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INTRODUCTION

During the past year two of our students completed research projects.

Edward Josberger finished his Ph.D. thesis on the ablation of vertical ice

walls submerged in warm sea water, and Donald Perovich finished his M.S.

thesis on the optical properties of young sea Ice. Scientific reports on

both topics have been prepared and distributed. Calculations of the large-

scale heat and mass balance over the AIDJEX array have been carried out and

compared with values in the central part of the Basin as inferred from

earlier drifting station data. The sensitivity of regional fluxes to

processes associated with ice deformation was also investigated. Laboratory

measurements of light scattering by sea ice have been concluded. Results

indicate that the scattering coefficient depends on both temperature and

growth rate, while the phase function was found to be unexpectedly insensitive

to these quantities. Analysis of laboratory and field work on the interaction

of waves and grease ice has been completed, leading to the formulation of an

empirical equation for wave damping by grease ice. A theoretical model of

solar heating in leads is being developed. Preliminary work suggests that the

rate of lateral melting responds directly to changes in lead width, if the lead

is narrow; however, increases in width above about 100 m have little effect

because the greater heat input is balanced by greater heat loss to the atmosphere.

A spring cruise on the NOAA ship SURVEYOR was carried out In the Bering

Sea. Wave attenuation at the ice edge and the relative motions of ice bands
• which break free from the pack were Investigated. The new infrared scanning

photometer was completed in April and successfully field tested at Barrow

during May and June. Changes in spectral albedos and incident irradiance

as a function of cloudiness were recorded through the early melt stages.

• Experimental methods for measuring lateral ablation In leads were also tested.

___ j
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Scientific results from previous work include papers on the effects of

ice thickness on the absorption of solar radiation, brine drainage and

convection in young ice, the melting of vertical ice walls in warm salty

water , the optical properties of young ice, Ice edge phenomena, and wave I
• damping by grease ice.
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DYNAMIC AND THERMODYNAMIC MODELING

Heat and Mass Balance Studies. Our goals here are: (1) to understand

large-scale ice production and surface heat exchange over the Arctic Ocean,

and (ii) to determine the sensitivity of these quantities to processes

associated with the deformation of the ice pack. During the past year we

have been engaged in a comprehensive study of this problem, utilizing all

available data. The basic tool for this work is our regional averaging

model which requires: (I) ice strain data to calculate the thickness

distribution and (ii) incident energy fluxes to calculate ice growth and the

• surface heat balance for each thickness of ice. Since the early calculations,

the model has been Improved through the addition of improved numerical

techniques and more realistic ridging parameters. Testing these improvements

with the 1-3/ARLIS 11/ NP-1O strain data produced a substantial increase in

the predicted fluxes. Regional fluxes have also been calculated using high
* 

quality AIDJEX strain data and were found to be significantly different than

those from the 1-3 triangle. For example, annual totals of sensible heat

loss were two and a half times larger over the AIDJEX manned array, while ice

production was 35% greater. The latent heat flux , on the other hand ,

differed by only 8%. AIDJEX strains tended to put more ice in the 20-40 cm

thickness category and less into the 40-80 cm category, causing area-weighted

turbulent flux values to peak In the 20-40 cm range rather than the 40-80 cm

range found with the 1-3 data. It is not clear whether these large differences

result from normal year-to-year changes in Ice movement, differences in ice

flow between the Beaufort Sea and the Central Arctic , improvements in
measurement accuracy, differences in the scale of the two sets of strain

measurements, or some combination of the above. Upcoming data from the FGGE

• buoy array should be helpful in resolving this question. 

•—~~~~~~--— ~
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In the second phase of this work, we have carried out over a dozen

additional simulations in order to learn more about how the above results

are affected by strain field characteristics and by assumptions regarding

the ridging parameters. We found that setting the shear to zero and leaving

the divergence unchanged in either the T-3 or AIDJEX data caused about a

50% reductIon in the amount of open water during the winter months. Thus,

although shear dominates the strain field of the ice pack, such motions are

responsible for no more than about half of the winter open water production.

During the sumer, divergence and lateral melting completely determine the

amount of open water. Despite decreases in the amount of open water and

young ice when shear was neglected, there was only about a 10% decrease in

the winter rates of ice production. This was because of substantially larger

amounts of thick first-year ice which partially compensated for the ice

production lost in the thinner categories. The sensible heat flux, on the

other hand , responded strongly to the decrease in thin ice; the magnitude of

the change depended on season, but for the year there was over a 60% decrease

in the sensible heat Input to the atmospheric boundary layer. Other

calculations indicated that the regional heat balance is quite sensitive to

assumptions regarding which thicknesses of ice participate in ridging , but is

insensitive to the way in which this ice is redistributed. An unexpected

result was that the large—scale heat fluxes generated from daily AIDJEX strain

data were essentially unaffected when recalculated with strains which were

passed through a 5 day filter. This suggests that motions with a period of

less than 5 days are unimportant in terms of ice production and heat exchange.

We are carrying out additional calculations to see If this is reasonable. 

•~~~~~~~
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The final case we are studying is a comparison of the AIDJEX manned array and

the AIDJEX buoy array to see if there are any consistent differences in

heat exchange between the 100 and 500 km space scales. A paper describing

• the results of this work should be completed shortly.

The techniques and models developed for the above work have so far been

applied only to the case of uniform strain across some area. It should also

J be possible to approach the more general problem of a large region containing

many strain elements in much the same way. A solution to this general problem

is needed before we can effectively utilize data from large arrays of buoys .

We are therefore working on the design of a program which will simultaneously

calculate area-averaged heat exchange over many grid elements, using as Input

only ice motion , temperature, and cloudiness data. The most difficult part

• of the problem is to deduce the various components of the heat and mass balance

from such scanty information. Fortunately, our previous work on improved

ice forecasting equations indicates that we should be able to obtain reasonable

estimates of all the fluxes, with the possible exception of incoming shortwave

radiation. We suspect that parameterizations presently used in large-scale

models are appropriate for thick lower latitude clouds, but tend to

underestimate solar radiation over the Arctic. We are looking into this

possibility and , If necessary, will develop a more suitable parameterizatlon.

We are also trying to resolve some questions regarding the advection of ice

thickness distribution between adjacent grid elements. The ultimate results

of these efforts should be a model which will allow us to determine both

spatial and temporal changes in the heat and mass balance across the entire

Arctic Basin.

I
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• Response of the Ice to Temperature Changes. Recent concern abcut the

• increasing levels of carbon dioxide in the atmosphere and predictions of a

possible 5-10°C increase in air temperatures in the polar regions led us to

• examine the effects of such changes on the Ice pack. Our calculations

indicate that winter temperature anomalies have a relatively small effect on

the ice. Sun~ner temperature anomalies , on the other hand, produced dramatic

• changes in the ice cover. For example, a 1°C increase in the 10 meter air

temperature during the melt season caused roughly a 60% decrease in average

ice thickness - an increase of 2-3°C caused the eventual disappearance of the

ice.

The above results point up a weakness implicit in this approach. While

it is reasonable to expect that changes in cl imate can change winter air

temperatures by several degrees, it is not clear that suniner air temperatures

• near the surface of the melting Ice could be maintained much above the freezing

point. Yet it is the sumer temperatures which seem to be critical in deter- v
mining the long-term response of the ice. The question which now needs to be

considered is how changes in upper level temperatures (e.g. at the top of the

planetary boundary layer) would affect the ice cover. To address this

question we plan to combine a suitable boundary layer model with our ice growth

model .

• Sumer Decay of the Ice Pack. Solar radiation absorbed in the upper

ocean appears to be an important factor In the suniner retreat of the ice edge

and In the general decay of the interior pack. However, precise details of

the processes involved are not known. Lateral melting on floe edges has

received some attention because of the positive feedback potential - lateral

1. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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melting causes a decrease in ice concentration which allows more shortwave

radiation absorption in the water and a continuing acceleration in the rate

of lateral melting. Simple models of this process have been formulated by

Zubov and by Langleben. A serious drawback with both these models is their

assumption that all the absorbed radiation goes into lateral melting . In

reality some of the energy is absorbed beneath the ice where it contributes

to bottom ablation , while some fraction of the remainder is lost to the

• atmosphere through longwave radiation and turbulent heat exchange.

As the first step in a combined theoretical and experimental study of

the problem , we have developed a simple , but more realistic , lateral melting

• model . We assume that: (I) water in the lead is wel l mixed , (ii) energy

absorbed below the ice contributes exclusively to melting on the bottom

rather than on lead walls , and (iii) energy deposited in the layer between

the surface of the water and the bottom of the ice goes into lateral melting,

warming of the water, and heat input to the atmospheric boundary layer. An

energy balance equation which includes all the heat fl uxes is applied at the

L air/water interface, while lateral melting rates are determined from predicted

far-field temperatures using the parameterization developed by Ed Josberger

(see “Reports Published and In Press” section).

The major difference between the results of this model and those of

earlier ones is in how the lateral melting is affected by lead width. The

older models implicitly assume that melt rates depend linearly on lead width ;

our model , however , predicts a rapid Increase In melt rate only up to a lead

width of about 100 meters, after which melting becomes increasingly insensitive

• to lead width . Intuitivel y this seems correct, suggesting that the Zubov/

Langleben models may seriously overestimate the speed at which ice concentration

decreases.

• •
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The problem with our present model is that it ignores the details of

• heat transport In the water. If the water salinity is above 25 °/00~
radiative heating increases the stability of the layer resulting in a much

greater eddy diffusivity in the horizontal than in the vertical . Whether

• this tends to increase or decrease lateral melting is not entirely clear.

Another probl em is that, as lead area increases, there will necessarily be

more exchange of energy between water in the lead and water below the ice.

Again , we don ’t know whether this exchange will have a positive or negative

effect on the lateral melting . Our next step in the improvement of the model

will thus be to include a more realistic treatment of the water in the

stable case. This will be done through the introduction of a two-dimensional

heat diffusion equation . Such an approach has been tried by Soviet

i nvestigators (e.g. Doronin) with questionable success, probably due to

inadequate attention to heat exchange at the surface. Ultimately, we plan to

treat the unstable case and explicitly examine water motion in leads.

Numerous other mechanisms are potentially important in the decay of the

ice cover, but there seems to be no way to assess their importance theoretically.

We therefore plan to carry out a suniner field program to determine in detail

• how solar radiation affects the interaction between the ice cover and upper

part of the ocean. During the spring field experiment (see Radiative Transfer
1 

• section) several days were devoted to testing techniques to measure lateral

ablation and heat exchange in summer leads . In mid-June an ablation array was

set up in a small lead which had opened through a section of first-year ice

within easy access from shore. Scuba diving was carried out in the lead,

enabling us to study the cross-sectional profile of the ice at several locations.

- ••— • •__••• ••• ,_ •a._ .______ ••••_•_••• •••.••___• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ._ _ _ •_____ J •_ • _•_ • _•_ •~_ _•_ • •_ •_ ______•_•••_ _ A.
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The lead closed before useful ablation data could be obtained , however, we

found that scuba diving and snorkel ing under melt season conditions was less 4
difficult than anticipated. Unlike cold weather diving , a portable tent was

ample shelter for the divers, freezeup was not a problem, and all equipment

• could easily be transported on hand pulled sleds. Thus we feel that the

only serious obstacle to a successful summer lead experiment is the problem

• of locating a suitable site.

I
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RADIATIVE TRANSFER STUDIE S
A paper entitled “The Effects of Ice Thickness on the Exchange of Solar

Radiation over the Polar Oceans” was published in the Journal of Glaciology.

The paper describes theoretical calculations of the absorption and transmissioi~
of solar radiation by young growing sea Ice. Two distinct types of ice are

considered. Of primary importance is young growing ice which occurs throughout

the Arctic Basin during most of the year. Such ice has a high salinity, is

relatively homogeneous, and is usually covered with dry windpacked snow. The

second type, white ice, consists of a highly scattering granu~ar surface layer 
A

above a thin transition zone and a consolidated lower layer. Al though white

ice does not constitute a major fraction of the thin ice during most of the

year, substantial quantities can be produced by ablation of first-year ice at

the margin of the ice pack during the summer. White ice does not develop

unti l the overlying snow layer has melted away.

Calculations of spectral and total transmission, absorption, and albedo

were carried out for Ice from 2-80 cm In thickness, with up to 40 cm of snow

cover. Energy absorption in the ice was sensitive to the spectral behavior of

the albedo over the entire solar spectrum (400 to 3000 nm), as well as to the

effects of cloudiness on the spectral composition of the incident irradiance.

Since it was assumed that clouds remove essentially all the radiation beyond

1200 nm, total albedos calculated for a particular ice type varied by up to

30% depending on the degree of cloudiness. Radiative energy absorption was

also sensitive to cloud cover - on clear days it was as much as 50 times

larger in the upper 10 cm of the ice than on cloudy days. Below 10 cm most

of the infrared wavelengths had been removed and the energy absorption was

about twice as large on clear days. In addition , total transmission to the

ocean was 2 to 2.5 tImes as large under clear skies.

~~ 
.——— —---- • • 
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Depth profiles of net irradiance showed that, for ice thinner than 80 cm,

Beer’s law provides a poor description of the radiation field. Melting white

ice, for example, transmitted up to 3 times as much energy to the ocean as

Beer’s law would predict. To incorporate the results of the present study

into our thermodynamic ice growth mode l without using an involved radiation

model , the albedo and transmission results have been parameterized as functions

• of snow and ice thickness.

• Laboratory Studies of Young Ice. Experiments on the optical properties

of thin salty ice have been completed. The objective of the investi gation was

to study variations In the albedos and extinction coefficients of young ice

• in response to changes in ice thickness, growth rate, salinity , and temperature.

Ten experiments were carried out. These included two runs with fresh water

at -15°C air temperature, six runs with saline water (32 0/00 initial salinity )

at air temperatures ranging from -10°C to -37°C, and two experiments with water

r~ f intermediate salinity (16 O/oo) at -10°C and -20°C. Each run lasted from

10 to 15 days and included measurements of spectral albedos and transmission

profiles as the ice grew. Concurrent measurements of the physical state of

the ice included vertical temperature and salinity profiles , and ice thickness.

After the Ice growth was completed 12 cm cores were extracted and sectioned

into thin vertical and horizontal slabs . Close-up photographs of these slabs

were taken to illustrate variations in the bubble density profile and to show

brine drainage features. Additional photographs in polarized light were used

to delineate the crystal structure of the Ice.

In each of the fresh ice experiments we were able to study both bubble-

free and bubbly ice. Since the water was not initially saturated with air ,

the ice grew to about 80 mm before significant bubble nucleation took place.

• ~~~~~~~~~~ . • - - l  -- , • • -.~~~~~~ - • . ,~ • - , •. -- •~~~ —•• • - • . -~~~~
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As the ice grew thicker, densely packed bubbles formed in long vertical

columns rather than as discrete spheres which one commonly finds in salty

ice. To the present limits of accuracy, the optical properties of bubble-

free fresh ice are Indistinguishable from those of pure water. As the bubbly

layer grew, spectral albedos increased by only a few percent, and the total

transmission decreased only slightly, indicating an extinction coefficient at

500 nm of less than 0.1 m 1. Because the vertical sides of the columnar

bubbles introduced very little backscattering, neither the albedo nor the

attenuation was strongly affected even though the vapor volume was quite

large. If the same vapor volume were distributed as a large number of spheres

with about the same diameter as the cylinders, backscattering would be much

greater. Thus, the fresh ice results are more representative of lake and

river ice, and provide only a lower limi t for the influence of bubbles on the

optical properties of salty ice.

Albedos of salty ice increased much more rapidly with ice thickness than

those of fresh ice. Values at the end of the growth phase ranged from 0.4 to

0.9 depending on the ice temperature and initial growth rate. A significant

temperature dependence was also found. For example, the albedo at 500 nm of
25 cm ice grown at an air temperature of -10°C was 0.55, but when the ice was

warmed to -2°C, the albedo decreased by 20%. In another run the Ice surface

was cooled below the eutectic temperature (-21°C) causing solid salt to j
crystallize out of the brine, forming a surface crust. The albedo was then

as large as that of dry snow. Raising the surface temperature above -21°C

caused the salt to redissolve , and the albedo dropped by about 30%.

Growth rate dependence was tested by comparing ice samples of the same

thickness and temperature, but which were grown at different air temperatures

__ ii ~~~~~~~ — •• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I ——— —
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between -10°C and -37°C. Spectral albedos at all wavelengths were larger

for ice which had grown faster. A difference of about 40% was observed

• between the extreme cases at all wavelengths.

Surprisingly, spectral albedos from the intermediate salinity experiments

were the same or sli ghtly higher (up to 20%) than those from the corresponding
-

• high salinity (32 0/~~~) cases. This was caused by the formation of a thin

brine skim on the surface which was not present on the intermediate salinity

ice. The skim filled in surface irregularities and reduced backscattering in

the uppermost ice layers. This effect was most pronounced for an air temperature

of -20°C; at an air temperature of -10°C the skim was barely noticeable and

albedos for the 16 0/00 and 32 0/00 cases were nearly the same.

• Spectral extinction coefficients (,~
) observed for growing young ice

were from 1.5 to 15 times greater than for the thick sunnier ice studied in

our field experiments. To check these results the ice was heated with the

artific ial sun and bulk extinction coefficients were determined from changes

in the vertical temperature profiles. Results from the two methods agreed

to within 5%, supporting the accuracy of the optical data. As wi th the

• albedos, spectral extinction coefficients were larger for higher growth rates

and decreased with increasing temperature. At 500 nm, ~ ranged from about

2 m 1 for ice grown at an air temperature of -10°C to 12 m 1 at -37°C. When

the air temperature was raised to -2°C and the ice allowed to equilibrate ,

K500 decreased by as much as 8 m ’. The changes in extinction with temperature

and growth rate appeared to be smooth except when the upper layers of the Ice

crossed the eutectic temperature.

Since the absorption coefficients of brine and pure ice are essentially

• Independent of temperature, the optical properties of sea ice are governed

~~~~~~~~~ - 

~~~~~
-

~~~~~~~
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by the effectiveness of scattering in the Ice. Enhanced scattering results

in higher albedos; it also increases the extinction coefficient because the

optical path length is greatly increased by multiple scattering with a

corresponding increase in the probability that the light will be absorbed

wi thin the ice. Scattering in turn is determined primarily by the platelet

• structure and the distribution of brine between the platelets. The amount

of scattering is inversely related to the temperature. As brine pockets and

channels open up with increasing temperature, the brine/ice interfaces

• coalesce and become more rounded. If the ice temperature drops below the
• eutectic point, salt crystals are precipitated out causing a sudden increase

in the scattering. Growth rate is important because it determines the platelet

and crystal sizes and the initial distribution of brine in the ice. Al bedo is
• 

I 
also influenced by changes in surface conditions. Flooding of the surface due

to melting or to concentrated brine being squeezed out gives a smooth surface

and lowers the albedo, and melting followed by drainage leaves a crumbly

surface with a higher albedo.

From these results it appears that the extinction coefficient of natural

sea ice will vary with depth and time since the optical properties respond

to changes in the temperature and salinity of the ice. Thus, the optical

properties of sea ice should be in a continual state of change. In the Arctic

this involves a transient phase for the first two years until the salinity

profile stabilizes fol 1nwed by a cyclic variation with seasonal environmental

changes.

While the results of the present experiments isolate the effects which

• Influence the optical properties, further work is necessary to give a
• 

quantitative connection between ~ and K and the ice structure. The weak

___  • • • • • • . • • •
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dependence of the optical properties on water salinity should be examined in

more detail. Finall y, the effects of vapor bubbles have not been studied

• here, but should be included in any general theory of the optical properties

of sea ice. Several of these problems have been studied in the scattering

experiments described below.

The complete results of this work have been released as Scientific Report

No. 17, and a condensed version submitted to the Journal of Glaciology for

publication. We also plan to write an additional paper describing the

theoretical part of the work.

Scanning Photometer. ConstructIon and testing of the scanning photometer

has been completed. The Instrument scans over visible and infrared wavelengths

from 400 to 2500 nm using a circular variable Interference filter, together

with a set of twelve fixed band interference filters. The spectral resolving

power (wavelength/bandpass) ranges from about 25 at 400 nm to 46 at 1300 nm.

Thus, in addition to extending the wavelength region to cover more than 98%

of the solar spectrum, the new system has almost 20 times greater spectral

resolution between 800 and 1000 nm than do our previous instruments. The

radiation detectors include two lead sulfide photoconductors for the infrared

beyond 1000 nm and a blue-enhanced, ultra-low-leakage photodiode for visible

• and near infrared wavelengths. The system will detect spectral irradiances

of less than 0.1 ~W/cm2/nm, giving 2-3% accuracy in the incident irradiance

at 2.5 microns on a heavily overcast sunnier day in the Arctic.

The entire photometer Is contained In an alumi num cylinder 20 cm in

diameter and 20 cm in height and weighs less than 35 pounds including batteries.

To eliminate A.C. noise problems, only D.C. power supplies which run off

IT
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rechargeable lead acid batteries are used. C-MOS electronics have been

installed where possible for low power drain and low temperature operation.

The photometer is intended primarily for measuring incident spectral

Irradiance and infrared spectral albedos, but it has a fiber optics attachment

if measurements within the ice are required.

A field experiment was carried out at Point Barrow from mid-May until

the end of June 1979. Most of the observations were made on the seasonal

sea ice between 1/2 and 2 miles offshore near the Naval Arctic Research

Laboratory. The goals of the experiment were: (1) to determine spectral

albedos of different surface types during the onset of the melt season,

(ii) to study incident spectral irradiance versus cloudiness, and (iii) to

do some initial testing of our methods for the sumer lead experiment.

After some initial adjustments the photometer performed extremely well.

A broken ground wire was the only serious problem encountered. At an

ambient temperature of -10°C the instrument would run for 3 to 4 hours on

one charge of the battery pack. Measurements of incident spectral irradiance

were digitized and recorded on magnetic tape, which was much faster than

hand logging , in order to measure entire spectra quickly before cloud

conditions could change appreciably. The scans were played back through an

XY plotter at NARL in case the digitized data were later lost. Initial

calibrations of instrument sensitivity were carried out at the lab at +20°C

as insurance against possible instrument damage in shipping . Since the

sensitivity is temperature dependent and a suitable controlled temperature

environment was not available at Point Barrow, a complete set of calibrations

was carried out this September in our own cold rooms.
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Incident and reflected irradiances were obtained at 40 different sites,

ranging from dry wind-packed snow to well developed melt ponds. Simultaneous

Kipp radiometer measurements were taken both to provide total albedos as a

• check for the spectral data, and to monitor fluctuations in the incident
• radiation due to changes In cloud conditions.

The albedo data were recorded by hand at 52 wavelengths and were reduced
• each evening . The results are consistent with our previous data from 400 to

800 nm and with the Kipp albedos. Considerable improvement was achieved from

800 to 1000 nm with the higher resolution and good spectral detail was observed

at longer wavelengths. Although some differences exist as we expected, our

data for snow appear to be consistent with reflectances measured by O’Brien

and Munis in the laboratory.

Computer processing of the results is now nearly complete, and the data

have been recovered from all sites but one. From the XV plots It is evident

that clouds do absorb much of the infrared radiation ; however, a good deal

more infrared energy reaches the ground than we originally estimated.

Reduction and interpretation of the data will be completed next year and

the results will then be written up for publication .

A short talk on the design and operation of the photometer was presented

before the Northwest Glaciologica l Society this November. This information

will also be written up in a short paper for the Instruments and Methods

section of the Journal of G1acioloq.~

Scattering Experiments. Measurements of the light scattering properties

of sea ice have been completed. Fifty-eight cases have been studied
I

including bubble-free ice, fres•h bubbly ice (glacier ice), salt ice grown at

various temperatures in the cyl indrical tank, and grease ice.

_ 
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Light scattering is characterized by a coefficient, a, defined as the

fraction of light scattered per unit length out of a collimated beam incident

on the test sample, and by the phase function which describes the angular

distribution of the scattered radiation. These two parameters define the

role of scattering In the transfer of radiation through sea ice.

For bubble-free ice the apparatus originally detected faint scattering

from surface irregularities. When these were removed by polishing the sample

faces, no scattered li ght could be detected; thus the scattering coefficient

was less than lO~ rn 1 and a much larger sample would be needed to measure

the scattering. However, since the absorption coefficient is several orders

of magnitude larger (more than 4 x 10-2 m 1) than a, scattering can be ignored.

For sea ice the scattering is much more efficient; measured values of a

a lie between 0.03 and 0.4 m 1. The phase functions show strong forward

scattering with a minimum near 120° and a slight increase for larger deflection

angles. The phase function is independent of wavelength from 400 nm to at

least 800 nm which suggests that scattering is controlled by the refractive

indices of salt water, ice, and air, none of which are strongly wavelength

dependent.

Substantial variations in the scattering coefficients and phase functions

were observed for different salt ice samples. A strong temperature dependence

between -10°C and -30°C was found where scattering coefficients for the colder

samples were 2 to 3 times larger. The phase functions showed some increase

in forward and backscattering with decreasing temperature as well as a weak

dependence on sample orientation. Large Increases in a occurred when the

Ice was cooled below the eutectic point and the scattering became nearly
S

Isotropic.

—I L _______
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• Scattering coefficients for grease Ice which had been frozen solid were

• somewhat larger than for samples from the thin ice experiments at the same

temperature and showed more sidescatterlng and backscatterIng. This is

reasonable since the grease ice is made up of many randomly oriented small

crystals rather than a smaller number of large columnar crystals characteristic

of the interior of the thin Ice.

Results thus indicate that the scattering coefficient depends on both

the freezing rate and the temperature of the samples. The phase function ,

however, is not strongly influenced by these quantities. This should simplify

the parameterization of the scattering properties. Final analysis Is in

progress and the results are being prepared for publication in the Jour~nal

of Geophysical Research.
a

Optical Properties of Cold Seasonal Ice and Grease Ice. The data from

the spring field experiment carried out near Prudhoe Bay have been reduced.

This study gave us the opportunity to measure the optical properties of cold,

thick first-year ice which had not undergone a melt season. Spectral albedos

between 400 and 1000 nrn for cold ice with the snow scraped from the surface

were quite high , even though no surface granular layer was present. They lie

between our previous results for melting first-year white ice and melting

• multiyear white ice. The total albedo was 0.55 as compared with 0.47 and 0.57

for first-year and rnultlyear Ice, respectively.

• Extinction coefficients (K~~) for cold ice were larger than for the

interior of summer ice , but smaller than for the young ice grown in the

laboratory. Values of at 500 tim ranged from 1.3 to 2.0 rn 1 as compared

wIth 0.6 to 1.2 m 1 for sunnier Ice and 2.5 to 12 m 1 for young ice. In one

_ •__j _ __ _ 1 __ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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case, however, K500 was comparable (0.85 m ’) to the summer values. At this

• site the uppermost 16 cm consisted of nearly fresh ice from the nearby

Shaviovik River.

The present results are consistent with the findings of the thin Ice

experiments which show that a and K are larger for colder more rapidly grown

ice. Thus, since the average growth rate of thick cold first-year ice is

slower than for thin young ice, its extinction coefficients and hence light

scattering within the ice should be less than for the young ice but greater

than for melting sunnier ice. The corresponding comparison for albedos is

not as simple because variations in the surface conditions such as flooding

• on the formation of a drained granular layer cause large changes in the

albedos . While a quantitative analysis will be required to compare albeclos

a for ice of different thicknesses, the present albedos also appear to be

consistent with our previous results.

The laboratory studies of grease ice indicate that the albedos are

considerably lower than for the same thickness of solid ice grown in the

cylindrical tank at similar air temperatures. The extinction coefficients

on the other hand are only slightly smaller. This suggests that, in addition

to the influence of the very high “brine volume” of grease ice, its light

scattering properties are significantly different from those of ice grown at

the bottom of an existing ice layer. A quantitative investigation of the

• comparison of cold young ice, grease ice, and thick sumer ice will be an

important part of the parameter study planned for next year. We intend to

use the scattering data in conjunction with the 16-stream radiative transfer

A 
model to determine how varying the concentrations of the different scattering

H
inhomogeneities affects the albedo and transmission.

• ~~~~~~~~~~~~~ • • • ~~ ••~~~~ . . •~~ • .~~i • •~~~~~~~~~~~~~~~~ ~~~~~• - L
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FLUID MECHANICS AND SEA ICE

During the past year graduate student Edward Josberger completed his

thesis on the ablation of vertical ice walls submerged in warm seawater.

S. Martin and P. Kauffman completed an analysis of the laboratory studies

of the interaction of waves and grease ice, and carried out a cooperative

field program in March 1979 on the properties of the Bering Sea ice edge

with NOAA and the Scott Polar Research Institute. Another graduate student

supported on the contract, Ms. Jane Bauer, began a series of laboratory

experiments on the melting of ice floes in a wave field.

Our reports and papers during the past year include the technical report

by Edward Josberger entitled “Laminar and Turbulent Boundary Layers Adjacent

to Melting Vertical Ice Walls in Salt Water”. This has been revised by

Josberger and Martin into the paper entitled “A Laboratory and Theoretical

Study of the Boundary Layer Adjacent to a Vertical Melting Ice Wall in Salt

Water” and submitted to the Journal of Fluid Mechanics. S. Martin and

P. Kauffman have In the final stages of preparation a manuscript entitled

• 

• 

“A Field and Laboratory Study of Wave Damping by Grease Ice” which will

shortly be submitted to the Journal of Glacioloqy. This is an account of

our laboratory experiments and field observations on wave damping by sea ice,

and gives as compl ete an account as we are able to provide of the role of

grease ice in the marginal seas.

Our major effort during the past year was the organization of an ice

edge cruise on the NOAA ship SURVEYOR. Although this work was primarily

supported by the OCSEAP program, the present ONR contract contributed to

the cruise in two ways. First, the contract paid for the costs related to

the borrowing, insuring , and repair of a wave-rider buoy, which was deployed

-
~~~~
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from the ship to gather wave data in support of a wave attenuation study

carried out by Dr. Vernon Squire and Mr. Stuart Moore of the Scott Polar
• Research Institute. Squire and Moore have written up part of this Bering

• Sea work in a paper entitled “Direct Measurement of the Attenuation of

• Ocean Waves by Pack Ice”, which is in press at Nature.

Second, Ms. Bauer carried out a study on the cruise of the relative

motion of the bands of ice which form at the ice edge. These bands measure

about 1 km wide by 10 km long , and form during periods of off-ice winds .

In Bauer ’s study she mounted six visual targets on different ice floes

within 1 km of the edge following a period of easterly winds which compacted

the ice edge. When the winds shifted to the northeast, the ice moved to the

southwest with ice bands starting to form . She then tracked the motion of

the targets from helicopter overflights with the Global Navigation System

over a 23 hour period. Her results showed that the band moved to the

southwest at about 4% of the wind speed and at 35° to the right of the wind.

At the beginning of her observations the ice in the bands was part of the

pack; after 23 hours the ice was at least 25 km to the southwest of the

pack.

Our observations show that these bands form because the ice floes near

the edge have a greater aerodynamic roughness than the interior ice. The

• cause of the roughness Increase is that the floes near the edge are rafted

and ridged by the action of ocean swell. When the winds blow off the ice, the

rough ice moves south faster than the interior ice , which leads to the

formation of the bands. Bauer and Martin include a discussion of this work

in a chapter entitl ed “Bering Sea Ice Edge Phenomena”, which is written for

a proposed Bureau of Land Management book. We plan to rewrite this chapter

• in a more technical manner for submission to the Journal of Geophysical Research. 
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Final ly, we completed constructIon of our new 1 m deep by 1 m wide

by 5 m long wave tank. Using this tank, Ms. Bauer has begun a series of
I • experiments on how ice floes melt when they are placed in warm salt water

• 

4 
through which waves propagate. The purpose of this experiment is to

discover how the wave-induced boundary layer under the ice floe enhances

the ice ablation , then to compare the experimental results with theory.

4
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REPORTS PUBLISHED AND IN PRESS

• 1. Grenfell , T. C., The effects of ice thickness on the exchange of solar

radiation over the polar oceans. Journal of Glacioloqy , 22, 87,

305-20, 1979.

Total transmission, absorption, and reflection of solar radiation have
been determined for bare blue and white ice between 0.02 and 0.8 m In
thickness as well as for blue ice covered with 0.01 to 0.4 m of dry

• packed snow. The calculations were performed at 45 wavelengths between
• 400 tim and 2150 nm using a two-stream model to account for the finite

thickness of the ice and snow layers. Total radiative energies were
found by numerical integration over wavelength. The results were
compared with corresponding calculations for optically thick ice of the

• same types. Albedos increase from about 0.05 for open water to a
maximum of 0.9 for thick snow. For 0.8 m blue and white Ice, predicted
albedos on cloudy days are 0.28 and 0.67 respectively. Under clear

• skies these albedos decrease by 10 to 30%. Tota l transmission through
4 thin ice (less than 0.8 m) is from 50% to 300% greater than is predicted

by Beer’s law depending on Ice type and cloud cover. Radiative energy• absorption at the surface is independent of thickness, but significant
departures from Beer’s law of as much as 200% are evident in all cases
below a depth of 2.5 m. A parameterization scheme is presented for
incorporating these results into heat- and mass—balance studies.

2. Niedrauer, 1. M., and S. Martin , An experimental study of brine drainage

and convection in young sea ice. Journal of Geophysical Research, M,
C3, 1176-86, 1979.

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 photographs to
be taken, while thermocouples mounted in the tank walls recorded the
temperature profiles within the ice. Convection was observed in both
the skeletal layer and in the brine channels by the flow of dyed brine.
Flow in the skeletal layer was cusplike in appearance, consisting of

A narrow downf low regions separated by broad up? low regions. Above the
skeletal layer, several brine channels were also usually present in the
Ice, and convective overturning occurred in these channels. The
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• convection caused temperature fluctuations of 0.05°C, which calculations• show increase the vertical heat flux by 1%. The brine drainage channels,
which were usually sloped 300 to 60° to the horizontal , always had
isotherms tilted from 00 to 13° in the same direction. The brine channels
move both horizontally and vertically through the ice by melting their
lower 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 channel s is caused by recirculation of water from below
the ice. On a small scale we also observed the formation of brine pockets
from brine tubes.

3. Josberger, E. C., Laminar and turbulent boundary layers adjacent to melting

vertical ice walls in salt water. Scientific Report No. 16, Office of

Naval Research, Contract N00014-76-C-0234, Department of Atmospheric

Sciences, University of Washington , Seattle, Washington , 185 pp., 1979.

4 A laboratory study of melting vertical ice sheets imersed in sodium
chloride solutions of oceanic temperatures and salinities found that the
convective motions generated by the melting consist of two regions
confined to a boundary layer adjacent to the ice. The first region, at
the bottom of the ice, is laminar and bidirectional , with a 2 to 3 mm
thick upward flowing layer next to the ice inside of a 10 mm thick outer
downward flowing layer. This bidirectionality results from the large
difference between the thermal and saline diffusivities which contain
dilute water near the Ice and allows the cooling to diffuse further from
the ice. . Near the ice, dilute cold water rises; while away from the ice ,
cold saline water sinks. Second, further up the ice, the Inner layer
goes through a region of transition and becomes fully turbul ent when the
saline Grashof number reaches 2 x 108. The turbulent flow is upward,

• unidirectional and the dominant flow In the oceans.

Ice-water Interface temperature measurements over the ice surface show a
vertically varying temperature In the laminar region and a uniform
temperature In the turbulent region. The measured melt rates were highest
in the transition region, lowest in the laminar region, and had a slow
vertical variation in the turbulent region. For water temperatures

• greater than 25°C, the turbulent flow reversed direction and a laminar
bidirectiona l region formed at the top of the Ice.

In a theoretical study of the turbulent flow, an eddy diffusIvity models
the turbulent transport of momentum, salt and heat in the conservation( equations and the laboratory measurements determine the model parameters.
The turbulent model consists of three regions: a laminar inner region ,

L . ..~~~~~~~~ • . . ..
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an intermediate region where the eddy diffusivity increases linearly
with distance from the ice and an outer region of constant eddy
diffusivity . A similarity transformation reduces the governing partial
differential equations to a system of ordinary differential equations

• which are then numerically integrated.

The numerical results show the following: The eddy diffusivity depends
parabolically on the density difference across the boundary layer. The
major effect of the turbulence is to Increase the transport of dilute
water away from the interface. The dilution effect overwhelms the

• thermal effect on density to produce a unidirectional upward flow.
Finally, the injection of melt water into the boundary layer reduces the

• salt flux to the ice which lowers the interface salinity as the water
temperature increases. Use of the results to form a zero net buoyancy
condition on the buoyancy integrated across the boundary layer predicts
the reversal of the turbulent flow which accurately fits all of the known
data.

Salinity and temperature measurements with depth in the vicinity of an
iceberg in the North Atlantic Ocean show variations in these quantities
near the iceberg that may be the result of the upward flowing turbulent
boundary layer.

4. Perovich, D. K., The optical properties of young sea Ice. Scientific

Report No. 17, Office of Naval Research, Contract N00014-76-C-0234,

Department of Atmospheric Sciences, University of Washington, Seattle,

• Washington , 151 pp., 1979.

Eight laboratory experiments were performed to determine the optical
properties of young salt ice and to examine correlations between the
optical properties and the state of the ice. Ice grown at different
temperatures (-10, -20, -30, and -37°C) and from water of different
salinities (0, 16, and 31 °/oo) was investigated. The experiments were
conducted using a tank system which was designed to grow Ice similar to
that found in nature, allow an accurate determinatior. of the state and
structure of the ice, and permit in situ optical measurements to be made.
Measurements of incident, reflect~~, and transmitted irradiances wereused in conjunction with a modified Dunkle and Bevans photometric model
to determine spectral albedos and extinction coefficients. The thin cold
ice of these experiments had albedos which were comparable to the values

• for the thicker warmer ice examined by previous researchers; however,
extinction coefficients were 1.5 to 15 tImes greater. Qualitative
relationships between the optical properties and the physical state of

• the ice were observed. As the ice temperature decreased (and the brine

•I
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volume decreased) both albedo and extinction coefficient increased;
• when the ice temperature dropped below the eutectic point the increase

was drastic. The dependence of albedo and extinction coefficient on
the brine content of the ice was found to be complex with both the brine
volume and its vertical distribution being significant. Variations in
ice salinity over the range 4 0/00 to 14 0/00 did not influence the
optical properties. Increases in albedo and extinction coefficient were
primarily a result of changes in the Ice structure which enhanced
scattering.

A four stream discrete ordinates photometric model was developed to
treat the case of a floating ice slab. The model Included both aniso-
tropic scattering and refraction at the boundaries. The effects on
albedo and transmittance of variations In such model parameters as the
single scattering albedo and the phase function were investigated.
Using one and two layer models, theoretical albedos and transmittances A
were compared to experimental values. The four stream model was further
applied to investigate such topics as the depth dependence of irradiance,
cases of direct beam incident radiation, the spectral dependence of
albedo and transmittance, and the effects of surface layers. It was
suggested that future laboratory research be oriented towards determina-
tion of single scattering albedos and phase functions for an extensive
range of ice types.

*

5. Martin , S., A field study of brine drainage and oil entrainment in first-
- year sea ice. Journal of Glacioloqy (In press). r

6. Josberger, E. C., The effect of bubbles released from a melting ice wall

on the melt-driven convection in salt water. Journal of Physical

Oceanography (in press).

7. SquIre, V. A., and S. C. Moore, Direct measurement of the attenuation

of ocean waves by pack ice. Nature (In press) (partial support).

8. Neshyba, S., and E. Josberger, An estimation of antarctic iceberg melt

rates. Journal of Physical Oceanography (submitted).
t .
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9. Perovich, D. K., and 1. C. Grenfell , Laboratory studies of the optical

properties of young NaC1 ice. Journal of Glacioloqy (submitted).

-I
10. Josberger, E., and S. Martin, A laboratory and theoretical study of the

boundary layer adjacent to a vertical melting ice wall in salt water.

Journal of Fluid Mechanics (submitted).

11. Martin, S., and J. Bauer, Bering Sea ice edge phenomena. Bureau of Land I
Management (submitted) (partial support).

12. Martin , S.,, and P. Kauffman, A field and laboratory study of wave damping ‘

by grease ice. Journal of Glacloloqy (in preparation).
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