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ABSTRACT

Sharp vertical temperature fronts, complex temperature
inversions and current patterns in the Chukchi Sea during

MIZPAC 78 in July 1978 were investigated in a further effort

"to define the mechanisms for the formation and distribution

of finestructure. In conformity with previous findings,
upper and lower-layer fronts near the ice tended to be coin-
cident in the V-shaped zones between bifurcating current
streams; such fronts were not associated with significant
finestructure. Previous thought would indicate that fine-
structure is found near wedge-like fronts. However, the
situations for which this could be tested in 1978 were too
few to be conclusive.

Two of the principal ice embayments, which were apparently
caused by warm water streams, were found in approximately the
same locations as in previous years. Upper-level current
streams, deduced from the ice melt-back into embayments and
from warm-water cores, appear to be bathymetrically steered.
Both of the above mentioned bays contain temperature fine-
structure. In the embayment north of Cape Lisburne the fine-
structure was fairly widely distributed in the southern half;
in the embayment west of Pt. Barrow the finestructure was
principally near the northern ice boundary. In the central
Chukchi Sea some finestructure was found well south of the

ice.
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I. INTRODUCTION

A. BACKGROUND

Oceanographic investigations of the marginal sea-ice Zone
Pécific (MIZPAC) in the Chukchi Sea during the melt season have
consistently uncovered phenomena which significantly deteriorate
the propagétion of underwater sound. Specifically, these

include temperature fronts with horizontal gradients as large

‘as 2°C/km and temperature finestructure with peak-to-peak

fluctuations often exceeding 2°C. The operational significance
of the effects of these phenomena is readily apparent upon
viewing the sound velocity (SV) profile in Figure 1. Yet, it
was over twenty years after the NEREUS recorded the first ob-
servations of finestructure in 1947 that the Arctic Submarine
Laboratory, Naval Ocean Systems Center, San Diego, California,
established PROJECT MIZPAC to investigate these phenomena. The
chartered purpose of this project was to develop arctic sub-
marine technology and to increase the understanding of the
associated complex sound speed profiles and the inherent
changes in propagation conditions both temporally and spatially
in the marginal sea-ice zone (MIZ).

There have been six MIZPAC cruises conducted by the Naval
Postgraduate School (NPS) since the first venture in 1971.
The investigation of oceanographic processes responsible for
the complex temperature and salinity structure near the ice

margin in the Chukchi Sea has been the object of these cruises.
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Additionally, the later cruises, especially MIZPAC 78, sought
to correlate earlier findings with processes that are still
occurring on an annual cycle and validate hypotheses and pre-
dictions based upon this growing data bank. These hypotheses
and predictions will be discussed in detail in subsequent
sections.

‘ MIZPAC 51 and 72 results were reported by Paquette and
Bourke (1973) who described the temperature structure and
fluctuations near the ice edge and the nature of the two-

layered water structure south of the ice. Paquette and

| Bourke (1974) discussed the Alaskan Coastal Current, the

descent of its warm water into mid-depth along the continental
slope, and its eventual entry into the Beaufort Sea. It is
significant to note that as a result of these two cruises,
finestructure was believed to exist only in the near vicinity
of the ice edge.

The space-time distribution of finestructure during MIZPAC
71 was examined by Corse (1974). He found a correlation
between finestructure elements in a time-series over a period
of several hours, but poor spatial correlation over distances
as short as 1 km. The concept of finestructure formation due
to the interaction of northward flow with ice keels causing
a downward mixing of warm surficial water was introduced in
this work as was the possible correlation between internal
waves and the type of finestructure.

Karrer (1975) examined data from MIZPAC 74. He made heat
and ice-melt evaluations in the vicinity of the ice edge and

hypothesized that the local dynamic height gradient near the

12




ice edge was a possible driving force for downward mixing.
The MIZPAC 74 results were further examined by Paquette and
Bourke (1976). They suggested that finestructure formation
was due to a lateral mixing process in mid-depth between
warmer southerly water and a cold under-ice water, both of
nearly the same density. Uneven mixing and interleaving of
wéter types were hypothesized to be due to complex lateral
pressures near the ice and the association of strong fine-
structure Qith rapid melting and rapid flow of warm water

toward the ice was reported. They suggested that the ice

‘margin controlled the northward flow of water, i.e., the

Bering Sea water appeared to move northward at about the
same rate as the ice margin retreated.

The results of MIZPAC 75 were reported by Zuberbuhler
and Roeder (1976). The lessons learned from the previous
MIZPAC cruises were incorporated in the cruise plan and some
basic hypotheses on the formation and distribution of fine-
structure were tested. Significant discoveries included the
existence of strong temperature fronts at the ice edge, the
formation of finestructure in regions far removed from the ice
edge, the existence of two water masses lying side-by-side and
not mixing, and lifetimes of finestructure zones in excess of
two days. An attempt to associate finestructure with directly
measured currents was made, but the conclusions developed are
questionable due to the effects of the ship's magnetism on the
compass in the current meter.

Handlers (1977) studied aspects of a melt water zone and

the correlation of the water flow rate with the rate of ice

13




edge retreat. He suggested that the surface currents flow
faster than the ice retreats during the summer in the eastern
half of the Chukchi Sea.

Paquette and Bourke (1978b) summarized the knowledge
gained during the MIZPAC 71, 72, 74 and 75 cruises. They
described the Chukchi Sea as a relatively shallow body of
wéter where the only significant topographic feature is the
Barrow Canyon to the northeast. It will be later shown that
the relatifely small changes in bottom bathymetry appear to
exert a strong influence on current direction. The ice edge
recession rate was determined to be a function of the heat
supplied by water flowing northward from Bering Strait and
the ice embayment north of Cape Lisburne and off Point Barrow
were linked to bifurcations of this current. The formation
of temperature and salinity fronts in the upper layers of the
water everywhere along the ice edge were discussed as were
the lower-layer fronts in which most of the finestructure to
date had been found. The concept of a coincident front where
the upper and lower-layer fronts coincide was introduced as
was its association with an area of relatively weak component
of current flow toward the ice, i.e., a zone of current shear
parallel to the ice edge. The distribution of finestructure
in the MIZ was given a geographic definition relative to the
ice edge., i.e., within 10 km of the ice edge, and the rapid
dissipation of heat after penetrating the ice was given as a
reason for the scarcity of finestructure behind the ice edge.
The year-to-year variability in the distribution of fine-
structure was attributed to annual variations in local ice-melt

conditions.
14
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B. MIZPAC 77

MIZPAC 77 took place in July and August, 1977. The primary
objective of this cruise was to find and characterize fine-
structure in the vertical temperature profiles and to discover
its horizontal distribution and causes. The results of the
cruise, as reported by Graham (1978), were strikingly similar
to the results of previous MIZPAC cruises with respect to the
location and intensity of finestructure and inferred current
patterns. He was subsequently able to present theoretical
‘conclusions that were significant in the formulation of the
cruise plan for the subsequent MIZPAC cruise in 1978,

Considerable finestructure was discovered during the
MIZPAC 77 cruise, some of it deeper than any previously seen
(>50m). The most striking temperature fronts noted thus far
were found at the ice edge. A strong vertical temperature
front was found within 15 km of the one reported by Zuberbuhler
and Roeder (1976). All finestructure found in MIZPAC 77 was
observed in a trancition zone between under-ice water and
water from the south.

Upper level currents were inferred from the rate of
recession of the ice edge in 1977 as well as the shape of the
ice edge as reported in other MIZPAC cruises. The inferred
current patterns were in general agreement with those previouslf
published.

Graham (1978) further suggested a geographic distribution
of finestructure and temperature fronts that was associated

with the direction of warm upper leve. \rrents. A moderate

15




to strong componeﬁt of flow toward the ice was coupled with
extensive finestructure while a weak component showed little
or no finestructure. The strong vertical temperature fronts
were found at the ice edge where the inferred upper level
currents bifurcated and left an area of slow ice recession

between the two branches.

C. MIZPAC 78

The MIZPAC 78 cruise took place aboard USCGC GLACIER

‘from 14 to 28 July 1978. The cbjectives of the cruise were

twofold. The primary objective was the continuation of the
finding and characterization of finestructure in the vertical
temperature profiles and the discovery of its horizontal
distribution. The other objective was to test the Graham
(1978) hypothesis concerning the geographical distribution
of finestructure and temperature fronts and the inference
of upper level currents from the ice edge recession rate.
The stations sampled during MIZPAC 78 are shown in
Figure 2; an "H" before a station number indicates a station
occupied by a hovering helicopter. The ice edge depicted in
Figure 2 (and all other figures with an ice edge) is not
synoptic, but is constructed from the position of the ice
edge at the time a station was occupied within sight of or
within radar range of the ice edge. Transects where cross
sections of temperature and salinity have been constructed
are indicated by the solid lines connecting stations and

numbered sequentially while broken lines indicate stations

16
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Figure 2. MIZPAC 78 station plot. The position
of the ice edge at the time of each
observation is also shown. The bold
straight lines indicate positions of
temperature-salinity cross-sections.
Broken lines indicate nested tempera-
ture profiles.
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for which nested temperature profiles have been drawn. Table I
is a summary of some of the significant information pertaining
to the MIZPAC 78 cruise.

Based on the previously stated objectives, the MIZPAC 78
cruise plan was laid out in two phases. The first part of the
c;uiseAinvestigated the central Chukchi Sea with concentration
on the embayment north of Cape Lisburne. Stations were occu-
pied in the center of the embayment as opposed to previous

cruises when the majority of the stations were sampled in close

proximity to the ice edge around the periphery of the embayment.

The second part of the cruise was dedicated to investigating
the eastern Chukchi Sea with emphasis on the embayment to the
northwest of Point Barrow and the peculiar ice ''tongue'" found
there. Temperature and salinity cross sections were construc-
ted immediately upon completing a line of stations to determine
the location and intensity of temperature or salinity fronts
and afford an opportunity for reinvestigation of an area or

for altering the cruise plan to investigate a particular
phenomena. Ice margin crossings were made to localize tempera-
ture fronts and determine the extent of the projection of

"under-ice'" water from the ice margin.

D. OBJECTIVES

As was the case in previous MIZPAC cruises, considerable
finestructure as well as several well-defined temperature
fronts were discovered during the MIZPAC 78 cruises. This

thesis will attempt to correlate the distribution and intensity

18




TABLE I

MIZPAC 78 CRUISE SUMMARY

EMBARKATION:
. DEBARKATION:

OBSERVATION PLATFORMS:

OCEANOGRAPHIC EQUIP-
MENT:

NAVIGATION SYSTEMS:
STATIONS OCCUPIED:

STATIONS WITH USEFUL
DATA:

14 July at Nome, Alaska

28 July at Point Barrow, Alaska

USCGC GLACIER and her two helicopters
1. Two lightweight CTD systems from

the Applied Physics Laboratory,
University of Washington.

(38 )
.

Nansen bottles and reversing
thermometers.

3. Pressure-Lok gas syringes.
LORAN/Radar/OMEGA/Visual
130

128

58

Dr. John Newton, NOSC, Chief Scientist
Dr. Robert G. Paquette, NPS

Dr. Robert H. Bourke, NPS

LCDR Warren E. Small, USN, Student at
NPS

LT Walter R. Lohrmann, USN, Student
at NPS

LT Patricio Padilla, Ecuadorian Navy,
Student at NPS

19




of these phenomena and compare the results with previous years.
Specifically, the results will be tested against the results

of Graham (1978) and the association of current patterns, ice
recession rates and the occurrence of fronts and finestructure
will be further examined. This will be accomplished by examin-
ing areas investigated during MIZPAC 78 in light of the theories
offered by Gfaham (1978) and Paquette and Bourke (1978 b and c).

These areas include:
®the ice embayment north of Cape Lisburne
®the ice embayment northwest of Point Barrow

®the peculiar ice "tongue" to the south of this last
embayment

®the regions of relatively slow ice edge recession

®the ice edge north of Point Barrow




II. EQUIPMENT AND TECHNIQUES

A. CONDUCTIVITY-TEMPERATURE-DEPTH RECORDER (CTD)

The primary data-gathering instrument during the MIZPAC 78

‘cruise was ‘the hand-lowered CTD developed by the Applied
Physics Laboratory, University of Washington (APL-UW)
(Pederson; 1973) . Data were recorded digitally on a cassette
tape mounted on the winch drum. A lowering rate of approxi-
mately 1 m/sec was used, resulting in a data record rate of
three points/m. Before leaving station, the CTD data were
graphically plotted using a Hewlett-Packard 9100 series
computer/plotter system. This technique enabled the watch
team taking the measurements to ensure that good, usable
data had been recorded. The plotted data afforded the
scientists an opportunity to alter the proposed course of
action to investigate a particular area or phenomena if
necessary.

Twenty-four stations were occupied by lowering the CTD
from a hovering helicopter. The same plotting procedure was
followed as soon after the flight as possible. The utility
of onboard plotting was shown when it was found by this
technique that the CTD failed to function properly during
two station lowerings on one flight. In all, 130 stations
were occupied and usable data were recorded from 128 of them.
Helicopter station locations were determined by fixing the
ship's position at the time of the sampling and plotting a

radar range and bearing to the hovering helicopter.
21
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Both CTD's experienced equipment problems, with the re-

placement of several circuit boards becoming necessary before

reliable operation could be expected. The malfunctions have

e

been atributed to vibrations in several instances and a leaky
cable in one other. The value of a sufficient supply of repair
and replacement parts manifested itself during these situations.

After the cruise the cassette tapes were taken to APL-UW

B, R

where the data were transferred to a seven-track tape and 1

forwarded to NPS for editing and analysis.

B. NANSEN CASTS

Standardization of the CTD data was accomplished by com-
paring it with temperature and salinity data taken by reversing
thermometers and Nansen bottles. A total of 58 casts were made
with a Nansen bottle approximately 1 m above the sea floor.

It was expected that this depth would place the bottle in a
portion of the water column normally characterized by a uniform
temperature and salinity profile. Forty-five samples were
found to have been positioned in an isothermal layer and 38 in
an isohaline layer. Positioning the bottle in such uniform
layers was necessary to avoid errors due to depth uncertain-
ties and non-simultaneity between the CTD and the Nansen

bottle.

22




C. CURRENT METER

In order to monitor the interchange of southern and
northern bottom water near the ice edge, current speed and
direction was to be measured with a current meter moored 2 m
above the sea floor. An attempt at obtaining measurements
was initiated, but extensive difficulties in maneuvering the
icebreaker prevented further utilization of the current

meter.

- D. GAS SYRINGES

MIZPAC 78 marked the first cruise that gas syringes were
used to draw atmospheric and subsurface gas samples for
future analysis ashore by gas chromotography techniques.

The type of syringe used was the "Pressure-Lok Series A" gas
syringe manufactured by the Precision Sampling Corporation.

A total of 10 samples were taken at three separate stations
and were analyzed through the courtesy of Dr. John Kelley of
the Naval Arctic Research Laboratory for methane and carbon
dioxide. The results were inconclusive; any further attempts
to find correlations between these gases and water type or
finestructure should be based on at least four times an many
samples. Hence, the results will not be discussed in this

report.

23




III. DATA REDUCTION AND DISPLAY

A. ERROR ANALYSIS AND CORRECTION

1. Temperature

The temperature of the water near the bottom was deter-
mined at 58 stations using standard reversing thermometers and
these values were used as the standards for the temperature
error analysis. CTD errors were plotted against time to find
outliers and determine if there was a systematic drift.
Fourteen outliers were identified and discarded. Further in-
vestigation revealed that most of these abnormalities were
caused by excessive time delays between CTD lowerings and
Nansen casts, probable equipment manfunctions, large tempera-
ture gradients over a small depth change, and excessive
differences between sample depths for the CTD and Nansen casts.
However, no systematic drift was found and the remaining 44
data points were used to calculate the statistics summarized
in Table II. The raw CTD temperatures were subsequently

corrected using the tabulated mean error correction.

2. Salinity

The salinity of the bottom water at 51 stations was
determined from the Nansen samples by means of a portable
laboratory salinometer. As with temperatures, the CTD

salinity errors were plotted against time to find outliers
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and determine if there was a systematic drift. Ten outliers
were found and discarded. The probable causes for these de-
viations were similar to those causing the deviations in the
temperature recordings and resulted in a rapidly changing
salinity reading with depth. Again, no systematic draft was
found and the remaining 41 points were utilized in the calcu-
lation of the statistics presented in Table II. The salinity
values, despiked as described in a following paragraph, were

corrected using the tabulated mean error correction.
3. Editing

The CTD data contained erroneous values for a variety
of reasons and were edited by Bourke and Paquette using a
-modified computer program, EDIT 4. The causes of error and

their treatment are as follows:

'Salinity spikes due to a mismatch in conductivity
and temperature response constants. These will

be discussed in the next section.

®Anomalies produced when the lowering rate changed
or reversed during the ship's rolling. These
anomalies have their origin in the same instru-
mental causes as salinity spiking. Since the
response constants of the sensors change with

the rate of lowering, and the rate is continually
varying in these cases, nice automatic correction

is virtually impossible. We soon learned to lower

25

e, s~




T

TABLE II
MIZPAC 78 ERROR ANALYSIS SUMMARY

Temperature Salinity
NUMBER OF POINTS 44 41
MEAN ERROR CORRECTION
(NANSEN-CTD)
CTD #3 +o.01zgc -0.007%/00
CTD #4 +0.045°C +0.007°/00
STANDARD DEVIATION
CTD #3 +0.0140°C 30.01843/00
CTD #4 +0.0358°C +0.0204°/00
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faster when the ship rolled up and vice versa,
which eased the difficulties somewhat. However,
relatively few stations were so affected. The
editing program contains a "ratchet" routine which
rejects decreasing values of depth and interpo-
lates for all the variables a number of points
equal to the number of rejected points between
. the present accepted depth and the previous
accepted depth. This accomplishes considerable
rectification but unavoidably leaves some

response error.

®Individual instrumental noise spikes. When these
are single isolated spikes, they are easily
removed by a routine called NOISE. However, if
there are two or more points in the spike, the
spike is not unambiguously distinguishable from
a real spike, except that its magnitude may make
it suspect. Such spikes were flagged for visual
inspection and removed by other routines in the

EDIT 4 program.

®Self-heating of the conductivity cell when it is
motionless in the water. This phenomena occurred
most often at the bottom and the aberrant data

were removed manually.
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4. Despiking

Despiking was carried out by Professors Bourke and
Paquette following principles outlined in their report (1978a).
A correction based upon the slope of the conductivity curve
was separated from that due to physical displacement of the
sensors and digital sampling lag. This resulted in a some-
what more logical correlation procedure.

As was found previously, thefe is some subjectivity

involved in assigning the constants for despiking which were

-found to vary somewhat from station to station. In several

cases, it could be seen that perfect despiking was not possible
by any choice of constants, which suggests that second or
higher-order sensor responses are involved. Modeling such
responses is not feasible at present. Therefore, it was
necessary to smooth the despiked data with a running mean

over five points. As a consequence of the subjectivity in
choosing constants, it is not possible to certify that real
salinity inversions, if such exist, have not been removed by

despiking.

B. CALCULATIONS AND DISPLAY

1. Sound Speed and Sigma-t

Using the corrected values of salinity and temperature,
values of sound speed and density (sigma-t) were calculated
by computer. Plots of temperature, salinity, sound speed and

sigma-t were subsequently produced and are included in a formal
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technical report of MIZPAC 78 currently being published
(Paquette and Bourke, in press). The temperature and salinity

plots are the only results being utilized in this thesis.

2. Ice Edge

As was mentioned earlier, the ice edge depicted in
Figures 2, 8, and 9 is not synoptic but rather the result of
combining visual and radar observations of the ice margin
while occupying stations in or near the ice. Gaps in the
~presentation of the location of the ice edge were filled in
by plotting the ice edge as promulgated by the routine ice
edge messages originated by the Fleet Weather Facility,
Suitland, Maryland. This type of presentation is more useful
than the synoptic in correlating station data with ice-related

phenomena.
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IV. OCEANOGRAPHY OF THE MIZ - PREVIOUS OBSERVATIONS AND THEORIES

A. WATER MASSES

The three areas described by Graham (1978) and modified
slightly by Paéuette and Bourke (1978b) will be used in subse-
quent discussions in this study. Two of the areas, defined as
northern and southern waters, contain water with relatively
consistent temperature and salinity values. The third area,
c#lled a transition area, lies between the other two and is

characterized by a variety of temperature and salinity profiles.

1. The Northern Water

The northern area water, referred to in the future as
northern water, is found under the ice and generally within
20 km outward from the ice edge. A representative plot of the
property profiles of a typical station occupied during MIZPAC
77 in northern water is shown in Figure 3. A sharp halocline
extending anywhere from 2 to 18 m below the surface is found
to normally divide the water of this area into two layers of
sharply differing salinities.

The lower layer contains water of relatively high
salinity, usually ranging from 32.8 to 33.5 ®/00. The mean
maximum salinity appears to vary from year to year, possibly
due to changes in the rate of flow through Bering Strait and

the amount of sea-ice formed (Paquette and Bourke, 1978b).
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Water in this saiinity range has an equilibrium freezing
temperature of -1.6°to -1.8%C, i.e., the relationship of
salinity to the freezing process prevents the water from
becoming any colder. Paquette and Bourke (1976) suggested

that this water is a relic of under-ice brine convection
resulting from the freezing of seawater during the previous
ﬁinter. Théy called this water, plus slightly warmed, slightly
diluted products, northern bottom water (NBW). This year,

water with salinities lower than 32.8 °/oo but with sufficiently

cold temperature (-1.6o and -1.7°C) to be considered NBW was

.found and will be considered as diluted NBW.

Overlying the NBW is a layer of slightly warmer
(-1° to 0°C) and significantly less saline (s 28 %/oo) water.
The property changes are clearly due to the effects of ice
melting while the thickness of this layer is a function of
the rate of melt and the speed of the upper layer current.

This layer shall be referred to as upper-level northern water.

2. The Southern Water

The area in which soutern water was found includes
all of the Chukchi Sea from which all evidence of the ice and
the northern water have been removed by warm currents and pro-
tracted insolation. As it flows through Bering Strait,
southern water is only slightly stratified in temperature and
virtually isohaline in salinity as noted in Figure 4. However,
north of Bering Strait, in‘the central Chukchi Sea, these
waters are found stratified strongly in temperature and weakly

in salinity with the thermocline at an average depth of 5§ to
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20 m. The lower layer, termed southern bottom water (SBW),
has temperatures varying between 0° and 2°C while the upper
layer demonstrated maximum temperatures as high as 9°C in
1978 and 10°C in 1972. Salinities in the SBW generally vary
between 32.2 and 32.6 o/oo, while the upper layer is con-
siderably f;esher, 30 to 32 °/00. A representative station
in the southern area is typified by the property profiles

shown in Figure 5.

3. The Transition Zone

The transition zone waters lie between the well-defined
northern and southern bottom waters. They are characterized
by a progressive change in physical properties in a horizontal
direction between the two bottom water masses discussed pre-
viously. Its dimensions vary considerably with widths extend-
ing from a few kilometers to as much as 125 km between the two
bottom water masses. The nested temperature profile shown in
Figure 6 illustrates how the transition zone water is gradually
modified from the cold northern bottom water at Stations H-19
and 91 to the warmer water at Station 92. Another example, in
which the zone is perhaps 70 to 14b km wide, may be seen in

Figure 10.

B. TEMPERATURE FRONTS

Temperature fronts have been found during every MIZPAC
cruise since 1975. In this thesis, two types of temperature

fronts will be considered. First will be the upper-layer
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fronts which are associated with the melting of sea ice (this
type of front usually has avsalinity front associated with it).
Upper layer fronts generally have strong horizontal gradients
of temperature (2°C/km) and salinity (2 %/00 per km). The
upper-layer fronts encountered during MIZPAC 78 rarely
extended deeper than 15 to 20 m. An examplie of an upper layer
temperature front is seen in Figure 18 where the ice edge at
Station H-12 is cooling the warm upper-layer water.

The lower-layer fronts examined were generally associated

-with the contact of northerly-flowing southern bottom water

or transition water with the cold relic northern bottom water
near the ice edge (Paquette and Bourke, 1978c). These fronts
were quite complex in nature with respect to their location
and strength and were found to be the area of most fine-
structure formation. An example of a lower layer front is
seen in Figure 10.

The horizontal separation between the upper and lower-
layer fronts in the MIZ has been of considerable interest
during the last two MIZPAC cruises. Paquette and Bourke
(1978c) suggesfed the possibility of considerable distances
between the two (as great as 70 km) generally in regions
where the current flow is mainly normal to the ice edge.

They further indicate that a wedgg-like lower layer front "
exists where there is a moderate component of flow towards
the ice. This type of front is somewhat irregular, but the
northern and southern bottom waters are still well-defined
and regions having such fronts seem to be areas of extensive
finestructure formation. Both authors agreed with the
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Graham (1978) prediction of coincident upper and lower-layer
fronts in areas where there were weak components of current
flow normal to the ice, particularly where the currents had
bifurcated and the ice edge recession rate wés relatively
slow. Such an area is quiescent in the upper levels and the
flow of southern water effectively shears off the northern
bottom water fhat would normally protrude from the ice edge.
Finestructure is not expected to be formed under these condi-
tions and none has been observed in the immediate vicinity
of coincident fronts. The fronts found during MIZPAC 78 will
Be examined in light of these suggestions in subsequent

discussions.

C. FINESTRUCTURE

Finestructure is characterized by large property inver-
sions over a relatively small vertical distance. The property
pertinent to this thesis is temperature, which has been found
to have fluctuations as large as 29C over a vertical extent
of just a few meters. An example of a temperature profile
exhibiting finestructure has already been shown in Figure 1
and may also be seen in Figure 7, Station 43. The classifi-
cation scheme used to described the intensity of finestructure
in this thesis is displayed in Table III (after Paquette and
Bourke, 1978b). The concept of a '"nose," introduced by
Paquette and Bourke (1978b), is included in this table. A
chart illustrating the intensity and distribution of finestructure
with respect to the ice edge during MIZPAC 78 is shown in
Figure 8. Table IV summarizes this intensity and distribution.
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TABLE III
* MIZPAC 78 FINESTRUCTURE CLASSIFICATION SYSTEM
Peak-to-Peak
Symbol Category Fluctuation
Open circle . Nonexistent <0.2%
Circle with dot Weak 0.2 to 0.5 deg C
Circle with cross Moderate 0.5 to 1.0 deg C
Solid circle Strong More than 1.0 deg C
Open tab on circle Nose w/o structure
Solid tab on circle Nose with structure
40
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Figure 8.

Distribution and intensity of
finestructure during MIZPAC 78.
Symbols are described in Table II.
The ice edge is shown as the
hatched line.
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TABLE IV
DISTRIBUTION AND INTENSITY OF FINESTRUCTURE - MIZPAC 78

Station
Number Category Depth
003 . Weak 09-14 m
013 Weak 38-44 m
014 Weak 27-27 m
015 . Weak 20-24, 32-36 m
017 Strong 15-20 m
022 Nose 04-09 m
026 Strong 10-13 m
Weak 31-39 m
028 Strong 08-18 m
029 Weak 06-11 m
Strong 19-27 m
030 Strong 10-20 m
031 Moderate 25.32 m
032 Weak 15-25 m
033 Moderate 15-19 m
034 Strong 16-25 m
037 Weak 12-25 m
038 Weak 08-11 m
039 Moderate 08-21 m
040 Strong 07-14 m
f 041 Moderate 06-21 m
042 Weak 07-14 m
i 043 Strong 08-21m
42
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TABLE IV (Cont'd)

Station
Number Category Depth

044 | Moderate 16-19 m
045 Moderate 07-21 m
052 Moderate 24-28 m
056 ' Nose 01-08 m
060 . Strong : 05-32 m
061 Nose 05-15 m
Moderate 85-90 m
063 Nose 02-09 m
064 Nose 03-09 m
066 Moderate 06-12 m
067 Nose 05-10 m
Moderate 65-69 m
068 Nose 03-27 m
Moderate 60-65 m
Weak 87-90 m
069 Nose 15-20 m
071 Nose 04-09 m
: Moderate 09-15 m

072 Moderate 03-09, 16-25 m
077 Strong 07-18 m
Weak 73-91 m
078 Strong 13-23 m
085 Nose 04-09 m
090 Nose 15-20 m
091 Strong 06-11 m
096 Weak 08-19 m
097 Weak 17-22 m
098 Weak 12-17 m
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Station

Number

099
101
102
104
106
H-4
H-7

H-8

H-11
H-12
H-18
H-19
H-20

TABLE IV (Cont'd)

Categorz
Weak

Weak
Weak
Weak
Strong
Strong

Nose
Strong

Weak
Weak
Weak
Weak
Nose

Moderate

44

Depth

13-23
03-08

05-10, 19-22 m

08-11
06-20
19-25

03-08
11-19

11-14
08-15
03-09
15-24
03-13
12-20

m

m

m

m

m
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The processes that foster finestructure formation near
the MIZ have been discussed by Corse (1974), Karrer (1975),
and Paquette and Bourke (1978b) and will not be covered in
this discussion. Rather, the predictions of Graham (1978)
will be examined in light of the data gathered during MIZPAC
78 (refer to'Section IB). As each particular region is
examined, the distribution with respect to inferred currents

and the ice edge will be considered.

D. INFERRED CURRENTS

1. Ice Edge Recession

Paquette and Bourke (1978b) indicated that the melting
of the ice edge is concentrated at the line of contact of the
northward-flowing southern water and the ice edge. This was
expanded by Graham (1978) who associated the recession of the
ice edge with a presumed iceward flow of the warm upper level
currents since they were expected to carry most of the heat
to the ice. By plotting the positions of the ice edge and
their subsequent movements, he inferred the movement of
currents as a function of ice edge recession. The resulting
flow regime conformed well to the patterns postulated by
Coachman et al. (1975). Figure 9 from MIZPAC 78 shows results
closely corresponding to Graham's (1978) hypothesis. The
upper level currents inferred from the cores of warm water
correspond well with both Coachman et al. and Graham and also

with the ice melt-back pattern.

45

il i,



40

B

| 20 s

70°

ALASKA ]
—17-18 LY J
——— 25 JLY 4
i
v 2 ]
"..JIe ]
) 4
—66°N
r/ ) J
“ ;" mF WALES 1 1 Lot b Lassstasd 1
172 170° 168° 166* 164° 162° 160° 158° 156°W

Figure 9.

Upper level currents in the

Chukchi Sea as inferred from gross
ice edge recession rates from 17

to 25 July 1978, bottom bathymetry,
and water column temperature maxima.
Bottom contours are in fathoms.

The dashed line paralleling the
coast represents the 10 fathom

. curve.
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2. Bathymetric Steering

Prior to MIZPAC 78, the MIZPAC researchers tended to
consider the Chukchi Sea floor as flat and bathymetrically
featureless with a more or less uniform depth of 50 m. An
examination of Figure 9 reveals that this consideration is
not completely valid. A change in depth of 5 to 10 fm over
a distance of a few kilometers may not seem particularly
important ét first, but when such a change represents a
variation of 10 to 20 per cent in the length of a water column
éontaining vorticity, it takes on a new significance. The
effects of these changes in bottom topography must be further
examined.

Coachman et al. (1975) indicated that the upper and
lower-level flow patterns in the Chukchi Sea are to a marked
degree parallel to the bottom contours. The divergence of
the 40 and 50 m contours north of Cape Lisburne (Coachman
et al., 1975, p. 142) was coupled with the split of the current
coming through Bering Strait and branching, following Herald
Canyon to the west and the bottom contours leading to Barrow
Canyon to the northeast. However, the writer tenatively
assumes that bathymetric steering may take place on slopes
tilting downward either to the left or right of the direction
of flow and irrespective of the directionof the isobaths. The
work of Johnson (1978) indicates that the effects of bathymetry
may be complex and dependent on the magnitudes of several
parameters. This concept of bathymetric steering will be
applied to the currents believed to be causing the ice embay-

ments discussed in subsequent sections.
47
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V. ANALYSIS

A. CROSS-SECTIONS NOS. 2 AND 3

Figures 10 and 11 show a striking coincident temperature
front that extends from the surface to the sea floor. In both
cases it is almost precisely at the ice margin and evidently
extends east-west at least the 4 km spacing between the two
lines. A front of similar nature and intensity was found in
the same general geograpﬁic location and ice edge setting
during the MIZPAC 75 and 77 cruises.

Using the concepts of ice edge recession rate to infer
upper-layer currents and the theory of bathymetric steering
" introduced earlier, we can see from Figure 9 that the loca-
tion of the front depicted in Figures 10 and 11 is in a
quiescent, semi-stagnant or vortical area of upper level flow.
‘The flow regimes in the frontal areas of the 1975 and 1977
cruises were similar. The finding of a coincident temperature
front in such a region tends to support Graham (1978) who
predicted such fronts when the flow of southern water is weak
and parallel to the ice edge.

Figure 10 shows -1.7°C water associated with a salinity
of 32.6 %/oo at Station 20. Although this is a rather low
salinity for NBW, it is assumed that higher salinities would
be present farther north into the ice. Figure 11 shows the
same general area revisited almost 12 hours later. Here we
find the high salinity (32.8 ®/oo) water at Station 21,

somewhat further south than Station 20.
48
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As would be expected from Graham's hypothesis (1978),
little or no finestructure was found in association with this
coincident temperature front in 1978. However, finestructure
lenses were found at Stations 15 and 13C, 70 and 160 km,
respectively, south of the ice edge. These examples are
believed to be part of a large scale lateral mixing process.
Tﬁe low vertical salinity (density) gradient at the depth of
the finestructure would tend to favor larger scale interleaving.

As was mentioned earlier, Figure 11 represents a revisit
to a strong coincident front 12 hours later. The front has
-appdrently maintained its intensity and location with respect
to bathymetry, but by navigation the front and ice edge have
moved a little south. The upper layer has thinned from 13 to
7 m and the thermocline has become considerably less intense.
Seemingly, there has been a horizontal divergence near the

surface and a convergence at mid-depths.

B. CROSS-SECTIONS NOS. 4 AND 5

The area depicted by Figures 12 and 13 represents the
region of the most intense finestructure found during MIZPAC
78. The weak mid-depth salinity gradients found in these
cross-sections contribute to the extensive interleaving. The
complex nature of the flow regime in this area makes corrobora-
tion of previous theories difficult, i.e., the association
of current patterns with finestructure and frontal formation.

However, a few points are worth considering.
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Neither upper nor lower-layer fronts are seen in Figure 12
probably because of the distance from the ice edge and the
failure to intersect either of the two basic water masses.
This section is evidently in transition water. In Figure 13,
which extends farther north, there is a front in the lower
layer which ;nvolves northern bottom water only as cold as
-1..6%€¢. Again, the -1.7°C water in Figure 13 has an associated
salinity of 32.6 °/oo, lower than the 32.8 °/oo normally
associated with northern bottom water. Some diluting process
is assumed to have taken place. Note also that a wedge-like
front is forming. Note also the pocket of high salinity
water at the base of the slope in this figure. Evidently,

a more saline northern bottom water exists in places. Probably
it existed in many places earlier and has not been eroded or
pushed back here because of the protective action of the
slope. Presumably, a station farther north and closer to

the ice edge would reveal characteristic northern bottom
water. Cross-sections of stations occupied in the same
general area in 1975 showed a similar lack of fronts but
intense finestructure activity:

It should be note& that Stations 26, 28 and 34 are side
by side, each approximately 10 km apart (Figure 14). These
stations show marked finestructure of similar characteristics.
Evidently, in this region, finestructure elements are at
least 20 km in breadth, much longer than their intrusive
length. Paquette and Bourke (1978c) reported a similar
situation under almost identical ice edge/current conditions

in MIZPAC 74.
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C. THE WESTERN EMBAYMENT

A review of the shape of the ice edge during all MIZPAC
cruises to date reveals a recurring ice embayment to the
north of Capte Lisburne (see Figure 2). The consistency of
this embayment's size and location and its value as an indi-
cator of upper-level current flow have made it an object of
extensive investigation in the MIZPAC program. In previous
years stations were occupied around the periphery of this
embayment and a number of cross-sections were taken normal
" to and into the ice edge. However, during MIZPAC 78, stations
were occupied also in the center of the embayment to discover
the phenomena associated with the core of warm surface flow.

The line of stations occupied through the center of the
embayment is represented by Figure 15. A northern bottom
water with a salinity of only 32.6 ©/00 is evident in this
cross-section at the northernmost station, H-14. This
section is taken through the core of the jet-like current
that is presumably causing the embayment and shows a continual
supply of warm upper-layer water from the south. Only just
south of Station H-14 does this water appear to show the
cooling effects of the melting ice. It is assumed that this
water continues to flow northward under the ice. The southern
bottom water evidently extends up the embayment and pushes
the northern bottom water northward so that it extends to
only a few kilometers outside the ice edge. There is no
extension, far to the south, of the lower layer front, as was

suggested by Paquette and Bourke (1978c).
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Figure 16 represents a cross-section across the west side
of the embayment and its jet core current. The edge of northern
bottom water is seen extending out from the ice at Station H-5
in the classic wedge-shaped front. The core of warm water
flowing northward is again evident in this section as it is
in'Figures 17 and 18. Figure 17 is a section across the
eastern half of the embayment, an extension of the crossing
in Figure 16. The reason for the lack of a more distinguishable
front in the lower layer of this cross-section is not clear
but might be related to the tendency of the current to flow on
the right side of the embayment and scour out the bottom water
under: the edge of the ice.

The extensive finestructure found in the southern and western
portions of the embayment (see Figure 8) may be éontrasted to
the results reported by Zuberbuhler and Roeder (1976). Their
measurements were taken mainly around the periphery of the
embayment at or just inside the ice. It was only near the
mouth of the bay and a little outside that they found notable
finestructure. In similar locations our results would agree.
The existence of finestructure in a region where strong hori-
zontal fronts are absent indicates that near the sides of the
embayment lateral mixing and intrusions must be occurring
with northern bottom water, with the mixing strongest near
the surface. The wedge-like front seen in Figure 16 is the
result. One should note again that the low vertical salinity
gradient is conducive to finestructure formation. It should
be further noted that finestructure essentially disappears
at Station 46 and farther north.
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In contrast, little or no finestructure is found on the
eastern side of the embayment, possibly due to the stronger
vertical density gradient in mid-depth. By some extension
of the definition, a weak coincident front is seen in Figure 17
at Station 56 which would indicate a mild shearing of water
masses and an area of weak finestructure activity.
| Further.to the north, Figure 18 depicts a crossing of the
eastern side of the embayment. Warm water on the surface is
still strikingly evident and is centered well to the right
of the embayment axis. There is a sharp coincident front
essentially at the ice edge and, in agreement with Graham's
hypothesis (1978), there is no finestructure near the front.
It is not clear why the front should be sharper on the eastern
side of the embayment than on the western side (Figure 16).

Considering the bottom contours and the warm cores from
the temperature cross-sections, it would appear that the
current which erodes the embayment had its origin from one of
the branches of the current bifurcation off Cape Lisburne.

The current hppears to be initially steered by the trough on

the western side of the emba&ment, but then crosses to the

eastern side approximately halfway up the embayment.

D. THE BARROW EMBAYMENT

Another ice embayment was found during MIZPAC 78, this
one to the northeast of Point Barrow. A similar embayment
was found in the same general location in 1971, 1972 and
1977. As with the embayment north of Cape Lisburne, stations
were occupied in the center of the embayment and the section
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through these stations is shown in Figure 19. In this figure
two warm cores may be seen. -This evidence, together with

the melt-back of the ice bay, indicates that the Alaskan
Coastal Current apparently splits again off Point Barrow and
causes this embayment. The case for bathymetric steering can
again be made by examining Figure 19 and following the warm
cdre and temﬁerature maxima (Figure 20) along the 25-30 fm
contour shown in Figure 9.

A sharp temperature and salinity front between the
Alaskan Coastal Current and Chukchi Sea water is seen off the
coast near Stations 75 and 76. This steepening of isopycnals
along the shoreward canyon slope near Point Barrow may be
seen in every available oceanographic section in the area.
This is undoubtedly a geostrophic response to the strong
Alaskan Coastal Current near shore. There is no finestructure
associated with this front indicating little mixing between
the two waters. The only evidence of strong finestructure
activity in this embayment occurs at Stations 77 and 78.
There is a noticeable cold, fresh spot at these stations with
ice floes present. This is an extension of the ice projection
to the north and provides further evidence of the current's
control of ice melt patterns. It is likely that at Stations
77 and 78, the section crossed a frontal area with attendant
finestructure which, farther to the northwest, extends along
the ice edge and is thus removed from the cruise track.
Unlike 1977 when extensive finestructure was found in this

embayment, little was found during MIZPAC 78 probably due to
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Figure 20. Isotherms of maximum tempera-
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The dashed line paralleling
the coast represents the
10 fathom curve.
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the fact that the cruise track did not sample areas where
finestructure is likely. it is presumed that more examples
of finestructure would have been found had more stations been
occupied in this embayment. The lack of finestructure near
the end of the line (Station 85) is unexplained in contrast
"to the consistency of the finestructure intensity at similar
stations occupied during MIZPAC 77.

Station 77 showed the deepest instance of finestructure
(>90 m) ever observed in MIZPAC data. The warm water involved
in interleaving undoubtedly comes from the Alaskan Coastal
Current which has here submerged to a considerable depth.
Similar deep structure, but less intense, was found in 1977

(Graham, 1978).

E. CROSS-SECTIONS NOS. 9 AND 10

Cross-section 9 (Figure 21) is taken across the Alaskan
Coastal Current north of Point Barrow. The current is quite
narrow at the surface, being constrained between Point Barrow
and the ice which usually lies close offshore in this region
in summer. The northern boundary has submerged under the
ice edge as it did im ¥571; the seaward extent of this warm
current in seen in Figure 22. A coincident-type front is
seen in Figure 21 between Stations 66 and 67 ahd the seaward
breakdown of this front is seen in Figure 22. As was antici-
pated, little finestructure was found in the vicinity of the
coincident front, but very intense structure was found
farther to the northeast (Station 60) as the Alaskan Coastal

Current plunged into the Beaufort Sea.
66




DEPTH (METERS)

M
» by _
Y
-I..5 ®
o °
40 - g e %
° °
e
[ ®
[ ]
50 4 -
[ ]
[ ]
L ]
L 4
[ ]
60— . -
5
&
o
[ ]
70 . —
° o*°
Q
(L
®
®
80— P-4 b
o
32.8
c’..
90 ....0330000.. —
{
S 5 10 15 20 N
DISTANCE (Km)
Figure 21. Temperature and salinity cross

section No. 9. Ice concentrations
are in oktas (eighths). Temperatures
are in degrees centigrade (°C).
Salinities are in parts per

thousand (°/¢0).

67 a

et R A,




DEPTH (METERS)

o

10

n
(o)

(6}
o

40

ICE CONC. O -8 o
STA. NO. 59 60 62

\L L | ]
5

SSwW 5 10 1 20 25 NNE

DISTANCE (Km)

Figure 22. Temperature and salinity cross
section No. 10. Ice concentrations
are in oktas (eighths) except
negative values, -b, which repre-
sent concentrations of 10°°,

68




Finestructure with depths up to 90 m was found in this
region (Figure 22). Again, this finestructure originates from
the submerged Alaskan Coastal Current or some finger-like

extension of its relatively warm (4°C) water.

F. THE ICE "TONGUE"

A peculiar ice tongue was found south of the Barrow embay-
ment; a similar tongue was found in the same relative location
during MIZPAC 77 and reported by Graham (1978). Figures 23
and 24 represent sections across and into the tip of this
tongue while Figure 25 cuts across the Alaskan Coastal
Current south of the tongue.

Figure 23 shows very dense northern bottom water trapped
in a 25-30 fm trough beneath and to the south of the ice
tongue. A sharp lower-layer front is seen beneath Station 91.
Its termination might be due to an apparent clockwise gyre
at depth as indicated by the rising 32.8 ©/00 isohaline or
to the shearing effect of the Alaskan Coastal Current. This
shearing effect is better seen. in Figure 25 which indicates
a bifurcation of the Alaskan Coastal Current with the warm
core (6°C) to the east but another slighly cooler and deeper
core (4°C and 20 m) passing through Stations 91 and 92. This
bifurcated branch appears to be following the 25-30 fm contour
(see Figure 9) and causing the small depression in the ice
edge south of .the tongue. The warm water of this branch is
seen flowing under the ice at Station H-19. The most intense

finestructure in this area was found at this point where the
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lower-layer front appears in the classic wedge-shape form
conducive to finestructure formation.

Figure 24 shows a cross-section into the tip of the
ice tongue. Its forwardmost protrusion would indicate an
area of slow ice edge recession and the moderate coincident
front seen under Station 104 comes as no surprise. Only
Qeak finestfucture was found in this vicinity which would be
expected upon examination of the strong, mid-depth salinity
gradients. This frontal location and relative lack of fine-
structure in an area of slow ice edge recession is in agree-
ment with the findings earlier in the cruise and the predictions

of Graham (1978) and Paquette and Bourke (1978b and c).
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VI. CONCLUSIONS

Data gathered during the MIZPAC 78 cruise to the Chukchi
Sea were displayed and analyzed with special attention being
paid to finestructure, fronts, and upper level currents. The
phenomena observed in 1978 were compared with those seen in

previous cruises and the following conclusions resulted:

..Several hypotheses arising from previous MIZPAC
cruises were tested and the MIZPAC 78 data were
found to be in agreement with these predictions.
Specifically, strong coincident temperature fronts
with little associated finestructure were found to
exist in regions of bifurcation of upper-level
currents where there is little or no component of
flow toward the ice edge. Further, the upper-level
currents as inferred from ice edge recession rates
from 14 to 28 July 1978 conformed to previously

postulated patterns.

.Upper level currents, as inferred from ice edge
recession rates, temperature cross-sections, and
water column temperature maxima were examined wifh p
respect to the bottom bathymetry and were found to
flow roughly parallel to the bottom contours.

Specifically, the bifurcation of the water flowing

through the Bering Strait, the warm core jets
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causing the two ice embayments, and the minor split
of the Alaskan Coastal Current causing the indenta-
tion in the Barrow ice tongue were found to conform

to the concept of bathymetric steering.

®An embayment north of Cape Lisburne was the object

of the most extensive examination of ice embayments

to date. The embayment was found to exhibit considera-

ble consistency with respect to size and location over

a series of six MIZPAC cruises. The center of the
embayment was examined and found to be an area of
extensive finestructure activity. The absence of
a sharp lower-layer front was attributed to the

strong flow of southern water which had apparently
pushed the northern bottom water beyond any of the

stations occupied.

®The ice embayment northwest of Point Barrow was
examined in a manner similar to the one north of
Cape Lisburne. Although little finestructure was
found, it was presumed that the cruise track did
not sample regions where intense finestructure
activity could be expected. The deepest fine-
structure found to date was found in this embayment
and the waters involved in the interleaving were :
associated with the submergence of the warm Alaskan

Coastal Current.
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