
- A D.Afl3 351 WASHINST ON UN IV SCATTLE DEPT O~ OCEANOSRAPHY Pm e’uBRINE DRAINASE ANO CONVECTION IN YOUwS Sn ICC.flj)
1977 7 N NIEDRAIER H0001l—76—C—Oflft

UNCLA SSI FI ED SCIENTIFIC eIS

I 
_  

I
~~~~~~~~ I 

_
I 

~~~~~~E 

_ _J _ 
_ 

~~ E U~~ B.N_
I 

U~~~~a-

_ _ 
_

I fl_fl iflX i~11t5~



-
~~~~

[0

I I
8

_ .4 6



4

c~
) DEPARTMENT OF

ATMOSPHERIC SCIENCES
a UNIVERSITY OF WASHINGTON • ( /

SCIENTIFIC REPORT

OFFICE OF NAVAL RESEARCH

Contract N0001 4-76-C-0234
NR 307-252

BRINE DRA I NAGE AND CONVECTION ~~~~~~~~~~~~~~~~~~~ •

IN YOUNG SEA ICE ~~~~~~~~~~ ~~ D C
•~~~~~~t~~fl~

~~LiLLJ _ 
L J

Terren Mark Nledrauer

C)

•1 fl I~TDIPIrnfl~! ~~ !P~!T~~N.J UlU u IUL~UiIU1I  Ui vUIbIH LUc~~cz
I . ~::~’ 

ui
~~~~~~

L . _ : L~~~I

- 

J~ily 1977 T 
~~~~~~~~~~

J~r _ _ i ..~~~. ~~~~~~ _ _ _ _ _ _



- —
---

“-

BRINE DRAINAGE AND CONVECTION

IN YOUNG SEA ICE .

~ / 
/

/
— 

Terren Mark ’Niedrauer 7’,
Department ~~~~~~~~~~~ ~~

--—
~~

University of Washington
Seatt 1e , Washington 98195

~ //(~~,‘/~/
‘
~ 2’ ~ 

- /

D D C
j 1~~~I~r~n P~[flAUG 22 1971

U~~~ :u ~~REPRODUCTION IN WHOLE OR IN PART B
is PERMITTED FOR ANY PURPOSE OF THE

UNITED STATES GOVE RNMENT

~~~~~~~~~~~ ~ •
~~UI .) I I  ~t~gJ 

~~~~~~~~~~ ~—~~~~_u
f it.

) 2 ~ 
-



ABSTRACT

In a series of experiments using a 1.6 mm thick freezing tank , thin

sections of salt water ice were grown which exhibit the same drainage

features as natural sea ice. The tank design permitted photograp hs to be

taken , while thermocouples mounted in the tank walls recorded the tempera-

ture profiles within the ice. Convection was observed in both the skeleton

l ayer and in the brine channels by the flow of dyed brine. Flow in the

skeleton l ayer was cusp-like in appearance , consisting of narrow downflow

regions separated by broad upfl ow regions. Several brine channels were

usually present in the ice and convective overturning occurred in these

channels. The convection caused temperature fluctuations of 0.05°C, which

calculations show increase the vertical heat fl ux by 2%. The brine

drainage channels , which were usually sloped 30° to 60° to the horizontal ,

always had isotherm s tilted from 0° to 13° in the same direction . The

brine channels move both horizontally and vertically through the ice by

melting their l ower walls and freezing on the upper walls. An analysis

based on the heat flux due to brine channel convection shows that convection

can drive these wall movements. Our observations suggest that most of the

brine movement in the channels Is caused by recirculat ion of water from

below the ice. We also observed the formation of brine pockets from brine

tubes. Accr~~r~~
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1. INTRODUCTION

Sea ice , which covers up to 11% of the world ocean , has at least

three large-scale effects. First , in the Antarctic Ocean , the desalina-

tion of sea ice creates cold , salty water which contributes to the

formation of antarctic bottom water. Second , the hi gh albedo of sea ice

refl ects and thereby greatly reduces the amount of solar radiation that

would otherw ise be absorbed in the polar oceans. Third , the ice acts as

a thermal insulator between the cold air and the warm ocean during the

polar winter , reducing the effect of the ocean as a moderator of climate

in the polar reg ions.

In the polar spring, over 50% of the worl d sea ice is  less than one

year old. This young ice comprises approximately 75% of the antarctic sea

ice cover and 25% of the arctic cover ( Lewis and Weeks 1971). A str ik ing

feature of sea ice is that it is less salty than the ocean water from

which it forms , and become s fresher as it ages. This has been known since

the first explorers entered the Arctic regions as cited in Malmgren (1927)

and has received considerable attention during the past twenty years (Cox

1974). Through a series of laboratory experiments and a comparison with

f i el d observat i ons , we have documented some important features in the

natural desalination of young sea Ice .

In the polar regions , sea ice initially forms when cold air blows

across open water. As the liquid sea surface cools , a slush of ice

crystals forms. As cooling continues , the slush solidifies into a matrix

of randomly oriented Ice crystals Interlaced wi th liquid brine. The ice

has a preferential growth direction which results in the ice being
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composed of a platel ike col lect ion of long, columnar ice crystals wi th

horizontal c -axes growing downward from the surface layer (Weeks 1976).

Fi gure 1 , a photograph of the bottom of laboratory sea ice , illustrates

the p la te l i ke  character of the ice bottom . In the lower 10 to 30 nm of

the ice , the skeleton layer , brine separates the ice pla te le ts .  Hi gher

in the ice , the ice bridges the platelets and brine is isolated in

pockets and tubes. This young sea ice , which typically forms in water

of 32 0/00 sal ini ty in the Arct ic Ocean , has sal in i t ies as hi gh as 25 °/00

(Mal mgren 1927), though 8-1 2 0/ 00 is more common (Cox and Weeks 1974).

After one year , desalination further reduces the average ice salinity to

about 4 0~

Most features of laboratory ice are similar to f ield ice . The sa l in i ty ,

for example , has an average value of 14 0~ for 90 mm thick laboratory ice ,

whicn is in the range of the observed fie ld values for ice of comparable

t h i c k n e s s .  The laboratory ice also has the same struc ture exce pt that

the slush layer thickness is less than 10 mm and hence the dendrit ic crysta ls

beg in growing almost immediately.

Untersteiner (1967) describes the Uiree possible desal ination mechanisms

for young sea ice; name ly brine pocket migra ti on , ex pu l s ion , and gravity

drainage . The f i rst  mechanism postu lates that brine in sea ice ex is ts  in

sma ll pockets between crystals. Under the infl uence of the temperature

gradient , these pockets freeze on the colder side and melt on the wa rmer side ,

thus moving a long the temperature gradient toward the ice bottom . As noted

by Untersteiner (1967), the diffusion rate of salt limits this process so

that the migration rate is far too slow to account for the observed brine

drainage .
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The second mechanism is brine expulsion , which is driven by the

cooling of the ice. As the ice get s colder , the brine in the pockets

freezes to form more ice so that the remaining brine increases its

salinity . Since there is only one temperature at which brine and ice

can be in thermodynamic equilibrium , the salinity increase allows the

brine to remain liquid at a colder temperature . Because the newly formed

ice occupies 10% more volume than the brine , the resultant pressure

increase expels the brine through cracks and channels into the seawater.

Cox (1974) derived a theoretical model for this process and compared it

with his experimental results . He found only minor contributions to

desalination except in the f irst few hours of sea ice growth when the rate

of temperature change in the ice was large .

The third mechanism , gravity drainage , occurs when brine drains out

of’the ice because of hydrostatic pressure differences. Since the sea ice

floats above the water level , as the ice grows some of the brine will be

lifted above the waterline , and the resultant hydrostatic pressure head

will force the brine out of the ice . Because the brine is also denser

than the underly ing seawater , there can be overturning within the ice.

This mechanism also requires the ice to have cracks and channels in it

for the brine to move. The laboratory experiments of Cox (1974) and Eide

and Martin (1975) suggest that this mechanism is dominant.

Although the preceding two mechanisms point to the importance of brine

channels in desalination , no study has yet shown how these channels

Initially form. Cox ’s (1974) study used radioactive sodi um to follow

changes in the salinity profile in the Ice , and a thermistor chain to

measure temperature , but he was unable to correlate these measurement...
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with either the ice crystal or brine channel structure . In related

ex per imen t, Eide and Martin (1975) photographed the ice str~~ture , but

t he i r  photographs are not of su f f i c i ent resolut i on to see ~Lw the channels

form , and they made no correlation of channel formation with either

salinity or temperature profiles . Lake and Lewis (1970) froze a ther-

mistor chain in to ice growing in an arctic bay and saw temperature fluctu-

ations which suggested convection in the ice , but again the associated

brine channel structure was unknown . The present experiment obtained

temperature measurements from a closely spaced array along with a photo-

graphic record of the ice structure . This led to direct relations

between the thermal history of the ice and the brine channel structure .

The following report first describes in section 2~ the ex per imental

equi pment and p rocedure , then examines the thermodynamics of the advancin g

ice—brine interface in section 3. Section 4 discusses the skeleton l ayer

of the ice and describes the asymmetric cusp phenomena , wh i ch i s fo l lowe d

in section 5 by a report of brine channel observations and their physics.

Finally, section 6 discusses brine tubes and pockets , their metamorphosis ,

an d the imp l ica ti ons of th i s to b rine c hannel formation.

/
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2. THE EXPERIMENT

In our experiment , thin sections of sea ice were grown between two

transparent sheets of plast ic to permit direct visual observation of the

interior of the young ice. The thin cross section made it possible to

photograp h the entire thickne �s of the ice without the ice opaqueness

hiding important features. The experimental apparatus is similar to that

of Eide and Martin (1975) with thermocouples added to measure the tempera-

ture inside the ice. The tank is .22 m high and .11 m wide (figure 2).

The walls are 12 mm thick ‘Plexiglas ” (polymethyl methacrylate ) separated

by a 1.6 mm space for the brine. A circulating alcohp l bath which cooled

a copper plate on top of the tank acted as a heat sink for growing the ice .

The top and sides of this tank were further insulat~d with 50 nm of

“Sty rofoam ” (polyurethane foam).

To minimize hea/ losses and to permit photogi’~aphy , in the early

experiments , we pla/ed 3 layers of thermopane f i l led with dry ni trogen

over the front and back faces of the tank. In later experiments , to

improve photographic c larity , we used a vacuum ce l’ instead of the thermo-

panes as an in~
’ulator on the front tank face. The vacuum system had an

inner wall of 12 mm plastic against the Ice ”and an outer wall of 6.3 mm

thick glass , which is much flatter than the 4 plastIc sheets it replaced.

The system reached a vacuum of 0.05 torr~ Results reported by Dushman

(1949) and Brunner and Batzer (1965) indicate that 0.05 torr corresponds

to a reduction of the therma l conductivity of air by 95%. The vacuum

tank is 0.5 rrin thick , which Is equiva l ent to a 10 mm l ayer of nonconducting

dry air at atmospheric pressure . For both kinds of insulation , the
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FIGURE 2. Illustration of the experimental tank for growing thin sections
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plate , and (h) tubing to the alcohol cooling bath .



“Styrofoam ”-tank unit was placed inside of a box which allowed at least

.1 m of free airspace around the unit. The box was insulated wi th an

additional 50 rrmn of “Styrofoam” (figure 3) which contained a small

observation hole for the camera.

The numerous l ayers of insulation have two roles. Firs t., they reduce

the steady flux of heat from the room to the ice; second , they reduce the

propagation of therma l transients . The steady sidewall flux determines

the depth to which the ice grows , since the ice grows until the heat flux

from the sidewalls equals the heat removed by the cold plate (figure 4).

An ice depth of 0.1 m was typical for a one day experiment. In natural

sea ice , there is no lateral heat fl ux , except at the edges of the ice pack.

By increasing insulation and thus decreasing the sidewal l heat fluxes , the

laboratory ice more closely resembles natural ice . The sidewall heat flux

is also minimized by the plastic walls because the cooling from the top

propagates down into the plastic at approximately the same rate at which

the ice l ayer grows. Eide and Martin (1975) arrive at that result by

considering the temperature disturbance to travel down a one-dimensional

vertical sheet. The equivalent thermal diffusivity for the growing sea ice

is approximately the same as the thermal diffusivity for plastic (table 1),

so the horizontal temperature gradient between the ice and the walls should

be very small. As an example , our temperature measurements showed a

difference of 0.1 degree between a probe placed outside of the 12 nm

plastic wall and a probe at the same horizontal level in the ice .

The second role of insulation is to dampen the thermal transients.

They occur because the laboratory temperature was maintained by a fan which

turned on every 15 to 20 mInutes to blow air across cooling coils to keep
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FIGURE 4. A schematic diagram , not to scale , illustrating the
balance between the sidewall heat flux and the
vertical heat flux through the ice and the plastic.
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Ta b le 1. The rmal proper ties of the mater ia l s  used in  the

cons truction of the experimen tal cell (from Eide

and Martin 1915).

Material Thermal conductivity Thermal diff usivity

W m 1 deg ’ m-

air 2.3 x l 0 2  1.6 x l0~~
water 5.9 x 1 0 ’  1.4 x l0~~
ice 2.2 1. 1 x l0

“Plex i g las ’ 1.7 x 1 0 ’  1 .0 x l0~~
growing ice 2.2 x lO~~
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the room temperature within ±1°C of the desired temperature . When the fan

operates , it mixes the room air within 90 seconds and causes a 1°C to 2°C

change in the temperature . Therefore, the final design for the tank

insu lation was planned to fi lter out this thermal noise. Measurements

made before the outer “Styrofoam” box was put around the tank y ie lded

temperature perturbations with amplitudes up to .25 degrees and a period

of 15 to 20 minutes , the same as within the laboratory . When the insula-

tion was put around the tank , temperature fluctuations with this period

were no longer detectable.

A desirable effect of having the inner “Plexiglas ” walls against the

ice was that temperature fluctuations due to brine movement in the ice

should be easier to detect. As table 1 shows, the plastic has a lower

therma l conductivity than ice , so a temperature change in the brine wi l l

propagate more slowly through the walls than through the ice . This gives

the temperature probes a longer time to detect a signal since a given

temperature change will disperse more slowly than if bounded completel y

by ice .

Using this tank in a series of experiments , we grew ice from a NaCl-

water solution. The reason for using MaCi brine rather than ocean water

is that not only is it easier to obtain , but also it models several of the

properties of seawater. In ocean water the weight percentages of the salts

are 78% for NaC1 , 11% for MgC1 2, and less than 5% for each of the other

individual salts (Neumann and Pierson 1966). The major effect of salts in

the formation of ice is freezing-point depression . The freezing point of

35 0/00 sea water is -1.9°C (Neumann and Pierson 1966), whIle 35 0/oo NaCl

brine has a freezing point of -2.0°C (Kaufman 1 960). The freezing
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points are close enough so that the same physical processes should occur

in each case.

One process that occurs differently in ocean water than in NaC1 brine

is fractionation . In natural sea ice, fractionation occurs when low tempera-

turt~s cause one chen~ical constituent to separate from a solution ; for example ,

pr eci p itation of Na SO , occurs at -8.2°C , taking most of the S0 out of

solution . Since so: is 7.2% of the weight of solids in solution , this can

pre cip itate 1l.4~ of the solids when the Na~ combines with it. At -21 .1°C

NaCl precipitates and the Mg salts precipitate below -30°C. Fractionation

did not occur in our experiments because we ran above -2 1°C . Comparisons

~.ith field data should apply above -8.2°C , and be w it h i n 11% for tempera tures

less than -8.2°C.

To start an experiment , the tank was fi l led wi th a 32 0/00 NaCl brine

solution . The room temperature was set to -1°C and the entire system was

g iven a few hours to reach equi l ibrium . Then the temperature of the

alcohol cooling bath was lowered to -3°C to a l low a few mil l imeters of ice

to form at the top of the cel l .  When the ice reached a depth of a few mil l i-

meters , the cold plate temperature was decreased to the final experimental

temperature , typically -17°C. The reason for this procedure is that if the

final col d temperature is set initially, massive supercool ing resu l ts  and

large crystals shoot through the tank. An example of this is illustrated

in fi gure 5, which is a photograph of an early run . By setting the

temperature just slightly below the freezing point , the water takes longer

to become supercooled , and as t ime progresses , the probability of the ice

forming increases. Once ice forms, the supercooling problem ceases.
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To increase the contrast of the brine drainage features , we wou ld

occasionally introduce a small amount of methy l blue dye mixed with

seawater into the bottom of the tank. The dye solution , being slightly

buoyant , rises to the ice interface to become incorporated into the ice .

Any dye remaining in the water was also incorporated into the ice as the

interface advanced.

The ice structure was recorded wi th a movie camera and a time -lapse

35 mm still camera. To minimize the radiant heating of the ice , a 1 watt-

second electronic flash unit was used to illuminate the ice . Several 200

watt room lights were kept off during an experimental run , but even when they

were turned on , there was no noticeable effect in either the temperature

records or the photographs , probab ly because the insulation around the

experiment blocked all of the direct li ght and most of the indirect li ght.

Opening the door to the laboratory had no noticeable effect since the

adjacent room was also refrigerated .

Temperature measurements were made in the ice by means of thermocouples

imbedded in the plastic walls. Twenty thermocouples were in the array , 16

of them in a square 4 x 4 grId with a 5 mm spacing and the remainder

in a vertical line spaced 20 nm apart (figure 2). The thermocouples pro-

truded sli ghtly (less than .5 m) from the wall so they would be at the ice

temperature and the effect of the plastic on the temperature records would

be minimized. A very thin l ayer of clear plastic insulation was painted

over the thermocouples to Isolate them electrically from the conductive

brine solution . The instruments for reading the thermocouples resolved

the temperature to 2.6 mdeg. However, electronic noise was rarely below

10 mdeg, and reached .1 degree occasionally. When we calibrated the array
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in a fresh water ice bath , the thermocouples were within 13 mdeg of each

other , which is the re lat ive accuracy of any flux measurements. During

an experiment , the thermocouples were sampled by a data acquisition system

once ever y one or two m i nutes . The tempera ture records we re th en di g itized

an d stored on a magnetic tape for later processing on a CDC 6400 computer.

Salinity measurements were made in one case by taking the tank apart

and cutting the ice into horizontal sections with a knife . The sections

were melted and the salinity measured with an optical refractometer. The

top section was 10 mm deep with a salinity of 19 0/00 , and the remaining

sections were 20 mm deep with salinities of 18, 15 , 12 , and finally 11 0/oo

in the bottom section , 70-90 mm below the surface. The values from dup licate

samples at the same level varied by as much as 2 0/00 .

A study of the photographic and temperature records during an experimental

run reveals how the heat is transferred in the tank. When the ice grows ,

la ten t hea t i s release d; however , sea ice , particularly in the skeleton l ajer

is not composed of solid ice , but has a cons i dera b le port i on of i nclu ded

brine. The majority of the ice forms near the interface , but there is some

growth in the interior as it gets colder and the brine volume decreases.

Anderson and Weeks (1958) calculate that the skeleton layer of ice has a

brine , or liquid volume , V . of at leas t 1 5%. Cox (1974) use d ex per iment al

data to calculate brine volumes in excess of 50% in the l ower l ayer of the

i ce . Sal i n ity measurem en ts of the l ower 20 mm of ice i n the present tan k

in dicate a V of 17%. The latent heat released in the l ower section of the

ice is therefore the amount of heat generated by converting anywhere from

.85 to .50 of the brine to ice . The latent heat per unit width released at

the i n terface i s com puted from
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F 1 = Ln .x. ~f(l 
- V )  , (1)

where L is the latent heat of fusion , p. . is the ice density , and x j  is the

horizonta l ice thickness. The t i me ~t, it takes~ the Ice front to advance a

specified vertical distance ~z, is obtained from photographs.

Assuming the heat is transferred by molecular conduction in sea ice ,

except for possibly in the bottom 10 mm to 20 mm , then the heat flux per unit

width , neglecting the conduction through the brine volume , is calculated from

F. = k. ~
-
~

- x. , (2)

where T i s the tempera ture , z is the vertica l coordinate , k is the therma l

conductivity , and the subscript i refers to the solid phase. Measurement

of the temperature at two different hei ghts in the i ce g i ves the vert i cal

temperature grddient. Since the ice thickness is known , the heat flux

through that section of sea ice can be estimated. If the ice conducted all

of the heat generated by the conversion of brine to ice , then the heat f l ux

would be equal to the rel eased latent heat. If it is less , the plastic

walls must be conducting some of the released latent heat upward . These

calculations were done for several runs , and the results consistently

indicate that the ice conducts from 30% to 60% of the heat , depending upon

the assumed porosity value (table 2).

The total vertical heat flow in the box , Ft, is the sum of the fluxes

through the plastic , ~~ and the ice . This is set equal to the latent heat

flux when the horizontal sidewall heating is neglected . For the specific

dimensions of the experimental tank , x~ 1.6 nm, ~~ 25 mm, and k.  8. 7kg
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at -3°C. For the same temperature gradient in the ice and plastic ,

= .557 , F./F~ = .36 . (3)

This is in the range of the heat fluxes that were measured in the ice. If

the ice porosity were 31%, the predicted and experimental values of F./F t
would be the same .

An estimate of the lateral heat flux through the plastic wal ls  is

obtained by considering the 0.1°C temperature difference across the 12 nm

plastic wall. If we consider a 10 nm by 10 m section of wall , then the

lateral heat flow into the ice will be .21 mW (from equation 2 with the values

for plastic). If we compare this value to the latent heat released when

the ice interface advances a corresponding distance of 10 nm , we see it is

only 5% of the vertical flux at that level . The equilibrium ice thickness

can be estimated by equating the length of sidewall heating to the con-

ductive temperature flux that exists when the cold plate is -15°C , the ice

bottom is -2.5°C, and assuming the sea ice is solid ice . The thickness is

about 100 mm, which agrees wel l with our observations.



- 20 -

3. THE ICE INTERFACE

Observations of the movement of the ice-brine interface yield an

unders tanding of the thermodynamics of the experiment and provide a

further check on the val id i ty of comparisons between l aboratory and field

i ce . For 6 ex perimental  runs , figure 6 gives the position of the ice-

brine interface as a function of time . The uncertainties in the measure-

ments are ±2 mm for distance and ±10 minutes for time . The zero on the

time axis corresponds to that time when the ice interface is 30 mm from

the col d plate , which is the first depth that we could accurately measure .

For the run where the 30 mm observation was not available , labeled “x ” on

the f i gure , the distance where the earliest observat ion was made (40 mm)

was positioned on the time axis to allow the best fit to the other runs at

that position .

Carslaw and Jaeger (1959, section 11 .2) describe a simple ice growth

model which applies to my experimental tank. They consider a pure liquid

at its freezing point in contact with a wall that is at a constant tempera-

ture below the freezing point of the liquid. The temperature gradient in

the freezing material is assumed linear and the distance , H, of the solid-

li quid interface from the cold wall is given by

H = (2k~t~T)1/2 (L~~)~~
/2 , (4)

where ~T Is the temperature difference between the wall and the liq u id and

t is the time from which the liquid starts freezing. Substitution of

typical experimental values for t,T of 15°C and 20°C into the above equa-

tions yields the two continuous curves on figure 6.
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FIGURE 6. Graph of the position of the ice-brine interface relative to
the top of the Ice as a function of time . Values for AT for
var ious runs are: - , 20; •, 16; ~, 15; x , 15; I , 14; and o, 12.
The solid lines are the theoretical solutions for AT 15 and 20.
See text for additional discussion .
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Var ia t ions  of the experimental data from the theoretical curves arise

because the cold plate temperature is nQt set at a specific temperature

at a given time , the ice does not freeze solid , there may be some con-

vect ion in the interior of the ice , sidewall heating may modify the

tem perature p ro f i l e , brine is a two-component liquid in which only the

water freezes, and convection occurs below the ice . Despite these effects ,

the experimental points follow the theoretical curves reasonably well ,

except for the run labeled “s ’ . During this run , the cold plate tempera-

ture was not decreased to its final temperature until the ice reached a

thickness of about 20 mm , so that the new ice started to grow from old ice ,

rather than the cold plate . The vertical axis for this run is moved 20 nm

so that the ori gin is at the bottom of the old ice , rather than at the

cold plate , which results in the data points falling on the AT = 15°C line.

The ice interface advances past the temperature probes at a rate of

1 .1 ~m s~ to 5.2 ~im 5
1 in my experiments. The vertical temperature

gradient ’ vary from .04 deg nr 1 to .17 deg m~~, although the steepest

gradients are not always associated with the fastest ice growth . The major

reason. for the discrepancy is freezing in the ice interior , which releases

latent heat and thus modifies the Interior temperature gradient. Figure 7,

a graph of temperature versus depth , has three temperature profiles from

experiments in the present tank along with one temperature profile from

Cox ’s experiment (1974). The experimental profiles clearly are not linear ,

but concave down . If we compare this result to the line ar profile used

In equation (1), then the experimental temperature gradient at the ice

bottom Is less than expected . One reason for the concave profile is the

sidewall heating . From section 2, as the ice gets thicker , the sidewall
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TEMPERATURE (°C)
-3 -5 -7 -9 -II -13 — 1 5

I I I I I I I I I 1

1 0 -  -

2 0 -  -

~~4 0 -

4 5 -  -

5 0 -  -

5 5 -  -

70 1 1 1 1 1 1 1 1 I 1 1 1

FIGURE 7. Temperature profiles for 3 experimental runs with cold plate
temperatures of -16°C, x; -14°C , A ; -11°C , 0; and a -10°C
run from Cox (1974), 5.
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heat flux increases unti l it accounts for the entire vertical heat flux

when the ice reaches its equilibrium thickness. At that stage , the

temperature profile in the ice will be concave downward since the heat

flux increases as the distance to the top decreases. Another reason for

the concave profile is that the ice is porous. If the latent heat is

released in a layer at and above the ice in terface , rather than as a li ne

source at the interface , then the theoretica l model produces a temperature

profile that is concave downward .

Our temperature records also show change as the ice interface grows

past a thermocouple. Fi gure 8 shows two typical temperature recordings

from probes offset in the vertica l by 10 m. A slope break occurs as the

ice moves past the probe . In the fluid , because of latent heat release at

the i nterface , the temperature can only •decrease as the solution sal inity

increases. This occurs because the experimental tank is a closed system

and as salt is rejected from the ice , the water salinity increases. The

salinity changes from 32 0/00 at the start of the experiment to 42 0/00

after the growth of 100 mm of ice. This changes the solution freezing

temperature from -1.9°C to -2.5°C , so that the water temperature slowly

decreases as the ice interface advances. Once in the ice , the thermocouple

temperature decreases more rapidly.

There are temperature fluctuations in the brine caused by convection

which have a magnitude of 0.1 degrees. There is also a noise level in the

temperature probes due to the electronics , which is of constant magnitude

for all probes in a specific experimental run , but varies in magnitude from

.01 to .1 degrees depending upon the parti cular run . The noise level is not

affected by the passage of the ice interface , but the convective noise level

is decreased (figure 8).
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FIGURE 8. A typical temperature record from a thermocouple which shows the
s lope break when the ice interface passes. The noise level is
.02 deg, and the convective perturbations of 0.2 deg are visible
on probe 2 before the interface passes. Probes separated verti-
cally by 10 mm .
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4. THE SKELETON LAYER

Immediately above the interface is the skeleton l ayer , a highly

porous l ayer comprising the bottom 10 to 30 mm of the ice. When dye was

injected underneath the ice , the photographs reveal that convection

occurs in this l ayer. In addition , temperature records reveal pertur ba-

tions of the order of .05 degrees , which is the same value observe d by

Lake and Lewis (1970) with their thermistors in natura l sea ice .

At different times during the experiment , dyed seawater is injected

into the bottom of the tank. The dye slowly rises and impinges upon the

skeleton layer. If any large brine channel s are present , the dye flows up

the channels. In areas where no channels are visible , convect ion still

occurs in the skeleton l ayer in the form of regularly-spaced cusps .

Fi gure 9, a sketch of this process made from photographs , shows the b road

regions of dye upflow separated by the cusp-like downflows . The cusps are

separated by about 10 mm and are v is ib le  for up to an hour. After an hour ,

t he dye genera l ly  becomes too dispersed to observe clearly. These regions

are v i s ib le both when the dye enters the i ce and also af ter i t has been

incorporated into the ice. If the dye beneath the ice is removed , clear

ice will grow underneath the dyed ice . Occasionally plume s of brine from

the dyed l ayer will extend down to the ice interface and eject the dyed

brine through the c lear ice , yielding cusps similar in appearance to

figure 9.

The cusps a lso cause temperature perturbations. In the run shown in

figure 10, derived from time-lapse photographs , a cusp to the ri ght of

probe 18 moves to the left during a 10 minute interval. The cusp leaves
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BRINE

(a)

BRINE

(b)

BRINE

(c)

FIGURE 10. Illustration of an observed sequence where a brine
cusp flows through a thermocouple; (a) 0 mm ,
(b) 5 mm , (c) 10 m m .  See text for discussion .
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a uniform ly colored dye in its wake , so only t he lea di ng left edge of the

cus p is vis ible. A comparison of the temperature records of 18 with 17

and 14 , given in fi gure 11 , shows that a 5 x 10 2 degree cold spike

occurred as the cusp passed 18 at point b. Since the thermocouples above

(17) and to the ri ght (14) of 18 have no similar events , the disturbance

is very likel y caused by the cusp. Assuming a linear temperature gradient

in the ice , the isotherms were displaced downwa rd .5 mm by the flow

associated wi th  the cusp. Com par i son of f i gures 9 and 10 snows that 1~

is initially in a region of warm , upf lowing seawater. As the cusp sweeps

by, the temperature drops due to the cold , sal ty ou tf l ow , and then increases

as presumably another upf•low region passes the probe .

In a second experiment , a very regular set of cusps formed as dye

reache d the lower i ce i nterface . Fi gure 12 shows t he dye shor t l y after

it entered the ice . After 20 minutes , a se t of three s treamers loca ted unde r

p ro bes 3, 4, and 11 was still pouring dyed brine into the water. By 30 11 ir

the plume under probe 4 was not v is ib le , and those under 3 and 11 were

weaker. The temperature record displayed in fi gure 13 show that probe 4

ceased cool ing at point A (32 minutes) and by point B (36 minutes) its

temperature had risen .065 degree . It then started to cool at a rate that was

about the same as the other probes. From the photographs , it appears that fresh

brine was f lowing upward between the cusps . Fi gure 12 suggests when the

cusp near probe 4 stopped f lowing at about point A , the other cusps on

e ither s i de of i t ma i n ta i ned the i r f low and caused warmer wa ter to f l o w

up past probe 4. This caused the warm spike , shown between points A and B

in the temperature record of 4. Once the brine enters the ice and stops

flow ing, it loses heat to its surroundings. This results in the cooling 

~.. . . . ..-. . . - . .~ ~~~~~~~  
-

~~
-- 

-
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FIGURE 1 1. The temperature record for the sequence shown in fi gure 10.
a , b , c separated by 5 minutes.
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0m m

20 mm

40 mm

FIGURE 12. A sequence of 4 illustrations showing brine (a) going
Into the ice , then (b) cooling down and being ejected ,
and (c and d) one of the cusps stopp ing its flow. See
text for further discussion .
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FIGURE Lii . The temperature re,cord s from 2 of t he probes i n
fi gure 12 .
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rate at probe 4 after point B returning to the va lue it had before the

intrusion at point A. In summary , these observations show that both

active convection and detectable temperature fluctuations occur in the

skeleton l ayer of the ice.
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5. BRINE CHANNELS

5.1 General Observations

In t ne i ce above the skeleton layer , a frequent and prominent feature

of o ur laboratory ice is the formation of brine channels. These are also

1 ’ ~urtan t in natural sea ice since they are probably the primary drainage

mechanism. Lake and Lewis (1970) give excellen t examples of brine channels.

~roi~ the ir fi eld observations in February and March , they report a density

of one large brine tube with a diameter greate r than 1 mm per 180 cm~ in

1. 6 m ~h 1L k i~ e. They also reported small tubes with diameters less than

1 nm , ~r~t ~~ rage bei ng 0.4 mm , at a hei ght of 10 mm from the i ce i nterface

w i t ri d der~ Jt 1 of 4~ tubes per cm 2 . Th is y i e ld s  a b r i ne channel  volume of

aLo ut ~ of the total ice.

In other field investi ga t ions , Benn ington (1967) observed one large ,

open c’~~r r e l  per 800 CU for 0.2 m thick ice , with other frozen-shut

cn~rine 1s visible. In our experiments , once the i ce reache d 40 mm thi c kness ,

there were one or two channels with diameters of the order of 1 to 3 mm

and lengths of 10 to 30 mm. The area covered by brine channels was traced

from photographs and then measured. Sometimes no channels were evident ,

but usua l l y the channe l s  occu py 3% of the total area , wh i ch com pares

favorably with the 5% observation of Lake and Lewis.

Fi gure 14 gives a typical sequence of an ice interface advancing into

the water and developing a brine channel. Dyed brine is being incorporated

into the ice in frame a. The brine channel marked by “a ” is already quite

well-developed. A second brine channel , ‘ v ” , deve lops wi th in  the next hour

and is v is ib le  in frame b. It appears to have developed from the vert ical
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F IGURE 14. P~ ~u n u  of 4 photo graphs showing the growth of typical
ld bordto ry ~(d ice ; (a) 0 hour ’~, (b) 1 hour later , (c) 2
huur 1 d t e n , (d) 3 hours 1 ater. Line to r ight of 1 Li is
u nm 1 eny t h - Dye hi just re~ ched the ice r i t e  rI ace
In 14a jrid the channels devel op in ldter photos.
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crystals immediately above it. The channels continue their development

in frames c and d , with air pockets visible in the interior of the ice

in the last frame . The air pockets are caused by dissolved air in the

brine coming out of solution as the brine freezes.

As fi gure 14 shows , the laboratory channels genera lly were not

vertical , but s lope between 30° and 60° to the vertical . Similar ang les

are reported in natura l sea ice; for example , Lake and Lewis (1970)

observed numerous channel s with angles of 40° to 54° feeding into a large ,

vert ical  channe l in their 1.6 m thick ice. Figure 15 is an unpublished

photograph from their 1 968 field observations that shows brine channels

near the ice interface. This is especially interesting because it shows

a horizontal section of channel at “ r ’~, which is similar to the horizontal

sec ti on of channel i n the upper portion of channel “ s ” in fi gure 14d. There

is also a general resemb lance in the slopes between the f ield ice of

fi gure 15 and the laboratory ice in figure 14. Martin (1977) also observed

channels in the ice interior wi th ang les of about 45° . The same pattern

of vertica l crystals and sloping brine channels that is present in our

ice is present in his f ie ld observat ions. The strong simi lar i ty between

the laboratory ice and the fie ld ice suggests that our laboratory results

app l y to the natural environment.

In the cases which we have stud ied , the isotherm s in the ice are not

horizontal , but slope from 0° to 13° , wi th the average ang le being 6°.

This can be checked against field measurements of the ice interface tilt

since Isotherms near the ice bottom are parallel to the interface . Lewis

(1967) observed that the ice bottom was not smooth , but had many irregular-

ities , with slopes of 7° quite common , so that our laboratory slopes are
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of the same order as these field observations. Both our experiments and

Lewis ’ s observations suggest that an isotherm tilt of onl y a few degrees

is associated with a brine channel slope of 30° to 60°. We also observe

that brine channels t i lt in the same direction as the isother m s , which

means that at any horizonta l level , the brine channels slope toward the

co ldest region of the ice . Figure 16 is an example of this;  the coldest

region is in the center of the array in l6a and the channels on either side

of the array s lope toward it. Three hours later , 16b , the coldest region

of the ice , marked by the ice being thickest , has moved to the other side

of channel “6” . In response , the br ine channel slope reversed its orienta-

tion and tilts to the left . This observation allows the isotherm pattern in

natura l sea ice to be established by observing the brine channel tilts.

Fi gure 17 illustrates the brine channels found by the author in a newly

formed piec .e of ice at the edge of an arctic lead in February 1976. In this

ice , the thickest regions are the coldest regions , and the brine channels

all slope toward the thicker regions.

Because brine is orig inally trapped between ice crystals , we expect that

the brine feeds into the channels at the crystal boundaries which the channels

cut across. We observe this potent ial for feeding in many cases , (e.g.  fi gure

14 ), which suggests that these crystals are a source of brine which starts

the channels. However , when viewing the formation of brine channels , they

often just seem to fade into existence in a photographic sequence (figure 14a ,

b), their boundaries initially being ill-defined . This is because of limita-

tions in the photographic technique. When the camera had a field of view large

enough to see entire brine channels , resolution was not great enough to observe

brine pockets. When resolution was small enough to observe brine pockets , the
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brine channels were either too large to appear related to small features ,

or they were not present in the vicinity of the sma ll featu res.

Another feature of brine channels is that when the brine drainage

slows , or when a channel migrates , refreezing occurs in its wake . Fi gure 18

shows a refreezing channel that has many ice crystals growing in it. Fi gure

19 shows two photos separated by 3.5 hours showing a brine channel befo re

and after it closes off. Once the region refreezes , brine channel movements

in that region cease , which marks the conclusion of the role of brine

channels in the desalination of cold , young sea ice.

5.2 Convection in Channels

In severa l experiments , brine did not flow unidirectionally out

of the ice , rather we observed convection in the channels. Our observations

divide into two categories ; convection caused by dyed fluid entering the

ice and spontaneous convection in the ice interior. In the f irst category ,

wherein the greatest number of observations occurred , the injected , dyed

water flowed up into the brine channels simultaneously with downward flow

of dense brine. For tilted channels , the clear dense brine flowed down

the l ower side of the brine channel , and the dyed , fresher brine flowed up

along the upper wall.

When a sharp boundary existed between the dyed and undyed water , we

were able to measure the rate at which the seawater rose into the ice .

Figure 20 is a series of illustrations taken from photographs at the mouth

of a brine channel . The channel width was 1.4 mm and typical velocities

were 0.25 mm ~~ out of the channel . These measurements imply a volume

flux of 0.38 m 3
~~

1 up the channel . To calculate the heat flow into the
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FIGURE 18. Bri ne d a n I e l  tnat is freezing shut; note the random
c rys ta l s  that fill tne channel . Di stance between
n iu r iz ont a l line s is 10 mm.
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FIGURE 20. IllustratIons of two sequences of movement of brine at the

ice-brine Interface . The ’I’ marks a particular brine parcel.
The ‘ + ‘ is a fixed reference position on the tank walls.
10 sec between frames; (a) Ice , (b) outfiowing brine , (c) water.
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ice , we use

F A LThT c 13~ , (5)

~ner e u is tee brine velocity , A is the cross-sectional area of the brine

channel , T is the temperature difference between the inf lowing brine and

the out fiowing brine , an d c~ is the specific heat of the brine. Substitu-

tion of the values for A and U from the above discussion plus t.T = .05°C ,

~eice is the magnitude of the temperature fluctuations measured in the ice ,

yields a convective heat input of 80 ~W for the brine channel . If this

heat is distributed over 50 mm , the average horizontal distance

between channels in our tank , t hen we obt a in  an avera ge hea t flu x of

1.6 . W rriii~~. This flux is much less than the conductive hea t fluxes

of 200 ~W mm 1 , an d will be decreased further because slower velocities

(from 35 ~m s~~ to 6 rn s_ 1 ) were observed in other brine channels , which

would yield l ower volume fluxes.

The second category of observati ons includes cases such as a crystal

of ice being dislodged from the edge of a channel and being displaced a

short distance downstream , or a particle of coagulated dye being swept

loose from the sioe of a channel . The resultant velocity calculated from

the observed particle displacement is a l ower bound for the brine velocity

since the particle is slowed by collisions with the channel walls.

Fi gure 21 illustrates the successive positions of a parti cle approximatel y

30 mm above the ice -brine interface , which had an average veloci ty of

44 ,.m s~~ during the 70 seconds that it was observed moving.



- 46. -

ICE~4~~ 3os ICE
10mm

//A VJ BRINE
~‘/// ~“CHANNEL

FIGURE 21. I l lustrat ion of the movement of a dye par t i c le  in a
brine channel . The dot marks the center of the dye
par t ic le .  Time in seconds .
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At least  two nondimensi onal numbers describe the interior flow ; namely

the Reynolds number , Re , and the Ray le ig h number , Ra. The Reynolds

number for these f lows , calculated from

Re = (Ud) v 1 , (6)

where ci is the channel diameter and ~ is the v iscos i ty , compares the

inert ial  for ces to the viscous forces. The values of Re range from 0.2 to

0.005 , which is in the “very slow motion ” range (Sch l icht ing 1968 ). For

flow of a unifo rm fluid in a pipe , this low Re means that the flow will be

laminar w i th  no possibi l i ty  of turbulence in the brine channels. For

turbulent f low , Re -> lO~ , which for a 1.5 mm brine tube would require a

veloci ty greater than several meters per second.

The Rayleigh number defines the l ikel ihood of convection and is g iven by

Ra = (p D 4 1  
~~ 

g r~ , (7)

where r is the tube radius , 0 is the sa lt dif fusivi ty , v is the v iscos i ty ,

and g is the gravitati onal acceleration . For a cylindrical tube , convect ion

occurs for Ra greater than 68 (Wooding 1959). If we consider the brine

and ice to be in equi librium in the interior , then the temperature 1,

w i l l  determine the sa linity. Cox (1974) states that the best avai lable

equation of state for the brine in a NaC l brine-ice system in equilibrium

is

°brine 
= 1 + 8 x lO~~ ~, (8)
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where S = -17.5730 1 - 0.381246 T2 - 3.28366 x lO~~ T3 . (9)

Combining equations 7 -9 wi th ~-~- 0.06 deg nin 1 and T = -4 °C , convec ti on

can occur in a tube with a radius greater than .4 mm , which is the radius

of the larger brine channels. In summary , the br i ne channel f low i s

subcritical with respect to Re and either subcritical or supercr itical

w i t t i  respect to Ra.

5.3 Movement of Brine Channel Walls

In the tank , brine channels mi grate both horizontally and vertically

through sea ice. They move by melti ng one wall , the l ower wall if the

channel is not vertical , and freezing ice to the other wall. Our observeJ

brine channel mi gration rates vary from zero to 1.6 rn s , with the

majori ty of the moving channels traveling at a speed from 0.1 to 0.6 rn s~~- .

The cooling rate of the ice , the horizontal temperature gradient , and the

ver t ica l  temperature g rad ien t  were measured for f i ve of the ex pe r i me nt al

runs in which brine channel mi gration occurred in the vicinity of the

temperature-probe array . Figures 22-24 are graphs of brine channel

velocity versus cooling rate , horizontal tem perature g ra di en t, and vertical

temperature gradient. From the scatter of the data points , it is evident

that none of these quantities singly control the channel velocity .

However , it is significant that the brine channel walls always melt toward

the warmer side , as shown in figure 23 by a ll the data points ly ing in the

first quadrant.

If the channels moved because of the conductive heat flux in the ice ,

we would expect the wall velocity to increase as the cooling rate or the

temperature gradients Increase. Since this relation is not verified by
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the data , convection in the brine channel iS the onl y mecha rr i~ nn l ef t  o~

the cause of the wall motion.

The criteria for convect ion , Ra , is a function of I and in add ine r

to r , the channel radius. It would haye been desirable to Hot k~ ,~‘ai r s ’

the wall mi gration rates to show that convection causes the mi~~r i t ion , u~ t

the uncertainties in determining r do not a l low the d i rect  eval a ion cf

Ra in most of the cases for channel wal l  mi gration . As a ~ea~~ r al~~~~ a t i v c ,

we compare estimates for brine velocities with ice melt ing rj t e  tu € .e if

cor ,~ect ion c a r  provide the heat f luxes required for the wa l l  movement.

Consider a vertical t r ~~ne channel w i th  a diameter of 1.4 rrvi . The

amount of heat needed to melt the channel wa l l s  can be ca lcu lated with the

a id  o f equation 1. T y . ica l channel me it rates of L.m s~~ to 6 .~m s ’  w i l l

y ie ld latent heat f luxes of 42 .W m 1 to 338 ~W m 1 . To compute an

uc~ er l imit on the amount of heat that can be supplied by brine channel

~~~m, consider the following model . Suppose the brine in the channel has

the s a c  linear ] 1 decreasing temperature profile as the surrounding ic e .

Trier the ~r’ne will be unstable sin ce density increases wi th  hei ght , and

convect ion wi l l  eventual ly  occur if Ra ’68 . If laminar f low starts in the

channel , the bi m e  wi th i ts linear ly decreasing temperature w i l l  f low down

the tube . The flow will transport the temperature gradient and produce a

convective heat flux per unit length given by

~~-C p
p 0)

where dT/dz is the vert ical temperature gradient. For a vertical gradient

of 0.08 deg nin 1 and U 0.25 nii~ s
1 , F

~ 
= 129 0W per millimeter of channel.
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This number is in the middle of the range for latent heat fluxes , so

co nv ec ti on coul d dri ve the lateral  wal l  melting.

5.4  Temperature Var ia t i ons

When a brine channel sweeps past a thermocouple , the temperature

cr ianges . In one instance , a very act ive brine channe l swept across several

ter perature probes in the square portiofl of the probe array . Fi gure 25

shows two photograp hs of the channel at different times as it passes through

the drrd 1, and f i gure 26 is a schematic of the channe l during its entire

traverse of the array . Other channels having a comparable displacement

were peotographed outside the temperature arr ay during other runs , so channel

moven~~!ts of this scale were fair’y common .

Fi gure 27 shows the temperature record of the array , where the tempera-

tures are given at four different depths and times , with each horizont al

level of probes being arranged in a vertical column so that the brine

channel movement across each level can be readily seen . At the top level ,

the channel only moved slightly and remained closest to probe 6 , which

always had the coldest temperature in the ice . At the second level , the

channel moved a horizontal distance of 10 mm, going from probe 13 , past 7

to 1, the coldest temperature always bei ng measured by the probe that was

closest to the brine channel . The temperature of the probes nearest the

brine channe l stayed between 0.05 to 0.01 degrees colder than the other

probes at that level . At the next lower level , there was a 0.06 degree drop

in temperature as the channel moved from probe 14 to 8. Finally, at the

bottom level nearest the ice interface , the temperature between probes



- -

~~

~

(a)

*

( b )

FI GURE m~b. Pnotographs of a brine channel as it passes through the
tei ;i p& rature array . b ~s 2 hours after a.
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FIGURE 27. The temperature records for the period given in fi gure 26: (a) top
level , (b) 5 mm down from top, (c) 10 mm down from top, (d) 15 mm
down from top. Probe numbers are given at the bottom of the columns.
At all levels , the temperature Increment is 0.1°C between marks.
The arrow marks the position of the brine channel .
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changed almost 0.1 degree as the channe l moved from probe 10 to 9.

During this run , a cal ibration error may have caused the third and bottom

levels not to indicate that the probe nearest the channel was a lways colder.

In spite of this error , a consistent pattern of the temperature dropping

as a channel swept by a probe emerges from the figure .

Temperature changes also occurred when convection starts in a brine

channel. Fi gure 28 shows two ice photographs separated by a ten minute ’

i nterval . The p rom i nent bri ne channel labele d “a ” has no signs of convection

in 28a, but in 28b a plume of dye is emerging from the channel into the

brine be l ow the ice. After the flow began , the probe located 6 mm above

the ice interface where the channel empties into the underlying water

increased its temperature relative to another probe at the same level by

about .1 °c. This temperature increase supports the convect ive overturning

theory that there is an upf low in the brine channel at the same time that

an ou tflow occurs. An upflow brings warmer brine into the ice , so that the

temperature adjacent to the upflow will increase.

The model we propose for brine channel convection and wall migration

initiall y has brine at rest in the channel . When Ra exceeds its critical

value , convection starts wi th a descending plume of cold , dense brine

flow ing down the l ower side of the nonvertica l channel . A replacement

f low of warmer , less-sal ine brine flows up the high side . This f low is

accompanied by a cooling on one side of the channel and a warming on the

other side , which disturbs the temperature gradient in the ice . There

will also be a heat flux from the warm upflow to the colder downflow . If

the tube is slanted , this heat flux causes freezing on the upper wall and
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melting on the l ower. As the system tries to reach equilibrium , the

eutectic condition (equation 9) contributes to melting on the l ower wall

s i nce the salt y brine must be d i luted as it fl ows down the ice wall int o

a warme r regi on , and melt i ng is the onl y source of fresh water for dilution.

Ano ther sour ce of heat for the brine channel wa l ls  is the mean ice tei pera-

ture gradient. The isotherms in young sea ice are often not horizontal

(section 5.1). One effect of this upon the brine channels , which slope

in the same direction as the isotherms , is that the heat flux per-unit-

len gth of the c hannel i s i ncrease d , which will increase the melting rate

of the channel . All of these effects work to melt channel walls whenever

there is convection in the channel . After convection stops , the horizontal

temperature gradient w i l l  dissi pate . The vertical gradient in the ice will

be estab lished in the brine and eventually the brine in the channel may

become unstable and start flowing again. This process will continue until

the channel radius becomes too small for convection to occur.
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6. SMALL SCALE ICE FEATURES

When brine channels are not present , or when a channel beg i ns to

freeze shut and convection is no longer present , the small scale features

of sea ice become si gnificant. During two experiments , m i crophoto gra ph s

were taken by focus ing the camera on a 10 mm by 8 rim section of ice. In

both cases , brine tubes and brine pockets were present and the formation

of brine pockets from brine tubes was documented .

6.1 Brine Tubes

Br ine tubes are cylindrical brine-filled hollows in the ice which are

closed at one end w i th  a bu lb- l ike cap. In our case , the tubes are 0.4 mm

long wi th  a diameter of 0.1 mm (fi gure 29 ). These tubes have the same

diameter as tubes reported by Lake and Lewis (1970), but our tubes are

shorter than the field observations of 20 to 30 mm.

Brine tubes cou ld be important to the dynamics of brine channels. To

examine brine tubes as a brine source for drivin g brin e channel convection ,

cons ider what happens as a tube freezes shut. The time-averaged brine

veloc ity th roug h the tube entrance w i ll be 0.1 t imes the tube length

divided by the time it takes to freeze shut. We observed that the tube in

figure 29 took two hours to freeze shut , so the brine moves out of the tube

at a velocity of 5.5 nm s 1 . Since it is so slow , it will not cause any

temperature disturbance. This velocity is over 1000 times less than the

slowest observed convective flow of 6 pm s~ in the brine channel .

An estimate of the brine velocity in a channel due to expulsion is

obtained by assuming that all of the brine moves through a 1 mm2 brine
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channel. If we assume that the channels are spaced 50 mm apart and have

a con ical-shaped drainage area , then in 40 mm deep ice each channel has a

d ra i na ge volume of 1
6
00 mm3. If 10% of this is brine volume , and half of

it freezes in 2 hours , then the volume expelled will be 10% of the brine

volume frozen , or 8 nin . This implies a steady veloc i ty of 1. 1 rn

through the channel

Another source of brine for the channel could be gravity drain ag e t r

the ice rising above the water level due to buoyancy . The brine would come

from intercrysta lline channels which have one end open to the air while the

other feeds into a brine channel . This does not happen in my experiment

because the ice is frozen to the tank walls and cannot fl oat. We therefore

will examine this process to estimate its importance in natura l sea ic e .

If the ice front is advan Ling at a rate of 3 urn ~~~~~ then the ice tup rises

above the water level at 0.3 pm s 1 . If 10% of the sea ice consists of

br i ne In the small channels , a hi gh est imate , then the drainage rat~ thr ii~~

a 1 nun brine channel with 50 mm of drainage area at the top uf the ice

woul d be 2.4 ~m s~~. When this is combined with the expulsio n v elocit y ,

is still unable to account for the high velocities recorded i t ~he tr i fl e

channel . The observed channel velocities must there’ore bt~ due to th t

convec tive replacement of brine by seawater tering the ice.

6.2 Brine Pockets

A brine pocket is a bubble of brine , surrounded by ice , that has only

lim i ted , if any , communication with other brine masses. During both micr o-

photograph experiments , brine pockets were photographed forming from the

freezing of brine tubes , wh ich Indicates that the transition occurs frequently.
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Figure 29 shows a brine tube pinching off in a two hour period to form

two brine pockets and a smaller brine tube (figure 29).  These brine pockets ,

which are about 0.1 mm in diamete r, are located in the interior of the ice ,

appr oxi ma tel y 20 mm from the i nterface . The coolin g rate was 85 . deg s~~
and the ver t ica l  temperature gradient was .07 deg nin~~. Small brine tubes

of this diameter are very abundant at the bottom of natural sea ice (Lake

and Lewis 1970). In the run illustrated in fi gure 30 , which is very similar

to the previous example , a brine tube pinched off over a 5 hour period .

he entire reg ion of sea ice was cooling at a rate of 6 ~ deg s~~ , but the

ver t ica l  temperature gradient was the same as the f i rst  case , .07 deg niir 1 .

Ano ther important aspect of brine pockets is that as they freeze they

cause a pressure increase in the ice , wh ich i s the mechan i sm behind brine

ex puls i on . The p ressure i ncrease will di stort the ice wh i ch wi l l  take the

form of cracking ~long the ice crystals , slipping along crysta l axis , or

perhaps deformation of crystal structure. Since brine pockets are located

originall y at crystal boundaries , crack ing may preferentially occur along

the boundaries. However , the mechanism of temperature gradient mi grat i on

may transport some brine pockets into a crystal , so crack ing is not limited

to crystal boundar ies. Engineering measurements of the compressive strength

of sea ice done by Peyton (1963) show that the strength is si gnificantly

lower for loads applied along the c-axis direction than for loads applied

perpendicular to the c-axis direct ion . This suggests that cracks preferenti-

all y Occur across crystals , which may account for brine channels cutting

across crystals as in the upper portion of the channel in figure 25.

The cracking and expulsion produced by brine pockets cooling could be

the cause of brine channels sloping toward the colder regions. Since brine
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channe ls transport brine from the interior of the ice , a channel should

preferentially form where the supply of brine is the greatest , wh ich is

where the temperature changes the most. At any particular horizontal

level , the temperature has changed the most where it is coldest. This

suggests that brine channels slope toward the cold as they grow as a

consequence of the amount of cracking and the availability of brine.

7. CONCLUDING REMARKS

There are four important aspects of young sea ice desal ination found

in this study . First , when brine channels form , they have a slope of 300_600

in the same direction as the small isotherm tilt of O°-l3° . Secon d ,

convection in brine channe ls causes temperature fl uctuations of the order

of 0 .05°C. Third , the large velocit ies (>6 pm s ’ ) recorded in brine

channels are fed by the inflow of water from beneath the ice . Finally, the

skeleton l ayer is hi ghly porous and convection occurs in it.
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- In a series of experiments using a 1.6 nm thick freezing tank , thin sections

of salt  water ice were grown which exhibit the same drain age features as
natural sea ice. The tank design permitted photographs to be taken , while
thermocouples mounted in the tank walls recorded the temperature profiles
w ithin the ice. Convection was observed in both the skeleton l ayer and in
the brine channel s by the flow of dyed brine . Flow in the skeleton l ayer
was cus p -like in appearance , cons isting of narrow downflow regions separated
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\~2O .~ by broad upf low regions . Several brine channels were usually present
in the ice and convective overturning occurred in these channels. The
convection caused temperature fluctuations of 0.05°C , which calculations show
increase the vertical heat fl ux by 2%. The brine drainage channels , whi ch
were usually sloped 30 to 60° to the horizontal , always had isotherns tilted
from 00 to 13° in the same direction . The brine channels move both hor i zont-
ally and vertically through the ice by melting their l ower walls and freezing
on the upper walls. An analysis based on the heat flax due to brine channel
convection shows that convection can drive these wal l  movements. Our
o b s e r v a t i o n s  suggest that most of the brine movement in the channels is
caused by recirculation of water from below the ice . We also observed the
f o r m a t i o n  of b r i n e  poc kets from brine tubes.
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