal front, as suggested by the INS
vertical accelerometer data in Part I[II
(Fig. 51).

In general, the study showed that under
efther cond{tion, with the wind orthogo-
nal to the front, the entire cold water
feature had a marked different o, pat-
tern in the SAR imagery than the warm
water, with warm water being the more
specular and the cold water presenting
what can be termed a mottled appear-
ance.
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The hindcast study indicated that winds
blowing parallel to the thermal front
created the poorest conditions to define
the thermal front. In addition the con-
ditions produced an entirely different
oo pattern. These patterns appeared 1In

the SAR 1imagery as linear striations
that were close to, 1if not directly
coincident with, the thermal front. In
these instances, the o, from the warm

water on one side of the front was quite
similar to the return from the cold
water on the opposite side of the front.
The lines of striations occurred with
apparently equal strength, whether the
winds were opposing or reinforcing the
current.

In those {nstances where the wind was
blowing at an angle to the front, modi-
fications of both phenomena appeared in
the SAR 1imagery. This was best demon-
strated in those cases where the SAR
swath crossed a curved thermal front.

The apparent discrepancy between the
results of the SAR and SLAR studies are
probably due to the fact that the SLAR
studies were 1limited to a period where
the winds were parallel to the front, a
sltuation in which the SAR imagery pro-
duced the poorest definition of the
thermal front. What was needed to com-
plete the SLAR study was an example of a
strong wind blowing at right angles to
the front. Such a situation might have
been possible with the SLAR image in
Fig. 31(c) had not the data had serious
navigation errors. Winds blowing across
the front produce greater changes of
(T,-Tg) than winds blowing parallel.
In fact, on 19 June 1978 the data showed
that a weak atmospheric front lay coin-
cident with the cold water.

In examining the SAR 1magery for the
area of the western ridge feature, the
surface thermal gradlents are found to
be gone in the Imagery after 26 Septem-
ber. However, the SAR image still showed
roughness patterns similar in location
to patterns found when the surface ther-
mal feature was present on 21 and 26




September. The ¢, pattera In this in-
stance was weak as well as poorly de-
fined. If the interpretation 1s correct
that this was residual circulation from
the coldwater extrusion, then only the
current/wave 1interactions were respon-
sible for the ¢, 1in the SAR imagery.
This, then, 1s an example of a o4
return that did not 1involve a negative

(T4-Tg) -

The patterns in the SLAR and SAR imagery
seem to differ froum what the same ocean
scene would show in reflected sunlight.
This 1s especially true In the case of
the mottled patterns 1inside the cold
features. The reason suggested in Part
IV for this difference is that the ef-~
fect is due to Bragg scattering and that
the patterns are the result of the con-
structlve/destructive resonant backscat-
ter from the low amplitude, long period
waves .

In conclusion, the results of the Grand
Banks Experiment are derived from a very
gset of data,

limited with the actual

data not as concurrent as originally
planned. They do, however, show that
satellite- and aircraft-specialized
radars such ags SAR and SLAR can be used
to monitor the location of ocean fronts
under nearly all weather conditions. As
an operational research tool, such mon-~
itoring will require the development of
exploitive techniques. Such development
will require more extensive data sets
than were used in this study. It {is
suggested that, since satellite SAR 1is
presently unavailable and aircraft SAR
is difficult to come by, that the use of
the comparatively 1less expensive air-
craft SLAR be used. These radars are
currently available from their manufac-
turers as “off-the-shelf” units.

As far as remote-sensing oceanography is
concerned, the input of information that
specilalized radars can provide (whether
from SAR or SLAR) would greatly enhance
our synoptic understanding of the
dynamic processes taking place 1in the
oceans.
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Appendix A: The NOAA, TIROS,
and GOES Satellite Data

The non-SEASAT satellites used for the
Grand Banks Experiment were GOES, NOAA-4
and 5 and TIROS-N. GOES was used mostly
for operational purposes to detect rapid
weather and oceanographic changes in the
field. NOAA-4 and 5 and TIROS-N were
used for the field operation and the
post-survey analyses. The primary satel-
lite sensors used in these analyses are
the VHRR {infrared channel of NOAA-4 and
5 and the AVHRR Infrared channel of
TIROS-N. Both channels operate within
the spectral window of 10.5 to 12.5
microns and present pictures of the
earth's emitted infrared energy with a
1.1 km resolution. A description of the
NOAA satellite and the VHRR sensor can
be found in Schwaldb (1972), Fortuna and
Hambrick (1974), and Koffler (1976).
TIROS-N and the AVHRR sensor are descri-
bed in Schwalb (1978) and Hussey (1979).
Examples of the use of data of these
types for oceanographic studies are nu-
merous. Several papers for which the
author was responsible may serve as a
guide to readers wunfamiliar with the
application of satellite data to ocean-—
ography: La Violette 1974; La Violette
et al., 1975; La Violette et al., 1980.

NOAA-4 and 5 data are used for the pre-
survey satellite imagery examination and
the Baseline data analysis. TIROS-N data
are used 1in the analysis of New Look
data. NOAA-5 data are used in the anal-
ysis of the SEASAT-A SAR data. NOAA-4
and 5 data are somewhat limited due to
the quantitative difficulty in comparing
a single 1infrared 1image from these
satellites' data with other Imagery or
surface data. This difficulty results
because the earth scene shown in each
NOAA {mage 1is distorted by the projec-
tion resulting from the large 8scan angle
at the edge of the satellite sensor
field of view and the curvature of the
earth. Since the satellite precesses in
its orbit around the earth, the same

distortion 1is repeated only after a
number of weeks. It 1s rare that two
cloud-free 1images having oceanic fea-
tures of Interest have the same distor-
tion. Because of problems which include
the attitude of the spacecraft and the
comparatively poor timing of the space-
craft clocks, it is difficult to rereg-
ister the various distortions to a com-
mon projection. This was done in Part V
of the present study for the hindcast
comparison of NOAA-5 infrared and
SEASAT-A SAR imagery. In this instance,
the registration accuracy of the NOAA-5
imagery was +20 km.

TIROS-N was launched in October 1978 and
its data became operationally available
in time for the New Look surveys. The
TIROS~-N data tapes distributed by NOAA
Environmental Data Information Service
(EDIS) have incorporated geographic
positions derived from ephemeris data.
Clark and La Violette (1980), in a study
of the accuracy of the geographic posi-
tioning incorporated into the data, have
measured a mean positioning error in the
data of 3.7 km with a standard deviation
of 1.7 km. With this degree of accuracy
TIROS~N data may be reliably registered
into various map projections and an
image~to-image quantitative comparison
of TIROS~-N satellite data 1s possible.
The TIROS-N imagery in the New Look por-
tion of this study have been registered
into mercator projections.

The satellite data for this study were
received by stations at Wallops Island,
Virginia; Toronto, Ontarfo; and Shoe
Cove, Newfoundland. Whenever possible
the imagery have been enhanced to show
ocean thermal features. The enhancement
of the NOAA-5 imagery was done by the
Canadian Atmospheric Environmental Ser-
vice in Toronto, Canada. The registered
TIROS-N and NOAA-5 imagery (as well as
the computer-composed graphics used in
the study) were made using the NORDA-
IDSIPS interactive computer. A descrip-
tion of the method used for registering
and enhancing the TIROS-N lmagery can be
found {in Holyer et al. (1980), and
Pressman and Holyer (1978).
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