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ABSTRACT

The ice edges of the world ocean are generally the site, at times when

winds are blowing off the ice, of regularly-spaced surface bands of ice floes.

These bands have size scales of order 1-10 km, and their long axes are oriented

approximately normal to the wind direction. Available oceanic temperature and -

salinity data from the Bering and Greenland Sea ice edge regions suggest that

these ice bands are commonly underlain by a two-layered density structure which

is maintained by net melting along the ice edges. Linear internal wave theory

is applied to these data to compute first-mode interracial wave phase speeds. A

simple analytical model is developed which demonstrates the feasibility of genera-

tion of such interracial internal waves by the stress discontinuity due to off-

ice winds blowing over either a stationary or a moving ice edge. It is qualita-

tively shown that the computed internal wave phase speeds and wavelengths are,

under many conditions, compatible with the speeds and spacings of the surface ice

bands. This compatibility suggests, in turn, that coupling between internal waves

and ice bands may commonly occur, Some possible implications of the generation

and presence of these internal waves upon other ice edge processes, such as air-sea

heat and momentum transfer, are qualitatively discussed.



1. INTRODUCTION

both

The ice-covered regions of the world ocean provide a surface tracer which

responds to and exerts an influence over the underlying water motion. This

tracer, floating sea ice, is active rather than passive because it affects the

local air-sea heat and momentum transfers as well as responding to them. These

interactions are most pronounced along an ice edge where the ice cover is un-

bounded to seaward and has considerable freedom to respond to and interact with

the local water motions.

This paper discusses possible interactions between interracial oceanic

internal waves and the floating ice “bands” or “streamers” along an ice edge.

Additionally, a new hypothesis is advanced for a mechanism for internal wave

generation along an ice edge. The internal wave interactions contribute to

explaining the initial divergence of ice near the edge prior to its formation

into bands and are consistent with

the regional oceanography.

Section 2 below describes the

oceanic density distribution which

the observed features of the bands and of

nature of the ice edge bands and the background

has been observed to be associated with ice

edges. Section 3 presents a theoretical development of some possible interactions

between ice and water, including a mechanism for generation of internal waves by

wind action over an ice-water interface. Section 4 discusses the degree to which

the theoretical model is consistent with the field observations, and also points

out some possible implications of the results with respect to overall air-ice-

water interactions along an ice edge.



2. BACKGROUND

With the advent of remote sensing techniques and increased scientific and

practical interest in the ice edge regions, a variety of mesoscale  and small-

scale features have been identified along the ice edges. Of these features,

the regularly spaced ice “bands’t or "streamers"  which occur during off-ice local

wind events appear to be universal in occurrence. These features have been docu-

mented and studied in the Bering Sea along the winter ice edge llluench  and Charnell,

1977; Bauer and Martin, 19801. They have been documented along the East Greenland

Sea”ice edge [Wadhams, 19811 and are mentioned by LeBlond [1982] as being evident

on satellite imagery of the Labrador Sea winter ice edge. Finally, they have

been identified on unpublished satellite images of the Weddell  Sea ice edge.

Descriptions of Ice Bands

Descriptions of the ice bands will focus primarily upon those observed in

the Bering Sea along the winter ice edge, because the observations from that re-

gion are far more complete than those from other regions. A location chart for

the Bering Sea shows the location from which data presented here were obtained

(Figure 1).

Using satellite imagery, statistics on ice-band spacing for the winter

1974-75 period were compiled by Muench and Charnell 119771. Examination

of satellite imagery for the period between 1975 and the present time has sug-

gested that their observations are valid over the longer time period. They ob-

served a mean band spacing of 8.7 km, with a standard deviation of 1.6 km and a

variation between 6 and 12 km. These bands were observed to be roughly normal

to the wind direction. Their general appearance is shown on Figure 2.

Shipboard observations obtained more recently than Muench and Charnell’s

work have revealed bands more closely-spaced along the ice edge than were visi-

ble on the satellite images. Resolution of these bands, spaced about 1 km apart,
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by the satellite was impossible because of the relatively coarse (1 km) resolu-

tion of the satellite imagery used. Bauer and Martin [19801, Hachmeister and

Muench [19811, Martin and Kauffman [1981] and Martin [this volume] have all re-

ported the widespread presence, during off-ice winds, of these bands spaced about

1 km apart and oriented with their long axes approximately normal to the wind di-

rection. An example of this band configuration obtained “from shipboard in March

1981 and reported on by Hac$meister  and Muench [19811 is shown in Figure 3. Dur-

ing

was

the

0.5

0 . 3

the transect which yielded the ice distribution shown on Figwe 3, the wind

off-ice and steady at about 6 m/see. The computed mean downwind extent of

open water areas between ice bands was 1 km, and the standard deviation was

b; mean width of the ice bands was 0.S km and the standard deviation was

km.

Translation speeds for the ice bands are harder to estimate because adequate

time-series information is not available. Because of the impossibility of track-

ing the 10-km spaced bands from day to day using satellite imagery, no estimates

of these relatively widely-spaced band speeds

closely-spaced bands which were observed from

Kauffman, 1981; Martin, this volume]. At the

are available. Speeds of the more

shipboard varied widely [Martin and

start of an off-ice wind event, ice

speed was near zero at the time when the bands were first separated from the main

body of the ice. Speeds then passed through a wide range, with speeds as high

as about 70 cm/sec being observed through use of radar-tracked buoys deployed in

specific bands to study their motions. In the absence of more rigorous data,

speeds of 20-30 cm/sec are considered typical translation speeds for the bands.

Band motion was always in the downwind (seaward) direction, and band formation

has never been observed during periods of on-ice wind.
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Oceanic Parameters Associated with Ice Edges

Ice edge regions are typically areas of melting. This has been doc~ented,

based upon ice dis~ribution  and motion, for the Bering Sea by Muench and Ahln%

[1976] and Pease [1980]. This observation has been supported more recently by

oceanic temperature and salinity data [Muench and Pease, 1981; Muench, this vol.

me] . Wadhams  [1981] has characterized the East Greenland Sea ice edge as a re-

gion of ice melting. A. Gordon [personal communication, 1981] has characterized
*

the Weddell Sea ice edge also as a region of net melting.

A primary effect of ice melting along the edge is to create a strongly two-

layered salinity -- hence, density -. si~cture. The vertical distribution of

density underlying the Bering Sea ice edge region in February-March 1981, about

mid-winter or during the time of maximum southward ice extent reflects this and

is shown on Figure 4. The location of this density transect coincides approxi-

mately with that of the ice-band transect illustrated on Figure 3; hence, the

density distribution shown

ty differences of 0.01-0.3

the interface depth varied

was that which underlies the banded structure. Densi.

sigma-t units over a 10-20 m layer were typical, and

from about 30 to 60 m, The two-layered density strut.

ture appears to be a regular winter oceanic feature associated with the Bering

Sea winter ice edge IMuench and Pease, 1981; Muench, this volume], A set of ver.

tical density profiles, obtained at different times from a single location along

the Bering Sea ice edge in February-March 1981, illustrates a range of stratifi-

cations which appears to be typical for the region (Figure S),

Vertical density stratification in the Greenland Sea ice edge region is

greater, at least during summer, than in the Bering sea. A vertical profile of

density in the Greenland Sea ice edge region during summer is shown on Figure 6.

The interface between upper and lower layers is extremely strong and sharp.



A second basic difference between the Bering and Greenland Sea ice edge re-

gions, in addition to the degree of stratification, is that between the charac-

teristic bottom depths. Depths underlying the Bering Sea ice edge are typically

80-110 m. Beneath the Greenland Sea ice edge, on the other

falls on the continental slope so that depths vary from 500

seaward.

●

hand, the bottom

to 1000 m and more to
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3. PROPOSED MECHANISM FOR BAND FORMATION AND MAINTENANCE

The mechanisms which form and maintain the ice edge bands are not well un-

derstood. Muench and Charnell 11977] hypothesized, based upon analyses of satel-

lite imagery of the Bering Sea winter ice edge, that the larger-scale (lO-km

wide) bands were due to interactions between sea ice at the edge and the atmos-

pheric roll vortices which are ubiquitous along the edge during off-ice wind

conditions [Walter, 19801.s Bauer and Martin [1980] used results from a 1979 mid-

winter field program along the Bering Sea ice edge to hypothesize that band for-

mation was due to a combination of wind stress acting differentially upon the

rougher ice along the edge so that a line of ice divergence formed along the

edge parallel to it, and radiation stress (due to surface water waves generated

in the leads between the bands) which would tend to accelerate the bands away

from the main ice pack. Overland and Pease Ithis volume] present additional evi-

dence that the initial divergence of ice along the edge may be due to wind drag,

with accentuation of the divergence through a ‘lsea--breezel’ effect.” Further ar-

guments in favor of radiation stress as a causative mechanism for the divergence

are presented by Wadhams [this volume] . Finally, Hachneister and Muench 11981]

hypothesized, based upon laboratory model results and field data, that the ice

edge bands coincide with surface convergence which are associated with interra-

cial internal waves beneath the ice edge, They maintained, in addition, that

formation of the interracial waves is due either to interaction of ice keels (in

regions where the ice is thick enough to have a ridged structure) with the oceanic

stratification or to response of the stratified ocean to a nonuniform wind stress

where the nonuniformity is due to the surface presence of the ice edge,

Of the mechanisms for ice band formation listed above, only that involving

interaction with internal waves provides a

served regular spacing of the bands. This

6
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between ice edge ”bands and oceanic internal waves in more detail, with the inten-
,,

tion of clarifying the dynamic processes involved and demonstrating compatibility

between the observed ice features and internal waves.

The development presented here follows two avenues of approach. First,

linearized theory is used to estimate ranges for the first-mode interracial

internal-wave phase speeds appropriate to the density differences observed in

the Bering and Greenland s~a ice edge regions. Second, an analytical solution

is derived for the generation of internal waves by a wind stress acting across

the surface discontinuity presented by an ice edge.

Estimation of Representative Interracial Wave Phase Speeds

In the simplest physical sense, the oceanic regimes underlying the Bering

and Greenland Sea ice edges may be considered as two-layered systems separated

by a horizontal density in~erface. In order to establish ranges for parameters

to be used in the following analytical development, and also as a prelude to es-

tablishing c&npatibility between internal wave and-ice band parame-ters, it is

useful to compute representative values of interracial internal-wave phase speeds

which might be expected giyen the oceanic conditions observed in association with

ice edges. The upper- and lower-layer densities, interface depth, and bottom

depths used in the computations include the ranges which we would expect, based

upon available data, to occur in the Bering or Greenland Sea ice edge regions

(see, for example, Figures 4-6),

The computations used for arriving at the first-mode interracial wave speeds

are based upon a two-layered fluid model given in Turner 11973], The basic equa.

tion for the phase speed c is

gAp (Pl coth khlC’=T + P2 coth kh2)”1 (1)

7
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‘here ‘1. = upper layer thickness, h2 = lower layer thickness, PI = upper layer”

density, P2
= lower layer density, and Ap = density difference between layers.

In the shallow-water long-wave case appropriate to the Bering Sea ice” edge re-

gion, khl and khz both approach zero and Equation (1) can be approximated by

c2=—gAp ‘lh2
Pz (hl + h21 “

For waves which are at leas*t as long as the lower layer depth, this approximation

is also appropriate to the Greenland Sea ice edge region; now, since hz >> h1’

Equation (1) becomes, for the Greenland Sea,

Table 1 givesthe computed values for c using varying upper layer thicknesses

and density differences between the layers.

The above computations assumed small-amplitud_e  waves, allowing use of linear

theory. Even if the waves were of large enough amplitude to violate this assump-

tion, the results would not be greatly different. Holyer 11979] has demonstrated,

using theoretical arguments, that at the largest amplitudes the phase speeds of

long waves are only about 20%

the approximate nature of the

in computed wave phase speeds

are presented below.

higher than those for infinitesimal waves. Given

estimated band speeds presented above, a 20% error

would not substantially alter the conclusions which

A Mechanism for Wind-Generation of Internal Waves

A theoretical development is presented here of a mechanism for generation

at an ice edge of internal waves by the nonunifom wind stress due to off-ice

winds. This proposed mechanism is schematically illustrated on Figure 7. It is
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assumed, in concert with observations, that the wind is blowing in the off-ice

direction and that the ice edge is underlain by an oceanic structure two-layered

in density. Location “A” on Figure 7 indicates the region where divergence in

the ice cover first occurs. In a region referred to on the figure as the “gener-

ation” region, the wind blowing off-ice either across a band or off the main mass

of ice causes a localized upwelling tendency due to surface divergence. This is

illustrated by the upward-bulging of the interface in the middle of the genera-
9

tion region. This bulge will then propagate in both directions, as shown, as

trains of interracial waves. Point “B” signifies the boundary between the gen-

eration region and the propagation region through which the ensuing internal

wave train moves. Those waves traveling in the off-ice direction at phase speed

c will tend to collect floating ice in the convergence overlying the wave troughs,

as shown. Waves traveling in the opposite direction, beneath the ice edge, might

contribute to surface divergence of the ice pack there.

Internal wave generation at the seaward edge of amoving ice cover may be

analyzed in a simple model. The vertical density distribution is approximated

in terms of a two-layered structure with linear phase speed c as estimated above.

With x measured positively frum the uniformly moving (at speed V) ice edge and

y along it, two-dimensional (.ay = O) perturbations of the stratified fluid from

its equilibrium state are governed”by  the long-wave equations

(2a)

Z3vl aul

F- ‘F+ful=o (2b)

(2C)
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auz au2 ‘I an—.— -
at V ax fv2=-g ——-g QzP2 ax P2 ax

aU2 aU2
—-
at ‘E--+ f*2=0

Zh12

‘2?ET=- [~-v *)C .

(3a)

(3b)

(3C)

@
Subscripts 1 and 2 refer to the upper and lower layers, respectively. The SUT-

face displacement rI is assumed of order <Ap/p2 and neglected, as appropriate for

internal waves. The stress T changes value at the ice edge (x=O). For x < 0, the

surface stress is applied to the water as T =  Plcw(V-U1)2 with Cti the ice-water

drag coefficient; for x > 0, the wind stress is exerted directly on the water sur-

face, i.e. T = p+ ~ircD(U-u1)2, with CD the air-water drag coefficient and U the

wind speed. This discontinuity in stress generates the internal waves.

Eliminating all variables but g from {2) and (3), we find

L - 2vcxt  - ( C2
- v%= + f2< C2

tt =—T,
plhl x

(4)

where c is the long-wave speed, i.e. Cz = g(AP/P2)Ihlh2/(h1+h2)l. Free-plane

wave solutions of the homogeneous form of Equation (4) are shortened when they

travel against V, i.e. in the +x direction, and lengthened when they travel under

the ice away from the edge in the -x direction. Near resonance (V ‘ c) the wave-

length ahead of the ice becomes

10
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Measured seaward ice speeds V are comparable to the calculated internal wave speeds

c, so that even for rather long-period forcing (T = 27r/w N 1 day, as for sea-breeze

winds, for example) A can approach the observed ice band spacing near resonance.

The alternation on a scale A of surface flow divergence and convergence, as given

by aU1/aX, would then contribute to the sum of forces (wind, waves) which determine

ice band spacing.

As a more specific extension of the above case, we may
●

initial value case wherein internal waves are produced from

of the form

T= F(t)I~o + AT H(x)] ,

where H(x) is the Heaviside step function, AT is the stress

x = O, and F(t) describes the time-dependence of the stress

the Laplace transform of Equation (4) (at + P) and applying

tions

E(x ~ 0) = ;(X > o)

lim x+(J lim x+-O

v’
(1-~ ~~im Ex(x>O)-lim~x (x < 0)1

c’ 1 x+()

across x = O on the transformed

x+-o J

consider the forced

rest by a wind stress

(6]

discontinuity across

with F(0) = O. Taking

the matching condi-

“(7a]

~(P)AT=-—
plhl

(7b)

variables (denoted by overbars), we find that

CAT ~(P)
t+(x,P] =

[
2p1h1 p’ + (1 -$ f2 1/2 ‘-

c 1 [

V 2 1
1/2

-VPx P’ + (1 - _&f* &(8
(C 2 -

- V2) c c
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The surface layer divergence is obtained from (2c) as

hltil = “CAT ~(P)

( [

c2P/(c2 - V2)
2@1x 7+(1

.$, ~2]1/2f:) ‘wI”””l “ ‘9’
The argument of the exponential in Equation (9) is.the same as in Equation (8)

and is not repeated. Near resonance, v + ~ and the first term in Equation (9)

will dominate for +/(1- ,$)f* = 0(1). For a step-function wind stress,

F(P) = I/P, and a tabulated inverse is found for hl=l [Abramowitz and Stegun,
x

1965, Ch. 291,

As we would expect, the response becomes singular at resonance, i.e. as soon as

the ice field velocity approaches the internal wave speed,

surface divergence is set up with spatial dependence given

an impulsive wind stress or by the convolution of Equation

a stron”g pattern of

by Equation (10) for

(10) with the appropri-

ate transform for a different stress history. The position of the first zero of

the Bessel function gives an estimate of the scale from the ice edge to the first

zone of maximum divergence (or convergence, depending on the sign of AT). For

x > 0, this first ze~o occurs at

L

f2 (1 “ > )

(11)

The scale length of the Bessel function decreases as its argument, which is rough-

ly proportional to t, increases. We then seek to know, using Equation (11),

12
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whether a scale x ~ 103 m which is of the order of the observ-ed band spacing

can arise in”a reasonable value of the time elapsed since the wind began to blow.

With x = 103 m, c = 50 cm/see, and V : 0.9 c, then t = S x 104 sec = 0.5 day,

which is short enough to respond to a diurnal sea-breeze type of forcing.

13
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4. DISCUSSION

have

The field data available from the Bering and Greenland Sea ice edge regions

been obtained for use primarily in analyses of mesoscale processes. Conse-

quently, the spatial and temporal resolutions of these data make them inadequate

to rigorously determine whether internal wave mechanisms such as discussed above

(Section 3) are in fact significant in those regions. Nevertheless, reference

to the computed first-mode  ~nternal wave speeds c presented in Table 1 reveals

that ice speeds of up to about 35 cm/sec would be compatible with the internal

wave phase speeds computed using the stratification observed along the Bering

Sea ice edge. Computed first-mode

ice edge are higher than those for

internal wave speeds for the Greenland Sea

the Bering (Table 1]. We therefore expect

that interracial waves along the Greenland Sea ice edge would have a much greater

range of propagation speeds than in the Bering. While no data are available on

ice band motion along the Greenland Sea ice edge, it seems reasonable that the .

speeds of these bands would tend to fall within the range of possible speeds

shown in Table 1 and that their interaction with internal waves would be consis-

tent with physical reasoning. This supposition is supported by the consistency

between computed internal wavelength

A single time series of current

Sea winter ice edge region, revealed

A and observed ice band spacing.

and temperature, obtained from the Bering

oceanic features which are consistent with

the presence of internal waves. This record was obtained at 50-m depth and was

sampled at 30-minute intervals (Figure 8). During the January-February 1981

period, the interface between the upper and lower oceanic layers beneath the

ice edge (see Figure 4) moved toward the south-southwest past this mooring as

the ice cover advanced toward its annual maxhn.nn southward extent, Temperature

variations coincide with density variations because the upper lower-density layer

is colder than the denser lower layer [Muench, this volume] , The temperature

14



record from the mooring revealed rapid (i.e. of the same order as or having

shorter period than the 30-minute sampling intervals of the instruments) temper- -

ature fluctuations while the density/temperature interface was passing by the

current meters (Figure 8). Current speed fluctuations were present at the same

time. The maximum recorded temperatures, which occurred early in the portion of

the record shown and were about +1.3 ‘C, were those in the warmer lower layer of

water. The minimum temper~ture  (-1,7 “C), which occurred later in the record

segment shown on Figure 8, was typical of the colder upper-layer water. The

lower- and upper-layer water temperatures therefore provided an “envelope” of

maximum and minimum temperatures, Presence of the fluctuations between these

maximum and minimum values, superposed upon the overall trend toward lower temper-

ature as the current meter was sumounded by the coldeT upper-layer water, suggest

that vertical oscillations of the interface between the uppeT and lower layers

were occurring. These oscillations were sufficient to vertical’ly move the en-

tire temperature gradient region past the current meter. Reference to the pro-

files shown on Figure 5 suggests that vertical oscillations of 10-20 m amplitude

would have been necessary to achieve this.

High-frequency oscillations in current speed were also present, They were

superposed upon a tidal current signal and were less obvious than the correspond-

ing temperature oscillations. Because of the relatively widely-spaced sampling

interval (30 minutes), it was not possible to examine phase relations betweenthe

current and temperature fluctuations in the frequency range of interest. Visual

inspection of the curTent fluctuations shown on Figure 8 suggests that peak associ-

ated speeds were about. 5

Although these data

nevertheless demonstrate

cm/sec.

are clearly inadequate for a Tigorous  analysis, they

that veTtical -motions of the interface between layers were

present and had time scales of

sistent with interracial waves

about 30 minutes, Such time scales would be con-

phase-locked with suTface ice bands.
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In addition to providing a physically satisfying explanation for one of the

more widespread medium-scale ice edge features, the results presented above can

be expected to have significant consequences for other ice-edge processes. A

major factor would be the additional “form drag” term due to interaction of the

ice bands with the internal waves. This term must be considered when using ob-

served winds, ice speeds, and oceanic currents to compute the air-sea-ice momentum

transfer. Sea ice moves ac~oss the ocean surface under the influence of both in-

ternal stresses in the ice and coupling with the wind and upper layers of the

ocean. Coupling between ice and ocean affects both ice motion and the dynamics

of the upper ocean layer, and more than one

tween the ice and ocean. In the absence of

between the ice and the water result from a

such coupling mechanism exists be-

oceanic stratification, drag forces

combination of skin friction (applied

over the entire unde~side of the ice) and form drag exerted by irregularities on

the lower side of the ice cover. In a stratified fluid an additional coupling

mechanism exists: as demonstrated by Ekman 11906], internal waves generated by

a large obstacle can contribute a significant wave resistance to the total drag

on an obstacle moving in a stratified fluid, Hachmeister and Rigby [1980] modeled

this mechanism in a laboratory tow tank and detected drag increases of nearly 150%

due to the internal wave-sea ice coupling. The internal wave/ice band interactions

suggested here would tend to limit the off-ice translation speed of ice bands to

the internal-wave phase speed. Since

pendent to some extent on the ambient

increases away from the ice edge, the

the rate of ice melting at the edge is de-

water temperature, and the water temperature

speed with which the bands move into warmer

water is critical to estimation of melting rates. The results of this investigation

therefore impact on both air-sea-ice momentum transfer and the melting rates of

ice along the edge.

16
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Finally, the internal waves generated by a stress discontinuity at the ice

edge set up surface layer divergence bands behind as well as ahead of the ice

edge and contribute to opening up of leads as well as to compacting of ice bands

ahead of the ice edge. Of course, as soon as the original ice edge becomes accom-

panied both fore and aft by other ice edges, the simple conditions of the above

analysis no longer prevail. For example, surface wave radiation stress would

then tend to compact the i$e bands from the rear and accelerate them to seaward.

However, the above arguments should be sufficient to demonstrate that coupling

between ice bands and internal waves is possible on the scales observed in nature.

Rigorous testing of the hypotheses presented above awaits the acquisition .

of new field and laboratory data. It is hoped that the current growing interest

in marginal ice zone problems will enable such a testing program to be carried

out .
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Table 1. Computed first-mode internal wave speed c in cm/sec for the Bering Sea

and Greenland Sea”cases. Ap is the density difference in g/cm3 across the inter-

face between the upper and ’lower layers; h is the depth of the interface in meters.

CASE Ap+ 0.00010 0.00025 0.00050 0.00100 0.00500

Bering Sea

(bottom depthw 100 m) 2.5 - 1A

50 16

7.5 15

E. Greenland Sea

22

26

24

30 42

36 51

34 48

(bottom depth > 1000m) 25 15 24- 35 “ 49

50 22 35 49 69

7s 27 42 60 85

96

114

107

109

155

189

21
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“ Figure 1. Location figure for data shown which were obtained from the Bering

Sea ice edge region. Letter designations “A”, “B’! and””C” ‘are explained

in the appropriate figure legends.

Figure 2. NOAA satellite image showing ice edge bands along the Bering Sea winter

ice edge. Arrow “W” indicates approximate wind direction.

Figure 3. Schematic of ice bands along the Bering Sea ice edge late on 7 March

1981. Observations were obtained from a surface vessel traveling toward

200 “T along the dash~d line, South of the border “new ice” , no rafting or

ridging was evident and most ice appeared to be only a few days old. After

dark it became impossible to discern details of the ice. The wind was steady

at about 6 m/see toward 200 ‘T throughout the transect. Approximate location

of transect is shown as southern part of line “A” on Figure 1.

Figure 4. Vertical distribution of density (as sigma-t) along a transect across

the Bering Sea ice edge in mid-winter 1981, Approximate location of tran-

sect is shown as line “A” on Figure 1.

Figure 5. Illustration of variability in vertical

tion at a single position near the Bering Sea

in mid-winter 1981, Bottom depth was 109 m.

is shown as point “B” on Figure 1.

density (as si~a-t) distribu-

ice edge over a 14-day period

Approximate location of station

Figure 6. Example of vertical density (as sigma-t) distribution at a location

near the Greenland Sea ice edge in late summer 1979, Bottom depth was great-

er than 700 m. Inset map shows approximate location of station,

Figure 7. Schematic diagram illustrating the conceptual model discussed in the

text.

Figure 8. Time-series of temperature (upper) and current speed (lower) obtained

in the density interface at 50.m depth below the Bering Sea ice edge in early

February 1981. Approxtiate  location of mooring from which data were obtained

is shown as point “C” on Figure 1,

.
- 22



. .

t

.%.“
.

.. %8
. .“,

. ●
 . .

.:..**.
.

“.*.

“.”.:.”*.**
 
.* 

.**.
. . . . .

“.”.
●

* 4“.
<

.*., B
“

.. 
.

,.*

~

●
.

,
.“. . . . . . . . . .

. ..*
x

. . . 
“...>.”..:**..:.:.

. . .
.

.<
 

. 
. 

...*
“. .*.

*
. . . . .

‘*
.

●
 . .

~ “• “:”::,
co 

“~ 
““

,; 3
*.: .

<

“***
●

 .
●

 *....
~. “.

●
 *

.
:: :..

. . .
“. .,

. .
. .

. ●.
*
+

,* 
●

.
.,. .

“ : %
.9

$
●

 4* .*
..

. ..”
●

 
*.*.* 

.
.“.”:” “

% ..”
“.. 

.
“c”.”. 

●
 *

..
●

 . .
●

●
 .*.

. . .
. .. . ●

 * . .
. . .

,,. =
●

 
*=

....**
. 

.*
. 

. 
. 

. 
.

*
..

.
●

 
::::*t

.:.*:*”
●

 *..
. . . . *.*. ●

 . .
. . .

.“.. .” .
“.*
. .

Q .-.
 
“

o . . .
.“.- : .

.6
:

 .*
.-

.
 .

x
4/

}
@
l/

z

<M
l

comwm

Figure 
1.



.
.

Figure 2.



.’

N

200°T

o
3:.:... %-.

‘K..“. -.”...:-: . ...--... .... . . . . . .. . . . . .. ... .. ... ........ .. . . ..“.:.+... .- . c. . . . . . . . . . . . . .
.+-.”-  ---- . . . . . .. . . . . . . - ... ...}.-.}. ----- .

. . . . .. . ...--.”..-.-. -. . . .. . ... ..... .. .. . . . . . .- . . . . .. . . .. . .
. .. . . .. . .. .. .-.: --.. . .. . .

3%g$&$~2.::.

*
. . ... .... . ... ... . . ...... . . . . . . . . .- . . . ..... ..-----. . . . . .

L
. , . . . . . . . . . ............. :.. . . . ... ... .. ......’

““/
..... . ...

/
“- \

. .. .... .. . .. .... .. . .. . .
; L.... . . . . .... . . . ....

.’. . . . .. . . . . . . . . . . . . .
. .. .. . .. . . ... . . . . ., ~$$::~??::.:.

;~~:+:;:... - ::jy~:;:

“’~+c r ‘e. .. . .. . @@-’.<fi<’:wy’+:.j ., . ..- .. ... . -.}.  . .. . .... . lc~.... . . . . .. . . . . . . ..+ . .. ,.. . .. . . .:.:.::;.:..
5...... . .. .. / “.”.-:. ... . . . . .. . . . .. ... . ..$““”w“S-:.  s...”. . . . .- .. . ....+. . .. . .. . .

. . , . .. ....%

$-q& . ... .- . . . . . . . . . . . . . . . .. . . . . -.....’.  . .
. “.:.  .. . . ... .. . . .. . . . . .

. .::::;:\. . . . .

/-\-

Figure 3,

t



!.LfJ
z3u)

-25.9
- 26.0

\ .’=.●

“
.

\* “. ..
●

 b●
 *.

●*. 
●

. .
. ●

 –
.
D●
 .9

●
 . .

.

—
 2
5
.
7

● . .● -● “
$

● ..

J
’
”

“ ● *

[

4“.*.*..‘.
25.8

.● .*.● .:..* .. .. .

J

..● ... . ..“. ...-..*
- 26.1

. . .
.*..

— 26.2
—

\“,=: .●
 ✎

**

1 . .. .-.I . . .
1

“.

I
w,b=

*
 

.

●
 *”

FiguTe
 
d.. .

-
,
,

-- )
t

,.. -–...__ . .
.
”
.
.
.
. . . . . .. —

--
..—

 —
. . .



.

0

50

0t

26.0 . 1“ .2 .3

p
●

● ✼

----

26 FEB. ‘

MAR. -

1 MAR.

100

. . . . ._

*
i I1 .

J1
1

Figure 5.



. . .
.-

0

200

400

600

CJt
2 6 . 0 27.0 28.0

.

NO RW-AY -

SEPT. 1979

Figure 6.

e

—.- -.. — — — .  . — —  .  .  .



-.

ccL
L
1
.

m

\11

\I\-\\i
-

. 
..-.

t
. 

.-. 
.—

.—
 

— 
—

.—
. 

‘“
-

. 
. 
.
.
-

.-

Figure
 
~.



. .S -.
“
-
’
=
s

(0011

..

- 
?<

I
I

I
1

Q
3

Xi

uf-<aFigure 
8
,

r


