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THE HEAT BUDGET AND HEAT TRANSFER PROCESSES
TN ANTARCTIC PLATEAU ICE AND SEA ICE

By
G. E. WELLER

Antarctic Division, Department of External Affairs, Melbourne
Present Address: Department of Meteorology, University of Meibourne

(Manuscript received January 1968)

ABSTRACT

The conventional meteorological heat budget is examined at two types of widely
represented Antarctic ice surfaces: blue ice in the coastal ablation zone and annual
floating sea ice. This work is extended to a multi-level sub-surface budget study by
considering the heat transfer processes in the ice. Whereas phase changes of the
water substance, convection and radiation contribute to the heat transfer towards
and away from the ice surface in the atmosphere, only conduction and radiation
have to be considered in the ice.

Short-wave radiation transmission in the ice, and the effect of absorbed solar
radiation on the thermal diffusion process, are examined in detail. The latter
effect can be seen in the apparent thermal diffusivity changes in the ice both in
depth and time, changes in the heat content and large conduction losses by the ice
in periods of strong radiation. These losses are certainly considerably larger than
the conducted heat fluxes conventionally computed from changes in the net heat
storage of the ice. In slabs of ice of finite thickness, such as sea ice covers, con-
siderable errors result in the energy balance of the surface if the absorbed radiation
is not considered.

Monthly components of the heat budget of the sea ice surface are presented for
five months. The effect of the sea-ice cover on the heat exchange between the ocean
and the atmosphere is estimated. The monthly heat budget components for the
blue ice plateau surface are given for twelve months. The study was carried out near
Mawson station at latitude 67°34 §, longitude 62°53" E.
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O. INTRODUCTION

The heat budget at the surface of the Earth in any climatic region is important
in the understanding of the climatology of that region. In budget studies it is of
interest not only to determine the total heat budget but also the individual com-
ponents which determine how the available energy at the surface is spent. Thus it
matters if the available energy expenditure is in the form of radiation, evaporation,
sensible heat fluxes or increases in the sub-surface heat storage.

Both macrometeorological and micrometeorological methods have been used
to determine the heat budget of a number of climatic regions. Budyko’s (1955,
1963) work on a global scale is perhaps the best known example of the tormer.
In high latitude regions, Vowinckel and Orvig (1965) have filled in details over the
Arctic Ocean omitted by Budyko in his atlas. For the Antarctic continent such a
study has yet to be made; the scarcity of data in this region has prevented a macro-
meteorological approach, so far, and the present study is a contribution towards
such an undertaking in the future.

Whereas the macrometeorological heat budgets give data for large areas, their
accuracy is generally low. The micrometeorological approach with precise
instrumentation on the other hand, gives good data although strictly these are
applicable to small areas only. Numerous studies of the latter variety have been
carried out in all climatic regions, many of them being summarized by the well-
known book of Geiger (1959} on the climate near the ground. On the Antarctic
continent the pioneering work by Loewe (1956) and Liljequist (1956) in Adélie
Land, and on the Maudheim Ice Shelf respectively, were followed by budget studies
undertaken by Kopanev (1960} at Mirni, Hoinkes (1961} at Little America,
Dalrymple et al. (1963) at the South Pole and Lorius (1963) at Charcot. However,
most of these are short-term budget studies only. Of the Individual heat budget
components investigated, the radiation terms are the best known and have been
measured at a number of additional localities. Rusin (1961) has constructed
radiation maps with a coverage over a large area of the Antarctic continent, based
on this work.

The study of the heat budget for climatological purposes is usually restricted to
computing the heat flux components at the surface of a chosen locality only. This
applies to ice and snow surfaces as well as to the more usually investigated agricul-
tural surfaces. For glaciological purposes, however, the heat budget and energy
exchange at different levels in the ice are of equal importance to that at the surface.
The thermal history of snow or ice at any depth is affected by these exchange
processes and is of interest in determining mechanical and thermal properties, as
well as mass and heat transfer processes. Whereas phase changes of the water
subtance, convection and radiation contribute to the heat transfer towards and away
from the surface in the atmosphere, only radiation and conduction have to be
considered in ice.

A brief bibliographical survey of the theoretical and experimental developments
in treating the various heat budget components is of interest and will be given now.
Since it is not possible to treat here more than a fraction of the enormous number
of publications, only major developments with the emphasis or their applicability
to heat budget studies in polar regions will be considered.

3



4 HEAT PROCESSES IN ANTARCTIC ICE

The application of turbulent air flow theories to micrometeorological problems
dates back to the fundamental work by Schmidt {1925) and Lettan (1939), from
which a vast body of theoretical models has been developed. A review of some of
these can be found in Sutton (1953, 1955 and 1961) while later developments
are discussed by Priestley (1959). More recent work includes the treatment of
the diabatic wind profile structure by Lettau (1962) and Swinbank (1964} amongst
others. An excellent analysis of wind and temperature profile structures over a
snow surface at the South Pole has been given by Dalrymple, Lettau and Wollaston
(1963) and may well be used as a model for eddy heat flux computations over ice
or snow surfaces. Another study of interest is that by Grainger and Lister (1966)
who compared six wind profile laws over a large stability range with profile
measurements over melting ice surfaces.

Latent heat fluxes are usually the most difficult heat budget component to
determine in polar regions since no precise simple instrumentation exists for
measuring humidity profiles at low temperatures. No precise continuous profile
measurements have been made to date. Latent heat fluxes are usually determined
as remainder terms; alternatively, over ice at least, mass balance methods may be
used when no melting of the ice occurs. The Bowen ratio method (Bowen 1926)
of heat losses by conduction and evaporation, and the similarity method between
moisture and momentum transfer, can be used as first approximations but may not
be accurate since these methods assume the transfer coefficients for heat, moisture
and momentum to be identical.

Solar radiation and its attenuation in the atmosphere has been described by the
fundamental work of Angstrom (1929, 1930). The attenuation process occurs by
Rayleigh scattering, absorption and scattering by dust particles. The most comnplete
and satisfactory explanations of absorption are those by Elsasser (1942) and
Moller (1943), and of multiple scattering that of Deirmendjian and Sekera (1954).
Recommendations on the measurement of radiation fluxes have been made in the
IGY Instruction Manual (1958) on radiation instruments and measurements. A
complete and exhaustive analysis of radiation fluxes over an Antarctic snow surface
has been carried out by Liljequist ([956) which again could well be used as a
model study. Recent developments in radiation monitoring techniques (Funk 1963)
have made the measuring of net radiation for heat budget studies relatively easy.

The transfer processes in the ice are restricted to conduction and radiation.
Convection can, however, occur in snow where the porosity of the crystal structure
permits air circulation in the snow pack (e.g., Yen and Bender 1963). This allows
the transfer of sensible heat as well as moisture {e.g., Bergen 1963).

The conduction of heat in homogeneous media has been theoretically established
by the classical Fourier methods of temperature analysis for a variety of different
boundary conditions, extensively discussed for example by Carslaw and laeger
{1959). For the case of non-homogeneous or layered media the improved model
of heat diffusion by Lettau (1954) has proved very valuable. When the boundaries
of a medium through which heat is conducted are not stationary, the complex
solution of the temperature equation is best obtained by analog computer methods
of the type indicated by Schwerdtfeger (1964).

The light transmission in snow and ice is a well studied phenomenon. A theore-
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tical rreatment of the problem has been provided by Dunkle and Gier (1953)
which considers the radiation in a diffusing medium and applies the results to snow.
Comprehensive field and laboratory measurements have been made by Ambach
et al. (1959, 1962 and 1963), for example. Thomas (1963) summarizes a large
number of mono- and polychromatic light extinction measurements in spow and ice.

The present paper discusses the heat budget and heat transfer processes in
snow and ice on the Antarctic continent. Apart from providing microclimatological
data for meteorological uses, including a possible continental heat budget study,
the second and major purpose of this study is to extend the surface heat budget to a
multi-level budget in the ice for glaciological purposes. A precise analysis of the
sub-surface heat fluxes of conduction and radiation is necessary for this. Particularly,
radiation fluxes in the ice may have drastic effects on sub-surface budget consider-
ations and, although radiation transmission in ice Is a well studied phenomenon,
the consequences of absorbed radiation are less well known. To indicate the nature
of the problem, some aspects of radiation absorbed in the ice will be considered
now.

Radiation transmitted through the ice does not only supply energy directly but,
through absorption, gives rise to a temperature increase of the jce and a heat flux
by conduction. The separation of the heat flux, caused by the absorption of
radiation, from the genuine heat flux in the ice is of considerable importance in
determining the thermal diftusivity of the ice. Dalrymple ef al. (1963} bave pointed
out the effect of absorbed radiation on their diffusivity values of snow at the South
Pole but were unable to compute the effect numerically. Cameron ef al. (1962)
have obtained conflicting values of the thermal diffusivity from the same set of ice
temnperature data by using different methods of computation. It will be shown in this
paper that the error lies entirely in ignoring the effect of absorbed radiation.

Direct radiation effects will be shown to be present in the measurement of ice
temperatures: a thermal sensor in the ice which is not completely reflecting absorbs
solar energy at a different rate from that of the surrounding medium and gives
erroneous temperature data. It will also be shown that the presence of a mean
annual temperature gradient in the ice, due to absorbed radiation, gives a mean
annual temperature at the surface which is different by several degrees from that
at 15 metres depth, roughly the depth of penetration of the annual surface tem-
perature wave. This should be of interest in glaciological investigations where the
annual mean surface temperature at any location is usually assumed to be identical
with the ice temperature in excess of 10 metres depth,

This annual mean temperature gradient is also shown to give rise to large
conduction losses at the surface which annually balance the absorbed radiation.
These losses are certainly considerably larger at most times, except in radiationless
periods, than the conducted heat fluxes conventionally computed from changes in
heat content due to temperature pattern changes. Finally, the effect of absorbed
radiation is shown to be of considerable consequence in changing the actual heat
storage in the ice, which is greatly increased by radiation in the optically more
transparent media. In slabs of ice of finite thickness, such as sea-ice covers, consider-
able errors result in the energy budget at the surface if the absorbed radiation is
not considered.
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SYNOPSIS

The first section discusses in the introduction the importance of radiation as a
mode of energy transfer in the optically transparent medium of ice. Section 1.2
separates the extinction process into scattering and absorption, using the theory
of Dunkle and Gier {1953). Knowledge of absorbtion as distinct from cxtinction
of radiation is essential, as the former is responsible for a continuous heat source
in a transparent medium exposed to radiation. The procedure of installing light-
sensitive devices in an existing transparent medium, such as ice or snow, results
in a serious perturbation which has not been adequately considered in the literature,
as even the surface of a spherical cavity housing a sensor must possess its own
reflecting and scattering properties not representative of the surrounding ice.
Theoretical justifications for a vertical borehole installation with optical stops are
advanced in 1.3 and the measured extinction values using this physical configuration
are given in 1.4. The effect of spectral shift of the light with depth measured with
photocells, and the possibility of using thermocouples to measure the radiation
extinction, are elaborated in sections 1.5 and 1.6 respectively. Extinction measure-
ments and the numerical analysis into scattering and absorption processes follow
for wind-packed snow in 1.7, and for sea ice in 1.8. The lack of distinction between
absorption and extinction apparent in the literature, e.g., Thomas (1963), is
pointed out. The understanding of the physical processes involved in the extinction
of radiation reached from this work, and the measured magnitudes of extinction
for the various types of ice and snow investigated, can now be used to determine the
radiation effect on the thermal diffusion in ice.

This is described in Section 2. In the Introduction, the classical models of
heat diffusion in homogeneous media of semi-infinitely and finitely thick bodies are
discussed (e.g., Carslaw and Jaeger 1959). The annual temperature pattern in
Antarctic blue ice s described in section 2.2 and a Fourler analysis of this data
in 2.3. The thermal diffusivity of the ice is computed in 2.4, using a model proposed
by Lettau (1954) for non-homogeneous media, and the deviation from expected
results is explained in terms of absorbed radiation. Computations of the diffusivity,
using the classical methods, show the effect of aborbed radiation on the phase change
and amplitude reduction of a temperature wave penetrating into the ice.

The problems associated with measurements of heat flux with thermopile flux-
plates (Schwerdtfeger and Weller 1967) are discussed in 2.5. In 2.6 heat flux
measurements are used to determine the diffusivity for a number of heat flux waves
of different frequencies. The effects of radiation on the annual heat fux wave are
analysed. Section 2.7 gives a summary of all diffusivity determinations in platean
icc.

Sections 2.8 and 2.9 give a descriptive analysis of the temperature pattern and
heat flux measurements in sea ice respectively. In Section 2.10 the thermal diffusivity
in the top layer of the sea ice is determined by separating the effects of absorbed
radiation from both the amplitude and phase of a penetrating diurnal temperature
and heat flux wave in the sea ice.

The thermal diffusivity gradient in sea ice predicted from theoretical consider-
ations by Schwerdtfeger (1963) is verified in 2.11, using the temperature wave
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penetration during a periocd of no radiation and the classical theoretical stab model.
The final conclusions show that the thermal diffusivity of optically transparent ice or
snow computed from data which jgnore the effect of absorbed radiation depends
entirely on the method of computation.

The effect of absorbed radiation on the heat budget and heat transfer in ice is
considered in the next two sections. Section 3 describes the meteorological heat
budget at the snow—air interface of a composite snow and sea-ice slab floating on
sea water, and the transfer processes to obtain the heat budget at the ice—water
interface. In the Introduction, heat budget equations are developed for the
boundaries of the sea-ice slab. Sections 3.2 and 3.3 describe the micrometeorological
instrumentation and sea-ice thickness measuring device. Radiation measurements
are described in 3.4 and the penetration of radiation through the snow—ice slab
in 3.5. The disappearance of the snow cover over the ice in summer results in a
drop of the albedo and allows more shortwave radiation to be absorbed by the ice.
This results in changes in heat storage in the jce and increases of the conducted
heat flux at the upper boundary. To determine this effect, the conducted heat fluxes
at the ice boundaries are computed in 3.6 and the numerical difference of the heat
fluxes is compared with the heat storage calculated from an equation given by
Untersteiner (1964 ). An ice heat budget equation is then set up, including a term
for absorbed radiation, and errors obtained from the above comparson are
discussed. Errors are also computed for the conventional surface heat budget
equation which contains no absorbed radiation term.

The meteorological heat budget at the surface is completed by considering
temperature and wind speed profiles in 3.8. Stability terms are computed and the
effects of the surface crystal sizes and distributions on the roughness parameter
are determined, using an empirical equation by Kutzbach (1961). Eddy heat fluxes
and the latent heat are computed in 3.9 and 3.10, the first using the classical model
of turbulent heat exchange, the latter from mass budget considerations at the lower
ice boundary and as a remainder term in the budget equation at the upper boundary.

The heat budgets at both boundaries are considered in 3.11, finding error terms
and computing the advection of heat by water currents, using empirical methods
by Shumski er al. (1963) and Sverdrup (1953). The conclusion discusses the
relative importance of all components of heat energy transfer above and inside the
ice, including the remarkable effect of absorbed radiation on the heat fluxes and
heat storage. It is emphasized that it is essential in heat budget studies in transparent
bodies of finite thickness to consider the effects of absorbed radiation.

Section 4 discusses the annual meteorological heat budget at the surface and in
blue ice at various depths. The two surface components of the meteorological
budget, required for the computation of the sub-surface budgets, are considered
first by describing radiation measurements in Section 4.2 and conduction in the ice
in 4.3. Sub-surface heat budget equations for the ice are established in detail in 4.4.
in 4.5, the means and amplitudes of conductive and radiative heat transfer are
computed for various depths. The effects of absorbed radiation on the heat fluxes
and stored heat in the ice are computed by comparison with heat fluxes calculated
from the classical equations of heat diffusion. In Section 4.6, the surface energy
budget is established using the fluxes of sensible and latent heat as a remainder
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term. A Fourier analysis is carried out on the data. In Section 4.7 wind and tem-
perature profile data are examined and the diurnal temperature gradient changes
are discussed. Sensible heat fluxes are computed. In 4.8, the fluxes of latent heat
are computed from mass budget considerations, and the contribution of melting
and evaporation are separated for the summer months. The Bowen ratio method
Is applied to obtain further estimates of the latent heat fluxes. A harmonic analysis
of the latent and sensible heat flux components is carried out in 4.9 and error terms
are estimated. The annual heat budget is considered at three levels in 4.10. Finally,
a comparison with data from other Antarctic stations is given in 4.11 and the
difference in net heat storage and conduction, due to absorbed radiation in the
different media, is commented on.

In the conclusion, the deminating nature in the heat budget of the radiation
fluxes above and inside the ice is pointed out. It is emphasized that a strict solution
of the surface budget equation is possible by considering the net change in stored
heat cnly, but that the radiative and conductive components of this net change are
large. The conventionally computed conducted heat flux thus must not be mis-
leadingly identified with the total conducted heat flux at any level in the ice.

Appendix I discusses the history of the instrument installations used at the
various measuring sites, the instruments and recording equipment, routine adjust-
ments of the equipment and calibration data for the instruments. Appendix 11
contains maps showing the location of measuring sites, and Appendix III gives
49 tables of basic numerical data used in the computations.

1. RADIATION PENETRATION IN ANTARCTIC PLATEAU ICE AND
SEA ICE

1.1. INTRODUCTION

The translucency of ice and snow to solar radiation complicates both the analysis
of their heat exchange to the atmosphere at the surface as well as the study of
conduction. In isotropic ice, radiation of a given wavelength is absorbed with depth
in accordance with an exponential extinction law. This process contributes directly
to the thermal energy of the ice and affects both conduction in ice as well as
appreciable phase changes in porous ice and snow. Accordingly, extended supra-
surface radiation investigations are of importance to both heat and mass balance
studies of ice and snow.

Extinction measurements with these aims in mind have been carried out at many
localities. Ambach (1963) bas reported on investigations in summer ice in Green-
land. Liljequist {1956) has made measurements in Antarctic snow. The necessity
for these studies has been emphasized by the analysis made by Dalrymple, Lettan
and Wollaston (1965) of both South Pole and Maudheim temperature data
indicating the importance of non-conductive heat transfer processes. The present
set of observations was conducted in the three most frequently occurring types of
solid water substance in the Antarctic:

1. Blue ice of density 0-88 gm cm™. The surface was a flat ice plateau at an
elevation of 150 metres, 2 km from the coastal station of Mawson at latitude
67°34’S, longitude 62°53’E. This ice was clear without cryoconite holes.
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2. Wind-packed snow of density 0 42 gm cm ™2, essentially homogeneous, with
a horizontal surface convenietly close to Mawson.
3. Annual sea ice up to 135 c¢m thick, 1 km from Mawson.

1.2. SCATTERING, ABSORPTION AND EXTINCTION

The radiation absorbed by a diffusing medium depends on the reduction in
intensity of the net radiation. It is thus insufficient to determine the total extinction
coefficient alone of such a medium. Additionally, the net flux of radiation or the
ratio of upward and downward components must be monitored in order to be able
to derive the actual absorption of radiation.

Y rYdx ZTdZ
dx ¢ kYdx kZdn ’
Y-d4Y z rZdx

Fic. 1.1. MNlusirating the notation adopted by Gier and Dunkle (1953) for component fluxes
of radiation at an infinitesimally thick horizontal sheet in a diffusing medium.

Dunkle and Gier (1953) used the model of radiation fluxes in a homogeneous
diffusing medium shown in Fig. 1.1 to derive the relation holding between the
scattering (or reflection) coefficient r, the absorbtion &, and the extinction w. Z and
Y are respectively considered to be the upward- and downward-directed fluxes of
radiation incident on the faces of a sheet of thickness dx. The radiation leaving the
sheet downwards is decreased by absorption and increased by partial reflection or
scattering of the upward compenent upwards, hence:

dY — —kYdx — rYdx - rZdx (1.1

With due regard to signs indicative of direction, a similar relation holds for the
attenuvation of the npward-directed component:

d7 — kddx — rYdx + rZdx (1.2)
Equations (1.1} and (1.2) may be solved for ¥ and Z:

Y = le-» (1.3)

z—k +-:—Z“- Le » (1.4)

where [, is the value of ¥ at x — o (the surface), and » is the total extinction
coefficient given by:

= (k4 —r (1.5)
The ratio of upward to downward components of radiation is given by:
k+r—
Z _ kAt a— (1.6)

Y r
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The energy abscrbed by a horizontal layer of unit thickness from (1.1) and (1.2)
Is:
dE _ dY —dZ

—— — —_— H

e i = k(Y +2) (1.7)
Alternatively, differentiation of equations (1.3) and (1.4) shows that

dE  dY —dZ

T = ——dI*‘——F'(Y—Z) (1.8)

These fundamental equations of Gier and Dunkle show that, to obtain the
absorbed radiation per unit thickness, two procedures of measurement are avail-
able. Net radiation and total extinction coefficient or total radiation (sum of upward
and downward components) and the absorption coefficient are both acceptable pairs
of infoermation.

1.3. INSTRUMENTATION

Special radiometers {Schwerdifeger and Weller, 1967), which were designed
with the continuous measurement of downward and net radiation flux even at
vanishingly low intensities in mind, were used. With the total radiative energy
transfer {the quantity of main interest in connection with the overall heat economy
determination), the fact that these radiometers were spectrally non-selective was
considered invaluable. Because these approximately spherical instruments were
about 75 cm in average diameter, their use closer than 1 metre to the surface was
precluded. In order to investigate the optical properties of the near surface layers,
less bulky light dependent resistors were used.

Limited spectrally sensitive observations were made with photocells and filters,
mainly in order to check the validity of calculating a single extinction coefficient
effectively weighted to include all optical frequencies.

Finally, the daily perturbation of temperatures at depths in ice and snow, as
detected by chromium-shielded thermocouples, was observed to give supporting
data in the case of blue ice and snow and, in fact, the only reliable information
for sea ice, for which Untersteiner {1961) has used a similar approach.

1.3.1. Installation of Radiometers

Sub-surface radiometry is complicated by the difficulty of installing light sen-
sitive instruments at any depth, since the creation of a cavity in ice immediately
results in non-representative attcnuation and scattering. At greater depths enormous
excavations are required if the instruments are to be introduced through horizontal
bore-holes. Because of these difficulties, the thermopile radiometers were installed
in simple vertical bore-holes 11 cm in diameter. The disadvantages resulting from
additional factors requiring consideration in data interpretation were outweighed
by the ease with which the radiometers could be both installed as well as withdrawn
for periodic inspection and calibration checking.

Suspension of both hemispherically sensitive and net radiometers in vertical
bore-holes would ordinarily result in anomalous contributions which would be
particularly serious over the solid angles subtended by the top of the hole at the
ice surface, and in the case of the net radiometer, the bottom as well. In order to
prevent a large flux of reflected and scattered light from the bottom of the bore-hole
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from influencing the net radiometers, the bore-hole depth was made twice the
instrument level in all cases. All holes were sealed at the top by a polystyrene foam
cylindrical insert protected by a white metal disk 15 cm in diameter. The geometry
of a typical installation is shown in Fig. 1.2.

| ME TAL COVER PLATE

7 Y \\— FOAM RUBBER SEAL
fé\ \ : POLYSTYRENE FOAM
. AT INSERT

CONNECTING CaABLE

Tok

PYRAMIOAL TRIPLE
SUSPENSION AND
CONNECTION

\
e

T*’l’%—_

Fic. 1.2. Installation of a radiometer in a vertical borehole, showing the suspension of the
radiometer and the cover over Lhe borehole,

Consider a radiometer suspended in a bore-hole with dimensions as shown in
Fig. 1.3. The walls of the cylindrical hole at any given depth A are considered to
ernit light which has been attenuated by passage through a thickness # of ice. The
radiation issued from the bore-hole wall at a height x above the radiometer is thus
given by:

[=Le—nth—= (1.9)
where 7, is the intensity at the surface. As seen by the radiometer, therefore, there
is an angular distribution of light intensity. The relation between angle of incidence @
and height of an infinitesimally wide cylindrical band in the bore-hole of radius r
is given by:

x=rtanéd (1.10)
The flux reaching the radiometer from such a band of the bore-hole wall is:

dF = 2«1 sin # cos 8 d8 (1.11.)
from which the total flux is then simply obtained as

F=2nfIsinfcosddd (1.12}

The intensity 7 is, of course, a function of # specified by equations (1.9} and (1.10).

B
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-

o

RADIOMETER

SURFACE

L1
:

Fi1G. 1.3. TIllustrating the notation used in the deriving of the radiation flux incident on the
radiometer surface.

Fig. 1.4. illustrates the graphical method chosen to evaluate equation (1.12).

Curve [ shows the value of sin & cos 8, i.e., a function proportional to g? for a

constant value of 7, with the scale of ¢ adjusted to show bore-hole distances linearly.
Were the ice perfectly transparent, curve 1 would indicate the relative contributions
made by radiating bands of the wall to the total flux reaching the radiometer as a

tunction of depth. To obtainj—gjn relative units, curve 1 is multiplied by the

appropriate values of the attenuvated light intensity, 7, shown on a relative scale
with I, = 1 for extinction coefficients of 0-006, 0-01 and ¢-03 cm—?. Curves 2, 3
and 4 result from this operation.

In all cases, it is seen that light emitted from the bore-hole wall, at a distance
one radius above the radiometer, causes a maximum value in the radiometer
response. However, on the basis of this simplified model, areas beneath the curves
2, 3 or 4 indicate that the total flux is nowhere near representative of the intensity
of radiation at the level of the radiometer; in fact, curve 4 would indicate that an
installation of this nature in snow would be quite useless.

In order to test the angular distribution of intensity in the actual installation,
blackened metal plates were suspended 20 cm above and, where necessary, belov
the radiometers: some results are shown in Fig. 1.5. The ice, as will be shown
later, having had an extinction coefficient of 0-006 cm~* determined for it, a 58%
reduction in response of a radiometer to downward radiation would be expected
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Fig. 1.4. Model of distributed radiation with depth incident at the radiometer surface for
various extinction coefficients.

by graphical integration on the basis of the model discussed. However, actual
measurements showed a reduction of only 19% when a plate occluded the bore-hole
20 cm above a radiometer suspended 1 metre below the surface. Clearly, a more
complex model, involving multiple scattering on the walls of the bore-hole, is
necessary. The interesting condition can arise whereby the light seen by the radio-
meter in fact becomes isotropic. How closely the real installation approaches this
can be ascertained by calculating the reduction in isotropic intensity caused by the
shading of an 11 cm-diameter disk at a distance of 20 cm. The value of 15%
obtained is a much closer approach to the 19% measured than the 58% expected
on the assumption of all light proceeding directly down the bore-hole after emerging
from the wall. The simple tests performed showed that, at the 1 metre level, only
some 4% of the radiation reaching the radiometer was in the nature of an added
perturbation. Finally, Fig. 1.5 shows that the measured value of the extinction
coefficient remained unchanged, further reinforcing the view that the anomaly
introduced by the bore-hole installation, if stopped at the surface, is small. In view
of the uncertainties connected even with radiation measurements above the surface,
the errors introduced by the bore-hole installation described, i.e., some 4% at
1 metre depth, were regarded as sufficiently small to be neglected in the examination
of the data obtained.

]1.4. BASIC RESULTS OF RADIOMETER MEASUREMENTS IN BLUE ICE

The results of both downward and net radiation measurements in ice {Tables
45-46)* are summarized as extinction coefficient data in Fig. 1.6. It is seen that,
over a period of time extending from March to July, no significant change occurred
in the extinction coefficients (@) which are, moreover, almost identical for down-

*Note: Tables 1-49 (no seclion designaticn) are basic data tables and are lo be found in
Appendix TIL
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F15. 1.5. The effect of discs 20 cms above and below radiometers on the exlinction coeffieient.

Hemispherieal radiometer = Y; nel radiometer = N.

ward and net fluxes. The mean value for the period was (-0067 cm—*. Again, from
Fig. 1.6 the March and April data show that the ratio of downward (Y) to net
{N) radiation was 3 82. Therefore, since

and

Y

N=Y — Z, it follows that

=074

=N
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Substituting this latter value in (1.6),
ﬁ_g__ﬁ — 074,

Since it has been found that

u = 0-0067,
equation (1.5) provides a third relationship between u, k and r, the total extinction,
absorption and scattering coefficients. These were then calculated as:

p = 0-0067
k=0-0011
r = 0-0205,

all in units of cm—1,

MY
4
3 ™~
2 \
\
L=00065cm !
10
32 ~ -
o7l T e~
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'\ & APRIL 1965
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o3 \
0.2 ———u=0DOEEcm™!
MEAN OF 1B X MEAN OF 25
PROFILES JULY 1965 PROFILES MARCH 8
APRIL 1965
01 | | i L
i 2 3 3

CEPTH CMETERS]

Fre. 1.6. Light extinction in ice: mean profiles from radiometer measurements. Hemispherical
radiometer = Y, net radiometer = N,

Before extending the inquiry to the spectral dependence of the extinction
coeflicient, it is significant to note that the simple data presented so far show that
light extinction in the bore-holes themselves follows an exponential law. This fact
reinforces the deduction that multiple scattering of light occurred and that, provided
the holes were sealed, the light intensities in the bore-holes were representative of
those in the ice at the same level,
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1.5. CHANGE OF EXTINCTION COEFFICIENT AND SPECTRAL CONTENT OF LIGHT WITH
DEPTH IN ICE

The extinction coefficient is a function of the wavelength of the transmitted
radiation in ice (e.g., Ambach, 1959), Consequently, a spectral shift would be
expected with depth which could alter the total extinction coefficient. Furthermore,
the exponential extinction law strictly only applies to homogeneous media. Since,
even in blue ablation zone ice, a density gradient exists in the uppermost layers
because of evaporation, precipitation, melting and refreezing processes, variations

=]

in the specific extinction coefficient 4 wheref ¢, dv — g and v is the frequency,
0

might be expected.

TN
ANV A
S \

/!f \\
[\

Y

\
N \
\ \
. N

400 300 600 700 80O 900
WAVELENGTH Cmu 3

FiG. 1.7. Spectral response of
1. photocell (selenivm, International Rectifier A-5)
2. photocell plus blue Alter
3. Philips light-dependent resistor.

To investigate both these effects, a photocell and blue filter, and light-dependent
resistor, were used in additional ineasurements, Fig. 1.7, the results of spectrophoto-
metric measurements, shows the spectral ranges investigated on a normalized scale.
The photocell was an International Rectifier selemium cell type A-5, normally
weighted to the mid-range of the visible spectrum; it was converted to be pre-
dominantly blue sensitive by means of a suitable filter. Finally, a Philips light
dependent resistor (LDR) extended the range of cobservations to the red. Figs. 1.8
and 1.9 show the results of extinction measurements for red and blue spectral
ranges. The discrepancy between the values of the extinction coefficient obtained
for the upward and downward components of the radiation flux shown in Fig. 1.8.
gives an indication of the accuracy of the data. Although different rates of extinction
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for the two directions would be expected in a non-homogeneous medium, the
linearity of the values from 20 to 100 ¢m in the ice indicates an optically isotropic
solid and that the 12% discrepancy was instrumental in origin. The behaviour of
the photocell precluded its use in measuring high light intensities. Accordingly,
it was used only with the attenuating blue filter near the surface, the mid-optical
range without filter only being covered at greater depths. It is seen that the extine-
lion coefficient for predominantly blue light remained constant at 0-G07 ecm ™! for
depths of from 2 to 8 metres. Without a selective filter, the photocell measure-
ments, extending from 6 to 10 metres in the ice, give a value of p — -006 cm—!.

o3 |
)
o2 e
u=0.p14 cm ’/J'//d
_’_J)/“
.1 —
— L0 DIE emT
/r/
//
[oJNe 3] =
0.0l
20 30 40 30 60 TC 80 90
DEPTH {cms )

Frg. 1.8, Light extinction io ice measured with Philips light-dependent resistors in vertical
boreholes of 3 ¢m diameter.
Downward flux .
Upward flux Q

An approximation of the mean extinction coeflicient of the net radiation in the
upper 100 cm of the ice was obtained by considering the reduction of radiation at
the surface, measured by Kipp solarimeters, and at 1 metre depth, as monitored
by the thermopile instruments described earlier. A 4% correction was made to
allow for the disturbing bore-hole effect on the instruments at the 1 metre level.
On this basis, the mean overall extinction coefficient for the first 100 ¢cm of ice
thickness was calculated to be 0-013 cm™?. It is significant to compare this figure
with the mean value of (-015 cm—! obtained by LDR measurements biased to the
red region of the visible spectrum. It is clear that the rapid absorption of red light
with depth does permit the measurement of a total extinction coeflicient at depths
below 1 metre in the ablation zone ice described. Fig. 1.10 provides a summary

100¢
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of this quantity and does, incidently, show that values of u as high as 0-230 cm—!
in parts of the upper 20 cm would not be unexpected. These are of the same order
of magnitude as obtained by Ambach and Mocker (1959) in glacier ice.

1.6, MEASUREMENT OF RADIATION EXTINCTION IN ICE WITH THERMOCOUPLES

The simplicity of thermocouples or other temperature sensors in ice makes it
attractive to consider their use in determining radiation extinction. Two main
instrumental approaches are possible. The first requires the use of a vertical array of
highly reflecting temperature sensors so that their measurement of the change in
ice temperature is indicative of the attenuation of net radiation. An alternative
scheme is to use blackened sensors, in which case a profile of total radiation
intensity can be deduced. These two schemes provide the information required for
the determination of total extinction, u, and absorption, &, coefficients as is shown
by equations (1.7) and (1.8).

At Mawson, a probe with chromium-plated capsules for the thermocouples was
used. One limiting feature of this method is that the sensors must be perfectly
reflecting, since the total radiation intensity to which darker sensors respond
may be even six times as high as that of net radiation. The increase in ice tem-
perature attributable to radiation as detected by reflecting thermocouples allows
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Fic. 1.9. Light exlinction in ice measurcd with photocell and blue flter combination,
response peak 490my,.
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F1c. 1.10. Light extinction in ice: summary of all results including radiometer and photocell
measurements.

calculation of the net transfer of light if the specific heat of the surrounding ice
is known. On the other hand the magnitude of the excess temperature of blackened
thermocouples in ice depends on the thermal diffusivity of the surrounding medium.
Since, in the latter case, the reciprocal of the specific heat, as well as the conduc-
tivity and density, is the important factor, it is clear that imperfections in the desired
characteristics of eithcr reflecting or blackened temperature sensors are serious.

The daily temperature perturbation induced in the ice by solar radiation was
detected at depths of 1, 2 and 4 metres by means of the reflecting thermocouples
which were part of an extensive probe extending to 8 metres. The mean of 15 profile
measurements throughout the year gave an extinction coefficient which was linear
with depth and equal to 0-006 cm~?, being in good agreement with the result
obtained with radiometers and photocells.

As a further check to ascertain that the temperature rise was representative
of the surrounding ice layer and not peculiar to the thermocouple, the absorption
of radiation with depth, and hence the perturbation on the temperature profile, was
calculated from actual radiation data. In a typical instance, the total downward
shortwave radiation above the surface from midnight to noon, when the temperature
rise of the thermocouples was observed, was 443 cal cm —2. The albedo of the ice
surface was 0-70, so that the net flux of radiation through the surface was
148 cal cm—2. From equation (1.8) the rate of absorption of radiant cnergy with
depth is given by:

dE

= (Y = 2).
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For p = 0-013 cm~* between the surface and 1 metre depth, and 0-007 cm—!
below 1 metre depth, the table below summarizes the calculations for ice of density
0-90 gm cm~* and specific heat 0-48 cal gm—! °C—1.

Ice depth Radiation absorbed Temperature rise
Calculated Observed

1 meure 0-250 cal cm™3 0-38°C 0-9°C
0-130 0-30 0-6
0-2

4 0-036 0-08

The discrepancy between the experimental temperature rise and that expected
theoreticatly on the basis of assumed perfectly reflecting thermocouples is sig-
nificant. It 1s clear that in practice the thermocouples were far from perfect reflec-
tors. The detected temperatures were thus perturbed by additional absorption of
radiation by the sensors. Thermocouples and similar temperature sensors can thus
only be used for extinction measurements with some reservations. It is important
to note that in a transparent medium, where the ceefficient r is small, the actual
coefficient measured by an imperfect temperature sensor (i.e., neither perfectly
reflecting nor black) has a value lying between the true values of w and 4. In a more
diffusing medium, r would be high, and the method would be meaningless.

1.7. RADIATION EXTINCTION IN WIND-PACKED SNOW

The extinction of light in snow depends strongly on the density and crystal
structure and, because of the greater importance of scattering processes, when
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Fig. 1.11. Light extinction in snow of densily 0-423 g cm™3 measured with photocell in
horizontal boreholes 75 em deep.
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compared to clear ice, an increased spectral dependence would be expected. A
limited review and some optical data for various types of snow has been given by
Thomas (1963), although it appears that a proper distinction between absorption,
k, and extinction, u, coeflicients has not been made.

Extinction measurements were carried out on the most predominant form of
snow at Mawson, wind-packed snow of density 0-42 gm cm—?. Since this type of
snow sometimes covered the plateau ice surface and frequently the sea ice, it was
deemed necessary to obtain some data for it in order to be able to calculate the
total absorption of radiation by the snow-ice cap.

The photocell specified earlier was used in horizontal boreholes 3 cm in
diameter cut into the snow from the walls of a trench. In this arrangement, the
photocell could be introduced on a 75 cm-long arm and rotated through 360°.
During readings, the borehole openings in the trench wall were shaded. After
completion of observations, a rigid metre scale was pushed vertically through the
snow In order to measure the snow depths precisely.

The results of mneasurements are shown in Fig. 1.11, and indicate an extinction
coefficient of 0-043 em~!. The ratio of the upward to downward fluxes, m, was
found to be 0-80.

Absorption and scattering coefficients were respectively found to be:

k=10-005cm™!
r=0190cm-?,

compared to the extinetion:
n = 0043 cm—1.
It is interesting to compare the relative importance of scattering and absorption

. . . .o
in this snow and the blue ice. For snow, the ratio i
value was found to be 18-6, the contribution of scattering being more important
by a factor of 2 in the case of snow.

— 380, whilst for ice the

1.8. RADIATION EXTINCTION IN SEA ICE

The permeability of sea ice made long-term installation of radiometers or
photocells impracticable, since the boreholes soon filled with brine. One thermo-
pile radiometer was installed in the sea water 150 cm below the surface of the ice
whose maximum thickness reached 135 cm. However, gradually the growth of
marine deposits made the readings from this instrument of dubious value.

Because of these difficulties, extinction measurements were attempted with the
thermocouples installed in the form of a temperature profile probe. This follows a
similar procedure to that first used by Untersteiner (1961) at Drifting Station
Alpha in 1957. The probe consisted of thermocouples mounted in reflectors and
protected from corrosion by a translucent polyethylene sheath. The junctions were
Jocated at depth of 15, 30, 45, 60 and 80 cm below the surface.

The maximum temperature rise caused by radiation at noon is shown for a
number of days in September, October and November in Fig. 1.12, where the day
and month of the observation is indicated by two numbers on the left. The tem-
perature rise of the thermocouples can be seen to decrease exponentially in all cases.
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FiG. 1.12, Extinction of light in sea ice measured by the diurnal lemperature rise of thermo-
couples embedded in the sea ice.

The fit of the curves and repetition in time are surprisingly good, considering the
nop-uniformity of sea ice properties as a function of both depth and time. Even
neglecting for the moment the question of optical homogeneity, there is no doubt
that the thermal properties, particularly specific heat and hence diffusivity, varied
strongly in vertical profile.

As would be expected, temperature increased and salinity decreased with depth,
resulting in an overall increase in specific heat in the lower layers of the sea ice.
From the experience of examining similar results obtained in clear ablation ice, it
became clear that the thermocouples were not perfectly reflecting. Had they been
so, it would have been correct to consider ice at depth with a greater specific heat
being raised less in temperature for a given absorption of radiation. This would
require the normalization of the temperature-rise readings by multiplication with
the ratio of specific heat at depth with that of the ice at the surface. When this was
done, the “corrected” value of the extinction ceeflicient became vanishingly small.
On the other hand, assuming diffusivity to be the determining factor, as would be
the case for black thermocouples, the temperature differences must be divided by
the normalizing specific heat ratio. This procedure enables the calculation of an
upper bound for the extinction coefficient, which has been shown in Fig. 1.12 for
two sets of observations. Ironically, however, the actual value will lie between zero
and the extreme bound shown; hence the original result of p — 0-010 cm—" is the
more satisfactory.

That this supposition is in fact correct is shown by the value of p = 0012 cm—?
obtained by using the light-dependent resistor described earlier. Extinction readings
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taken by Bunt (1960) on the 1956 summer sea ice at Mawson gave a value of
0-013 cm~1. Untersteiner (1961) gives the extinction coefficient of Arctic sea ice
a value of 0-015 cm—? and Thomas (1963) a value of 0-011 cm—*. There is thus
general agreement between the various observations cited.

1.9, CONCLUSION

The penetration of optical radiation in ice and snow is a relatively well studied
phenomenon. The fact, however, that in the more transparent examples of these
media, radiation transfer can be the predominant mode of heat flow, is not generally
realized. Particularly dramatic is the case of ablation zone ice, where the absence
of radiation data to a depth of 8 metres completely negates the value of supposedly
heat conduction observations. The thermopile radiometers designed proved to be
sufficiently versatile for both temporary and long-term installation, and particularly
suitable for parallel operation with the heat flux plate version of the instrument, data
from which are given in the next section. In its simple form, in porous snow or ice,
the latter is sensitive to convective as well as conduetive heat flow, which a current
instrumental development has succeeded in isolating. For the future, then, provision
exists for the separate measurement of the fluxes of radiation, conduction and the
sum of evaporation and convection separately.

2. THE EFFECT OF ABSORBED SOLAR RADIATION ON THE THERMAL
DIFFUSION IN ANTARCTIC PLATEAU ICE AND SEA ICE

2.1. INTRODUCTION

Having examined radiation as a mode of heat energy transfer in the ice in the
last section, conduction of heat will be considered next. This involves analysing the
propagation of temperature pulses through the ice, the fluctuations in temperature
in the upper metres of ice to which absorbed radiation contributes being periodic,
due to their solar origin. In the following section this periodieity will be examined
by Fourier methods to determine the thermal diffusivity and the effect of absorbed
solar radiation on the diffusion process in the ice.

Three separate models will be used which have their equivalents in three types
of natural ice bodies:

1. Homogeneous ice of semi-infinite thickness
2. Non-homogeneous ice of semi-infinite thickness
3. Non-homogeneous ice of finite thickness.

The symbols used are:

i

time, sec

depth below the surface, cm

temperature, °C

vertical heat flux conducted in the z direction, cal cm—2sec—!
heat conductivity at depth z, cal em~'sec=! °C—?

heat capacity per unit volume at depth z, cal em—3 °C—1

k

= thermal diffusivity at depth z, cm®ec—1

li

R Q??"mﬂl\lm
il
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v, w = frequency of temperature or heat flux waves, sec?!
A, a., b, = amplitudes
€, Uy, Bn, yo — phase angles
n — order of harmonic

() denotes partial differentiation with respect to /.

the prime ( “) denotes partial differential with respect to z

If the surface temperature in the semi-infinite homogeneous solid z > 0 is
given by
| COS(mI — €) (2.1)

and the initial temperature 1s zero, then the temperature at depth is given by the
Fourier solution {Carslaw and Jaeger, 1959) as

T=Ae N/ZT( coslut — zv?lf — €} (2.2)
The amplitude of the temperature oscillation decreases as
—zv @
Ve (2.3)

and thus falls off more rapidly for large ». Also there is a progressive lag

/
Vo (2.4)
in the phase of the temperature wave. This lag increases with w.

A measurement of either the amplitude or phase at depth z is thus sufficient to
determine the diffusivity K. A third method of determining the diffusivity is applic-
able when the vertical flux of heat B is considered at the surface,

B — kﬂ) =V k4 il 2.5
_= — (aZ 7( COS(UJI—C—FZ) (2.5

=10
and the amplitudes of temperature and heat flux fluctuations are known.

In the non-homogeneous case of heat conduction, i.e., when the heat conduc-
tivity and capacity of the medium are functions of depth, the above solutions. are
no longer applicable. Lettau (1954) has derived an exact solution of this case,
where the thermal diffusivity is obtained on the basis of Fourier coefficients of the
periodic fluctuations of temperature and heat flux at various depths. The procedure
is described and applied in Section 2.4.

The last case of interest is that of a solid bounded by two parallel planes.
A slab 0 z <! is considered which has zero initial temperature and has the
planes z = 0 and z = [ kept at temperatures zero and sin (wf -} €) respectively.
A Fourier solution of the diffusion equation exists for these boundary conditions
and the amplitudes and phases are given by expressions which are discussed and
applied to sea ice in Section 2.11.

All these solutions apply strictly only to conditions of pure heat conduction
resulting from temperature changes at the boundaries and are not applicable when
other forms of energy transfer take place in the bodies considered. In transparent
media, such as ice and snow, the above conditions are, however, not fulfilled since
large amounts of energy may be transferred into the medium by radiation. In the
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Temperature °C
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F16. 2.2. Half-monthly running means of the daily midnight temperatures.
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TasLE 30

COMPARISON BETWEEN EDDY HEAT FLUX COMPUTATIONS FOR
DAILY MEANS AND SUM OF 6-HOURLY MEANS PLATEAU, DECEMBER

Date Period (Daily means) (Sum of 6-hour
considered  cal cm™2day~1 means)
hrs cal em~2day~!
1 12 —22-9 —23-4
2 12 —54-7 75-3
3 12 —26-4 —17-9
4 18 19-0 22-1
5 18 -—9-4 —6-7
6 12 —23-2 —25-3
7 18 —39-3 —28-5
8 12 —51-8 —58-9
9
10 12 —8-3 —10-6
11 12 —3L-5 —27-5
12
13 12 9.3 8-8
14 12 —9-5 —10-0
15 18 —24-1 —25-7
16 24 0 1-1
17 24 7-8 3-6
18 24 0 —7-7
19 24 —35-2 —34-6
20 24 —102-8 —119-0
21 24 10-2 2-1
22 12 —15-5 —15-7
23 24 4.2 —2-8
24 6 15-7 15-9
25 12 —3l-6 —22-1
26 12 —31-2 —30-2
27 12 —69-4 —89-0
28 18 —15-7 —15-4
29 24 —32.2 —33.0
30 6 —18-2 —18-3
31

Mean —17-1 —17-6
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DAILY MIDNIGUT SEA-ICE TEMPERATURES!

HEAT PROCESSES

MAY TO JULY

{Minus °C)

JULY

MAY

15
T _100

14
T _w

12 13
T T g

30

1t

10

T—IDD

T#HO

Date

1-8
1-8
1-8
18
1-8
1-8
1-8
1-8

1

96

13-6
13-5

21-4 17-5

2541

30
36
37
3.9
36

9.6 63
40

87

13-1

4.6

9-7

17-3

20-9

23-8

6-4

10-8

IN

16-1 15-¢ 12-5 9-5 4-9

15-2

6-0
6-0

5-3

-1
8-0

6-7

11-2

ANTARCTIC ICE

7-9

12-3 11-4 10-0

12-3

9-6
8-4

11

4-4
4.0

4.2

9-4
95

15-0

17-6

72
72
7-2
7-0
6-9
68
75
8-3

12-0

14-2

157

6-0
6-2

82

o

145 11-8

17-6

4.0
45

85

11-6

4.2

93

14-2

-1

9-8
6-2

12-4

90
8.7

10-9

13-3

4.2

7.4
83

7-3

1-8
1-8
1-8

43

10-5

3-8 (Mean)

62

10-6

10

11

11-2 8-8 4-3
13 10-1

14-1

18-0

4-5

16-7

21-2
16

JUNE

12
13
14
15

-8
1-8
18
2:2

4.6

14-2 11-3

16-4

55
5-¢
5-2
5-4
5-0

68

8-6

-8 14-5 13-7 12-5 11-8

18
1-8

7-3 2-6
7
1

12-¢

16-6

76
8-

9.4
10-4

13-4 11-3

17-1

1-8

3.2
36
3-5
4-¢
3-8

144 109 1
4.1

19-0
20-0

1

15-1 12-9

17-6

12:2 7-8

16-4

[6
17

86
96

13-9 11-2
11-0

16-9

21-2

13-9 11-0 7-7

17-3

26

251 20-3 16-2 12-8

1-8
1-8

1

7-9
7-4
8-0
9.1

10-0

14-7 11-6

16-3

18
19
20
21

2-9

22-2 18-2 14-3

26-3

i1-0

14-5

17-6
21-9

19-4 15-4 119 -5
8-2
8-8
9-3

23-5

28 ¢

1-8

o

17-0

3.4
3.9
4-4

4.3

25-0 21-¢ 16-6 12-9

29-3

18-0 13-4 5-1
57

22-4
23

13-6

26-4 24-4 203 17-5
18-6

1-8
1-8

14-4

18-7

22
23

13-3

16-2

22-8 21-0

101 61 L8

13-7

21-3

8.6
9-2

20-5 17-7 15-¢ 12-4

23-5

24
25

5-¢
5-5

4.6

2-0 20-1 19-7 17-9 15-6 12-9

2.4
2-9

19-1 14-9 10-7 6-7
3.2

3-8
26-0

92
80

16-6 15-7 14-2 12-3
7-3

16-8

76
8-0
8-4
89
9-3

21-0 163 119

26
27

13-6 12-2 10-6
-

14-5

15-6

19-5 [5.-7 12-0

23-5

4.2

19-2 16-¢ 13-6 9-7
22-0 10-1

1-8

21-0 l6-8 12-3

24-6

28

41

7-3

15-1 124

18-0

-8
1-8

21-3 170 129 16
4.0

25-5

29
30
31

7.7 4.4
45

7-9

16-5 13-7 1¢-9
11

19-1

212

21-9 17-7 13-5

256

139

13 6
21

16-2

18-5

2-9

6-0

5-5

21 178 13-8 9-7 5-7 23 -8 19-7 17-3 14-7

Mean




TapLE 33
ILMPERATUREFS:

140

I'0 SCPTEMEER

AUGUST

DAILY MIDNIGHT SFA-ICL

SEPTEMBER

AUGUST

15
T 1w

14
1

13

12

10
T_y5

— B

T_3

T(J

17-3

Date

196

50

7-4
7-9

§-5

9-7
10-3

13 4 11-5

15-2

50
5

8-4

6
13

14 0 11
13-

16-3

18-3

-3

5
5

-1 222 17-9 15-0 12-4

8 4
8-3

14-7
13

156

15-7

24-3 20-4 17-0 14-1 115

5.2
4:9

4-7

10-5

12:2

Lol

19-3 17-0 14-6 12-3 9-2

22-4

7.7
7-6
g-2

16-6 14-4 12-2 10-2
12
86

19-6
210

-5
70
7-3

20-5 175 15-0 12-5 96
10-2

241

10-5
11
Ll

15 3

18-1

21-7 18 6 15-8 13-3

25-2
21

5-0
5-2

5-3

19 4 16-4 13-5

22-7

18-3 16-2 13-7 10-7

20-3

8
12-3

id-5
15
16

17-4
18

20-2

23 4

7-6
7-4

19-5 18 2 16-9 15-3 13-4 L0-7
17

8.7
o5

217

25-8

13-0 10-4

15-0

233 19-7

69
64
57
5-8

57

18 5 13-9
12-5
11
11

19-9

20-4

L

7.4

18-4 17-4 15-7 13-8

19-3

97

17-2 16-0 14-3

186

10

11

16 5 15-0 13-7 12-3 10-1

19-1

8 7

o,

o

17-2 15-3

190
20-8

(o]

15-8 14-6 13-3 11-9 97

17-2
19-6

9-0
8-8
9-2

9-8

15-5 13-5

17-5

7-0
70

15-2 13-4 11-7 9-5

17-1

18 4 16-0 13-7 11-5

210

21

96
10-0

2000 18-6 16 3 [4-1 12-1

6-2
67

12-1

142
14

16 5

19-6
16

14
15
16
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HEAT PROCESSES

TO NOVEMBER

OCTORFR

DATLY MIDNIGHT SEA-ICE TEMPLRRATURES:

{Minus °C)
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TABLE 38

MIDNIGHT PLATEAU-ICE TEMPERATURL

8§ M DEPTH

DAILY

{(Minus °C)

13

12

11
Nov.

Qct.

10
Sep.

3
A

Apr. May Jun. Jul. Aug.

Mar.

Jan. Feb.

Date

i
|
‘!

I

10-6

10-0

10-0

12-0

12:0

10-7

96

10-8 12-0

10-0

10-8

10-1

10-5

13-2

10-0 10-8

96

10-8

9-6
9-5

1CE

10-9
10-8

10-2
10-2

12-9

11-0

110

10-2
10-2
10-2

o =f =t
D

[ Bl o B ST g |
S OoOoOoO0O
— = o e~ —

el N O — oy
o — =

10-1

9-7

13-2

9-6 10-2

9.7

9.4
9.4

13-1

10-3

10-3

~

12-9

10-3

-~
[ =

96

9-8 10-4

9.4
9.4

9-8

9-6
96

S DR
NN

9-8

9:3

10-0

10-4

9-8

9.4
9-4

9-6
9-6
9-8

10-0

10-4

9-8

10-0

11

10-4

9-5

9.9

o —

e

— —

(]

o

—

vy

o oo

— =
oD
L=

v

=

(=)

(=

™~ 00 O

~Noel e

13-2

v N
oo

—_——

9.9

10-0

145

Mcan




146 HEAT PROCESSES IN ANTARCTIC ICE

TABLE 39

DAILY MIDNIGHT PLATEAU-ICE TEMPERATURES: NOVEMBER TO DECEMBER
(Minus °C}

1 2 3 4 5 6 7 8 9
Date T, T _on T_, T_, JTﬂ1 T_4 T_4 T 4
NOVEMBER

26 53 36 6-0 9-5 12-4 127 12-2

27 6-8 2-4 4.7 8.5 12-3 12-7 121

28 7-6 2-8 50 89 i2-3 12-6 12-1

29

30 8.2 26 4.5 84 12-1 12:6 120

DECEMBER

1

2 5-5 1-7 3.9 8-3 120 126 121

3 3.3 2-0 4-1 8.2 12-1 12-6 12-2 10-9
4 5-5 1-4 31 77 -9 12-5 iz2-1 10-9
5 2.3 0-3 34 77 11-8 12-5 12-0 10-9
6 -8 1-2 3-3 73 11-4 12-3 12-0 10-9
7 0 0-8 3.0 7-1 11-4 12-3 11-9 10-9
8 0 0-3 2-6 6-7 11-2 12-1 11-7 10-9
9 0-8 0 2-3 66 11-1 12-1 11-8 109
10 3.2 0 23 66 111 12-2 -8 10-9
11 4.6 0 2-2 6-3 11-0 12-1 11-8 10-9
12 5-4 0 2-0 6:2 11-@ 121 11-8 1¢-9
13 2-9 0 2-1 6-1 10-9 12-1 [1-9 109
14 2-5 0 1-9 58 10-7 12-1 11-9 10-9
15 6-8 0 1-8 56 10-6 12-0 119 10-9
16 5-3 0 1-7 5-5 10-5 11-9 11-8 10-9
17 5-0 0 1-7 54 10-4 11-9 11-8 10-9
18 3-6 0 1-6 5-3 10-3 11-8 117 16-9
19 26 0 1-5 52 10-2 117 [1-7 10-9
20 1-5 0 1-5 5-1 10-1 11-7 11-7 10-9
21 29 0 1-4 5-0 10-0 11-6 11-6 10-9
22 3-4 ¢ 1-3 4-9 9.9 11-6 11-6 10-9
23 3.4 0 1-2 4.7 97 11-5 11-6 10-9
24 2-3 0 1-2 46 9.7 11-3 11-6 10-9
25 5-0 ¢ 1-3 4.6 9-7 11-5 11-6 10-9
26 2-1 0 1-2 4-4 95 11-4 11-6 10-9
27 2-3 0 1-2 4-4 9-4 11-4 11-6 10-9
28 22 0 1-2 4.3 9-4 11-4 11:6 10-9
29 2-5 [ 1-1 4-2 9.2 1-3 11-5 10-9
30 0-4 0 1-1 4.2 9.2 11-3 11-6 10-9
31 1-2 ¢ 1-1 4.2 9-1 11-3 11-6 10-9
Mean 3.2 a3 2-0 5.7 10-5 11-9 11-8 10-9
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TaeLE 40
DAYLY MIDNIGHT PLATEAU-ICE TEMPERATURES: JANUARY TO FEBRUARY
{Minus “C)

1 2 3 4 5 6 7 8 9
Date 7, T oy T T_, T_, T g T_s T o
JANUARY
1 3-0 0 1-0 4.2 9.2 11-3 11-7 -1
2 1-0 0 0-9 4-0 9.0 11-3 11-7 11-1
3 2:2 0 0-9 4-0 9-0 11-3 11-7 L1-1
4 1-2 0 0-8 3-8 38 11-2 11-6 11-0
5 0-5 0 0-8 3-8 3-8 11-2 11-6 11-1
6 1-8 [ 08 3.7 8-7 111 11-6 11-0
7 5-0 0 0-9 37 8-7 11-1 11-5 11-1
3 6-2 o 0-8 3-6 8-6 11-0 11-5 11-1
9 4-6 0 0-8 3-6 B-5 11-0 11-5 11-0
10 1-9 0 0-8 3-6 8-5 11-0 11-5 111
11 53 0 0-8 3-6 8-4 10-9 11-5 11-1
12 3.5 0 0-8 3-5 8-4 10-9 11-5 11-1
13 4.6 0 0-7 3.4 g3 10-7 11-4 11-1
14 30 0 0-8 3.4 83 107 11-4 111
15 4-0 0 0-7 33 8-2 10-6 11-4 11-1
16 2-6 0 0-7 33 81 10-5 11-4 11-0
17 03 0 8 3.4 82 10-6 11-4 11-2
18 1-0 0 09 3-4 8.2 10-6 11-4 11-2
19 3-2 0 0-8 3-3 8-1 10-5 11-4 11-2
20 2-5 0 0-6 3.2 7-9 10-4 11-3 11-1
21 3-0 0 0-6 3-2 78 10-3 113 11-1
22 52 0 0-6 3.2 7-8 10-3 11-3 11-1
23 4-5 0 0-4 3.0 7-6 10-3 11-3 11-1
24 52 Q Q-5 3-1 7-7 10-3 11-3 11-2
25 6-4 0 0-5 3-1 7-7 10-3 [1-3 11-2
26 6:0 0 0 2-9 7-5 10-1 11-2 11-1
27 5-8 0-3 0-3 3.0 7-6 10-2 11-3 11-2
28 0 0 0-3 2-7 7-3 10-0 11-1 11-1
29 — Q 0-3 2-7 7-3 9-9 11-0 11-0
30 — 0 0 2-6 7-3 9-9 11-0 11-0
3l — 0 0 26 7-2 9.8 11-0 11-0
Mean 3-5 0 0-6 3-4 8-2 10-6 11-4 11-1
FEBRUARY
1 —_ 0 0 2-5 7-1 9.7 [0-9 10-9
2 — 0 0 2-5 7-1 9.7 10-9 10-9
3 _ 0 0 2-5 7-1 9-7 10-9 [0-9
4 — 0 0 2-4 7-0 9-6 10-9 10-9
5 — 0 0 2-3 6-9 9-6 10-9 11-0
6 — 0 Q 2-3 6-9 9-5 10-9 11-0
7 — 0 0 2-3 6-9 9-6 9 11-0¢
8 - 0 ] 2-3 6-7 9-5 10-7 11-0
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TABLE 41
MIDNIGAT HEAT FLUX PLATE READINGS: SEA ICE, 30 CM DEPTH

mV

(o]

Sep.

July

Fune

Date

Aug.

SN TN NS e oN O O
} —t ot e e e —

?
f

1453081008201622.&.2506074
66918907.\..754468530373669

NN EOINEOAMS — o FNO - M=o m RO gD

7634688794466773234521114653368

4601[65668996025980159057546060
190435664447974668[111967533788

- ————

0497418604546
NI Ol D o —
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TasLE 44

TEMPERATURE AND HEAT FLUX IN SEA ICE AT 30 CM DEPTH:
MONTHLY MEAMS OF HOURLY YALUES FOR CCTOBER

1 2 3
Hour F_uy T_ a2
(mV) {(—°C)
0 3-85 10-69
1 4.24 10-77
2 4-62 10-89
3 4-97 11-01
4 524 11-10
5 5-42 11-06
6 5-38 11-04
7 5-13 10-81
8 4-68 10-50
9 409 10-19
10 3.41 9-93
11 2.72 9-62
12 2.10 9-43
13 1-63 9.38
14 1-30 9.39
15 1-14 9.52
16 1-19 9-63
17 [-39 9-83
18 L-65 1003
19 1-97 10-15
20 2-25 10-28
21 2.56 10-36
22 2-93 10-39
23 344 10-65
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