.

o




/

[}

SOME MESOSCALE FLOW FEATURES IN THC BEAUFORT SEA DURING AIDJEX 75-76
»\ ) “ -

o

by

BHARAT DIXIT

4 . ‘ ~ .
Being a thesis submitted to the Faculty of Graduate Studi es and
Research at McGiT’f"UniVersity in partial fulfillment of the

requirements for the degree of Doetor of P)hﬂosophy.

)
R

Department of Physics
McGi1l University

Montreal Quebec {anada o

" August 1978 , / , .




T

ABSTRACT

L
~ AY

Me§osc$]e ( 011 to 30 km ) flow features of the Beaufort Sea
are analysed from observations made during the AIDJEX main?expenimént
in 1975-76. The principal portioq of this thesis deals with the
calculation of the geostrophic currents from the S T D ( salinity,
temperature and depth ) measurements made. These currents and the .
associated mass transports are compared W{th"the measured currents.
The agreement seems to be good. Other oceanographi. features studied
_are baroclinic eddies, step structure, internal wave act{vfty and

changes in the mixed layer thickness.

Baroclinic eddies are found to be in nearly geostrophic balance
© and contributé large amounts of kinetic energy ail depths of 100 to
200 m. Their origin is postulated to be in the Chukchi Sea region.

Step like structures are observed at depths of 300 to 400 m. These

steps are rouéh]& 3 m in height with a salinity change of 0.025 °/.,

Internal wave activity was detected in the pycnoc]iﬁe, lasting for

o

~

about one and one half hours , with a period of about ten* minutes
and a»heiéht of 6 m. Seasonal changé§ in the tﬁiQFness of the mixed

layeﬁ:is'presented §ﬁbujng the spacial and"temporéﬂ variability.
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RESUME

'
{

foa

Les phénomenes d'écoulement & échelle intermediaire ( 0.1 & s
30 km ) de Ja mer Beag@ort sont analysés a partir d'observations
recueillies en 1975—76 dans le cadre du projet AIDJEX. Cette these”
porte pr1nc1pa1ement sur le calcul du courant geostroph1que ( basé

sur les valeurs dq/temperature salinité€ et profondeur obtenues .

par ST D ). CeS/courants et les transport de masse associes sont

: . J .

compares aux mesures directes de courant. La correspondance semble
: 2

ber

bonne. Parmi Jes*autres phenomenes 'océanographiques etud1es mentionnons

les turbu1enées baroc11n1ques, 1a structure “ en palliers" 5

/

T'activité des ondes internes et les variations d' épaisseur de la '

. -
couche d%,mé}angez . .
y

Les turbulences Barocliniques montrent une ba]ance“pndtiquement
geostfoph1que et fourn1ssent une 1mportante part de 1'énergie -
c1neé1que dans 1a couche de 100 a 200 m. Leur provenance postulée
serait la mer de Chukch). Strqctures etagée sont dbservée 3 des

profondeur variant de 300 a 400 metres. D'une hauteur d'environ

P

. 3 metres, ces "palliérs " montrent un changement de salinite d'environ

0.025°/ 60

Des ondes internes sont décelées au niveau de la picnocline,
se maintenant pendant 12 heure, avec une periode defoc minutes environ,
et une amplitude de 6 metres. Les fluctuations saisonnieres

d'epaisseurs de la.couche de mélange sont présentfes suivant teur

L]

variabilité spaciale et temporelle.
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" PREFACE-

The following elements of this thesis are conéidered to" be contriputions

i

to original research. - ‘c
. , . ) -
1. The thesis represents the reduction of substantial portion of the

oceanographic data collected at AIDJEX. AIDJEX Qas a uniqhe '
experiment inawhicq vasts amounts of data was cé]]ect;d ovér a
span of a year at three sites and for six month§ at four sites.
This is equ1va1ent to having four sh1ps at stat1on for a year
The data represent the most extens1ve L1me $er1es ever assemb]ed
1 With the ice as & very stable p]atform, very high quality and‘
resolution data was-o?tained. This would not have been po§§ib1e

for shipborne measureT;nts because of the rolling of the ship.

The data collected wasyover a 100 square km area with great

coherence in spacial and temporal measurements. The position errqr
;¥ N o

was always smaller than 25 m and represents a very high accuracy
“in'position measurement/

2. Time series ( for a périod of a year ) of geostrophic currents
and mass transports of the Bpaufort Sea area across one leg of

F the AIDJEX array.

3. Observation and calculation of the upper mixed layer history and
an .changes for one y}ar t one camp. |
4. Step structuresat depths of 300 to 400-m that are so far unexplained.
\ - ‘

£
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- Chapter:One - INTRODUCTION = - I |

1.1. Introduction

Opservatish of 'the Arctic from drifting stétions began Tong before
the ATDJEX program, the prog;am from which this work is. derived. )
Systematic records. exist from the\Voyagg of the JEANETTﬁ in 1879-81;
JEANETTE's was the first long drift jn‘the Arctic Basin. 'Although the
" voyage ended in tragedy, fhe problems ehcountereg in that expeaitign’]ed
fo Nansen's. epic drift with the FRAM in 18%3—96:;1The ?RAM‘expedition
is probably the most efficjent and proddctive Arctic*expeditibn everé
conducted. - . o

Sverdrup extricated the FRAM from the ice'in 1896 and créssed
trails at Spitsbergen with Andree and Froenkel's fa£a] aitempt in 1897.
to cross the Arctic in an unpowefed‘ba1loon._ This was ;he firs; a}tempt
to‘exp1ore.the Arctic from the air. In the 1$té‘19'th anggegrly 20" th
century there were many shipborne expeditions to exb]ore the Arctic.
The voyages of the MAUD (1918-25) and SEDOV (1937-40) count amongst the ”
more famous. ' ' ‘

In 1920 Otto Shinidt, head of the Arctic Research Institute in the
Soviet Union suggested the use of aircraft witg_the drifting labékatory
technique shown by Naﬁsen. IngA937, a qrifting s%ation, known as NORTH
POLE 1, was set up near the pole.” This was tbg forerunner of the type -
of stations used in %ﬁe AIDJEX experiment. Thejarift of the station
ﬂP] i§,shgwn in, Fig. 1.1.
., After the initial NP1 station the Soviet work in the Arctic was

slowed down. In 1954 they established NP2. In addition to these -

drifting stations, the Soviets had flying laboratory stations where.
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they used aircraft to study the north. By ]§56 the Soviets had, at one
time or another, camps and data from all over\the Arftic, as seen in

) N
Fig. 1.2. It is worthwhile to note however, that the Beaufort Sea had

been spa§§é1y covered. The Soviet program for Arctic understanding is
. {
continuing and at present they are manning NP27 in the Canadian Arctic.
\Ihe American initiative got underway in 1950 when an experimenta1

camp was set up on the ice north of Barter Island but ice movement soon
destroyed Eﬁg camp. - o Qf}

In 1952, the Americans establighed a station on Flétcher's ice

is]aﬁd - T-3, a tabular piece of shelf ice that héd-been under surveill-

ance for more than a year. T-3 hadfbeen manned, more or less gontin-'.
b i

uously, until it was abandoned in 1974. The drift 0F1E3 in the Beaufort

Sea area is shown in Fig. 1.3. 5 (' ‘ - )
N \
BRAVO and ARLIS-II are other ice islands that have been manned to
study thé&-ice movement and the Arctic environment. Ice islands are an

ideal platform-to study the oceanography of the Arctic Ocean. Ice

islands, like T-34 are huge pieces of shelf ice - presumably broken off

' —
from the Ward Hant Ice Shelf. A1tQ0ugh able to go anywhere, these ice
islands have /deep draughts - an atypical feature of the Arctic ice

/ o els . .
cover, and/create peculiarities of their own when taking ocean measure-

- ments.

f@, for example, has a thickness’of approximately 25 meters.
" A DdEX - an acronym for Arctic ice Dynamics Jeint Experiment was
prop sedgﬁn the late 1960's to study the 1ce motion and the ocean
” parameters Ice stations, of AIDJEX, are manned camps on the pack ice
aqd are more typical of sea iCF encountered in the north (thickness
?&pica1 (3 meters). Details of the AIDJEX experiment, as it pertains'

to this work, are in the following chapter.

\

!
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As -part of the continuing under;tanding of the Arctic, McGill
. University annua11& éends people to study the oceanography of‘thg
(j: ' 'Arctic. In 1979 or later the proposed Nanﬁen Drift experihent\is to,
begin. In this experiment, the U:S. icebreaker BURTON ISLAND wil1 be
allowed to drift with the ice in;an attempt to duplicate the famgus'
FRAM voyage. , K '
) Our ideas of the circulation of the Arctic Ocean, hore pérticu]ar]y
of the Beaufort Sea, is based on data collected over a 75-year span.
- The vertical subdivision of the water column into the various water
- i masses; the dyn;mié height qna1y§is and the distribution of temperature,
safinity and densities are /obt?ined from ice stations and the flying
lgboratéry stations described gbove. (Timofevyev 1960; Coachman and;
* Barnes 1961, 1962; 1963; Coachman 1963)

>

These historical data provide us with long-term mean’fields for

Q.

@

the\parémeteré Tike temperature and salinity but little information can
be extracted about time dependent phenomenon. Farmer (1960) and LeBlond
- ‘ (1964) report results o? theoretical stuaies on long-term -time dependent
motion. AIbJEX mode]érs are also working on moéé1s to predict the
, motion of ice and exp]ofe‘dynamic and time dependent currents of the
Arctic. (Pritchard et al, 197?; Colony and Pritchard, 1975; Brown,
15;5; McPhee, 1975; Solomon, 1970 nd.many others): Measurements have
X ' been difficu]t to obtain in long time series because of logistic problems
in maintaining and estab]ishing“stationg ;o get oceahogréphic data.

.
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The Lomonosov ridge 1ies petween the New Siberian Islands and

Ed

Ellesmere Island, dividing theaérctic Ocean into two major basins,
’ ' —— :
the Amerasia and Eurasia Basﬁns.:éIhe Eurasia Basin is bounded by the

A & .
Lomonosov ridge, Kara and Barents Seas, Spitsbergen and Greenland.

Its floor Tlies at depths greater than 4200m. Th;s Basin is con- ~*

nected with the Atlantic Ocean via the Norwegian and Greenland Seas.’

o

Large amounts of water are exchanged between' the Atlantic .and -Arcti¢ '

A

Oceans through the opening betﬁeen Spitsbergen and Greenland. 1In fﬁe-

"Norwegian Sea the relatively warm and saline waters of the North

" Atlantic Current and the cold, fresher water of the Arctic Ocean meet

and this is where most of the Arctic Ocefn water gets its characteristics.

On_thé Pacific side of the L9mbno§§ijrnge, there are two major
basins, the sha]lér MS&arov Basin and the~ arger Canada Basin. The |
Canada Basin is bounded b& A{aska and Siberig and, has a flat floor at .
aboJ£ 3800m. The Beaufort Sea, which 1ies west of the Canadian Arépic
islands and horth(of Alaska, is physiographicaﬂly gn‘integra] part of.

the Canada Basin. “The Can%aazBasin is linked to the Pécific Ocean via
the Bering and Chukchi Seagl .The Bering Strait is narroi and shallow_

4

1ihit{ng the water exchange with the Pacific to the near surface.waters..
Basin water. The bathymetry of theoBéaufort Sea, the Canada Basin is '
$hown in Fié. 1.4. The major features are taken from the Canadian
Hydrographic Service 'Chart # 897 (coverage 90°W*to 180°W, north’ of

72°N - as discussed and interpreted by DelLeeuw (1967)). The cehtral

and major portion of the Canada Basin cohsisgs of the deep, flat, o~

o] . “ N . __‘

0 4 ’
. '
3 B s

The influx of the Pacific water influences the upper 150m of the Canada“

—
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aBySSa] plain. On the eastern boundary is a rather wide continental

slope rising steeply (1 : 50) to the shelf break at 500m. The southern

. boundary, added to DelLeeuw's chart from H.0. chart 15, 254-2, contains

the narrow northern continentdl margin of Canada and U.S. and is steeper

(1 : 25) with a shelf break at 250m. The major complex topographica1

feature, which. forms the western boundary of the Canada Basin is ca]]ed
the Chukchi Prov1nce.l It extends between 155°W and 175°w to a 1at1tude
of nearly 80°N. While there are shallow depths (less than 500m), in
the northern p;rt of the Chukchi Province, depths in excess of 1000m
exist continuously across its southern® portion (74—25°N).

o

1.3 Water characteristics

°

In Fig. 1.5, 1.6, and 1.7 we have a typical distribution, with depth,
of temperature (T), salinity (S) and Sigma-t - a measure of density
(ot) for the Canada Basin. Changes in the general shape of these profiles

with time are relatively minor. The thickness of thé mixed layer changes

~
with time (described later) but the main features areﬂcbnsistent throughf

out the year. The T-S diagram for this water column is pr&Eented as

Fig. 1.8, From T-5 diagrams such as this we can identify the primary
water masses and g3ve some idea of' their spreading throughout the basin ™

(Coachman and Aagaard 1974). The four types of masses identified are

—

1) The Arctic surface-water, from 0-50m, coinciding iﬁ the winter

with the upper mixed layer. This is of great importance because
- of the frictional effects due to the ice motign occurring
primarily in this layer. Water intrudes into lhe Arctic basins

from both the Atlantic and the Pacific sides spreading

ar
)
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Fig 1.5 Typical temperature profile of the Beéufort'Sea.
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Fig 1.8 Typical T-S diagram for the Beaufort Sea.
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horizontally, essentially along isopycna1 lines. The Tower

layers arrive here by this ‘means. \
\

2) The Pacific @ater occdpies a level] between 50-200m in the
Beaufort Sea area (AIDJEX array - see chapfer 2) and is the
area of high kinetic energy with dynamic importance to exchange
processes. k

- 3) The.Atlantic water, 200-900m aepths, does not appear to be of
such high kinetic energy but is a very large part,of the water

column. ' ( > -
4) The Arctic bottom water Ties from 900 to the bottom of the
ocean at 3800m.
The Arctic surface water is generally cold (less than -1°C - at or
near the freezing point) and of relatively Tow sé1§nity (28-30 9/00).
Thiijlayer is characterised by its near homogeneity. The Jow ;g]inity
is maintained by therinf]ow of fresh water from ;hé continental sources
énd the melting of about one and one half meterﬁjof snow and icé e;ch
summer. This fresh water is mixed to some extent with the underlying
sea water through differential 1ce’movements and ‘through wind mixing of
jce free areas. The surface salinity rarely fa]]s below 28 0/oo. Vert-
ical convection occurs when dense water is formed at the base of the ice
_by salt exclusion during freezing (Pounder, 1963) and the mixing induced
by the ice motion maintains the iayer in a relative homogeneous state.
This Tlayerdeepens with the approach of winté; and is as deep as 60m
(see later chapters for T-S diagrams and other profiles for mixed layer

changes). N
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The .Pacific water has a relative maximum of about -1°C at about
70m (i.e. jpst below the Arctic surface layer). This water is more
saline but cooler till we get to the relative minimum of about -1.5°C
at approximately 150m. This is maintained by the flow of cold wa}er/
that comes from the Bering~51réjt.

Under this lies a core of,ﬁprm water that 1is of\At]antic origin at
4depths of 200-900m. The At]anth”WEter enters the Norwegian Sea along
Norway at the surface, where it is\éggxed and thus its density increases
to such a degree that %hen it flows into the Arctic Basin near Spitsbergen,
it slips below the Arctic water occupying depths from 150-200m and down
as far as 900m. The temperature of the core when it enters the Arctic
Basin may be +2 to +3°C but within the basin it continually cools so that

the Atlantic water in the Beaufort Sea has a temperature of +0.5 to +0.6°C.

The Arctic bottom water has a temperature aroﬁnd 0°C and a uniform
salinity of approximately 34.93 9/00. The bottom w;ter is also formed
in the Nor&egian Sea but in this case only in-the winter: At this time
there is evidence that vertical convection reaches to greai depths and
also there is some mixing between the bottom water and the lower Atlantic
water. The circulation of this water is generally unknown.

A comment on the profiles of water columns here ig_that since the
temperature of the water is low, the density is almost exclusively a

function of salinity. The ot profile closely resembles the salinity

profile.
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1.4 Circulation

Data on curre;ts and wave mot1on in the Arctic Ocean are even Sfarcer
than those on temperature and salinity. The surface circulation picture
can be obtained (rather sketchily) by observing the drift tracks of the
ice stations and ice islands. Current measurements show tgat on the
average the drifting statiens and the surface water tend to move in
similar directions at sinﬁhar speeds. .There could be, however, consider- \

~ . . . .
able variations between them over shorter periods.

The circulation of the Arctic is in part created by density differ-

. ences'and.in part is wind-induced. This is confirmed by&theoretica1

studies. The net effect of the tides is unknown (and is 1ookeh into
later). i .
Thé#;urface waters from the w@o]e of the Eurasian side of the Arctic
Ocean tend to move toward the North Pole. This flow is of ghe size
2—3'em/s,ubut after passing the region of the pole, the flow becomes

more concentrated and tﬁen exits . from -the basin and is called tﬁe East

.Greenland Current. In'the Beaufort Sea, the surface waters have a clock-

wise (anticyclonic) movement. " This is a result of the general wind

pattern, such that they\tend to” flow to the southwest along the shelf

"off the Canadian Arctic istands and to the north in the area north of

the Bering Strait. The enticyc]onic gyre is also called the Beaufort /
gyre and was observed first by Worthington (L953) and:has later been
confirmed by many investigators (Coachman and Barnes, 1961; Gudkovich, ™
1959; Worthington, ]959). Fig. 1.9 ?hows the general surface circula-
tion of the Arctic Ocean.

Newton (1973) has done calculations to obtainthe circilation of

the Atlantic water inferred from the percentage retentiqp of its

A
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charaefgristics (Fig. 1.10). The movement of the Atlantic water is
anticyclonic and in agreement with that suggested by WOrth1ngton (1959)
- - and Coachman and Barnes (1963). These have also been Ver1f1ed by deep

current measurements.

1.5 Ice Cover /

T\he ws of Ehe deep Canada Basin are covered with ice throughout

the year. The total ice cover is made up of smaller individual units -

of ice separated by leads, areas of thin ice and pre;sure ridge systems. '
The net effect is an ice cover of 8/10 to 10/10 concentration over the - en?
deép basin that varies in thickness from 1-3 m. (“U. S.N. Hydrographic

Office). In the winter the ice cover 6ver the shallower continental

shelf area is more concentrated (10/10)

fhan ‘over the deep basin. In
the summer (August-September) open wa‘%%'may‘be present 100 km or mdre
out from the coast (U.S.N. Hydrographic Office, 1958).

The pressure ridges provide relief of a few meters above and ten
meters or so below the mean ice level. The ledds provide an interface
across which heat and water vapour are transferred to the atmosphere. -
(Badgley, 1967). The dense water thus formed po§;1b1y 1oca1lses a
mechanism of convection for downward transfer of momentum The net effect
of the ice cover on the Arctic Ocean flow field has not been we]] deter-
mined. The surface and bottom topdéraphy ;f the ice cover affects the
transfer of momentum from the w1nd fields to the ice and from the ice
to water (Smith, 1971). Galt (1973) suggests. that forcing ¢n space see]e:
smaller than the storm space scale may pe an important result of the

j - .

i over.
_ice ¢ -
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1.6 Atmospheric Conditions

¢

J
The mean long-term average atmospheric pressure, the direction and

. magnitude of the wind stress computed by Campbell (1965) from Felzenbaum

¥

(1958) from pressure distribution is shown as Fig. 1.11.
" The mean atmospheric circulation over the Canada Basin is dominated

by a High centered approximately 78°N and 140°W. The wind stress is

"generally to the west along the southern.part of the basin and to the

northeast -in the northernvpart. From the wind stress pattern the
magnitude of thé wind stress curl was calculated and is shown by dashed
contours. The predominant feature of the wind curl dist}ibution is the

region of ]arge negative curl over most of the Canadian Arctic islands.

th

1.7 Thesis Oﬁﬁective

-4
.

The Arctic Ocean presents an énvironment for study that is ideal F
in many respects but is physically and economically more expensive to
s;udw/than other\areas of . the world's oceans. The practical asbecfswl

7

G SN
dig;gte?ﬁﬁat oceanography can be attempted and this factor is so 1a%§e,

' that in the Arctic, scientific study must be an international effort.

The ocean is complex and a great number of periods and scales are involved

in. the oceanic phenomenon. As Stommell pointed out "a single net does

‘not catch fish of all sizes" (Stommell, 1963)." Thus, some choice must

be made about the problem to be studied in terms of time and space scales,
and then the appropriate technique selected. AIDJEX was just such an

experiment where an international effort was made to stugy the prob]éms
» B

. of ice dynamics. The AIDJEX experiment is described in detail in the

_ next chapter.
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' ) This thesis is concerned with the ana]\ysis of the mesoscale flow
/J

g features of the Beaufort Sea. &he ‘space scales are considered macroscale .

n

when, contributions from inaivnﬁha] features to the deformation of the ice’

|
ﬁ%ckfare obscured and the ice can be considered as & continuum. Lehgth

scales are at least 30 km and are perhaps as much as 200-300 km, Motion

D .

‘which arises from the intefaction of a small number of ad

jacent ice floes

- ' + )
areqdef1ned as mesoscale motion. Motion occurring over distances of 0.1

to 30 km may, somewhat arbitrarily, be described as mesoscale. “*Phen-

omenon which pccur in a single unbroken piece of ice or which involve
L] o R r

fracture systems are defined as microscale. The océamogfaph1c features \
/ T e studied $nclude the geostrophic currentyg baroclinic eddies, step structure,
. o . internal wave activity and mixed Tayer changes. -
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Chapter Two FIELD EXPERIMENT

*

2.1 Overview - ~ , - -

The Arctic ice cover has ?eggwst%dieﬂ”scient?ficai&y since 1893
and is no longer thought df as a ;o1id‘p]ate covering }he,ocean but as
a continually moving, breaking and shifting 1ayér under the stress and

strains of the atmospheric and oceanic forces. The basic nature of the

ice dynamics has been understood for decades: an ensemble of irregularly

/~

shaped, interlocking pieces of 'ice driven by air and water currents,
influenced by internal stresses, deflected by the earth's rotation and
subject to melting and freezinglas dictated by regional climate. Veny'/)
generally tﬁe ice dynamics can be written down as’>Newton's secoﬁd law,

i.e.

. 3

pehdii = T, + T,+D+G+R (2.1) °
’ dt i ,

where the five major forces are

Ty " wind strgss at the air-ice interface.

fw - water stress at the water-ice interface.

D - the Coriolis force.

G - pressure gradient forcey due to the ti]ting of the sea surface

'

on which the ice floats. .

R =~ internal stress, the streés transmi tted thorugh the ice pack.

R R

4

with .

P and v; as the ice densities and ve]ocit%es and h as the ice
thickness. ' ‘ !
Without goiﬁg into the exact nature and forms bf these forces, it

s a2
has become clear that significant progress is possible by acquiring a

~

set of synoptic (rather than single station) data. AIDJEX, standing for

'
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Arctic Ice Dynamics Joint Exper;ment, was conceived in November 1969;
for just such a purpose.
After many workshops and consul*ations a final version of the
AIDJEX scientific plan was set Lp in 1972. By this time two small pilot
projects in the fieid had been performed (in 1970 and 1971). A larger
epilot study with three manned camps anﬁ seyera1 automatic data buoys took °
place in March-April 1972. The main experiment wa§‘1aunched'in March
1975. By early Jdune 1975, four manned camps surréunded by a ring of
eight ‘data buoys were in operation. With the éxceptdon of the break-up
of the main‘camp in October 1975, this array continued to function until
its scheduled end in‘May 1976. AIDJEX has been the 1argestfand most
costly effort of its type to date and has produced a better understanding
of the ice dynamics and %he a%mosphe?ic and oceanic environment. The data
analysis in this work is from data collected during the main experiment
. of AIDJEX in 1975-76.
In the final version of the scientific plan for AIDJEX in 1972, four
. basic questions were posed.

{

Cd 1) Howis the large scale ice deformation related to the external

3

|

stress field?

2) How can the external stresses be‘derived from a few fundamental

ety st e o b

and easily measured parameters?
3) What.is the mechanism of ice deformation? "
4) How do ice deformatioﬁ“ﬁnd\morpho]ogy affect the heat balance?
' Untersteiner (1977)
The observation program, the methods used in data reduction, and

the concepts employed in comstructing a theoretical sea ice model were

designed; to provide answers to the above basic questions. But these
/

| led to foul more basic questions of their own -

\ ¢ - S
\

%




=25-

1) Were the scales of observation~chosen correctly? -
2) Were the right observations taken?
3) Was it poséib]e to dedUEE/externai stresses to sufficient acchracj?

*4) Did the mqdeél development advance our understanding of sea ice

mechanism any heat balance?

below, on thgse four mdjor questions.
i) Scales of observation

Tt was noted that some observations cannot be made by automatic
devices and that they peed manned camps. ,A minimum of three is needed to
resolve the horizontal strain tensor. This was increased to four, to
build in redundancy and to 5rovide an increased number of strain nets.\
In addition, the project had ten data buoys to get parameters from outside
the manned ar;ay. The array had to bq re]h?ive]y close to shore for
logistic manageability and yet far enough to be free of coastal effects.

Initially, the scales of motion were known for the atmosphere, buf
the scales of motion in the ocean were not. FEarly observation from T-3
and AIDJEX 72 showed inertial motion‘éhd eddies with a space scale of
several tens of kilometers (Hunkins, 1974b). tThe large scale ant%cyc]onic
gyre (of space scale approximately 1000 km) of the Beaufort Sea has been
known for a long time, but its_synoptic monitoring by én array of manned

camps of appropriate size was not feasible.

'Sca]es of the ice motion were least well known. According to the

drift data from earlier long term stations in the Arctic Basin, the
power spectrum of velocity has a maximgm at low frequency (seasonal) and

decreases to negligible power at about 2 cycles per day. As a compromise
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between expected scaTés of motion in all ﬁedia, the number of observa-
tion points, the array was chosen to be 10ﬂlkm for the manped array and
1000 km for the data buoys. This choice is small for large scalg
motion and big for smaller-eddy 'scale of motion in the ocean. For the

study of subsurface eldies, we would have liked a higher deﬁsity of

points. . —

~ /
2) Choice of meastrements /

In the case of stress, watér stress and ice ve1oLites there”

was 1ittle question abedt what parameters needed to be méasured, and

how the measurements 3jhould be made. This‘is described 1ater in this

chapter. A 1ess)@5ear ut case can_ be made for ige- thickness measure-

ments. Greater eppffasis could have heen placed on the ice thickness

! .
distribution ¥ince it has a great role in the ice dynamic equation.

-é
3) External sftresses ' ~

The 1972 pilotxstudy showed that the surface pressure maps produced
by the U.S. National

1]

for the preparation of fgeostrophic wind charts of the Beaufort Sea.

Jeather Service are based on data insufficient

To avoid th1$ probldm additional pressure measuréments were made at the
data buoy s1tes. Geostrophic winds ca]cu]ated fréﬁkimese data proved
consisEent with the measured surfac®winds. The wq;er stress was deter-
minéd with an accuracy comparable to that of the air stress (Pounder and
LeBlanc, 1977; Langleben, 1977). In the determining of the drag coeffic-
ient at the underside of the ice it was particularly useful to study the
ice drift during the summer months, when the %nterna} stresses were

small and the drift is essentially wind driven.

g

/
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4) Sea ice mechanics and heat balance

One of the initial concepts pf the AIDJEX modeling effort was
derived from a study of a floe-to-floe interaction and the ;ealization
that pressure ridges can be formed by ioading the edge of a thick ice

~

with rubble from thin ice. In terms of its constitutive (stress as a

funcfion of strain) behaviour, the ice is modeled as an elastic-plastic

continuum (Coon, 1977; Coon et al 1974) which under certain stresses

may develop small scale.as well as large scale discontinuities.

It was also found that during the suimer the internal stress was
absent and the ice drift was purely wind driven. During spring énd
winter the internal stress is important and in one case caused a shear
discontinuity several hundred km long. The divergence of the internal
ice stress may be derived as a residual of the equation of motion, 2.1.
It may also be obtained by postu]atiﬁg a constitutive law and evaluate
the strain rate and its derivatives at the position of the manned
camps: The ice stress thus calculated is still a bit too Tow, and,‘
as pointed out earlier, the ice thickness distribution is not well

known. As a result it often had to be assumed as initial conditions

2.2 Description - “

- The manned array, together with the data buoy configuration is
shown in Fig. 2.1. The manned bamps were deployed in a Fr%angu]ar
array with one (main) camp located inside the-triangle. The camps were
assigned radio call namesﬂand are identified as such. The main camp

was Big Bear with‘Caribou, Blue Fox and Snow Bird as the satellite
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n
camps at the triangle apexes. At the time of deployment the lengths of
the sides of the triangle were of the order 100‘km. In the course of
the experiment, the array was much distorted as it rotated, translated
and defor&ed. The program of atmospheric and oceanographic méasurements
is described Tlater in this chap?gr. Typiba] ]ayéut of a satellite
camp 1is shown in Fig. 2.2. ’ .
The personnel at these camps varied from 25 to as highias 60 at

the start of the experiment. ' At the satellite camps there were always

4 men throughout the year but at the main camp the population varied

from time to time. The logistic support was provided by Polar Contin-

-ental Shelf Project at Tuktoyaktuk, N.W.T. and b¥ Naval Arctic Research

Laboratory at Point Barrow, Alaska.

Two types of data buoys were deployed. The'NIMBUS F satellite
with Random Access Measurement System (RAMS) for data Buoy positioning
and data transmission was launched in June 1975. Ten automatic data
buoys designed to use this system were deployed in a ring outside the
main manned array. Since there was a possibility of f§i1ure or post-
ponement of the NIMBUS F, ten additional buoys were obtqinea. These
buoys when deployed, were to be interrogat%d/hsing the operating Navy
Nay;aaﬁion Satellite(NavSat) system. They were equipped with a high
frequency radio Tink for data transmission to a central computer at‘
the’main camp, Big Bear. \ \

* After the deployment Bf the~main camp, eight NavSat buoys were

positioned in a ring approximately 400 km radius around the main camp.

Some of the RAMS buoys were co-located with the NavSat buous but others

i

, Were located separately. Four of the NavSat failed in the summer of 1975

but the remdining four and all eight RAMS continued to function until’

the end of the éxperiment. o
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2.3 Atmospheric program

The principal objective of }he atmo%pheric progréﬁlin AIDJEX was -
to provide estimates of the surface air/stress suitable for deriving
models of the ice dynamics. Becuase oﬁ the impossibility of routine
direct measurements of the stress, 1t was necessary to devise methods
of making estimates frqm more easily measured-variables such as surface
pressure fields. The approach followed during AIDJEX was to make
direct measurements of surface stress at a few locations together w1th
the measugément of wind and temperature profiles within the p]anetary
boundary tayer (PBL). The PBL in the atmosphere is of the order of
1000m. These observations were then combined with surface pressure
measurements to construct models relating the surface stress to the
geostrophic winds. |

Observations of pressure were made at each of the manned camps u
and from buoys surrounding the manned array. These me;surements were
combined with routine ebservations from the perimeter of the Arctic - e
Oceén to obtain the pressure field. Other routine observations at the
manned*camps included wind speed and direction, temperature;—radiation
and the height of the PBL by use of an acoustic‘sounder. The meteor-
ological observation taken are shown schematically in Fig. 2.3 after ’
Paulson and Bell (1975). P, T, U are pressure, temperature and speed
’meagu}emehts. ‘

Routine meteorological observations were supplemented by additional
observations dufingrtwq periods of a few weeks in the spring of 1?75
and 1976. They include
1) direct measurement of surface stress by use of an acoustic anemometer

2) profile of temperature, wind speed and direction in the Tower 30m

from a tower
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3) profile of temperature, w1nd speed and d1rect1on to severa] hundred

meter height using a kytoon w1th 1nstruments,suspended from 1t
4) measurement of mean and turbulent veloc1ty and temperature from an

aircraft (Electra overflights).

Among the conc1usions the important .one is that surface stress

estimates can be made reliably ,from syrfaée pressure fields, especially

during high wind periods: - ) "

2.4 Oceanographic program

_ The AIDJEX oceanographic program was designed to investigate the h
Arctic Ocean on a space scale of 100 km in the hqrizonta]yand hundreds
of mete}s in the vertical. It was direcped to revealing oceanographic.
behaviour wh%ch directly influences the drift of the pack ice.. This
includes the drag of a quiescent ocean and its variaffon with changes

- TN v R
in stratification and advection of the ice by cuFrent$ both transient

—

and steady. Data on sa]ini%y, temperature and currents were collected i

at three manned stations for a year and about half a year at a fourth,

statioﬁ, which broke up. / ‘ . S :
The scales of time and space for oceanic parameters in the Arctic

Ocean have been detgrmined by previous AIDJEX programs. Fig. 2.4 shows .

the” typical scales in the vertical extent. Brfef]y, the 1ce‘{§ of the

order 1-3m thick with occasional kee]s;of'presSure ridges going down

. to depths othens of meters. The boundary layer, the Jayer of frictional

(skth) effect is generally said to be about 2m (Langleben, 1971; Pounder
" and LeBlanc, 1977). The Ekman layer is of tbe‘order 30-40m. This

compares with 5 height of approximately 1000m in the atmosphere. .

L]
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The distance between the surface and the effective end of the\Ekman
spiral is sometimes referred to as the P]anetary Boundary Layer \(PBL).

In the Arctic, the mixed layer is at depths less than 60m. This. .

the deepest that the frictional effects go. The barotropic effecte\\\\//
are also Timited to this depth. S

In the depths of 100-300m, we observe the barociinic eddies

' (Hunkins, 1974b) with a core at about 150m or so, They have diameters

®

o

of about 10-20 km and have speeds up to 0.5 m/s (1 hyot There -is no
estimate of the 1ife time-of these phenomena. They travel at relatively
Tow speeds (70 cm/s or less) and are observed at"AIDJEX for periods of
about a geek to 10 days.

The layer of no motion can be thought,of as the bottom of the
Atlantic weter'ef about 900m. These deeper regions are where baroc]ihic
effects are predominant. .The hqrizonta] extent of these eddies is
about 10-20 km as already indicated (Hunkins, 1974b; Newton, 1973).

' In addition to these there are observed step structures in the
Arctic Ocean (Hunk1ns et al, 1977) These occur at depths about
300-400m. The hofiéonta] extent is limited to about a few k1lometers
because of hydrodynamical arguments. These‘wii] be discussed in Tater
chapters. The Beaufort Sea Gyre has currents in the . " - clockwise
rotation at about 2" cm/s. The time scale for a period is approximately
4-5 years. ' )

The oceanographic program for the main exheriment of AIDJEX 1975-76
was de§igned to ensure uniform observations at all four manned stations

{
with supplemental observations at the main camp. Salinity and temper-

W

ature were monitored with a Plessey Model 9040 STD system, The satellite
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camp's STD (for Sa]dnitX3 Temperature and Depth) probes/were limited
to a depth of 750m because of the depth sensor and winch limitations.
Data from c;hps Snow Bird and Caribou are used’for analysis here. At
the main camp there were weekly casts to depths of 3000m. Datg‘were
recorded digitally on magnetic tape with Piessey model 8400 data Tlogger
. and on analog traces. Casts were taken once or twice daily at all four
, camps on a synchronized schedu]e.v Between'the casts the sensor was
suspended in the pycnocline, .the steep density gradient, at about 60m
(Fig. 1.7). This was done to observe the time variation at this depth
and to Jook for internal waves. The ocean measurements are s;mmarized
_in Fig. 2.5. , o
Water velocity was recorded with both fixed and profiling current
meter system§l Current meters, from Hydro Products, were attached to
inverted masts.to record current at each camp at.2 and 30m depths, the

top and bottom of the planetary bodhdary layer (PBL) of the ocean. See

“Fig. 2.5.. Rigid attachments to the ice were used to eliminate the need

of a compass in these instruments. Magnetic direction is always a

source of ekror in the high latitude. The fixed mast meters were

n

referenced to ice floe azimuth, which was monitored regularly. A
o 1

duplicate system of 2 and 30m meter§y was installed at the main camp
to determine the effect of local chapge in the ice topography. The

profiling current meter, PCM; was operated once or twice daily at each

camp to depths of 200m. The PCM, like t ﬁixég&mgifuTeters, measures
current speed with a Savonius rotor. The PCM also has a direction

vane and pressure sensor. The direction of the current was referenced
te the magnetic north but was converted fo‘irue direction by calibrating

“ the vane direction with the fixed mast velocities and Qith the magnetic

declinations. More on the STD and current systems in the next chapter. |




Ice

N\
NN

..__._._.__.._.._._..____...__._._@_..._._.._

fixed mast
. current meter

------------- - — e I
fixed mast
current meter E.Ekma“ layer
‘ - . profiling cdrrent meter - .
\ B .:::] surface to#200 m

. region of high kinetic energy

w

-l s e o 200 m
\ ) /—/k/ o h ‘
! S TD system. surface to 750 m
: : S i
((/ L k i /) D J
\\ ,
e e [ 750 m ,
\

Fig 2.5 Oceanographic observations at satellite camps. -

.
I
< §
. .
2




W

-40-

In addition to these measurements, standard water samples were
taken at various depths. This was done to provide a reference source
in order to correct for instrumental drift and to cilibrate the probe.
The temperature and depths were obtained independént]y by using
reversing thermometers and thg salinity Qy using a'Gui]dWize or
H ytech 1aborat6hy salinometer.

2.5 Drift track -

AThe array formed by the maﬁned camps and the data buoys at the
start of the experiment is shown in Fig. 2.1, Since the ice is under
the influence of the forces of nature, and almost always in motion,
the camps drifted with the pack ice. In Fig. 2.6, we see the drift
of the manned.array for AIDJEX days 100 to 270 (11 April 75 to 27
September 75). The outiine of the camp at the start and end of these
dates is delineated by heavy lines. The dashed Tines represent the
motion of the automatic data buoys in this timetperiod.

The ice was expected to follow the Beaufort Sea gyre and move in
the . - -~clockwise direction. As it turned out, the motion was in
the oppos%te direction for the time period shown. The drift changed
direction at this time and the manned array was at roughly the same
place éf the‘end of the experiment in May 1976 as at thg start in
April 1975. The triangle was greatly distorted by this time\and the
main camp (Big Bear) had been destroyed by ice movements. The drift
traces of the manned camps Snow Bird and Caribou, for the who]e time
period, aré shown in Fig. 2.7 and 2.8 respective]x (after Thorndike
and Cheung, 1977). The day numbfrs referred to are AIDJEX days. The

conversion from AIDJEX days to calendar days is in Appendix 1. The

Y

(4




Fig 2.6 Drift of the AIDJEX array'; 11 april-1975 to

27 september 1975. Numbers at the start énd end of drift N

|
- tracks ate AIDJEX days. Large numbers are buoy numbers.
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Fig 2.7 Drift track of station Snow Bird.
Measurement by NavSat from day 105 to 491.
This station was split by cracks during the
winter and the NavSat antennas were moved
short distances several times. % show

location at integral multiples of 20 days.
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Fig 2.8 Drift track ofy station Caribou, became the
main camp after Big Bear broke up. Measurements by
NavSat from day 115 to 487.
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tracks of these two stations show the geégraphica] distributions of

the sites where measurements were made. p

@«
3

prs
/

2.6 Data Bank

Vast quantities of data, of all sorts, were collected during the
main AIDJEX experiment. In Appendix 2, we have a listing of all the
data that are available at the main data bank, at AIDJEX offices in
the University of Washington, to date. In addition to these, there
are now oceanographic data from all manned camps at Lamont-Doherty
Geological Observatory in Palisades, N.Y. At the McGil1 University
Ice Research Project data bank the following oceanogranhic and other
data are available.

1) Smoothed position, velocities and acceleration for Snow Bird |

2) Hourly averages of observed wind speed and direction at 10m at '
Snow Bird

3) Ocean currents re]atiw% to the ice motion at 2 and 30m depth at
three-hour intervals at Snow Bird (fixed mast currents).

4) Ocean current profiles, from the once or twice daily casts of PCM,

at Snow Bird. p

v

5) Standard STD measurements made twice a day at the campscSnow Bird
and Caribou.

In the STD data there are about 600 stations for Snow Bird and
about 800 stations for Caribou. Approximately 30% of SB and 13% of CB
data had to be’digitized manually because of the malfunction 6f the
digital data logger.

6) Tide height at Tuktoyaktuk for‘1975.
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There were numérdus peoB]q involved with'the collection and inter-
pretation of the oceanographic data at the main and satg111te camps. - _
The following people operated the oceanographic p}ogram at'the camp
Snow Bird:- Barry Allen, Brian Hi]]idPaul Peltola, and the author.

rAt the camp Caribou - the ocean program was-ope%aféd by Alan Gi11.
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Chapter Three DATA MANAGEMENT

3.1 STD system ,

Salinity, temperature, depth casts from the surface to %5 m were
%%de twice daily at 0600 and 1800 GMTghith a P]essew?model 9040 STD.
Data were recordéd with an XXY chart rgcorder and also on magnetic tape .
with a Plessey model 8400 digital data logger (DDL). The“STD profiles
taken were calibrated by Nansen bottles and by reversing thermometers.
Samples were taken at just below the ice sheetmand at 250, 500 and 750
meters. The STD accuracies are +:0.01°C in the temperature;‘i_o.bol /00
in salinity and Tm ip depth (Amos 1973). In this chapter we shall

Q§ed and some of the probJems (and solutions) iﬂ

describe the system u

the acquisition and management of data.

3.].1 Instrumentation

The model 9040 STD system (Ples;ey,‘]QSQ) conéifts of a compact
rugged underwater unit, a cabingt containing surface deck terminal
equipment and a hydraulic winch with s1ip rings. The underwater unit
is. equipped ;}th precision transducers which sense salinity (from ;
conductivity§, temperature and depth data. The system is shown in
E]ate 3. further details about the terminal equipment, etc. are in
Appendix 3. o

Solid-state electronics in-the underwatergunit/;§+vert the sensed
parameters into a composite FM data signal that i§ multip]exed and
transmitted through a sea cable (single conductor, doyble armoured)
to the surface deck equipment for processing é;d recgrding. The data

terminal equipment separates individual data/signals from the FM .
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composite and records salinity and temperature data as a function of
\ .
A samp]e of the conversion table from FM
6

depth on a chart recorder.
periods to oceanographic narameters is also shown in Appendix 3.
The underwater unit, shown in F1g€§3.1, cons1sts of the salinity,

temperatu;e and depth sensors (transducers), a Bisset Be{man Paraloc

oscillator and a mixer circuit. The salinity, ‘temperature and depth

transducers together with theif associated splid staie electronics- are
located in the sensor packaﬁe sectﬁon of the underwater unit

Sea water salinity is determined in situ by sensing conductivity,
~
Conductivity is measured by sensing the

temperature and pressure

conductivity of didsolved salts in the sea water, which provides an
inductive loop that couples two transformers in the conductivity head

«
]

Sea watérvconductivity is a complex function of temperature, pressure
-4
and salinity”and in the 9040 system automatic compensation is contin-
i

f v uously applied for the effect of temperature, and pressure change as
well as for a temperature effect on depth. This provides an output
that is a direct function of salinity alone and which is directed to

the Paraloc that generates an FM signq] which is an analog of the

ﬁeasured salinity
within a f1xed FM bandwidth that is estab11shed for each measured

The Paraloc is an A<C voltage to frequency, convertor which operates
Output signal changes from the Para1oc are .directly proport-

The result then, of .a change in

whosé frequency increases with

parameter
jonal to input voltage variations
This signal is applied to the

sea water salinity is an FM signal

increasing salikity and conversely

mixer.
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The temperatuﬁe:transducer is a platinum resistance thermometer
. x which forms one leg of a bridge. The thermometer is protected from
strain and has a short response time (0.35 s). The response times of
- the salinity and temperature sensors will be discussed later. Variations,
in the temperature change the resistance of the platinum conductor, and
gohsequently change the vo1;age.drop across-it. This voltage drop i;
~applied to the Paraloc circuit. which generates aQVFM sﬁgna] aralog
< L . ; to the voltage differential created by change in temperature. The
signal is tramsmitted to the mixer.
The depth system fncérgorates a presgure transduéer dbntaining a
pressure ffansducer containing a stwain-gage which is balanced at ;he g
surface (zero Pascals -or zero psi) and Eecomes‘increasingly unbalanced

~

as the pressure\increase§:n Resulting changes in the bridge circuit

TR .

.are converted to a frequency analog_in the Paraloc and are transmitted

\\\‘

to the mixer. . T

S

™

\ v v ‘
The underwater signal mixer receives and regqulates power from the

deck terminal equipment and transmits it to the sénsors. It also
multip1exes and amplifies the Fﬁ signal from the Paralocs and transmits

v - them up the sea cable to the deck terminal equipment. Multiplexing all

) data into an FM composite signal permits continuous and simultaneous

¢

o

\ . . . . « '
T\ transmission of all sensor data to the deck-unit in a single conductor

sea cable. _ . "

ot

~

y The tenninaj deck equipment is the sign&] converter unit ‘and the
D o hydrau1i& winch. The si;na] converter consists Pf a pgwsr supply,
distribution amplifier and a discriminator. The band paégxfilter at
the input of each discriminator accepts a specific §ensa} s%gna] and

‘ ,rej‘ects others in the FM composite signal. These\ signals are plotted

&

* a
. a { o™ fl

e
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in the course of a typical STD profile, the probe was lowered at the
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on the XXY recorder and are passed to the DDL for digitizing and
recording.

The data acquired by the STD measuring system is stored in the
maode1 8400 DDL (Appendix 3). The DDL has the gababi]ity of recording :
data, dié}ta11y, and at variqﬁs scan rates. FEach sensor is digitized;

individually and then the signal isvfed to the tape recorder for stor#ng.

!
The scan period can. be changed from 0.1 to 10 seconds. For examp)e;

rate of 10 m/min (1/6 m/s) in the stéep gradient near the surface.

The scan rate of 0.5 s meant that all sensors were sensed and recorded
at a rate of 6 times for each.meter of depth. This provided high
resolution for the temperature and sa]i;ity gradients.

The data (digitized) was recorded on a 7-track tape in BCD (Binary
Coded Decimal) on a Kennedy incyementa] tape fecorder, model 1600.
Limitations of the McGill University Compgtiﬁg Centre necessitated the
translation from 7-track BCD to 9-track,EBCDIC (Extended Binary Coded
Decimal Interchange Code). This and-ofher tape handling programs
deveioped at McGi1l and Lamogt—Doherty Geological Observatory are
shown in Appendix 4. Fig. 3.2 shows the flow chart for acquisition
and analysis. ! - )

b -

3.1.2 Static Calibration

The STD system suffers from many irritatihg problems. ’Prob1ems

like ‘'spiking', noise, drift and calibration are the major ones that

are encountfred. 'Spiking' is caused when the sea cable is pinched

w

“and a short occurs, The result is irregularly spaced spurs in the

%

°
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salinity and temperature traces. Spikihg usually occurs during bad

level winding and if not corrected promptly can tause the loss of the

cable. Noise becomes a problem of significant perortion when long

lengths of cables are used. This deteriorates the siqﬁa1 and the
resolution drops significantly. Also magnetisation of thg conductivity -
cell and dirty slip rings in the winch cén contribute to this problem.
Careful and periodic checking’and degaussing can reduce the problem.

In the STD, pqoper‘f]ushing of the conductivity cell is essential
to the accurate reading of the salinity. When the STD was stopped to
ge} water samﬁ]es, the salinity valwe drifted and it was thus important
to log the periods (of salinity, temperature and depth) for later
calibration. The drift was largest in the salinity. The parameiers
returned to their proper valves once the cast was resumed and proﬁer

flushing occurred. The logging of,

the STD periods is doubly important
for calibration and comparison with the water samples that are taken
by the Mansen bottles. Depth and“temperature were compared with
reversing protected and unprotected thermometers. Nansen bottles
were tripped only in the downtraces to ensure that there was proper
flushing and sampling by the sensor. In tﬁé uptrace, the sensor
follows in .the wéke of the instrument package and this might possibly
disturb the 'purity' of the reading.

The DDL was the weakest Tink of the 5TD program in the AIDJEX .
experiment. Out of the 1280 stations of AIDJEX, approximately 30%
had to be digitized manua]]y because of the DDL failure. Digitizing,

calibrating and other programs for the handling of STD data are

shown in Appendix 4.,
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3.1.3 Dynamic Calibration

P
v
e

The salinity, as stated above, is arrived at by making compensa-
tion for the temperature and p;essure values and of the gradients of
these parameters. The need for dynamic calibration arises primarily
because of a mismatch between the time constants of the temperature
probe (0.35 seconds according to the manufacturer) and the salinjty
probe (negligible in comparison). Several investigators (Scarlet,
'1975; Gould and Culverhouse, 1972) who have used the 9040 system have
found that estimates of the time constant vary-from 0.2 to 3.0 seconds.

The correction because of the time Jag is based on the assumption
suggested by Scarlet (1975), and performed by Ed Bauer of the Lamont-
Dohe?ty Geological Observatory (LDGO), that the response is exponen-

tial with a time constant t such that

| I BTl 7
T =T+ —B—E* . (3.])
o 3S oT
\ S' =S+ = x1 =+
a oT at : (3.2)

where the unprimed are the sensed parameters and the primed are the

corrected parameters, t the time constant, %%-the temperature gradient

and %%-the slope of the TS curve, assumed to be unity. (Dantzler, 1974).

The assumption that %%—= 1 appears to be reasonable and produces
less error than the other terms. The major source of error is in the
computafion of %%u The DDL resolution in temperature is + 0.003°C - N
but this can be degraded by noise.

The temperature interface at the base of the mixed layer im the
Arctic Ocean is usually stable, well defined and sufficiently large
scale in temperature to afford a regular appraisal of the sensors'

. 7 ' dynamic response. Comparison of the TS diagrams always shows a
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NS . //
divergence along the mixed layer interface\wjth the downtrace offset
towards the higher salinity and the\uptrace&towards the lower salinity.
From Eqn. 3.1 we expect this change in temperature %% » and consequently
the effect of lag in temperature response, gre of opposite signs in
the down and up traces. Dantz1er~(19}4), in| particular, has pointed
out the %mportance of this type of systemati¢ error in features of
sustaingd temperature gradients.

In the series of figures 3.3 to 3.7, the|T-S diagram is plotted
for one Snow éird station. The reqion shown is that part which is
near the pycnocline. In the figures the dark ?ine represents thg up £
trace and the light line the down trace. By\c%anging the Tt in the
two traces we can make both the up and down tr&ces to be nearly con-
gruent. The 1 for this series appears to be'a5¥ut 0.75. < seems to

change with the sensor (unit) used and in table 3.1 we have a listing

of the t valves for theSnow Bird and Caribou stztions. The changes

uysually occur when sesii:s were replaced or substituted.
3.2 Current measuring sy;¥ems \\Q )

-

N
The currents were measured in two manners. One was the profiling

mode and the other was the time series at fixed depth.

.3.2.1 Profiling Current Meter _ ;

The profiling current meter (PCM) was a TSK current meter.
, ‘ ~
Instrumentation in the underwater unit consists of a Savonious rotor,

a direction vane and a pressure sensor to measure the current speed,

_direction and depth. The unit was raised and Jowered at a rate of

/L/
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*  Table 3.1
Camp’ Calidbration Period Time Constant Range
(Station Nos.) ) (Sec.)
Snow Bird 3 - 247 1.0 - 0.7
' 249 - 299 0.7-0.5
308~ 362 0.7-0.8
530 - 592 0.8 -1.0
“Caribod "1 - 8l - % 0.5-0.7
87 - 221 ~ 0.7-0.5
| 223 - 309 0.5 - 0.4

-61-

TIME CONSTANTS. FOR AIDJEX STD SENSORS

310 - 558 : 0.5

a

Tﬁe division into’periods intable _.is based on change ofw/\

sensor, change of sensor components, or q?gxp1a1ned sh1ft in observed

>

L ]

response. Chdﬁ@e of time constant is approximately linear bethen

v

limits of each.range.
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Sm/min  (1/12 m/s) by an electric winch with 5 conductor slip rings.
The speed was chosen after experiments on the station to determine
rotor respopse to different axial velocities. Current directions
were referenced to an internal magnetic campass. The direction vane

{

follower and the compass were bqth sensed with photoeells so that only -
the bearing friction limited the compass. This is an important factor —
in the weak hérizonta] magnetic %je]ds in the high fatitudel Magnetic~
declinations were measured at tﬁé'surface before and after each cast. l
Theﬂdepthnwas determined by the pressure tranigucer simijar to that

in the STD system. The speed was obtained from the- calibrated Savonious
rofor. The signals (voltages) from the underwater unit were carried up
by a five-conductor cable phd plotted on an XXXT plotter. ‘the data were
g]so'digitized and recorded on %he AIDJEX digital data 1og§ing sys tem.
The scan rate of the AIDJEX logging system was slow .(once per minute)
'for‘thg accuracy needed. Thus the data had to be all digitized manually

from the analog traces. About 1242 of the 2133 casts were useful. The

others had to be disregarded because of rédio noise on the trace or

" because the currents were lower than the stall (threshold) speed of

¥

the rotor (about 5 cm/s). ‘i
The coherence 6f the Yaﬁe in the up and down traces is good at

speeds greater than 5 cm/s but the vane appears to be free swinging

at speeds slower than this. The current stﬁucture can be followed in

scales of 10m or more, in the up and down traces and from one station

to ‘another. ~One major problem with the PCM was the sTugishness af the .

rotor when compared to the rotor of ‘the fixed mast meters.

3

&



s 1 © 3.2.2 Calibration . |- .

Q S Calibration of the PCM was done by forming linear regréssions
* ° between PCM and the 30m fixed mast sectioned ioto fairly 1arge'data
blocks.  The digitizing was done by-w. Tiemann. Calibration and
© - _, reduction was dbne'by‘T. Manley and B. Allen, all from LDGO (Hunkins
" and ManTey, 1§77). The direction of the currents was compared by
\ hptihg the magnetic declination. This was done by aligning a@urveyor;s~

'compassﬁa1ond-the camp azimuth. The reduction of the magnetic declin-
é’ ation information was done so as to create biocks of data that were
Separated by: natura71y occurring breaks caused by rao1d ice movements
and rotat1ons ’ !

L An averaged magnetic declination was then calculated for each -
data block. This psua]]y fa]]s into a 3 degree range. ’ The magnetic
dec11nat10n thus obta1ned was accurate enough to be below the + 6° |
accuracy of the PCM d1rect1oﬁ system. The depth reso]ut1on is 2m
because of the d1g1t1z1ng. Speed resolution is ¢_1.5 cm/s at speeds

L - greater than the stall speed s

A hystere51s effect in the up and dawn traces was ohserved Thisp
-oCCurs as..the current meter is pu]]ed through the-current in the up g
" . ., trace and this results in a higher ve]oc1ty Jhe oppos1te would be

S | true for down trace. . In the ana]ys1s the hysteres1s was reduced by
aVerag1ng up and down traces. :
- o The absolute speeds were obtained by add1ng the ice velocities
(at'the tlmes of the stat1on cast) to the ve]oc1t1es (relative) of
) o "\ the PCM prof%]e The cases-when the re]at1ve speed was be]ow the:,

S . stall speed no absolute speed calcu1at1ons were performed The

&




direction is also + 6 degrees and that of the spee

£y

~ation was checked frequently and the meters were maintained at depths

worked reliably and no major problems were encountered. The data wdpe

. .o —64-

problem of twisting of the sea cable and producing abrupt 189° changes
{

in the direction was solved by attaching a big vane to thg cable. This

-

is a severe problem when studying the Ekman spiral. A total of 373 PCM
stations of Snow Bird were used.

’ L4

3.2.3 Fixed Mast Current Meters )
The fixed mast meters were also of the Savonius rotor and vane:type
froﬁ;Hydro Products. The stal? speed and linearity of the rotors are

superior to thos; of the TSK PCMs. These meters get, their direction.by
‘ { o \

measuring fhe voltage drop across a potentiometer as the vane swings.
The absoluté direction is obtained when magnetic declination and meter
orientation (with respect to the camp azimuth) are added to the direction
from meter.\ﬁThg meters were fixed in depth .and orientation. The orient-
of 2 and 30m below the bottom of. the ice surface.'JYﬂe accuracy of the

d is + 1 cm/s.. The -
stall speeds of these rotors are approximately 3 cm/s. These meters
recorded on chart paper and digitized on the AIDJEX data logger. Readings
were taken every minute but 3 hourly averages were used in calculation,

calibration ;nd comparison purpbses. Fig. 3.8 shows the data flow from

o
acquisi&ion to analysis.

/
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Chapter Four: DYNAMIC CALCULATIONS

(3)'
A common practice in oceanography is to attempt to assess ocean current

velocities by use of what is known as the geostrophic approximation, or the

——

geostropic equation. This involves the assumption that the Coriolis force
acting en a fluid particle in motion is éa]anCed completely by the horizon-
tal cemponent of the pressure gradient force. If the density field in-a
body of water is known, it is possible to determine tﬁe vertical profile of
the horizontal pressure gradieﬁf by the use of the hydros?ﬁtic equation anq
hence deduce a value for the vertical profile of the current velocity based
on the geéstrophic approximation. An absolute value %or the pressure gra-
Eient and the deduced velocity fields can be obtained only if the actual
pressure gradient is known in some feference surface. Currents, calculated
on the basis of the‘geostrophig approximation are referred to as geostrophic
currents and they resemble the actual currents only in so far as the basic
assumptions are valid. f 7

Measurement of the temperature and salinity of seawater at oceano- -

graphic stations provide the necessary data for determining the water

density in the oceanic column. From the field of density, the field of °

_pressure is obtained by means of the hydrostatié‘equation (4.1). The hydro-O
=
static equation expresses the fact, that in an ocean at rest, the pressure p,

at a given depth h is related to the weight of the water column above that

v

~depth. ’ . N

p= gph (4.1)
.. ' ‘
Here ¥ s the average seawater density in the vertical column between

the sea surface and depth h! g is the acceleration due to gravity. Since
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¢ I

the ocean is not qt'rest, the applicability of the hydrostatic equation 1in

computing the présgice field from the densityf may be quéstioned. However,
¥

if.wi11 be shown that for use in the classical dynamic method of current
computation, the pressure field can be determined with sufficient accuracy

by means of the hydrostatic equation.

N

‘4.1 Definitions

Before beginning the analysis of the current by the dynamic method, a

few definitions are presented. -

Since the numerlcal value of the density of seawater always starts with

1.00 (in cgs units), it has become customary to abbreviate these figures by

.

introducing a quantitygystp as in (4.2) N

- 1)*103 L (4.2)

¥

(

o stp = P.stp

1
9

Wwhere p stp is the density as a function of salinity, femperature and pres-

sure. Sigma-t, the more commonly used quantity, disregards the effect of
pressure (i.e. ignoring the compressibility of watefs on the density in!
sjtu. Sigma-t, thus is the density of seawater with effects’ofrtemperature
and salinity at the depth of observation. - | <

Dynamic depth is a term used to des¢ribe the work that must be done to
1ift a unit mass a given diétance perpendicg]ar to the geopotentfgl surface.
Thus, levaé® surfaces in the ocean can be defined as surfaces of eﬁua]
dynamic depth, D, below the 1deaf sea surface, and instead of usi%g geo-

metric depth to fix the position of a point below the sea surface$ dy?amiflz//J

v, ’" . \.

<
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g
b

depth is used. As a practical unit of dynamic depth, the q¥namic meter

(dyn-m) is defined.

%

D (dyn-m) 5 gh - [m% 2] (4.3)
10

where h is expressed in meters and g in mgg. Thus the unit of geopﬂmentjal

(¥ dyn-m) corresponds numerically approximately to a geometric distance of

1.02 m, if g= 9.801 ms™2,

In< oceanography, cgs units have been uged‘histofica]1y. Tﬁhs the
density is expressed in gmcm'3, velocity in cms7] (sometimes as knots with *
1 knot = 50 cm/s) and*pressuré/ih decibars. {The SI unit for pressure
being Pascal . 1 decibar = 10 kPa). " In this preseptation these units are
used with SI equivalent given wherever possible.

From the hydrostatic equation (4.1) the infinitisimal form becomes

Y

(4.4) - Lo
! !

(4.4)

~

\“:

§p= gp 8z -

wherez , the usﬂa\ notation for depth is used. Then, from the definition

of dynamic depth D, we can write

~
N
o

@ = Ldp = adp (4.5)
p . -

L4

witha , the specific volume, the reciprocal of the density. If p’is

measured in dbar, D is in dyn-m. \ -
- B g 2 A

The dyhamic depth betwpen two isobaric surfaces with pressure:pé and p
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P )
D - J o dp (4.6)
0

P

~
~

N\

If pg Yeferg to the sea surface as the uppermost isobaric surface in the sea,
and taking p, = 0, then D is the dynamic depth of an isobaric surface with
sea pressure p. Of course D can only be measured re]atﬁve to a sea surface
where p, = 0. If th; sea suéface is inclined, the dynamic debfh, as calcu-
lated from (4.6) is only the relative dynamic depth. One of the most impor-
tant problems in dynamic oceanograpﬁy is the determination of absolute\

. B
dynamic topographics. If the absolute dynamic topographics are known, the

'oceanpgrapher can apply theoreticals relationships between the pressure

forces -and other forces that cause and affect ocean current in order to
arrive at current speeds and directions at various .depths. /
From (4.5) we see that for static equilibrium, the fields of pressure

g

and geopotential must be parallel to each other. That is to say surfaces

.of equal specific volume (isosteric surfaces) and isobaric surfaces coincide

with level surfaces. A field in which isosteric and isobaric surfaces coin-

cide is called a_barotropic field. A field of mass for which these sur-
| .
faces "intersect is called a baroclinic field. A baroclinic field cannot

rémain without motion, but barotropic fields can be at rest, but do . not

have to be motionless. Only when isobaric, isosteric and geopotential sur-

-

faces coincide is a barotfépic field at rest.
L

S

4.2 Geostrophic Currents .
> ' N

When a frictionléss current flows horizontally without change of
»
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velocity and the -only external force is gravity, the component equations of

motion on a rotating-earth (4.7) become (4.8) i

Y .
du _ . . 2usingv + F :
dt - - . ' X 3 {
P Ix ,
) (4.7)
dv __ 1 3p :
dt — — = 2uSing¢u *+ F
p DY ¥
. 1 2p
W= - - 2wcos¢u + F +g
dt = )
P 2
2usingpy = dp /X
(4.8) )

2usingou  =-dp /dy

2wcosppu  =-op [dz + gp . ‘ |

where the velocity U is

[

ul + vi+ wk

le=

with i, j and k as ynitfvectorshin the x, ¥, z direc%ion. (X is positive to
the east, Y is positive to thgﬁnoath and Z positive.vertically down to the
center of the earth.) ¢ s the 1atitudg qnd’ w the angular vefocity of
rotation of tﬁe earth. Fx, Fy and Fz are the force per unit mass of the
external :orce field. The axes are shown in Fig. 4.1.

) From (4.8)"we see that in each of the horizontal coordinate diﬁgctions,
the componggt of the Coriolis force (e.g. 2m§in¢pv/ ) is balanced by the
presgure gradient force (p/¥x ). In the vertical direction the pressure

< R . )
gradient force is balanced by the vertical component of the Coriolis-force.

/

&
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)

and the gravitation force.

In the third equation of (5.8) we see that g,. the acceleration due to
gravity, is much bigger than the contriBution of the Coriolis force. Thus
for most of the world's oceans, the term 2wcos¢pu is vanishingly
small compared to g. In the Beaufort Sea, the mean latitude is 76°N and
thus thg contfﬁbution js smaller still. Then the third equation reduces to
the hyd;ostatic equation (4.4). /

Squaring and adding the first two equations in (4.8) we get

¢

3 p /in-=2wsingpc = fpc 1 (4.9)
L]
where :
x 1 - : N
c = (u2 + vz)2 , the speed N
f = 2wsing . , the Coriolis parameter -
and . o ’ . L
: ‘ i3
(A 2.
op n = {(;p /ax) + @p /ay) } £4.10)

v The equiltibrium of forces ig (4.9) shows that the Coriolis force must

be equal and opposite to the horizontal pressure gradient force. Equation
(4.9) is a scalar equation, and in the geostrophic balance, the speed ¢

is perpendicular to the pressure gradient. K Th#s meaqs\%hat the horizontal
current vector c, must be parallel to‘tﬁe isobars. See Fig. 4.2. The
direction is §uch that, for the northern hemisphere,”the higher pressure is
po the right when one faces in the direétipn of the current. This type of -

/ -

. » x

N
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curﬁent'is cé]led a geostrophic current and the balance of forces thus
expressed 'in (4:9) is called the geostrophic equilibrium. .
'Instead of using ?pe horizontal pressure gradient a]ongxleve] surfabé,
the slgpe of thg isobaric surface can be introduced in (4.9). Fig. 4.3
shows two isobaric surfaces, in the vertical plane, p and Qs'p which are
inclined aga{nst a level surface "n . The vertical nz. plane is perpendicu-
lar to the current ve]oéity Cc. The pressure at poin? 1 on the Tevel surface |
is p and at point 2 is p+ap= P+ gaz phere p is the density of the

vwater column between points 2 and 3. Then

-

"(op /any= -gopzian (4.11)

or .
8
(dp 2 n) = gp tang

J

‘A negative sign on the right of (4.11) is used when the positive Z
axis points down. Here g s po;jtive‘in the clockwise direction.

The classical dynamical method of qpmputing ocean currents is done by
q1rectfy applying (4.9) and (4.4). If p is the pressure at depthz in the
ocean with p the cohstént'atmospheric pressure at the surface T and

o(z) 1s the dens%ty of seawater as a function of depth, then -

z
. . K
P =P, * 9 p(z) dz. (4.12)
; : , k
< 1 . :
We get the horizontal pressure gradient by ‘differentiating, i.e.
‘ 7
Qrn n) = gj Qe /dn)dz - g o(K)(BT/B n) (4.13)
. N .

T 1
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In a homogenedps ocean where the density.js cqnstant, the first term
in (4.135 is zerg and the horizontal pressure gradient at depth z is the .
same as the gradient resulting from-the slope of the sea surface (31/3n).
Q/;(K)is the seawater density at the surface. In a stratified ocean
‘:then the horizontal pressure gradjent has two components. The first .is

I3

the contribution of & sloping free‘sea surface (as Tn the case of ‘the homo-
geneo;s oceanland the second is a component due to horizontal density dif-
ference in thé“watera ~Thekterm depends\mh the vertical cdordinates'and
usually increases its value With depth This means that with increasihg

A i

depth the. contribution of the sea surface to the tota] horizontal pressure

gradient (ékﬁmﬁ can be gradua]]y compensated by the first term in (4 13).
If this is the case at depth z = H then "dp /3 n‘

- H a o : L z=H~ = D
e Ve a2 o dRTAN =0 T 44 .
| ° 0 \ { 0 ’ \\\*\,;
°s 1 ° » . : ! o“ X —o, ‘. 8

. i
“Accgrding to (4,14) the absolute geéstrophic current should also be

\'zero at this depth z eQH This® depth is often caX]ed 1ayer of no mot1on N
There may be none O6r more than one layer of no mot1on 1n a stratified. chan
' Equation (4 14) demands that (PbDn)he a negat1ve quant1ty, and the
1sopycnals must slope in a d1rect1on that is oppbs1te to’ the sea surface

o

" slope, as im F1g. 4.4, If, th1s were not the case, and the 1sopycnals S]TPEd

~+ ’in the same direction to the sea surface, then the first term in (4.14)

would have thé same sﬁgn as /’(Y)Q§‘/B“) the free surface s]ope and the
pressure grad1ent as we]] as the current speed. must 1ﬁcrease(cont1nuously to

the bottom "o 1In the ocean usually this is not the case. Normally currents '

[

~
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v

decrease. with d“h, although important exceptions exist in the world. But
*

" these exceptions are usually non-geostrophic.

-

* \ : In Fig. 4.4 we have a vertical section between two oceanographic
s ‘
o staq‘éns 1 and 2..d1he sea ‘surface rises from'station 1 to.2 over a distance
" AN along a level surface by’ an amount AT . The isgpycnals, /qg tb /&,
¢ .
are given by ‘the~temperature and salinity observations obtained at the
‘stations 1 and 2 respectively. As shown they s]dbe in the opposite direction
to the sea surface. The average density of a vertical water column between
Y and the depth, z = H is f], at station 1 and f o at station 2. The
pressure b, . at depth H is
. pp =97 H+op, (4.15)
and the pressure Py> at station 2, at depth:H is
P, =98, H+p, +gp (Wax (4.16)
- < ] .
If pys P, and AY are such that p, = z= H, then
o b if
(ap /an) £0
Zm
 H= 5 H 4o (7147 - @I
ar putting it another way, H, the depth at which the two terms compensate is
, Q —3% T -
’Q.QJ/ ’
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/’.m)z.\.x~ /Q/i:,_fz) .

(4.18)

, =

From (4.18) we can get the depth of the layer of no mot1on, prov1ded
ésx is .known in addition to the vert1cal dens1ty d1str1but10n at two adja-
cent ogganograph1c stations. From (4.13) we also see that for a ngen
the depth H increases as (75,-.}%) decreases. In strongly stratified water
the layer of no motion is found at "shallower depths than in weaker stratifi-

cation. In a very weakly strat1f1ed part of the ocean, . H becomes very deep

~

and approaches infinity as ( g, -fz) approaches zero. This can happen in
the nearly homogeneous water masssthat é}e found in the deeper Beaufort §éa
Agaln, if 1 and 2 are our two oceanographic stat1ons for which the dis-
tribution of density with' depth is known from observatlon of temperature and
salinity with depth, the dynamic depth difference D, in dynamic meter
[mzs'z] between two isobaric surfaces bq and p, is obtained by numerigally

1ntergrat1ng (4.6).

* X
)

N

Def1n1ng K v the specific volume in situ, as the sum of the contri-.
bution from a 'standard ocean' (of 0°C and 35 /oo - dssop) and the anamoly
of specific volume § (the dependence of the spec1f1c volume on salinity,

temperature and pressure) i.e.

A

o(.snp = 0(350“7 + 5 {(4.19).
then ) _
| g g S
D= o(3'.'=c:~!":p’> + $dp = D :ssol’ +ab (4.20)

'?o | ?“

b
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v In oceanography, we are -interested in the differences of D between
stations, at a given isobaric surface (p say). .From (4.20) we note that the

contribution to this difference by the ‘standard ocean' (D55 o 1,) caricels v

out leaving' the dynamic depth anomaly as the only svigm'ﬁ’cant term. Thus {

with the introduction of the specific volume anomaly, the dynamic depth ff

differences at isobaric :S}Jrfaces ’fq and ’rb between two adjacent stations > B

(1 and 2) depends only on the term that contains the anomaly of specific

‘volume, i.e.

— . A4

" o S ¢ S |
10, = A D - AD =\j v db ;‘Jga db (4.21)
= ta

7

A

( f.,. and \n, are the two isobaric surfaces).

Expressing the horizontal pressure gradient (3}’/31'») in terms of the
slope of the isobaric surface (4.11) and éomBim‘ng‘ with (4.3) we get

/o
(/) = - 10p0B/a0)

then (4.9) becomes . '
- ‘4/ . \n ) ‘ -
\_/ 2wSindec = -\03D - -0 (A - AD)
" ‘ ) 30 AN
or -~ _ - L IR
i, | S \
fun ¢ = 10 (A_ Da -—A'D\) (4.23)

N :

with f = 2WEn4 the Coriolis parameter and L = A n is the horizontal

ar
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distancé when proceeding from station ]lto 2 m the positive'n direction.

<

ASID and AP, represent the relative dynamic héight anomaly between the

jsobaric surface at station 2 and 1 respectively, c is the relaﬁgve current

" between the two isobaric surfaces 1%.and fb- The relat1ve ve10c1ty (or t@e

- \
velocity difference) is in ms—] if the dynamic depth differences are in

dynamic-meters (mzs-z) and L is inm. The expression (4.23) was first.

derived-by Helland-Hansen (1905) from Bjerknes' circulation theorem (1900).

>

4.3 Sample Calculations . -
. 4

In the application of (4.23) to the data from the AIDJEX main experi-
ment 75-76, station 1 and 2 are taken to be CARIBOU (CB) and" SNOWBIRD (SB)
respectively. Throughout the experiment, S8 was the more northerly of the

pair of stations (Fig. 2.6, 2.7 and 2. 85 Table 4.1 and 4.2 show the values

for density and dynam1c heighte valyes for a a1r of stations. The pair
chosen for demonstration purposes is.SB 302 and CB 318 of 09 Nov. 75. At
this time the camp SB was located at 73.699° N, |142.658°W and CB at 72.877°N,

140.852" W, the-di;:ifféjpeﬁWéen the Camps bejfg 108 km. The camp positions
and relevant directions are dépicted in Fig. 4.5. :

As stated earlier in the chdpter on data collection, measurements of
salinity and temperature were made in a very fine scale. Sampling depths

were never greater than a meter apart. Because of the continuous nature of

_the observed data, sténdard Tevel intervals were much closer than those nor-

)
mally used. In addition, the interpolation error for these standard 1eve1s

is minimal since observed levels were seldom greater than 0.5 m apart. It

4

would take pages to present the dynam1c qomputations for every station. In

i
' ¢
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ol
COWO~NNDN T WL NN —

72 .877°N

e s e

Tt temp

(°C)

-1.89
-1.89
-1.89
-1.89
-1.89

-1.89

-1.89
-1.88

-1.78

-1.76
-1.74
~-1..75
-1.78

-1.84

-1.76
-1.62
-1.63
-1.67
-1.72
~1.75
-1.74

21,73
-1.74

-1.73
-1.63
-1.51
-1739
-1.23

-1.06
-0.85

-0.68
-0.52
-0.41
-0.31
-0.23
-0.17
©-0.12
-0.08

/
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Table 4.1

DYNAMIC DEPTH CALCULATIONS

09 Nov. 75

Long

‘salinity
(%)

©30.250
30.247
30.247
30.252
30.255
30.256
30.257
30.409
31.409
31.528
31.585
' 31.652

140.85°

18002

- density

(67 )

24,
24.
.348
. 352
. 355
. 356
. 356
.480
.289
.385
.43
.485
.569
.674
.762
.958
113
.216
.307
.383
.465
.543
.643
781
.877
.024
175
.318
.433
.550
.642
725 -
.784
.827
.859
.884
.905
.918

+
351
348

dyn depth
' (dyn-m)

{
0.0
0,018
0.036
0.054
0.072
0.090
0.107
0.125
0.140
0.153
0.167
0.179 -
0.192
0.203
-0.215
0.236
0.256
06.275
0.292
0.309
0.325
0. 341
0.355
0.369
0.381
0.393
0.402
0.411
0.418
0.424
0.429
0.433
0.436
0.439
0.442
0.445
0.447
0.449




depth tgmp

(m) - ()
310.0 -0.05
320.0 .00.
330.0 - .03
340.0 06
350.0 09

7
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-.Table 4.1 (Conti)

_salinity

(%)

34.752
34.767
34.783
34.796
34.808
34.821
34.830
 34.843
34.851
34.858
34.863
34.868
34.871
34.875
. 34.877
34.880
34.883
34.88Y
34.886

/ 34.888
.890
34.893
.892
34.893
34.895

.887"

) densitj
' (5%

27.932
27.942
27.953
27.862
27.970

27.9718 -

27.983

27.998
28.004
28.007
28.012
28.015
28.019
28.021
28.025
.029
28.03]
28.034
28.036
28.037
28.041
28.044
28.045
' 28.047
28.049

A

‘e

.993 -

~

dyn depth
(dyn-m)

0.451
0.453
0.454
0.456
0.457
0.460
0.463
0.465
0.468
0.470
0.473
0.475
- 0.477
0.479
pr
.483
0.485

L. 2 0.487
0.489
0.490
0.492
0.494
0.495

. 0.487
0.498
0.499

L
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.

. , Lo DYNAMIC DEPTH CALCULATIONS
PRI - ) ' .
SB302 : © - .09 Nov. 75 T 18002 'y
LAT +73.699°N ~ ' - . LONG 142.658°W '
- N .-1 ' 4 ) : \'. ' - ' : r i \ N ' v
~ - depth Ttemp T salinity / density . = . dyn depth
(m) (°C) ! (%o) . (o) ° * (dyn-m)
- 0.0 ~ =149 . 30.098 ' 24.223. 0.0
. 5.0 -1.66 ‘ . 30.051 ' 24.187 - 0.019
10.0 -1.66 30.049 . 24,185 . 0.037 .
15.0 -1.66 30.049 '24.185 . 0,056 '
20.0 -1.66 _30.051 ' 24.187 - 0.075 s
- 25.0 -1.67 - 30.052 - " 24.188 0.093
30.0 -1.66 .. 30.053% 24.188 - 0.112 &
' 35.0 -1.5] © . 30.877 24.853 0.129 '~
40.0 -1.51 - 31.080 .~ 25.018 0.144 *
45.0 -1.52 ©31.223 © 25.134 0.159
50.0 T -1.53 . . 31.335 © 25.225 0.173
. 55.0 - =147 31.483 . ., 25.343 0.186
' ,60.0 “1.41 . .~ 31.625 .. 25.457, 0.199
. 65.0 -1.34 ¢ - 31.775 - 25.577 0 0.212 4
70:0 -1.34 31.871 " 25.654 0.223
80.0 ~1.32 32.172 -+ 25.897 0.245
90:0 -1.37 32.366 . 26.056 . 0.266
100:0 -1.43 . 32,491 26.158 0.285
. 110.0 - =147 - 32597 26.245 0.304.
- 120.0 -1.50 132.:702 , 26.33¥ ’ 0.321 .
. 130:0 -1.51 5/ 32.801 . '26.41 0.338
140.0 * -1.53 32.898 - ' . 26.490 0.353
<7 150.0 - -1.53 32,999 . - 26.577 0.369
" ' 160.0 -1.53 33.082 26.640 - 0.383
170.0 -1.50 . . ,33.195 . 26.730 | 0.397.
18030 -, -1.46 33.321 . 26.831 X 0409
190.0 2-1.38 . .33.494 - 26.969 0.42%,
200.0 -1.30 33.638 . 27.083 0.431
210.0 -1.09 33.863 274259 0.441
220.0 -0.95 . 34.015 27.377 - 0.448
.230.0 -0.77 - ..34.166 - - 27,492 0,455.
~240.0 ~ -0.60° . 34.296 27590 0.460
250.0 -0.42 ( 34.412 ' 27.678 . 0.465,
260.0 0.3 /  -34.480 * 27.725 0.469
270.0 . -0.19 . 34.549 - 27.776 0.472
280.0 -0.12 k 34.592 27.806 0.476

~”

. W
. -
.
4 \
I3
\ ]
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Table 4.2 (Cont.)

salinity
(%)

34.625
34.661
34.690
34.705
34.729
34.742
. 34.759
34.780

34.792 . -

34.805
34.817

' 34.826
34.832

. 734.838
\ 34.841
34.846

34.849

34.855 -

34.856
34.859
~734.863
34.863
34.866

" - 34,864
34.865
34.868
34.869

. 34.870

&
1

|

' dens&ty

()

27.8&1
-27.856
27.877%
27.886
27.904%

27.912
" 27.924 +

27.937
27.945
27,953
27.963
27.968
27.972

-, 27.976
. 27.977

27.982
27.985-
27.989
27.992
27.995
27.999
27.999
28.002
28.002
28,003
28.008

28.010

28.012

. 8yn depth
(dyn-m)
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Table 4.1 and 4.2 we preSest, the tempé}ature, sa]inity, density (GQ¥ ), and
dynémic height at. standard,levels for the representaf}ve pair of stations
'SB.302 and CB 318 (09 Nov. 75). Also at this point we present the S5, S
and f\proffles together with the TS diagram of these stations, to show the“
nature.of the water column for each.of the stations. (Fig. 4.6, 4.7, 4.8
and 4.9 are salinity, temperature.and sigma-t profi}es and TS diagram for

CB 3}8 and 4:10, 4.i1, &:12 and 4.13 for SB 302.) -

o,

Next, we sh W in Tabfgjfza, the relativé currents calculated from this
- P

pair of stations. In the examETe shown here and all the others for which

calculations are ‘done 'SB is Eaken as station 2 and CB as station 1. SB\is
the more northerly of the pair of Stat1ons s1he geométry of the station}

was shown 1n Fig. 4.5a. Fig. 4A%b shows the relative slgpe of the  Dynanmic
depth surfaces. If & Dynam1c depth = A Do = & Deg P O at all

{
depths, the relative currents have a negative sign wh1ch means that they ar

~

d1rectqd such that SB is on the 1eft hand side when one faces in the direc-
“tion of the relative current. Fig. 4.5b shows the camps 1in the vertical
nZ plane and Fig. 4.5¢c in the horizonta{ xy plane. The directién of the
relative current calculated then is dgtermined by the above relation.
Neither the total relative current nor the actha] direction of the
current can be calculated as above because we have’used only one pa1r of
stations. With the use of another pair (say SB and Blue Fox) it is p0551b1e
to span the/wholé two d1mens1ona1 (horizontal) space and get the total speed
and direction. In the meanwh11e we have to be satisfied with only Epat
compgnent of the current that 1s perpend1cu1ar to the line  joining the "’
camps or the component parallel to theizsobars calculated from these pai;.

It is;emphasizedrthat these are relative currents and not the absolute

- N f . a .
A . o
o , i
. = .
. :
.
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. - w e Table 4.3 °
- RELATIVE CURRENT CALCULATIONS »
X - depth ADgy . ADcp, - ADse-cn rel. current
N , (m) (dyn-m) (dyn-m) (dyn-m) - (cm/ s )
0.0 0.0 , 0.0 0.000 | 0.0
5.0 . 0.019 . 0.018 0.001 0.04
10.0 . 0.037 ¢ 0.036 0.001 0.10
© 15.0 0.056 0.054 0.002 0.15
20.0 - 0.075 0.072 0.003 -.0.20
25.0. - 0.093 0.090 0.004 0.25
30.0 0.112 . 0.107 0.005 0.3}
35.0 0.129 0.125 0.004 / 0.28
e 40.0 0.144 0.140 0.004 0.26
) 85.0 0.159 0.153 0.005 0.34 N
50.0 . 0.173 0.167 0.006 0.41
55.0 - .0.186 0179 . 0. 0.47
60.0 , 0,199 0.19 0.51
65.0- 0.212 ¢ 0.20§: 0.008 :
70.0 .0.223 . 0.21 0.609
80.0 0. 009 . 0.63
90.0 0 0.010 0.66
. " 0.011 0.70
0.011 0.74
0.012 0.77
0.012 0.8]
0.013 0.84
0.013 0.88
0.014 .0.93
0.015 101
0.017 ‘ 1.12
0.019 1.24
' 0.021 1.38
0.023 1.51
. 0.024 1.62 :
0.026 1.72 °°
. 0.027 1.8
0.029 1.89
0.030 1.95
0.030 - 2,01 -
0.031 2.06
0.032 2.1
0.033 2:15
0.033 . 2.19
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Table 4.3 cont. ' i
depth :6Dgp APca, APen-Ca . rel..current
(m) (dyn-m) . (dyn-m) (dyn-m) L en/s )
320.0 0.486 0.453 10.034 - 2.22
330.0 - 0.488 0.454 . 0.034 2.26
340.0 ©0.490 q 0:456 0.035 - . 2.29
350.0 © o 0.492 0.457 0.035 2.32
370.0 “" 0.496 0.460 0.036 . 2.37
) 390.0 0.500 - 0.463 0.037 ‘ 2.42
410.0 0.503 0.465 . w 0.037 2.47
430.0 0.506 0.468 - 0.038 2.51
‘ 450.0 0.509 ° 0.470 . /0.039 2.61
490.0 0.515 0.475 z 0.040 | 2.65
510.0 0.518 0.477 0.041 f2.70
530.0 0.520 0.479 0.041 2.74
550.0 0.523 0.481 0.042 2.79
570.0 0.526 ~0.483 0.043 2.84
"590.0 0.528 . 0.885 0.043 2.88
610.0 0.531 .7 0.487 - 0.044 2.93,
630.0 0.533 0.489 0.045 2.97
650.0 0.536 0:490 0.045 - 3.02
- 570.0 0.538 . 0.492 0.046 , 3.06
.0 0.541 0.494 0.047 3.1 .
0.543 0.495 0.048 | 3.16
730.0 0.545 0.497 0.048 3.21
750.0 0.547 0.498 0.049 3.25
755.0 . 0.548 . - 0.499 0.050 3.28

Q2
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currents. The program that calculates the speed and direction of these
J

relative currents is shown in block form in Appendix 4.

In order to get the abgp]ute currents, either the abso1uté pressure
field or the absolute current velocity must be known. The 1hgiination'of
the isobaric surfaces against level surfaces %s very small and no method
exists in oceanography at present to measure these inc]ina%ions directly.

In using measured currents care must be takep to note if the currentsiare
close enough to geostrophic equilibrium in qrder to relate the measured
absolute currents to the hgrgionta1 pressure-gradients. The layer of no
motion referr$d to here is t%e layer of no horizontal motion. A layer of no
absolute motion would involve the vertical component too, and the three-

dimensional curfght field is even more difficult to obtain.

. Defant's (1941) method to get the layer of no motion starts with the

assumption that the strongest currents occur in the uppe;mést stratified
structure of the sea. Upon comparing the differences othhe r;1ative dyna-
mic depth of a given isobaric surface‘Between adjacent oceanographic stations
(e.q. Table 4.3) it is found that in the deep seé Tayers, this difference
was practically constant over large depth inter&a1s. It would be unreason-
(able to assume that these deep layers are moving with uniform speed and that

the surface layers are motionless. Thus, Defant, suggested that these deep

layers, with constant or nearly constant horizontal pressure gradients, are

motionless in the horizontal direction, rather than at a uniform high speedy

!

as compared to -the sea surface. The absolute currents at any depth, are
then obtained, by taking the relative current at this depth and subtracting
the calculated current at the supposed layer of no motion. This would yie]p

zero speéd at the layer of no motion and a non zero speed at the surface.
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In applying-these assumptions to the data on the stations SB and CB we

g%ﬂ:have to choose the maiimum depth of the_oceanpgraphic casts as ‘the depth of

the layer of no motion. A qualifying remark is needed to justify this

choice. We assume that large changes occur in the upper layer and that the
- s ’ f

deeper Atlantic water ‘(at depths up to 900 m) is relatively stationary (or

slow moving). It is not correct to say that the Atlantic water is motion-

less as the deep circulation jin the Beaufort Seé,is of this water (Fig. 1.1dL

Due to the lack of any other data (current meter and/or deeper oceanographic
casts at these twoﬁstationgj;the layer of no motion is placed at 750 m --
the maximum depth of these casts. Table 4.4 has tM absolute andArelative
currents for 09 Nov 75. The absolute currents are referenced to a depth of
750 m. Fig. 4.14 nd 4.15 show the currents as ealculated and as measured
from the PCM ;aéts at that timé.
The PCM casts are only to a depth of ZQO m or less. The PCM curr;:ts

measured are relative to the ice. By adding the %ce velocity to the water
speeds we get the absolute currents(p]otted in Fig. 4.15), In comparing’the

absolute speed (geostrophic) and the PCM measured speeds {to 200 m) we éeeA

Ly

that the geostrophic current is smaller: One possibility is that the layer -

of no motion is significantly deeper than that assumed here. As was pointed/

out earlier the layer of no motion is deepeEInear]y homogeneous water in the
deeper part of tﬁgfbasin. Typically, Defant found'tpgt the layer of no
motion in the Atiéﬁ%ic to be 1500 m or more. Another possibility is a baro-
£ropic current arising from the s]opi;g sea surface possible because af
atmospheric pressure differences. This pressure difference would result in
a current even in an ocean of uniform . The information on this is ﬁot

available for the SnowBird and Caribou stations.

| N '
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0.0
5.0
0.0
5.0
0.0
5.0
0.0
5.0
0.0
5.0

-100-) ‘
s ) -
) Table' 4.4
Absolute and Re]atiég Curéents

o i

‘relative current

(cm/ s)

‘
p

/

absolutes current
(em/ s )
- -3.28
-3.23
N '3i“8
-3.13
-3.08
"3-031
-2.97
/ -3.01
-3.02
-2,94
-2.87
-2.81
-2.77
-2.74
-2.71
-2.65
-2.62
-2.58
-2.54
'2’«5]
47
£
- =2.40
-2.35
-2.27
-2.16
-2.03
~1.90
-1.77
~-1.66
-1.56
-1.47
-1.39
-1.33
-1.27
_ ~=1.22
-1.17
-1.13

+

i

¥



e ot Table 4.4 Cont. . °
. |3

. %o
depth relative current . absolute current
m) - (em/s) N (em/s)
310.0 ) 2.19 . ~1.09
) 32-.0 > 2.22 . -1.05 . .
330.0 ' 2.26 _=1.02. .
340.0 2.29 . -0.99 -
350.0 ) . 2.32- ‘ -0.96
370.0 % , 2.37 -0.9]
390.0 ) 2.42 ) . -0.86
4710.0 2.47 - ;0.81/
430.0 . . 2.51 ) . ~0.76""
450.0 «  2.56 ©o=0.72
470.0 ‘ 2.61 . © -0.67
490.0 . 2.65 , -0.63
510.0 " 2.70 . ~0.58
530.0 2.74 ~0.54 '
- 550.0 2.79 N ~0.49 .
&k %70.0 ¢ 2.84 - ' --0.45 -
e 590.0 2,88 - -0.407
610.0 2.93 , ~0.35 .
630.0 -~ ¢ 2.97 . ~0.31 Lo
650.0 o 3.02 -0.26 o
-+ 670.0 ., 3.06 / - =0.22
, 690.0 3.1 . ~0.17
710.0 3.16 / -0.12 |
] 730.0 3.2] ! -0.07
. 750.0 \ 3.25 -0.03
735.0 ! 3.28 : . 0.00
- ~ , 1
\\‘ ¢
/ N s
: v /
' , L] - N
L\
\\\ o ’ ’
4
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Fig. 4.14 Geostrophic current profile for 09 ‘I%O\{ 75.
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4.4 Mass Transport ‘ '
- Defining the mass transport components as
d -
MX = f UdZ ‘O » '4
) o
(4.24)

i J "
Mx = J /’ ‘vdz
- ' " - )

,“ti]1'the depth = 4, we can ca]cu]q&e the mass -transport from the current

L4 Y

meter data and the calculated absolute geostrophic currents. The mass

transport (total) for the PCM currents is given by M, i.e.

N a
[N » ¢

0

1
e M2yt

“

M =

and the mean direction as

=

" ©® = arctan (_JL) & PR
X
. s v

’” A
-

'
Ao

In Table 475 comparison of ;he mass transport ktotal‘i te 200 m) from
the PCM currents’ and fﬁ%‘mass transport (perpendicular 3 the line joining
campg CB and SB - also to 200 m) is gier. \Taking the projection of the
téggT mass transport (M) (Fd}ZOO m) é]ong the directifn of the "absolute cal-
culated current, we/&ée that the'masé transport from calculated ;urrents is

10w’py about 50%. A possible explanation is the probable deeper layer of no

motion as exp]aiﬁed ear]%er. This may well be compounded by the possible
7 N ' )

PO
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Date

20 Jun
23 Jun

. 30 Jdun

04 Aug
06 Aug

08 Aug -

09 Aug
10 Aug
12 Aug
13 Aug
M4 Aug
« 15 Aug
’ 15 Aug
“19 Aug.

measured currents (M)

magnitude

(gm/cm-s)

66831
5224
119805.

75416.
56751
97842

99352.

153638.

" 702523.

105726.
134522,
132573.

77650.31
103678.81 °

.62
.54

12

56

1
.37

75
06
81
44
87
75

direction.

(ﬁrue)
73

.89
334

Table 4.5

Mass Transport

~

calculated currents (m) ~

magnitude
(gm/cm-s)

23913
26591

19999.

11908.
13080.
11012.
12512.
23336.
16187.
17474.
23489.
20048.
° 20513.
16344.

.18
.95
69

1
31
08
50
15

63
51
05

38
54 -
75 .

2

Projection .

of M

along
56302.

35561.

33625.

'43364.

37678.
84977,
14513
85913.
41863.
25040.
51696.
11093.
39293.
86256

m
%
91
31

34
55

20
.64
31

59
05
51
49
68

.01

- Possible Ve
barotrop-,..-- -
current

(cm/s)

1.6
< 0.4,
0.6

-G0L-

—
— no N
¥

—
Y T O O )




Date-ﬂ
12 Oct

13 Oct
fb Oct
18 Oct
21 Oct
24 Qct
25[Qct
29 Oct

06 Nov

07 Nov '
\ 09 Nov.'

13 Nov

15929919

170292.06
180622,75
197949.56
108669. 50
93520.69
124947.50
183281.37

109445, 94
136418. 36

| 115208778

]i8332.56
/7

212
272
104
127
246

247 o

260

344

224
216
296

40

N

Table 4.5 Cont.

T

-

Nt

57323.39
. 57049.73
44590.75
58939.54
69616.44
25996.00
. 29897.93
28234.51

41840{77

46228.38 |

53457.53
50013,84
7

-

-

b
&

138095. 95.
- 142980.59

140766.17
88633.71
109764. 41
92291.43
124947.50

61180.58

106726.14

106316.16

58125.68
111545.18

~

»

4.0
4.2

4.8

1.4
1.9
3.3

4.7

1.6

3.2
3.0
0.2
3.1
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. ‘ barotropic current (as ~be.fore). A barotropic flow of about 3.0 cm/s will »
(9b make the two mass transports comparable for most casif.
"In this presentatiga only one station pair has been used. There exist
f hundreds of more pairs for which current calculations have been done (and are

)

/ to be done). It would be too voluminous to present these here. The calcu-
lated geostrophic currents are always smaller than the measured currents. -
The mass transports (in Table 4.5) are presented for some representative
times. Again the mass transports are less (by 50% or more). Another prob--
lTem in comparing the mass transports is the presence of baroclinic eddies.
Baroclinic eddies are described in éhe following chapter.
In Table 4.5, we have divided the data into four groups. The first is

for the period in June. This is to be representative of the spring condi-
tions and early summer. Ihe’mass transports are small and there is relatively

//ggpé'agreement in comparing the component of g%e total mass trénsport along
the ca]cu]atgd current direction line. The mass transpor?s from the geo-
strophic ;alcu1ations are smaller by about 50% or so. In this time a baro-
tropic current of about 0.5 cm/s would make the transports comparable.

In the next section i.e. 04 to 19 Aug we see the effect on the mass

transports when there is/a sustained period of high winds.j The time from
09 to 14 Aug was markéd‘with fairly large ice movements (more than 25 cm/s)
and large winds (more than 10 ﬁ/s). In this ‘sequence we see an increase in
the mass transport as calculated from the actual currents till the period of
high windsNand continued large values for 4 days beyoﬁd the subsidence of the
high winds. The same general trend is ogserved in the mass fransport from

the geostrophic currents as well but the relationship is not as smooth as

that for the measured currents. Again there is a need for a barotropic




A

SN

;]08_

~ 1 «

\ 4 t.p - (

current of 1.0 cm/s or so to br1ng the transport from ca]cu]ated currents
in accordanceeWIth the measured ‘currents. o ) .o

The third per1od is from Oct 12 to 29. fh th1s t1me there is 11tt1e -
rapid ice movement.and the period is 1nd1cat1ve of autumn In th1s t1me the

mass transports (both) from the calculated and measured currents are much f'
bigger than fbr the previous instances and for the period ‘in November Thé

™ .

-

mass transport from the geostrophic currents underest1mates the mass trans-
“port from the measured currents by a bigger amoudt and a current of about
3.0 cm/s is now needed to make the two transports ceﬁparab]b. ;

. The period from 06 to 13 Nov is sjmiTar touahat.fd October but with

winter more entrenched. The mass'transport agreément is fair!yfﬁoor but the

- . !

trends seem_to be sonsistent. ' - ) . L

0. . -

The only seasonal trend observed was that there is a.larger mass trans-

port in winter than in the spring time-but this“sfatement is based on only -

a few data points. Analysis has not been done for current in Dec 75 to "

April 76. ~ . R .

4.5 Error Analysis ' . . - .
) ~ v ' PR}
Before leaving the discussion on the dynamic calculation, a bit of ’

error analysis is‘presented. ’

The values used in the gomputa%ion of ;he'redaéive current in expression
(4.23) are D, L, and ¢ . The position (imcluding the latitude) is known
very accurately as the NavSat navigation-system gives the position of the

'camBsxto a square 10 m on the side. THRis gives high resolution for the cal-

culation of the value ofz>n/(or L) the horizontal distaneg:between the camps.

v
“

[4
v

-

R
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Typically L was of the order 100 km and the accuracy of positioning will put
the distance error to + 100 m (at the outside) Thqpﬂﬂ%ke and Cheung (1977)
(‘e- 0.1%). The dynamic depth computat1on of Ao D idvolves the calculation of
the specific volume anomaly which in turn is calculated from the knowledge
‘ of the salinity and temperature measurements. As stated earlier, salinity
\was measured to an accaracy of 20.001%. and the temperature to 20.01°C
and +1 m in depth. The temperatura of the sea water was measured by the
deep-water reversing thermometer with an accuracy of +0.02°C. In the
“laboratory the salinity ?f the sea water using titration was measured to
+ 0.005%,. The 9040 STD\has*petter accuracy than this.

The sigma-t (o) dependslon the water temperature and salinity. The
empirical formula is‘cumberso@e and is given in Bjerkner and Sandstorm
(1912) or Soule (1932). For &revity we write down the expression obtained
from tbé formula needed for estimation of the error in the computation of

\

for given errors in the determﬁnation of sea water temperature and salinity.

\ Y : B ' \
da, = CdS +  CudT (4.25)
— ‘ )
1

where C1 and C, are easily .computed quantities. Fomin (1964) presents them
in tabular form and the results|are quoted here. It is seen that oy depends
on salinity and considerably ongtemperature. Generally the temperature in
the Arctic water is near the freezing point at the surface (-.86°C) and
usual]y approaching 0°C in the deeper part. Salinity variations are from

30 - 35%. With these var1at1ons in mind, the ultimate error in g is con-

stant and equal to 0.02 oy units*(or 1éss) in the large part of the ocean

H

we study. \

3

| /
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“ - The specific volume, <, is used in the dynamic depth anomaly (4.6).
The computation error in & is

dag x10°% - -
det = ——m (4.26)

(s + 1000)° -

and..is approximately 95% of the error in the computation of o . Fgr: our
purposes we take it to be 0.02 ¢ units too.

The correction to allow for the compressibility of sea water ‘in the
calculation are two-orders of magnitude smaller and they do not alter the
computation error in &£ or 9 . .

The most serious error that might occur in the de?:e(rmin?tion of aD
would probably be a constant error in the pressure assigned to the calcula-
tion of tphe dynamic depth. The error in using depth instead of pressure

incurs an error of 1 %. Denoting the pressure error as ap, the corres-

ponding error in avpis A (A®) from (4.6) is

b «, RO
3 - | A« apdp = ap J dot ) T
\ ' 3&3‘ , - '
bo %o
= ap (% -4,) (4.27)

Q

A reasonable estimate for the error in determining the difference of
AD (i.e. & Dgp - ADCB) between two stations is 2 times the expression

(4.27). Thus the estimate of error in getting the.relative current is

’

ac = 12 b (X-<) (4.28)

T

M)

//IU
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Using representative values of o« , }\and L we get Eypica]]y the gig—
gest error in the current to be 3% or less.

The biggest‘uncértainty in all these calculations is the estimation of
the Yayer of no motioﬁ and this involves inaccuracies that far outweigh and
mask }he errors of the measuring and computational nature. The difference
in the value of the mass transport from PCM and geostrophic values attest to
that. The errors in computation of EEE‘Hhss transport of the PCM current is,
about 15% and that for the geostrophic cun&ggﬁ\is 3%. the Tatter error
excludes a systematic error introduced by the gﬁ?ice of the layer of no
motion. The.large error in the PCM mass ta]éﬁfgtion§é}ises because of° the
measurement of the PCM speed. The speed, as stated earlier, has an accuracy
of +1.5 cm/s (ahd thus for a 15-20 ‘cm/s current an anertainty of about 10%).
The directional accuracy is +6° (2%). The errors typically found are sum- .

marized in Table 4.6.

4.6 Tides

L]

No measurements were made of the fiqe in the AIDJEX experiment. Infor-
mation on the tidal regime is inferred from the tides measured at Tuktoyaktuk:
Canada and Pt. Barrow, U.S.A. Fig. 4.16 shows a typical tidal curve for one
phase of the moon at Tuktoyaktuk. The tide is mixed, mainly semi-diurnal
with a mean value of 0.3 m. At Tuktoyaktuk, the highest high water is 2.3 m
and the lowest low water)is -0.8 m.

ﬂDuring the AIDJEY dxperiment a recording gravimeter was operated at- the
main camp by Bower and Weber (1978) of the Earth Physics Branch of the
Department of Energy, Mines and Resources. They examined the gravity data

at Caribou during periods of little drift motion. The study concluded that

L4




measured
\

calculated

\

“412-

Table 4.6

ERROR SIZES

parameter typical value
position 100~ 135 km
salinity 0 - 35 %
temperature “ 0.5- -1.5°C
depth “ - 750 m h
current ‘ 0 - Qéb cﬁ/s

- 360°

direction 0-

si:géﬁt ) 24
sp"{fic volume 18°

dynamic depth 0
current « - 0
AN

26 units‘

350
0.5 dyn-m

4 cm/s

T 4 e Sl At T st

" error

+ 1Q0 m o
+  0.001%

+ 0.01°C

£ Im

+ 1.5 cm/s
t  6° -

1+

+

i+

I+

0.02 units
0.02  units
E |
20 dyn-mm
. 0.12 cn/s

-
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Ry

the gravity changes were mainly due to tidal effects. Using a standard

. » :
tidal analysis techniqﬁ% the following amplitude and Greenwich phase lags
of the Tocal ocean tide for the two main Semi-diurnal (M2 and 52) and for

the two main diurnal (O] and K]) constituents were obtained.

My: 5.6cmt 05,  280°+7 -
5,0 2.0 cm: 1.4 303° + 25

o ' =&
01:41\.6 cm + 2.5 329 + 68
K.: 60 cm + 2.8 100° + 28

1

L}
-

Fig. 4.17 (f?om Bower and Weber, 1978) shows the ti+dal data for ‘the

.Beaufort Sea area.

_\ From these low tidal heights'we conclude that tidal factors do not sig-

(3

nificantly affect the anomaly of the specific volume and hence the geo-
strophic currents thus cafcu}ated.l Also the tidal effect on.internal waves

(discussed later) at the bottom of the mixed layer is minimal.

3

‘
/ , .

~ -,
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N IN THE

~, BEAUFORT SEA  fed
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“TIDE OBSERVATIONS "
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Fig. 4.17 Map of the Beaufort Sea showing.the relation bet\;veen tidal

data reported by Bow;ar@and Weber ( 1978 ) for AIDJEX and

that of Fjeldstad '.S cotidal contours for the M2 constituent

( dashed curves ) and of six shore ;’tations, Amp1itude are

in centin?eterst( Bower and Weber , 1978 )
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.Chapter Five BAROCLINIC EDbIE? AND STEP STRUCTURE .

/

s

5.1 Baroclinic Eddies

1

One of the une;pectee oceanographigﬁrésu]t; pf the AIDJEX::72
program was the detection of swift subsurface currents localized in the
pycnocline. TheSe currents co{ncide with the reg#?n of steepest density
gradient between 50 and-300m. The maximum speeds found in the '72 exﬁeri—

" ment were 40 cm/s (0.80 knots) at a depth of 150m This speed far

w0
o= §e

exceeded the mean current of 1.8 cm/s (Hunk1ns, 1974b Newton, 1973;
!

Newton et al, 1974). . as

Althotgh there had been 1nd1cat1ons of trans1eet undercurrents by
P.P. Shirshov as early as 1937 (Belyakov, 1972), the details dnd. hor1zonta]
extent were not known.s From the 1972 study, these transient currents were
shown to occur as nearly circular eddies with a diameter of‘JO—ZO km
(Fig. 5.1). Hunkins' studies indicate that -individual eddies were separated
by é spacing of 20-50 km (Hunkins, 1974b) but the ﬁresenf data do not -
indicate'es close a spacing as this. Both cyclonic and anticyclonic '
eddies were observed The eddies were strongly baroclinic with signatures
" in both the ve]oc1ty and the density fields. The force balance was nearly
geostrophic (Hunk1ns, 1974b) although centrifugal force was also of seme -
significance since the eddies had such smai1 radii. |

In the main experiment of 1975-76, edqies'were detected at all four °
cgﬁps. ‘The eddies (baroclinic) differed from the barotropic wind driven
metfon by o%ten occurring whep there®was little or no ice motion. They
had a nearly parabolic velocity“profi]e andla strong vertical shear.
Although the '72 eddies had a depth of maximum current at 150m, the

'75—'76'eddiesuwere‘shallower, at 100-125m, and swifter, with ma%imum

currents over 60 cm/s (T.2 knots). IR ]

t
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. . N T . \ N
{;tMeasurements with increasing time and space scale observations
., ¢ [ A 3

have resulted in the dete7 ion of baroclinic eddies in the Atlantic

) Ocean. Thby were the object of detailed study duyring the U.S. MODE
1 (Mid 0cean Dynamic Experiment - 1971-72) (Gould et al, 1974) and
; < ’

the Soyiet POLYGON (a large scale multi buoy experiment in -the tropical -

At]ant1c) experiment (Brekhovskikh et al, 1971) Many other investi-
gators have reported eéd1esT1n the Atlantic (G111 et al, 1974) and

the Arct1c (Galt, 1967; Berﬁsteln 1972). The Arctic eddies differ
from the. At]ant1c ones in tWo ways THe horizontal and vertical spacd

scales of the Arctic eddies/are much smaller (20 km and 200m respect-

-ively) than those of the 'Atjlantic eddies (EE’100 km and 4000m). This

may be related to the steeper and sﬁh]]ow pycnocline in the Arctic

Ocean. The depth of maximum velocity also differs in the.two oceans.
. - v ,

In the Atlantic it is near the surface, but data on this are not

o ’ ’ :

-conclusive. In the Arctic,lit is definitely below the surface from *

-80-150m. This appears related to ‘the pfesence of the ice cover against

which the eddy.is friction ly dissipated. By these deeper eddy
observations, we enlarge the type.of conditions under which the eddies
. ~

.,

are known to exist. .

5.1.1 Eddy at Snow Bird

Severa] eddies were observed at Snow Bird during the AIDJEX year

g (Apr11 75 - "May 76). Not 11 -the eddies havaﬁbeén completely examined

but g;e is presented here as typ1ca] of those encountec;d in the Arctic.

‘Fig. 5. 2 (a— ) show the wejocity profile for an eddy. This event

]

occurred between 29 May and 02 June 75. As seen from these fiéurgs ;7

'
¢
{
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the speed increases dramatically from 13 cm/s or so at the start of
the event to over 60 cm/s at the height of the disturbance. Table 5.1
lists the maximum velocity as the eddy is traversed. The shape of the
prafile is roughly parabolic and the depth of max1m& current is about

\ 125m. Although casts (PCM) do not show the bottom part, the trend is
towards slowing down and the eddy seems to be 11m1ted\to /a depth of
200m. After the passage of this trans1ent the cond1t¥$ns,return qu1ck1y

/

to their predisturbance state. Usually, as'in th1s examp1e, there IS‘

\

l1ittle or no directionél shegr through an eddy, a]though‘in some' cases
there may be direcf}onal as well as gpeed shear through the eddy depth.
Jf;;a{n as is typical, the upper water motion is about 5 cm/s and the n
eddy was observed at a time of low ice movement. The duration of this
eddy is 4 days. 'Fib. 5.3 shows speed vectors on the eddy as a function .
, of time. The velocity is plotted at three depths (75, 100 and 125m). .
\\;\ This shows.the temporal and the verticq} extent of the eddy: Typically”
‘thg time scale of observation is four days, as the iée‘camp moves over
thé\eddy‘(or in times of no movement, the eddy passing under thevcamp).
The verfiéal\extent of this eddy is about 150m and is representative
of the eddies\éhcoyntered.‘

As stated earl{er‘the AIDJEX manned array space scales were-chosen
to give information on the wind. induced effects. It was too large for
detailed study of thése baroc1in$c,eddies. Eddies were observed at

ﬁi)n]y one ice station at a time and no evidenée is yet found of an eddy
passing underltwo camps. At one occasion two of the eddies at different
camps overlap in time. Sincé the camps were 170 km apart thus they

were undoubtedly two distinct eddies.
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Date PCcH

~ time

' gMay 28 2000
29 0300

. 29 2000
. 30 .Q545

30 2000

/31 . 0545

> 31 2000
Jdun 01 0545

01 2000

.,‘9 02 \0545

© .02 2000

- 03 - 0545
. 03~ 2000

130~

TABLE 5.1

BAROCLINIC EDDY

STN
stn #
mode 1

SNOW BIRD

©29 May 75 - 02 Jun 75

STD
max time
speed |
cm/s
<10 1800
<10
20 1800 28
60
50 ,  1800. 20
85
50 /]809 32
" 40 )
a2 s, 1800
37 ’
10 1800 ° 36
<10 -7 .
<10 ‘1800 38

stn # |

26

34

PSR
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A\ &
The data does give some idea of their number by looking at the

frequency of encountering them. For the camp "Snow Bird there were eight
occasions of observing ;n eddy (either whole or in part).‘

The lateral extent is hard to delineate because it is a matéer of
chance when and how an eddy is traversed. The 1ife time of these eddies
is even harder to calculate. Iﬁ an analog to Fig. 5.1, the trpck of
the eddy is shown in Fig. 5.4. The eddy was not observed along the dia-
neterp(as iﬁ Fig. 5.1) but rather along the ¢hord. From this figure the
horizontal extent is about 3 km. This agrees with the horizontal space

scale of 10-20 km calculated by Hunkins (1974b) and Newton. (1973).

\

‘L

5.1.2 Naﬁér characteristics

One of the first/steps in the examination of an eddy is to study the
« correlation between temperature and salinity within the eddy to see if it

®

agrees with that of the surrounding water.
' The eddies were first aete;;sg/b§/current observations but they are
: accompanied by a distdrtion of .the temperature and salinity field. This

is evident from the STD pp6files. Fig. 5.5 {(a-n) show the changes._in the

water column with the “aS§age/0f the eddy. The distortionsaare evident
at a first g]angé%ﬁﬁd are even more enhanced in ‘the corresponding TS
diagram Zﬁp/fﬁ?; time (Fig. 5.6 a—f).-»Of especial interest in the

. temperat re‘p1ot is the presence of anomalously "warm" water of close to
-1.2°C at 150m level, near the eddy center. From Figii»éﬁéﬁind 5.6 we

£

see that things-are quite changed during the duratign oféghe eddy but

f return to their quiescent state after its passage.
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Fig 5.5 a
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Fig 5.5 b
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~

Hunkins (1974b) has shown, and it is confirmed in this study, that

" the relationship between the temperature and the current field is snearly

geostrophic. The profile §hape, level and speed agree fairly well with
Fhe geostrophic profile a]tﬁough*the observed sﬁeeds are slightly higher.
For an anticyclonic eddy, as this one, the geostrophically calculated
velocity will underestimate the current velocity if centrifugal effects

are significant. If a 10 km radius 4s assumed, a better agreement in

4 speed is achieved. Fig. 5.7 shows the currents in the geostrophic balance

for the eddy. The calculated currents seem to be in good agreement with
the measured currents at this time. A point to note is that density, the
dynamically important parameter, is almost entirely a function of salinity
in this ocea?. The density increases continuously with depth since the
sa]inityodoes. The temperature serves as a tracer of the water masses.

. The temperature and salinity fields are presented aéain in Fig. 5.8
and 5.9. The isotemp and isohaline lines are drawn at 0.1°C and 0.2 %700
steps. From tﬁese figures we see that the density «(essentially salinity)
variation surfaces are distorted upwards or downwards by as much as '30m.
In the salinity.surfaces, especia]]y,’theré is a general movement upwards
above the currént maximum and do@nwafds below it. This corresponds to a
high pressuee or anticyclonic (clockwise in northern hemisphere) sub-

- 5 . : -
surface system. This agrees with the eddy track in Fig. 5.4.

&

- 5.,1.3 Energy balance

The detection of these gubsurface eddieé_prdvides a new dimension
to the energy bé]ance;in the Arctic Ocean. Most of the kinetic energy
is seen (Fig.rs.lo) to be contained in these eddies rather tha; in the -
mean current. This is the same Qoné}ufion as ﬂunkini (1974b). - |

L L 4
3
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The kinetic energy shown here is for a period of one month a}ound
the eddy (i.e. starting from the PCM cast of 19 May to 23 June 1975).

The kinetic energy of the mean flow is

KEmean ~ a/’i“’2+ 2}

whereas the kinetic, energy of the time dependent part is

-

- '— —72 —72
KEf]uctuating - % r l woetov l

with the total kinetic energy being the sum of these two terms.

KE + KE

total KEmean fluctuating
’ Y
We get these having divided the flow into the mean and time-dependent
parts as _
u=u+u
V=V oty
/_ __\"__/
The quant1ty with the bar is the mean value and the primed quant1ty the

departure from the mean.

e |
—e ,2 —2 72
u' = L E ug vi= A ; vi
n -
) {=1 . Tl 9

n being the number of data points. p is taken as 1.024 gm cm'3, thet <

mean density in these calculations. (u and v are the east and north .
f

Fig. 5.10 shows that in the upper layer the total kinetjc energy
was 0.8 J/m3 while at 125m, or near the maximum eddy velocity it was
18.1 J/m3,}nore than an order of magnitude greatér; From Fig. 5.10

and Table 5.2 we also see that the kinetic energy in the Ekman layer

A



-Vertical

distribution of the horizontal kinetic-energy.’
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Table 5.2

19 may to 23 june 1975 at Snow Bird.

Depth
(m)

10

20

30
40
50

75

100
125

150

175.
200

Mean

o W

.89

.40
.48
.40
.06
.64
.83
.08

T B w N O O ©O

1.14

2

0.41
0.33
0.31
3.07
7.14

10.29.
7.93

1.34
0.51

Fluctutating

Kinetic energy ( J mi )

" Total

4.27
1.39
0.75
0.82
0.8
0.71
5.13
10.78
15.12
10.01

3.04

1.65
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(top 20-30m) is small in compar1son with that at 125m. The total kinetic
energy, made up of the mean and the fluctuating part, reaches its maXﬂmum
value as we approach the core of the eddy. The fluctuating flow contains
the bulk of the.kinetic energy at all levels, ranging from 2 to 5 times
that in the steady flow. The kinetic energy is low and relatively constant
.in the mdixed layer between the surface and 50m. Between 50 and 100m the
energy generally increases with depth. The overwhelming contribution of
the eddies to the energetics of the ocean now reqdires the reassessment

of the role of eddies from being small perturbations in the mean circula-

©
-

. . L
tion to a more important part.

5.1.4 Mechanism
The detection of these eddies leads to the questiAn of their origin
and the possible mechanism of their format#on.

‘ The T-% aiagrams (F?g. 5.6) show that the water characteristics of
the eddied d{ffered considerably and, more significantly, were different
from those of the stations before and after the eddy's detection. A
local displacement of the a4 surfaces would not move the T-S points of the
eddy water outside the ambient water T¥£50haract¢rist%cs; this suggests
that the eddies might have had their origins at some other location and
subsequentiy have been advected into.the region of observations. The !
intrusion of the 'warm' water ;eferfed to above was noticed only during
the eddy.sjghting. Sucﬁ relatively warm water is found.in the Chukchi

Sea area, and the eddy may have formed there. This will be elaborated

a fitt]e Tater.
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AN
: The generation of eddies—has been explained by wind-driven means
. (Browne.& Crary ('1958); Belyakov (]972))", It is suggested that, just as

the generation of surface currents (in {he mixed layer) drises from ice
driven by winds, the winds also provideienergy for deeper currents. Pack
jce and wind vo}ticities might 1ead‘to divergences in the m%xed layer
and heqce vertical velocities at its base. The distortion of the o,
surfaces would then lead to a cbmpensafing flow. In AIDJEX 75} however; ‘
there was little relation between wind or ice drift and the presence of
eddies. They were noted during both caﬁmhconditions and strong wind
. periods. The ice dfift follows the windsaand has similar synoptic space
scales of about 1000 km. \
. The eddies however are of horizontal %pace scale of 10 km, two orders
of magnitude smaller. This argues againstkwind as a direct cause.
Freezing is anther possible energy sﬁvrce. The cracking of the ice
in winter exposes the open water to very low air temperatures.L There 1is
quick freezing, releasing salt. As this heayy brine sinks, it[disturbs
the base of the mixed layer resulting in thexdistortion of the iﬁ surfaces. \
Again the scales of this phenomenon are wrong because the salt releases
occur in open water up to tens of meters. Also we note that this mechanism
is valid for winter when freezing occu}s but eines were observed in

summer as well as winter. . \

\ .
The Rossby radius of deformation is the ratio of the speed\bf long

gravi;y waves to the inertial period (frequency). It is written .down as \
-2/ ‘
R = {_9 £;¥E R } P |

- Taking typicéngalues for our ocean, Ap = 0.0Q4 gm/cm3 in the 100m

4

‘ "layer Y - the depth of the e_ddy, we get R~ 10 kni with. f, the Coriolis e

- o
B

|
o . T

g e
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parameter, equal to 1.4 x 10'3 séc"]. This radius of deformation is roughly
the size of the observed eddies. In the case of freezing or wind-induced
generation, R will be the lower bound to the size of the phenomena, i.e.
the smallest size would be 10 km Qr s§.. Above this limit, the eady size
is limited by tﬁe diménsions of the source. |

Another mechanism is Shear instability. For ekample, near a frontal
surface such as the atmospheric polar front or the Gulf Stream, it has
generally been found that great shear exists and occasionally vortices

break off from the main flow and advect as eddies. For mature systems,

- at some distance from the shear zone, dissipative forces assert themselves.

Thus we can have transformation of “energy into small featurgs. This

mechanism is similar.to that used to explatn the break-up of the mean

weéterly winds in the atmosphere into faﬁi]iar cyclone or anticyclone.
There is a basic shear of 2-3 cm/s across the pycnocline in this part

of .the Arctic. Calculations show (Hunkins, 1974b) that this is unstable

"but has a growth period of many month§. The growth period is defined as

the time takengfor a small-scale disturbance to grow by a factor of e.
Growth is a maximum for certain fﬁtermediate wavelengths that are of the
érder of Rossby radius of defonnatién. With the radius of deformation
apd eddy size similar in the Arctic, baroclinic insﬁabi]ity exp]enatiog
for the origin of the eddies is reasonable. The s1ow‘growth&rate in the

AIDJEX area and more favourable growth conditions near the Alaskan

Continental slope is suggested by Hunkins (1974b) and Hart and Killsworth

(1976) as the likely place of generation. The eddies are then advected

north to the AIDJEX area. The effect of the bottom slope, enhanced shear

and lack of summer ice cover there all favour instability in the Alaskan
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Continental slope region. Again we corroborated this by the T-S diagram.
As was pointed out then, the warm watef of the eddy might have originated
here and moved as the eddy traverses the ocean. '

The subsurface maxiﬁum is one of the uniqué_%eatures of the Arctic '
eddies which is not foupd in the’open ocean one%. Frictional dissipation
against the ice cover ié the most likely cause of the decrease in the
velocity near the surface. Pounder and LeBlanc (1977) found evidence of
this frictional effect in their calculation of the water drag. They
observed that the Ekman spiral was modified by these currents and specfa]
care had to be taken in the choosing of the geostrophic current.

It is plausible that the eddies are generated in the open water near
the Chuckchi Sea - Alaskan Continental slope area in the summer. They are
then carried under the ice pack by the mean currents. Once under the ice, .
the velocity at the surface is slowed by the ice. The Ekman layer, is
coincidental with the mixed layer in this part of the Arctic Ocean. The
time necessary for these currents to be dissipated by secondary mixing
processes is estimated to be in the neidhboﬁrhood of 1 day (Hunkins, 1977).
The highly stratified layers, below the mixed layer, will lose their
momentum much more slowly. If the stratification is strong then no sTa]ler
scale mixing might occur and then momentum loss would be by .diffusion a]onef

In this case a simple model may be developed for the eddy behaviour below

the mixed layer showiﬁb the deepening and decay of the eddy maximum with -

time. The diffusive response time is of the or&er.xd %{7k for eddy
diffusioﬁ to obtain a depth H. H is the depthlbe1ow mixed layer for the

velocity maximum. Thé)eddy coefficient, k, is an unknown pa ameter which
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/

has ultimately to be determined'by observations. There is, however, some
in%ormatibn on the size of k from tﬁ? measurefients in the other oceans.
It must typically be in the range of 1-10 sz/s in a steep pycnocline
‘such as in the Actic. For k = 1, H = 100m, %4is 3-years, while for

k = 10, t4qis 100 da}s. Thus the time taken for the edd{es to reach
.their observed form is of the order of months to years according to these
idqps. It would be possible to test this if an eddy could be followed
for'long enqygh time. But we have to remember that the space scales of

the AIDJEX area was not designed for the tracking of these eddies but

were rather to Jook at synoptic meteorological scales.

U
5.2 Step Structure

Step structure s another kind of oceanodraphic feature which is
deteé%ed in the STD pro%i]e. Arctic Ocean sfep-structure has Leen reported
previously by Neshyba et al (1@715 with h&mogeheous layers 3m in thickness
between depghs of 200m and 500m. The profiles co]]ected in the AIDJEX
program show similar features espec1a11y in the sa]1n1ty traces. It is
interesting that such small scale features can be detected with the model
9040 STD which was not designed for microprofiling.

Many examples exist of microstructure in the world's oceans (Amos
1973; Johannessen and Lee 1974). Amos (1973) used the same model 9040
STD and has detected microstructure near the bottomuéf the western North
Atlantic basin. The STD model 9040 was used there to show the existence
of a 15m layer near the bottom. This proved to be a persistent feature.

" Fig. 5.11 shows the STD prof11e of a Snow Bird station (SB007; . -

19 May 75) The step structure 1s visible between depths of 300 to 400m
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Fig. 5.127(a,b) show this area expanded. The step-like nature of the

salinity profile is clearly delineated in this- figure. The tempereture
fgofile is leses erratic than the salinity besause of the resolution of
the digitization uséd in meking this plot. QThepe js a great coherency
between the temperature and salinity profiles.

As was po1nted out earlier, the density of the Arctic waters is
largely a function of the salinity with temperatqre serving as a tracer
of different water masses. The density profile thus resembles the sa]inity\
trace and has similar steps between the 300 and 400m depth. These steps
were observed at-Camps Snow Bird and Caribou and at various times.of the
&ear. Againvfor brevity‘on]} a representative sampie has been shown.

The space scale of the AIDgEX array is important in the discu;sion
of the step structure. Since the AIDJEX scale (100 km) prec]udes‘any
cohereht measurement on the step structure, the discussion is;based
largely on data at indivieua1 camps. The steps(were observed, for instance
in May 75, at both Snow Bird and Caribou. The camps at this .time were
about 120 km or so apart, and thus it is difficult to say if these‘stebs
have a ho*izontal scale of the order of 100 km. v

From Fig. 5.12 and other similar figures (not presented) we see that
the step structure has an approximately vertical step size of 3m (with
some small variations but not systematic ones, e.g. increasing with depth).
The temperature and salinity steps are 0.02°C and 0.025 0/90 ;egpective1y.,
There are variations in these temperature and salinity steps but generally-
the‘figures presented are typjca] of the step structure. Several steps are
observe& in the salinity proff]esl The steps appear to be uniform in size
with depth and persist for long periods of time. No time analysis has
been performed yet on these stepshto see the seasonal and/or shorter

< 4 -

term changes.

<




‘prevents us from making any statementaaboutgthe horizontal size of these

~prevents such calculation. Analysis of these data might provide a clue

'Salt f1ngers are thin columns of brine separated from one another by rising

-171-
The step sizes (for temperature and salinity) are within, the resolution
and relative accuracy of the model 9040 sensor, as discussed in chapter 3.
There/is a striking similarily between the step sizes and depth at

stations Caribou and Snow Bird for the same time period. The lack of -

more data at intermediate Roints between the two camps (125 km apdrt)’

steps It is concei*ab]e that the steps are only 10—20 km in extent.

It is suggested by hydrodynamwca1 stud1es that these layers are stable

and coherent to th1s extent (Hunk1ns - symposium talk on the Sea Ice process
and model, Seattle 1977). Johannessen and Lee (1974), in the1r ana]ysxs o
postu]ate the step extent to about 25 naut1ca] miles (40 km) in the
Med1terranean Sea. It is also possible that these steps are coherent
throughout the 125 km d1stance between Snow Bird and Cartbou An ana]ysis
of the ‘Blue Fox and Big Bear data for this time period, could show’if this‘

hypothesis has validity. The Tlack of thjs data at the McGill data bank

to the horizontal extent of these steps in the Beaufort Sea.

‘ Turner (1957) suggested that layered structures qbserved west of
Gibralter might be caused by salt-fingering, which is a double-diffusive '
pracess involving both temperature and salinity. In a water eolumn where
'density increases with depth but where the contr1but1on to dens1ty from
salinity (say) decreases with depth, vertical mixing can be generated /

across the salinity gradients This type of mixing is ca11ed salt—fingering.

colums of less salty water. Th1s is the type of mixing that might be

occurring at depths of ?00-400m'dn the Beaufort Sea.

B

\ ]
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The circu1ation\iﬁ these depths is weak. The weak circulation miéht'“,ul

2 -

be another controlling féftor‘for the layer formation and existence. If

‘the salt fingering is not the process for the-formation of these'la}ers, '

‘ / -
movement of the Atlantic water over the Arctic bottom.water and thus ' N

ey ﬁ

it is possible that the formation of the ‘layers is connected with the slow 2ﬁ
. o ify
14

' mixing at these depths. Again because of the large space scale‘of pur .

measurements, we can not say much about the gemeration, pissipation and

. o ,
regeneration of these layers. . -
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Chapter 6 INTERNAL WAVES AND MIXED LAYER VARIATIONS
) 2 “ nr

6.1 Internal Waves

At the base of the mixed layer there is a sharp gradient in the

seen in Fig. 1.5, 1.6, 1.7 of Chap. 1, for exémpie. Between thesdaily

. deep ocean casts, the STD was moored in this thermo-halocline to observe

the presence of. internal waves. Becausé of the density stratification -

in this upper part of the Arctic‘Ocean, the movément of pressurelridge
keels through the~mixed layer can create internal waves in the vicinity
of the pycnocline. These waves transport energy away "from. the kee]s
and thereby generate drag on the ice.

Rl

. . , ‘
Consider the upper, part of the ocean top 75m or so, as’a’ two ‘Tayer‘—)‘b

‘ system, the ‘top laye?/Leing the mixed layer over the denser water from

the Pacific. Looking at the motion of an e1emegt of fluid &isp]aced by
an amount Z vertically from equilibrium, the equation of motion for this

parcel becomes

Az . D
. ﬁ Z
o t* F Da) )
I
where, (-—Jz is the density gradient in which the parce] moves with

/D the mean density and g the acceleration due tg*grav1ty. Z and { are

i
displacement from equilibrium and time reaspectively. The so]ut1on of this

o -

equation is the osci]]afory motion with a frequency N. This frequency,

‘ N, gs defined as _ / \

e ()

and is called the Brunt-V4is¥4i1% frequency. Thus the parcel of water, if

displaced, will oscillate with this period in the absence of other

| /

PO
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restoring forces, i.e. buoyancy is the only restoring force. This rep-

ey
I3

resents the lower limit on the frequency.

Vorticit& (v x U) is created whenever a ren Komogeneous fluid is
disp]acgd from a stratifiégtion in which vp and Vp are parallel.
Displacement of density surfaces away frgn{thé hqrizonta1\w111 produce-
v&rticity (Fig. 6.1). This will oscillate in magnitude and direction in

stable stratification. INternal waves are rotational phenomenas .

Richardson number, Ri, is introduced as a measure of the relative

sizes of buoyancy and shear forces. . | A
, " -3/p °f 2
Ri = buoyancy = 3z . N= ¢
shear u\z . Julz .
‘ ’ Eﬁf) TEE) 4

The size of Ritells us which force is dominant. Studies (Schlichting,
1968) show that for Ri ) 1/4 the water column is stable and for Ri ¢ 0
unstable, and overturning occurs. Thus we see, depending on the size
of Ri,wyhat the ipte;nal waves are important mechanisms for mixing of the
Qater'at.the interface. ’

Fig. 6.2 sﬁows a representative sample of the temperature, ‘salinity
and: density (ot) variation as a function of time. The STD probe was moored
at this time in the stébest partlof'thé pycnocline ét a depth of 58m. :
The secfion shown in hours T ‘0750 - 0900z and ;

11215 - 1315z} for the 06 July 75 (SB 103 .). We see a sustained dufation

of oscillation. The perjod of these &5cillations is determined to be
approximately o minutes (600 s). The temperature excu;sions are 0.38°C,
for salinity it is 0.55 o/oo and the corresponding ct’cﬁaﬁge is 0.55 ¢

t
units. The amplitude of the wave is determined to be 6m (Fig. 6.3).
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., The mean depth is 58m. Yearsley (1966) found waves (1nterna1) wi th
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amplitudes as b1g as 10m at depths of 60m. \

With these figures, the Brunt-Vaisaila frequency is ca1cu1ated;ﬂf(h£éon\)
be 9.52 x 10_3 sec'] of a period of 1053: McPhee (1975) calculated (ot 6om)
this period to be 50 s for the 1972 AIDbEX. An inspection of the PCM
profile for approximately this time, shows a veTocity shear of about
1:5 cm/s per m at this depth. This yields a Ri = 0.5 (s1lightly ) 1/4)
indicating that turbulence induced by shearing might be present.

Very little reduction of the time series data has been performed
as the ma1n stress has been to ana]yse the prof1]es and c]acu]ate
geostrophic currents. Of the 11m1ted figures available, the‘internal
waves occur at thése pyénocﬁine depths and have periods and temperature
and salinity egtrusions as in the representative sample.

Rigﬂy (1974))with the aid of theoretical mode],eiamines the prin-
cipal factors that affect the wave drag on an individual keel and attempts
to define the condition under wﬁich wave drag could be grea%er tban.form \
drag. Hunkins (1974c), on the other hand, uses an experimental approach

to estimate wave drag on a particular keel and then applies these results

to large scale estimates of the water stress. He. concludes that from the

conditions that are typical for the Arctic Ocean, internal wave drag is

about 10% of the form drag and 20% of the skin friction. Rigby, 1nférring
from Aryas (1973) calculations, states that skin friction is a major

part of the water stress. K The difference between the locd] wave drag
predictions of Hunkins and Rigby appeﬁ? to arise primarily from the .
different assumptions regarding the depth at which internal waves are,
generated and not from the different approéchf

t
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6.2 Mixed Layer Variation \ .
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The behaviour of the upper mixed 1ayefnhas one of the principal
objectives, of the AIDJEX Oceanographic-programme. This layer df near1y
homogeneous water extends,*during winter, from just below the ice to
depths of-23°to 60m. During the summer.it disappears a§_the upper 1ayers
become strongly stratified. The aim of the AIDJEX program was to &easqre

as accurately as possible the forces acting on drifting ice including the

frictional drag of the ocean. The degree of homogenjety or stratificati%n

has an important effect on the water drag. A well mixed upper layer

-~

results in more drag than a stratified layer. «
\ -

L

The disturbance 6f this mixed layer by the movement of a keel from
the ice cover will produce interhal waves (like a boat's kée] produces
intern?] waves when it is caught in the "deal water® of the Norwegian
fjords). The internal waves can be produced because of th;s two layered
system in the upper ocean.

An éxamp1e of the'throughly mixed layer appearing in watér is shown
in Figure 6.4. Here te%perature anJ salinity are both uniform, wifhin
the resolution of the instrument, from just below the ice to a depth of .
6lm. The mixing is apparently the result of brine convection. As the ice
freezes, heavy brine is re]eased\whigh sinks throughly stirring the
upper layer. At times the mixed 1ayér may consist of two or more homoge-
neous layers. The upper most layer may have been produced by local |
freezing %n a recently open lead. Figure'6.5 shows two layers in.the
uppef,miﬁed Tayer. Results from the 1975-76 experiment also show that

-these steps are not coherent ovef the 100km array of the AIDJEX manned

camps. Fluid dynamic arguements suggest that such steps are limited to

-




s

‘de

* =

S T P

MIXED LRTEB'T-HICKNESS S8 007 AIQ‘MHY 1875

L3 ? » ] . . - - "'
_ TEMPERRTURE ‘m@m :
o-2.00 ~1.75 -1.50 -1.25. - ~1-,00
: -
\
4 . A
IS . 6 - ,a 4
o ., ~ B
84
 aandl
o
. SALINITY -
o" -
. =
= ,
— \ .
€I
h_.
0.
!
Oo
o.
w
] o ’
o
©
o K
o ‘ ’
; o Y - * T :
"29.75 7 30.75 , 31.75
: SALINITY (P.P.T) :
Fig 6.4 Throughly mixed layer , 19 May 75 ‘at Snow Bird.




od -

o-2.00

N L /
MIXED LAYER THICKNESS SB 080 24 JUN)1975

TEMPERATURE (DEG.C)
-1.75 -1.50 -1.25

-1.00
AN

0.

(M)

.

. DEPTH

§0.0

»
- 3
. * A
-

SALINITY

.75

- J100.0 -

°  Fig

AN

q.S Mixed 1

30.75 . “31.75
(;SHLINITY (P.P.T)

’
¢ !

ayer showing two layers , 24 Jun 75 at Snow Bird,

°




(Stommel, 1969).

spread~ Brine convection is a possible exp]anétioh of such a deepening.
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a harizontal extent of about 2km. Their horizontal spread is 'limited

to approximately the Rossby radius of deformation, which is small for

sucly small density differences as these steps 1in tﬂe mixed layer

There are two priﬁcip]e stirring mechanism by which a mixed layer -«

b

may be formed. Gravitational convection and mechanical stirring.
Although the gravitational coﬁbectiﬁn due to briné extrusion during
fregzjng is usually considengd/ﬁost important, mechahica1'stirring by P
1ée drift must also play somé part. Previous stugies have not shown the |

relative importance of the two regimes (Solomon, 1973). The two mecha-

nism should opgrate on clearly separate horizontal scales with mechanical,

mixingmby ice qkifF occﬁring over the 1000km scale of the wind field and

brine conve;tion oc%uring over the 1-10km scale -of the open lead. Meéha-

nical stirr}ng is probably dominant during the summer; a period of large

ice velocities. Convect{on plays a significant role during the wintér

when the open water freezes and produces vast quant1t1es of br1ne Fhé ‘77’9 .

presente of internal waves, with its assoc1ated vortiticy, could be-

‘another essential component in the mixing and deepening of the mixed

layer.

/

On the 20th of April’'76, the thickness of the mixed layer 1ncreased

.from 38m to 42m AQ\i;j;mg of about 12 hours at SB. It is inconceivable

that wind mixing coutd have caused such a sharp: increase in the mixed

Jayer depth .in such short a time. Wind mixing also operates on large

space scale and it also appears unlikely that this deepening is wide

M’ .Jn

. v o v
«* - I8 oD
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Although there %S no evidence of a lead opening near Snow Bird at
this time, it seems 1ikely that a, lead did open. and the deepening of “the
mixed layer is caused by the rapid expulsion of salt as the open water
quickly froze. This excess brine caused a local incre&ge in the mixed
layer thickgess. . . N

Duriﬁg thé summer the upper layer has a nearly continuous steep
gradient in salinity ana temperature beginning at the base of the ice.
The disappearance of the mixed layer and the resulting sérongWy/strati-
fied co]uﬁn s shown in Figure 6.6. Tﬁe stratificafion is evidently

caused by the fresh water from the melting ice and snow which flows down
through cracks and holes in the ice. Since the fresh water is lighter
than the sea water, it remains on top, stratifying the gurféce layer.
A%ftimes the stratification may be less ¢ontinuous as shown in Figure 6.7.
Figures 6.6 and 6.7 are from oceanographic casts t;ken on the same date
but on stations over 100 km apart. The two figures show the extent of
horizontal variability that is observed in the Arctic. /The amount of
snow cover available for run off and the number of cracks available for
drainage prdbab]y account for this variability. .

By tpe summer'g end, a shallow mixed layer, of about 25 m in depth
begins to‘deve]op again. Figure 6.8 shows the condition by middle Sept-
ember. At this time of the year, areas of open water are Efginning to
freeze and brine convection commences again. Throughout the winter the
mixed layer continues<to deepen, néaching~a depth of about 35 m by ﬁid—
' January (Figlire 6.9). The.process continues as the layer deepens to 40-
50°ﬁ>by April. Then the cycle repeats with the onset of summer (Figure

6.10): Few summertime observationswere.available on the upper layer
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prior to the '75 experiment and thus the data should shed some Tlight on the

mixing process and the drag values in the summer months.

Figure 6.11 shows the thickness of the mixed layer as a function of

, \
time. Again we evoke the idea that the density of the arctic water column

is largely a function of salinity. Thus, temperature can increase with
/ N -

. . . X y . : AT
increasing density in the‘%ycnoc11ne and serves as a tracer for salinity

[

.

differences. In the pyénocline it was found that the top ofwthe‘thermo-
cline 1is easier to_distinguish thégﬁthe top of the halocline. For this
reason, the abruptrghaﬁge in the temperature.is taken as the depth of thg
mixed layer. From this figdre the seasonal changes in the mixed layer
fhiékneés is easily seen. The thick winter mixed layer gives way to the
stroﬁg]y stratified water column as the fresh water is input from thg
melting snow. With the approach of fall and the colder air temperature,
the ice freezes and releases brine into the upper layer. By advection and
perhaps also by mechanical mixing, :;e upper mixed Iayef starts to form
and deepen. The deepening continues with internal wave activity perhaps
playing a role in the mixing at the bottom of the layer. By mid-wiﬁter,
the mi&é&’1ayer reaches an appreciable thickness. At the end of the
AIDJEX exploration on the 20 of April, the mixed layer at §now Bird was

44 m. The process repeats with the summer. The data is from' the daily
STD casts that were made at the manned camps, Snow Bird and Caribou.

A (Analysis of this mixed layer thickness ;an lead to a’statement about
the relative importance of the two mixing processes. Also,there are times

when the mixed layer shallows and then deepens abruptly. This and the

effects of storms on the mixed Jayer thickness can also be studied by

/

/

4
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Chapter 7 SUMMARY AND CONCLUSION BN

' The data’ from the AIDJEX main experiment were examined and mesoscale

flow“features were investigated. The summary of the results and cond¢lu-

o

sions is given -below.

ES

A) Dynamic computations

4

)

The geostroppic current was.calculated from the measured defisity

' fields at two camps in-the AIDJEX array. These currents and mass trans-

ports from these currents were calculated and compared with the actual
measured currents. In comparing the resultsﬁ only the component of the -
measured current parallel to the isobaric surfaces is considered. This
is done because we have only two camps to calculate the geostrophtic cur-
rents. In'calcu1ating the geostrophic currents (abso]ute)»a layer of no
motion at 750 m was assumed. Due to the Tack of any other reference-;
level, this was chosen; being the deepest-depth of the cast. The mass
transport calculated from the geostrophic current are smaller than the

mass transport from the actual current meter data. The mass transport in

winter (October-November) is much farger than that of summer (June).

" This conclusion might not be a general trend as the data for deep winter

(December 1975-April 1976) has not been investigated. The effect of a
strong wind on the mass f}ansport was observed. The mass granSport in-
creased with time as the.winds continued and lasted for 4 or 5 days

after the subsidence of thg wind. The trend in the mass transport (from
calculated currents) is not as smooth as that iiom measured cﬁrrents But,

the general patterh is consistent.

-
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The calculations were performed for a [arge part of the AIDJEX

year but-only a few of phe results are presented as a representative

sample. _ \

B) Baroclinic eddies A \
Several eddies were detected at Snow Bird and the analysis of one
of them is presented here. The geostropﬁic calculations were per-
formed to obtain the eddy currents. The shépe, size and depth of- the |
calculated currents is.in good agreement with the meagur currents.

Q

The size of the core is estimated to be about 3-5 km. Eﬁﬁrgy cé1cuia— K
tions fhow that a significant portion of the total kinetic energy is in ,
these eddies. Possible mechaniggs of eddy formatfon are di§cuss§d. The
eddy presented is anticyclonic and the warping of the isohaJine"apd iso-
temp surfaces is shown.  The possible origin of the eddy water is postu-

A
lated to be from the Pacific water shear zone near the ChukChi Sea.

" C) Step structure

v

In depths of 300 to 400 m, step like features were obserVed,a@ the
manned camps. The vertical extent of these steps is about 3m and fhe
salinity step is about 0.625%. Analysis to get fhe horizontal extent aﬁd
cohefency of these features is precluded by ihe scales (space) of the

, AIDJEX array. - L ’ ) ’
D) Intérna] wave, .

Interng] wave“activity was investigated in the time series data at
the pycnociiné. The mean period oflOlninqtes was ‘determined for these
waves wiéh an amplitude of 6m. .These waves last for about' 1% hours at
Snow Bird. They are an important mechanism for mixing and deebéniné the

mixed layer. ' ' //
. v ‘)
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E) Mixed layeﬁ

The depth of the mixed 1ayer changes with time and an ana]ys1s 1?

done. to show-the var1qﬁ1on The smaller time scale changes have. not been

investigated, in detgil, as yet. The Tong term change is shown. The.\\\1 .

mixed layer emerbes in the fall from‘the hfghiy stratified summer conditlion

The layer thickens‘wfth the approaching winter reaéhing its, maximum si7¢
by spring. W1th the onset of the summer me]t two or more layers form
and we return agajn to a state of strat1f1cat1on as a resu]t of m1x1ng\\\

With the data from the’ other two manned camps we should b€ able to

get the total horizontal current field in the’Beaufoqt Sea gyre. \Analysis

PR o
is continuing on internal waves and on small scale changes to the mixed

.

iéyer (with reference to storms). . 5
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APPENDIX 1

Conversion Table from AIDJEX days to Calendar dayé-

‘A convention of numbering days-consecutively, beginning with
day 1 = 01 January 1975 and ending with.day 500 = 14 Mﬁy 1976 was
adohted for the AIDJEX main experiment. In the,f611owing pages the
AIDJEX day number, the calendar date and the corresponding day o%
1975 or 1976 are presented. |

o~




-203-

[

DAY ¥

CALENCAR DATE

AITJEX CaY

V\'nglﬁs

N /

ol
KT OO F IO T C et N PN O e GO Sy

NN AN MO MM MMM T N 3 T o T T AN
o Pl ol o g oy i e = o el e L ] ey el Bk g el S g, e o d g P o ot
E

_)C‘S_JFJCJ_)S.SS.)—.?S_) 5&,5:455E45_)F\J5.)5:455
7.77777777.7_7771.77777777777777777

> 3y m > 3= 3 > e e 3 3 5 3 > >
LA LV ALC VL A VL A L[ <AL I
RIiFazTz2 A2 AT T2AINE2IEE2 2

N AL O D O s N F VD R~ N AL LN O = O et
. P pmad g T el g ek ek g e = N TN N NN N N oy 1Y

A

123456789012345678@0123456789®P
22222222253333353&&“44544444455
—

4 ok P oy vk i e e ot g P

111111111111111
a
\\/IM

7 . -

-/

-t N+ ND e T Qi N F N DO OO
M OACOODO e i et ot ot e et i = N
et 4 2l g et ot gk gt #9715 ] ) ol g i A

i

4

DAY #

-~

.A<| " ~ ’
LA A N A N R D YA DDA N EYA
P R e el St ot S N e U ndind el it o

/0 .

LL'.LLLLLLLLLLLLqLLLLL
D.D.D.D.D.D.D\D.D.D,D.D.DLPD.D.D.D.D.D.
L g UL C AL AL L s LI <AL gD

-

NN C A O NS DO RO
et = o g =t =t e P N (IO N NN NN

CALENCBR DATE

N PO RO~ N TN OO O
OCOOOCOOOmimotpmrmirmird yoieioy
Illlin.rll\llll‘l\llllll ‘

AICJEX CAY

DATE Cay #

CALENCER

AIDJEX DAY

CALENCAR DATE

AIDJEX DAY

DAY #

JUN

AY

(2 a4 56789)123»6.567893123456789)1
WA AN (A LA A O O A0 A OO P P PP pL P P en &
ot o g $et Pl 47t 57 g g =4 gmed g 5 P ] 90 P g g P4 el g 7 S gt 978 gk gt

[N

WA NIUA | A R A A WA RN A W D A NINDIA NN A DL AW
7777.77.777777777777777777777777

PRI Z 2P ZZ 2T T ZLEZZZZ
SOOI D5 9SO IDDNIIIDIDSDHIDISIID
e e S R R T T P e e M R T e e B A A A e Ly

e NOTAOMO O AR AN T OO AO M OO

1t P g et Pt o g b et et NN AN N N N N N 60

Nt N AU NI N AU O—ANMAT 5:7780:0L
QAN A NN OO A0 O AD O LIyl P U P 00
\ll“llllillllllllllllltll111111

*

AN

4 -

23&.56789)127)456789)123456789)12
8389880.8\19990:99999)0C)0000C0111
Pl i, et =t 1 g Pt Pk g g, Pt g ] # g d 4 (0 ONIEN TN O N NN (N NN

1 . L]

5.)5:;:).)55.)55.)555.)55.)5::)555555_)55

P e P P e fa P N e P P e P P e P P NPT P S P P I P P s P
' . \

e jeded d_jdd _jedd _jddd et ad oded fedd i o

o T B B Y B L P B B o e o i D Loy i i s B B B Jp Yo s e I 5 |

AT AOT OO =N A O OO T NONmM GO —
llllllllllzulzzn/.zzzz&njl;

NEAT N AU RO~ANOTIN AU RO~NNATNANOMO—~N

CARNVOnXRAC O T CoOO000000OQ—rm

Pt o gt el o it et ot g Pt o gl 0t g med oty NN NV NN A NN NN N
. A

. @
\



-204-

Ay #

CALENCAR DATE

ATDJEX DAY

]

E DAY

“

CALENCAR QAT

" AICIEX CAY

1

CFINO DO NMT A0S OMO~NATAONT MO~

T E T DA NI AN A DO A0 O R ORO Al
22222222222222222222222 NANONONN

CUANILA A R LA A AU A DA A DDA DDA A DA A D
T e T A O o it St o Sl el o e o il

~ L 4 1
cocaopoafdandanboacoacdacbondaansa
B g e b g T G A ) g e W L W g S A g g A L W Ly
P P ANRD A AN AN AN NANTNDNNIND ANV

AT AT OO—=NOT AOSOCO—NMASTAONCOD
* e Pt gl P . g P4 o et N EN YN N N N NN

)
.4567801C123456789C1234567890123
& oo T - T LDINAN NI AN AN OO OO . AW G A= =r~r
222222222?22222222222,222222222

-
MTNCA T N TN O Lt N AT WD O L Ny
ot et ek o g o SN OO IN AU N o YO 2 (AN pa O (o T
AN A NN A, NN AN N A NN NN AT N N DN g NN NN

¢

:JCJC;rJ_)CJr—)_.)56/_.)SCJ—;)_)C/C)_)’L)EJ_.)5.‘/5.)5?).)5CJ.)
I s e N P e e e T e P e e P P S P P e P PP e P P pe P T s

Liatn B (B COBEONNCHLOOBEON O OLONLY
DD IDIOOIDID =IO DHIDODHI2DDIOIDDIDIODDD

» -
AN SN O DO NP NOM RO NMEN O T O ey
oy R d g el e N NN N N TN NN Y ey

LY \\\l\l -

—

AT AU RO M TN AR O NMT N AU OO~ N M
111111\12?222222223333333333I*Avluvﬂf
N OV A O N NN N A NN NN g SN N g NN g N N NN oy

\
1

CAY #

R CATE

" CALENEA

CAY # ATDJEX DAY

CALENCAR CATFE

AIDJEX DAY

|\ PRLZZZLZZRZZLZZZZZ

\\I|IIIIl1IIIIIIIlIIlllIIIIIIIIIIIIIIIIIIIIIIIIIII

w

—

CO0 e OO kgt ot o g et 7 gt ey = GO N AT NN N NN e S (D 00 E0)
333333333333333333333333333333
5

. o
)

1 -

5&1555.)5=h5_355_)55.)555WSS_JSS_)55:)5

ey g N S S Y S 8 o ¥ g ol e Lt o S i ot S ki e

._
*
|
P - T S N e Tttt
ODUDOBOODOOOODODOOOMOO@OODOOO@
Zzzzz2zzZzZz
! ¥ :
|
AT VOO MO™NAT OO MO NOATINOS OO
P o g 4 P g = 4 e NN N N NN NN N O D
\

557QL9012345578901231*55780101234
CDDCOll11111111?22222222233333
1y O LR A (R 4, 0 N (N (IO N 0 M A NI M e

E Uy P T O = O e T Uy e G0 i D ot B A AT LN a1 OC o © et NS T
7777778883883883q99)qq;qg\-’OCO)CY

L INON AN NN AN N NN AU N N NN N A NN (O S R

UVA A DN A NI A B A DU A DD (A DU A VY, A R UL A WY
I s P I e P P e e P P e P e P P P i P e P P P P P P

b b e e b b b e e e e e e e e e e e P e e
IS N S T P S T PR S (S R R IS B R (S T L R L S TR ST
OODOU/ﬂbICDCOOUOUOCDOCGOOOODCOOOOO

—-_ANEOT N AN AO-ANMT N AND MO~ AO~
et o gl g 7 P gl e O BN Y A, NN NN (N LY

4567890123456789012345678Q,C‘;ZTJIO
e~ e VO C VT O TR C OO0 0
N AU NNV ANV N AN N AN O N Ay NN g NN U IN NN (y N oy 00

+

/ .




_?05_

CALENCAR DATE LAY #° MIBJEX LAY

ATCJFX DAY

DmilNAT W ADAO™NMN T~
124456739111U11w111222222222233

DAY #

O gl 665665666656666656
NP, =PI N S RO S R S

o S i hr s Sr e dar AR brt - Ve Yy

. < O
~NOCO 234567890123%%6789
mNE@TINe 1“1111111122222 M/:/:S..J

¢

PR oYX E R LT R LEZRELE LT
hAMM A <L L gL Va2 A LD oy
her Lo Sar b Yo S er Rep} v

CALENDAR DATE
1
A
A
A
A

; ' ey e NTND
W00 o~ AN RO NN AT O~N
6”66”.7n77777778888888.80m80.99”%””
33333333333333333333331 oM e

.
: .
]

N .
- N pe Y
TNAPE O AT UT AP D A NS AL C s N
e (N ¢ T T T AN A NN A NN (A 00 A0 0
333333333333333333333331‘3333333

. . - .
P A LU R LA AL, A UL A R A U ALVEMN A DS A0
P s U S R e S S A e O Y e Ll
s . . . Y .
D0 T OO L 162 O 1R 100 1O 3O 1L
— DD e PN D 0 DAL DDA DD ) WAL W D L L D
~ e O CORCOaNOALODCCORLLOLECORRO0

{
f

~

t

[

s

t, ot Pt g 1k P ot g T el e NN Y NN O NN N O YO
o . o

J

[ .

TR AT~ O O QM T N A T O O = AT N A = T O = T I

Al N D0
3333344+495545455555555556656
3..)1.3333.:.33333333333333333333333.3

‘.
i
\

CALENLAR CATE

oo (LZ3;/%567Q“90,.\L?»345673901?345&73901 .

Cay

DAY

AIDJEX

)

DAY #

CALENDAR DA T

AICJEX DAY

a4

\\J|||lIlllllllllllllllllllllllllIIIIII-I------------------——

h¢

v
N AT ABNA TV AN OO NS TN AT O
66%66%6657777777777888388388399

- \ ’
O
OB NIL 66566666656656666
ROSRININAUSOIOP O UNSEISEISTM S PR S N S
b
XXy X XLy RRRD\RRD\RR)\RRRQRRQ\RR)\RR

R‘
AAAAAA&A&AAAAAAA&AAAAAAAAA&
NN e L P PP PPN SRR P N SN

—
— r~cc 012345678?012345678?0
NN 91111111111222222222233

NN o
O GO OO F VO VT O —NM N O PO~ s

2U?23333T33333444444444455555%5
444&.4444444“444444444444“444“ v

—~

234557890123455783;0\..21)(05137“.;0
33333333444444444455555555556

666566566566656656656665é6$§
n7777777777777777777777777777

-

B16C. o, T2 0 CC O o €5 B0 s oy C ES oA (- o O I O e L pn L Doy
EEEEEEEEEEEEEEEEEEEECMEEEEEEEE
FFFFFFFFFFFFFFFFFFFFFFFFFFFFF

3

_“N VG N ON DT O N F N O C OO NN Do
- Ot g o P g e 7 ok et PO O NI NN NN

QO O = N o U0 e U D — Ny S VO e B VD = N gy U

ARG T T I T G T Tt T T ITT T T T T TT

%

.
> v
-
.,
-
* -
.
Iy



Yy

. =206~

¢

= DAY #

CALENDAR DA T

AICJEX DAY

CAY #

CALENDAR DATE

AIDJEX DAY

NATV AN RO~
AN NN AN N AN A OO
ot g P4 ot g 1 P g g = gty d ot

VOV ONLO N0V OOVY s
st oo St St el adad l

PO P Db el st et Patak
Tl o T T ey LD L L o <L
TL2FTR2RXATIEIIETZIT2

Fag
v

N OO $ 100 e O OO N (N 3 ‘ ~
O g el =4

~ OO N T O DO
P tl- oYe X ealoale X opldpte Yol eate F o)
GV THENTTIITTTFITIA

Loy

234557890123456789012365578901

9?999999000900)0C0111411111122
st =t P4 g o 7 ] g Pl PR g P oy 5 o d # 7 g 7

QnWLnY OB .nCO N D00V ADONE VOOV
777777mw L N S N o St aad SN o Y Y e

et ed e _joed Db A _jed d gt dd d_jed o jed )
PppppppppPPpPPPPPPPPPPPPPPPPPP
AL I L C AL A LUK VL L g LI A< a1

OO AP O T O OO NITNO T O

1111111111—‘2222222223

»
BT ONM IO N DA HNM PN O B O INM G ND

LA D0 O oy D0 A QO PPl e e = S SO R Do 0D
FITITIT TG T T I TIITIT I T TN IITT TSI
o

i




®

-207-

APPENDIX 2
AIDJEX DATA FILES

~

1.7 Position of .the manned camps and buoys, in latitude and ]o?gitude Vs
time

Apﬁroximate]y 10 positibns were calculated each .day for each‘operating
station using the Transit navigational satellite or the Ninus F sate]lité.
Data for the manned camps were taken from 10 April 1975 to 20 April 1?76.
Data for buoys in the Beaufort Sea were taken from April 1975 up to November
1976. Note that the Tifetime of most buoys is about six months. These data
characterize‘the motion of the pack ice in the Beaufort Sea for all seasons’
of the year. |

A new set of 8 buoys were deployed in March 1977. Tracks of these

. buoys are being added“to the available data.

Data are organized in a time series for each station with a sebération
marker ?t the end of each 20-day period.
2. Smﬁothed position, velocity, and acceleration for maﬁned camps and buoys,
in cartesian cooﬁdinaies

Data from file 1 above have been post-processed using a Kalman filter
technique. In one’fofm - sorting on time - position, velocity, and acceler-
ation from each operating buoy are arrayed togefher'at three-hour intervals.

In another form - sorting on station - position and veloeity -are given as-a

. -~ time series, separately for each station. A variance measure accompanies

each element of data to characerize its ervor.
3; Source data foroRams Buoys tracked by Nimbus F satellite

Position data acquired from the start éf Nimbus F operation in June 1975
have been prov{ded by the NASA Goddard Sp;ce Flight Center and, gffer decoding
and editing, have been incorporated i&tp file 1 above. Several ]andibased

rams packages are included in-order to determine the temporal and %p@tial

accuracy of the tracking system. Q -
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4. Rotation of the manned camp floes /

The orieﬁéation of the camp. floes, to whiche%he navigational satellite
poé?tionjng system was aligned, was determined togeéher with the c;mp
positfon.x Each éamp ézimuth,zwith respect te true North, haé‘beén smoothe& g
for the‘periéd 10 April 1975 to 22 Aprii 1976. Angu!ar position and rate of

rotation for all camps are given at three-hour intervals in a time-sorted

data file together with error estimates for each datum.

These data are also available in camp-sorted order, a separate time

series for each camp.

5. Ice thickness and snow depth

Periodic measurements were made at various sites near the manned camps.
N

Statistical eva]uaE:on of ice énd snow conditions were made from frequent
measurements aroundfa given site. Data are not continuous. Tabulations of
available data for the period 10 April 1975 to 29 June 1975-have been
published in ALDJEX Bulletin 32 (June 1976). Data to April 1976 are avail-
able in -a similar form. ‘ '

6. Ice su}face profi]é

~

One profile of the ice surface was taken using a laser altimeter in the
NASA 990 as it traveled a 72 km track between two manned camps. A data point
is a height above a reference plane every 0.4 m along the track. The measure-

ments were made on 24 April 1975.

" ©7.  LANDSAT (ERTS) 1 and 2 images

Saté]]ite photos of the Beaufort Sea region have been obtained from the

Eros data Center for qualitative and guantitative analysis. About 1500*

" photos ' taken when visibility and cloud cover permitted are on file. Each

photo covers a square region 100 miles on the side. Time periods are the

spring and fall seasons of 1972, 1973, and 1975.

~

\
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8. NOAA-4 and‘NOAA~5’5ate11ité images

; Photos of the Arct1c from Greenland to the Bering Stra1ts have been
received daily from Ness since 2 January ]975 Twq images cover the be]t
between 70 -degrees and 80, degrees M ]at1tuﬂe that is', each photo covers a

" square q;éa about 600 miles on. the side. 0n1y infrared pHotos are available
for the winter (November through January) , both IR and visible photos are
taken during the rest of the year. Thesé are source data for examining
large-scale icé;QOVements in the Arcfic as well as large-scale weather
patterns.. - | )

‘9, Surface-level air pressure (derived data)
From the combination of nat1ona1 weather service surface pressure maps‘
and pressures measured at scattered po1nts in the Beaufort Sea, two-dimensional

o pressure contours have been derived for every six~hour interval. These

°contours are a sixth—order’polynomial in X ;nd Y, the grid coordinates TN

SVer[ying the Beaufort-Sea region. The grid'is rectangular and eacﬁ element

is 75 miles on the side. The coefficients of the polynomial are on the data

of this file. They can be used to determine the surface pressure at any
point in the area at any six-hour interval by trans1ating 1§titude and

Hongigude of the point to the grid coordinates and emp]éying the polynomial

coefficients for the time desired.. -

. The coefficients have been ca]FUIAted for the period 11 April 1975
to ZQ April 1976. .
Aufa]ternative surface level air pressure file has been derived from
pressure meé?ﬁhements\taken at the manned camps and from buoys containing
| pressure sensors. These data are interpolated at 3 hourly .intervals and
~are combined with the geographic focation)of the corresponding station.

Pressure, position data are given for four manned camps and for up to
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" fourteen bujys at each 3 hour interval for the period-April 2071975 to

April 10 1976.

10. Geostrophic surface winds (derived)" y
From the derived pressure data of‘#ﬁ1e 9 above, geosf?Ophie wind,sﬁeé;f

and dfheftion have bee? ca]cu]ated for #gecific poin?srat six hode intervals.'

In the geogrid file these specif%c pd?ats are the g}id point§ of a 16 by 16

overlay of the Beaufort Sea. .The geosta file deseribes the geostroehic

.

winds at the four AIDJEX manned camps-and at-the nine Navsat buoys.

* 11. Pressure charts (source data)

Surface and 850 mb pre—sﬁre charfé prepared by the National Meteoro-
N T

" ogical Center for the Northern hemisphere have been received for 0000 GMT

and 1200 GMT eacﬁ‘day since Aprii 1975. Measu}ed pressures "at the interior
o . - B

. ‘, . v . ‘
' of the Beaufort séa are combined with these analog data to improve the

-

detailed accuracy bfitﬁe derived pressures and winds data of files 9 and

10 above. .- - .
« - - }
12. Surface level meteoro]og1ca1 data ) ’ +

L3

Meteoro]og1ca] 1nstruments were in continuous operation at the AIDJEX

L]

/manned camps from Apr1] 1975 through April 1976 Hourly averages of observed

wind speed and d1rect1on at 10 m and air temperatures at 2 m and 9 m above

/

the surface have been prepared Time serles for each camp are avai]ab]e

for the fu]] operat1ng period of the ma1nﬂexper1ment There are sepanat1oh
. pmarkers between each 20-day 1nterva]

13 Atmospher1c inversion Tevels . -

»

el Invers1on heights 1n the atmosphere were mon1tored cont1nuous1y by

' acoust1c radar at the manned camp designated as. the ma1n camp. Analog qgcords

) were d1g]tlzed at hourly 1nterva1s for the per1ods 13 April -1 October 1975

and 5 November 1975 - 18 Apr11 1976 As many as seven distinct 1nvers1on

helght; are given when. they exist simultapeously.

A

g
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A:SECO)d file ‘has been prepared showing the average height of the
dominant persistent inversion layer over a 3 hour period for every hour of
the experiment. .

v

14. Ocdan currents (combined files for manned camps)
' The manned camps served as f]oating,n}atfbrms from which ocean currehps
relative to ice'motion were measured continuously at depths of 2 m and 30 m.
Hour]y averages of ocean currents combined with hourly 10 m winds and three-
hour smoothed ice velocity (files 10 and 2) from each manned camp for the

full operating period of the AIDJEX program are available in a single file.
They are sorted by camp by time, with separatioﬁ markers between 20-day
intervals. This file.is called W/I/O\wind, ice, ocean

15. Ocean currents combined with position measured from Rams buoys

Two Rams spér buoys deployed offshore in the Beaufort Sea in November
1975 contained sensors which measured ocean currents at depths of 2 m and
30 m. A magnetic compass heading for the buoy and internal bearing of the
sensors are given with the data at three-ézur iht%fvaTS. These data have
been cémbined with buoy pqs%tions to allow for absolute current determina@ion,
One buoy-operated until 1 October 1976. The other provided meaningful data
only until 28 March 1976. , ' \
16. Oceanic mixed layer characteristics \

‘The upper ocean mixed layer is defined in depth by the point, or polnts,
at which a rapid change in sa]1n1ty occurs. This layer was measured for ’
surface temperature, surface salinity, and depth twice daily at each manned
* camp. © A1l available measurements (one per day) were published in tabular
q form in AIDJEX Bulletin 32 (June 1976). ° \

17. Ocean depth v
x \\The depth of the ocean beneath the paé% of the main AIDJEX camp was

. . B
measured during two periods. Acoustic soundings were taken every hour from

o




_in latitude and longitude.
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25~ May to 3. August 1975 apd from 18 December 1975 to 25 Ap?ii-]976: Rqurfd-".

trip timé,of sound ‘travel is given together with interpreted aepfh. A.file
of daily average depth ‘s also available. ' n"

]
»

18. Surface prgssure-(va1idate&)3 offshore Rams buoys .

&

Four Rams buoy§ éepﬂoyed offshore in-fhé’Beau?ort'Sea measUred surface -

pressure. These measurements have been corrected for scale and sensor dr1ft

and haV@ been smoothed and interpolated to three héhr readings. Buoys were

_Qperat1ona1 for the following periods, buoy 207, 18 March -.28 August 1976,

buoy °1015, 23 March - 30 September 1976, buoy 1245, 4 November 1975 - 1 Oct-
ober 1976, and‘buoy')416, 5 November 1975 - 28 March 1976. »

. 0
-

fhe data are sorted.byiﬁuoy by time, and are merged with buoy position

19. 'Surface pressure (validated), AIDJEX camps and selected buoys
_ Navsat systems at the four manned camps and nine ﬁavigationa] ;gle]]ite

buoys had pressure sensors to make detailed meaéurements not specifica]ly/‘
iné]uded in the surface pressure charts of file 11 above. After appropriate
corrections and calibration, these validated measurements were incorporatea
into the derivation of area-wide geostrophic winds (file 10). These source
date are available with their geographic position at three-hour intervals.
Data are sorted by station. The manned camps were operational from April
1975 to April 1976. Some of the buoys (supplemented by nearby Rams buoys)
continued to operate as late as 6 December 1976. .

These data are also incorporated in the alternative pressure position
file noted in data set 9 above..
20. leather observations, manned camps

Handwritten weather notes logged daily by observers in the manned camps

noted wind velocity, surface pressure, temperature, visib11i§y, and weather.

They back up the digitized data in the files noted above.

;
s Y
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21. Logboik entries, manned camps ..

Members of the sc1ent1f1c groups recorded informal notes about events,
“equipment performance, changes or ca]1brat1on of sensors, etc. Their log-
books back up the data co]!ection procedures followed during the main
experiment.

Data’being processed but not'yét qvai]aglei

The following 3 data sets are io‘fhe;ﬁgpceéevéf being Qa]idated and
cai%brated They will be added to the AIDJEX data bank‘f1]es and made
available to the sc1ent1f1c commun1ty together w1th the files noted above
22. Wind speed and direction measured py p1}ot bal]oon

Pibal measurements using two tracking theodolite§ were made eatr day at -
the main camp during the AIDJEX\ekperiment. ; ' . .

The available material is currently being edited (8/3/77)
Two generetions of data are being stored in the data bank. Raw data
cons{sts of theodolite (angle) measurements‘takep at unifoym intervals of
time as the balloon ascended. Drag output (processed profiles) give zonal

~ ¢

and meridianal (U,V) wind sp-eds versus altitude.

2

23. Ocean current profile
Twice a day at each manned camp, a current meter was lowered to a depth
of 194 m and raised at a steady ratd to determine the stratification of the
ocean layers. The analog outputs will be digitized to show time, depth,.
speed, and direction at uniform depth incre%ents.
24. Salinity and temperature versus depth at manned camps ,
Standard STD measurements were made twice a day at each manned camp
during the main AIDJEX experiment.
One twenty day block for days 181-200 at 3 camps - 57 casts - is
available 8/3/77-
/

!




- Available 'data sets continued

»

25. Specific Humidity

/

/

. )
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N

*

Hourly averages-of vapor pressure, mixing ratio G/G, and specific

5 -

" .humidity G/G are derived from measured dew point and

at the main camps during the entire AIDJEX 'p'ﬁ:*bgram.

atmospheM™c pressure
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. APPENDIX 3
INSTRUMENTATION

\
|

Jn this appendix we show some of the details about the sensors that
were used in the field experiment of AIDJEX. Plate A-1 shows the
underwater unit and the terminal deck unit of the Plessey model 9040
S T D-system. Fig A—]Jdepicts the block diagram for the underwater and
‘the terminal deck unit of the model 9040j In plate A-2 the digital
data logger used is shown. A sample of the périod to oceanographic
paramefer conversion tables is shown as tables A-1, A-2 and A-3. These
tables “show the conversion periods for a limited range of salinity,
temperature and depth. Fig. A-2 shows the TSK prifiling current meter(

and plate A-3 shows the underwater unit with it's internal mechanism

displayed. /



o BISS=ETT
- ~216- BE RiviAN
. -~ .

DICK TrUNAL TQUIPMLNT .

g -, -
. , | STHP-CHART R¢COPDER
/
X Xy Y
SALINITY TEMPEPATURE DoUTH
StYAT A0 g 1GIAT A Freq 900 AG e
- l QuT OUT ouT
RANGE SFLEGTOR : RANGE 3TLICTOR - 2 MGE SELECTOR
-— 52 i s3
St D3 S22 o33 |
A 3 e (e t F22Q
: r—» £220 OUT r—w‘nO auT [ our
SALINITY TELIPERNTURE . DEPTH
, \ DISCRMINATOR DISCUMINATOR DISCRIMINATOR
’ 1] ~ b h 1
; . '
. BANDPASS BANDPASS BANDPASS .
FILTER FL-2 FILTER FL~1 FILTER FL-3 -
| ' f
A - - .
}
. : bC .
D
AC powER | |POWER DISTRIBUTION
) POWER g SUPPLY ALAPLIFIZR
DECK
R ( sxcxt:;\r.m
| __ SENSOR POWER . CONVERTER
- —— e e e e Dy /ﬁ—<
. ’ TBI-1(-) T21-2(s) . '
DECX CABLE l: WINCH GROUE(D AND
“ >~ tA CASLE ARMOR () .
,( WINCH SEA CASLE ARMOR (4) “ i
INTERFACE
\ . 1
[N ) |
- A :
| SEA CRBLE |
! [)
) / [ ]
. i , | sEA GRoUND
. UNDERWATER UNIT i .
™ : ENSOR POWER ¥ -‘} MULTIPLEXZD FM DATA
ELECTRONICS
PACKAGE MIXER
- 1 \ .
: ™ FM
. . 1. — ™ . ]
SALINITY . TEMP DEPTH .
he - PARALOC PARALOC - PAPALOC
) L —jl
poieiisusvaiunt) R S U S S
SENSOR PACKAGE . l -
| sarirry | [ zomeerarone "DIFTH
- o SYSTEM ] SYSTEM { SYSTEM
. X o
} ? l ? ! i
. q T P T P

(-3

f
.

h’g A- 1 Block diagram of the modél 9040 Salinity, Temperature and Depth
measuring system.



O

X

A

housing for electrical

direction vane
-p

Savonious rotor

o

. -217-
! \
! 1
, \ N
! v
} Y Cable for signal
J \ :
! \ .
H . guy wires
I \ \
i
! \
‘ .
/ — ; S depth sensor
/
o [ O 1 v -
\
s
system
\
\
t -
|
1 i
e :é A
{
-
J
|
B
I
\ >
¥ -~ =3 | = 4

Fig. A-2 Underwater
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Plate A-3 Internal mechanism of the TSK profiling

current meter.
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N . APPENDIX 4 : -
DYNAMIC CALIBRATION AND SOME COMPUTER PROGRAM BLOCK DIAGRAMS.

The S T D sensors were routinely held at selected depths while: -
#samp1es were taken by Nansen bottles for the purposes of comparison
with the sensor output. Although this practice is straight forward, -

o it was observed @hat abnormal drift occured in the salinity output

when the sensor was held motionless in the water. This problem

4as more pronounced than in shipboard casts. Drifts in the salinity

output began the moment the deecent was stopped and continued

over the time for thermometers to reach equilibrium before tripping
' the bottles ( about five minutes ). The values returned to aeparentJ

true values when the motion resumed. As stated in the text, periods

were recorded immediately upon stopping the winch. As a back-up -
. to this procedure, programming was developed at‘LDGO, to extract '

calibration readings from }i1es of reduged data. In this case,

the standafd depth sensor readings at the time each bottle was

tripped are required input. The'drogram searches the station | - '
files for residual 'drift sp1kes at the indicated depths, 1nterpo1atés

over spikes that are detected and computes an a1ternat1ve set of .

calibration readxngs‘from theee/gezspﬁk/d f;;es. In the fol]owing

flow chart ( Fig.A-h¢)thé/t;pe handling programs deve1oped at the

¢ 1

/ LDGO are shown.

-

The dvnamic correction app1ied is further demonstrated by two

e

. series of figures. Fig.A-3, A-4 and A-5 show the t changes in SB 003

'

-
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again. This time for the full depth of 407 meters. Fig. A-6, A-7, A-8

and A-9 show the analysis for SB 302 , a station at another tiTe. Again

t has the value of 0.7.

The corrections applied from the bottle data are shown in table A-4.

Pl

A linear, quadratic and cubic corrections were applied to temperature

~depth and salinity values. The table is for AIDJEX days 181 to 201. This

correéponds to 30 June to 20 July 75 period. The mean difference and

the standard deviation between bottle data and sensor readings is

shown in Fig. A-10 to A-13 and in table A-5. The data analysis is for

»

" days 181 to 201 only. Similar anaﬁysis is done.or is being done for

other time periods.

Digitizing of the analog S T D traces had to be done when the digital

" data Togger malfunctioned. The digitizing was performed at the DATAC

computer lab. at McGill university. The DATAC uses a VIDAR ( IDVM )

’pna1og to digital converter to digitize the analog ( voltage ) signal
~N

from the digitizing table. Louis C Vrggmeﬂhpnd Dr. Paul Zsombor-Murray

assisted in the working of the computer. Fig. A-15 shows the flow of

’ “data through the system. The conversion of the 7-track BCD to 9-track

EBCDIC was done at I.S.T computing centre in Montreal. Eric Brown was
ingérhmentaI in the‘trans]ation, of the tapes. Fig. A-16 shows the
“translation in block form. Rest of the calculation were performed at the
McGi1l University Computing Centre using the IBM 360/ 75 0S system.

The programs are too numerous to reproduce here. Caﬂcu]atioﬁ of the

geostrophic current is shown, however, in block form. ( Fig. A-17 ).

o
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Fig. A-4
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Fig. A-6
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Fig. A-7
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“Correction scheme for bottle data !

CCORRT (T )= T+CT o | :

B e

‘. -a33-

TABLE A-4 - N

Following correcpign scheme was applied to get final data.
0 ' ~

3]

IS -

CORRD ( D )= D + CD # CDI*D + CD2%p?
) AL ,
CORRS ('S )= S +CS + CS1*D + €S2*D% + CS3%D3
Hl l .

l .
N

Correction term ‘ St;tjon. '
| cB Y

cD N 0.109 10° 0.305 ,10°

) -0.278 1072 01385 1072

cD2’ " .0.118, 107% 0137 1074

o 0.365 1071 -0.156 107!

cs . -0.446 107 -0.372 107!

cs1 ‘ 0.205° 1073 -0.446 1073

cs2 -0.768 107’ 0.167 107°

cs3 -0.108 1072 ' 0.141 1078

7
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"Summary of mean $ T D corrections to seffsor readings.

t

b

SURFACE.

\ '\‘

250 m
500 m

750 m

¥

[

\ L2

Variable

DEPTH
TEMP
SAL

DEPTH
TEMP

SAL

DEPTH
TEMP
SAL

DEPTH

TEMP.

SAL

L

v
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- TABLE A-5 -~

- s Nom

A4

A

CARIBOU .

o

s

0.0

0.0365217
-0.0446818
-1.0°

0.0002

-4.58333 -

[4

0.0252727

T

-8.55555
0.0203333

[\

1.08
0.00434

2.01
0.00532

‘e

o °

SNOW BIRD
N

0.0

- -0.0156714

-0.03722

N .

-

-0.5
-0.0664444

-5.77777

. -0.019125

o

-9.7143
-0.027875.

0.0113

1.9

0.0074
2.8
0.0041 .

A
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;
SUR -6
L HEADL
) - sToC
- ScRAM -
L | - SCOUT —— OUTPUT
/ —— SK0OP
STD 2
| ’ — QUTPUT
STD 3
- AVERG
. L DYNTS
- —RUN3, 7, 9, 13
: , — EAGLE ——OUTPUT
] — SK0OP
— STAPT |

)

i

Fig. A-14 Block diagram of the LDGO tape handling programs.
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-program adapted from GEORGI program for time series
reduction of S T D data. |

-prograﬁbreads one station from raw data tapéé, provides
for card input of header information. ~
-converts data to S,T,D and scan rate.

-scfeén; data according to set tolerances.

-sets flags to mark segments of acceptable aata. -
-writes all data on disk file.

-writes tables of flags and headers on another disk file.
-plots data screened by STD I‘at approQﬁmate]y 2 second
intervals.

-interpolates over segments of bad data of less than one

fépe record in length.

-D, S and T are smoothed Qitﬁ running mean averages to
minimize digitizer qoise.

-option to correct T and S for time lag in the temperature
response. Correction equation based on Scarlet*s method
using estimated time constant of tewperqture sensaor.
Correction applied from surface to specified depth only,
downtrace only. |

-corrected/ smoothed data stored fof changing depth and

written on magnetic tape for further processing.

\




AVERG
STAPT

scouT

STDC

SCRAM.

SKOOP

EAGLE

DYNTS °

-

; HEADL
_ QUTPUT

RUN3
BUN7
RUN9
RUN13

¢

sensor time Jag. ( Dynamic Calibration )
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o

does a running mean on the array X -
plot data _ : ‘

print and/or display data on scope.

write 32 scans on/ﬂTsk data file. ‘ ad

converts NN scans to oceanographic data -D,S and T.

Convérsion based on 3 channel format of model 8400 DDL.
\

screens data according to set tolerances. Sets flags
to mark discontiﬁuities in acceptablé data, does

interpolation upto 2 points before setting flag.

A , T
display records on scope. S
|

controls OUTPUT and SKOOP ' 1

processes time series in T and S to account for temperature

—

checks for and converts header data,
prints‘PZ scan records. -

functions for averaging array. ‘

e —
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. CHTDSK
Digitizing table

S

\ DATAC digitizing program
T.-\\\*\\\~___;"iz)(' using Intergrated Digital Volt Meter
‘ J
0 data stored in disk file.

/
!
AIDJEX76.

checks and makes correction for skewed
paper allignment and'temperature trace
offset. \

, , computes salinity and temperature at
1 m interval after fitting a cubic
spline through the digitized points.

print sa]inify temperature at 1 m
depth intervals.

print actual digigézed points
5 £

store oceanographic parameters on tape.

Fig. A-15 Digitizing program on the DATAC. ' -
. ) ¥ ' , R

oy



data
7-track
tape

Raw STD
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Check for -headers

Read scan rate-.

compare with‘table of
conversion for 3 channe
format of model 8400 DDL

convert to EBCDIC if scan
rate is good.

set flag if.bad scan rate
found. ¢ \

Print header and/or scanned
data.

print flags Tgr bad data blocks

\

Write on a 9-track
EBCDIC tape the ST D
data.

i

/
/

’

Fig. A-16  I.S.T program for conversion frqnf7-track BCD to °

9-track EBCDIC tape.
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!

S T D data Calculate S,T,D,ot and P]ov S,T,ct

dynamic depth at standard . profiles.

depths. T-S diagrams

\ -

Calculate .Calculate dis?ance Compute differences|
geostrophic ' and bearings between - in dynamic depth
currents the two camps. anamolies for SB
using 4.23 and CB.

-

L

y
|

Plot and print
relative currents

at standard depths

CalcuTate absolute
currents by assuming
a known depih for

4

the layer of no motion.

.Compare the

\geostrophic

currents with

measured” currents.

Fig. A-17 Geostrophic current calculations .
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