ICE, WATER AND ENERGY BALANCES OF SPARTAN GLACIER,
ALEXANDER ISLAND

By A. W. JAMIESON and A. C. WAGER

ABSTRACT. Components of the energy balance of Spartan Glacier, Alexander Island, were measured
during the period 1973-74. Conditions near the surface were dominated by gravity winds flowing
down the glacier. There is no satisfactory theoretical treatment of this situation so estimates of sensi-
ble- and latent-heat exchange were necessarily crude. The accepted practice of measuring solar
radiation with horizontally mounted radiometers gave misleading results because the glacier was not
a diffuse scatterer at short wave-lengths. Approximately 50 per cent of the outgoing radiation was
specularly reflected. The problem could be overcome by mounting the solarimeters parallel to the
surface. Mass-balance measurements made between 1969 and 1974 showed that the glacier was
decreasing by 1/500 of its mass per vear, although errors in determining density caused uncertainties.
Direct measurements of change of mass would enable the amount of energy used to melt ice to be
determined accurately. The amount of sensible and latent heat could then be obtained as the residue
of the energy balance.

.PARTAN GLACIER. (lat. 71°03°S., long. 68°20°'W ; Fig. 1), on the east coast of Alexander Island,
was selected for intensive study as part of the “Combined Balances Project” (UNESCQ/
IASH, 1970, 1973). The purpose of the project was to measure the ice, water and energy balan-
ces of glaciers in a wide range of environments as a contribution to the International Hydro-
logical Decade, 1965-74. Spartan Glacier, with an area of 6-3 km.2, was the most southerly
glacier selected for study on a chain extending from Alaska through the Americas to the
Antarctic Peninsula. It was chosen after an extensive search as being representative of Palmer
Land. Other glaciers on the east coast of Alexander Island were mostly too large and too cre-
vassed to be worked safely by a small party. Glaciers flowing into George VI Sound from Pal-
mer Land were even larger and more dangerous. Spartan Glacier was the most suitable of the
few small glaciers in the area. It was only 30 km. from the British Antarctic Survey station at
Fossil Bluff and was easily accessible by tracked vehicles and aircraft. There were dangerous
crevasses in only a few parts of the glacier. The drainage basin was better defined than for any
other glacier in the area. It was proposed to run Spartan Glacier as a “special station” as
defined in the “Combined Balances™ guide (UNESCO/IASH, 1970, 1973). The function of
such stations was to measure the components of the energy exchange at the glacier surface in
addition to the ice and water balances. Existing techniques were to be tested and a check
made on the absolute accuracy of the measurements. It was hoped to gain a better under-
standing of the physical processes involved.

On glaciers, the three balances are intimately connected because the energy balance largely
etermines the water balance, which in turn affects the mass balance. Accumulation measure-

‘Lents from September 1969 have been used in determining the ice balance. Measurements of
run-off were made during the ablation season of 1973-74. Micro-meteorological measurements
to determine the energy exchange began in 1972 and were made continuously for 2 years
except for 24 months during each winter when the glacier station was not occupied. The
meteorological sensors, the recording system and the data-processing methods used are des-
cribed in Appendices.

THE ICE BALANCE

Stake measurements
Accumulation
Fig. 2 presents maps of changes in surface level for the 4 budget years covered by observations
of the stakes marked on Fig. 3. In the period from September 1969 to September 1970 there
were only 41 stakes on the glacier and results were less certain than during the next 3 years.
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Fig. 1. Spartan Glacier (centre foreground) and George VI Ice Shelf at the bottom of the picture. (Photograph
by U.S. Navy for U.S. Geological Survey.)

Fig. 4 gives seasonal results for 1972 and 1973 when the measurements were made at approxi-
mately monthly intervals. The pattern of accumulation was not simple. The prevailing north-
west wind, which accompanied all major snowfalls, was funnelled through the col at the head
of the north-west lobe of the glacier. A standing wave probably caused areas of high velocit

and low accumulation (A, B and C in Fig. 2) and an area D of low velocity and high accumulab
tion. The ablation pattern (Fig. 4b and d) was determined more by sun angle and glacier slope
than by altitude. Slopes facing the sun on the south side of the glacier showed most ablation.
Measurements of accumulation could not be made near the snout because crevasses made
access too dangerous. Therefore, the area north-east of the line B-B (Fig. 3) was omitted from
the study area. Other areas too steep to permit measurement of accumulation have also been
omitted from the study area. These areas were on the north side and at the head of the glacier.
Maps of changes of surface level were made for the periods between stake measurements and
changes in volume of the glacier were deduced (Fig. 5a).

Density

Ice at Spartan Glacier was formed by superimposition rather than by compaction of firn.
Even in the winter, the snow was rarely more than 1 m. deep and it showed large variations in




Fig. 2. Changes in glacier-surface level for 4 budget years. Interval between lines of equal accumulation is
0-2 m. Pecked lines indicate negative values (ablation).
a. 25 April 1970-28 April 1971; b. 28 April 1971-5 February 1972; c. 5 February 1972-28 February
1973; d. 28 February 1973-13 January 1974,
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Fig. 3. Spartan Glacier. Flow into and out of the study area of the glacier was estimated across lines A and B.
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Fig. 4. Seasonal changes in glacier-surface level for 1972-73. Interval between lines of equal accumulation is
0-2 m. Pecked lines indicate negative values (ablation).
a. 5 February-12 November 1972; b. 12 November 1972-28 February 1973; c. 28 February-27 October
1973; d. 27 October 1973-13 January 1974,
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Fig. 5. a. Change of volume of snow and ice over the study area calculated from stake measurements.
b. Change of mass deduced from Fig. 5a, assuming a density of 250 kg. m.~* for accumulation and 550
kg. m.~® for ablation. Changes during budget years are indicated by the arrows. Circled dots represent
the mass of the glacier with respect to the mass in September 1969. +symbols and pecked lines in 1970-71
are estimates for the ends of the accumulation and ablation seasons based on conditions in 1972-74.
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density from place to place and at different depths. Thus repeated measurements of density
in pits situated close together were unable to show the extent to which densities changed during
the winter.

Summer snow cover over most of Spartan Glacier was 0-2-0-3 m. deep with a density of
300-400 kg m.~3. Some of the incoming radiation was transmitted through this layer and
partially melted the underlying ice. After a period of intense melt, the structure of the overlying
snow layer became so irregular that its thickness and density could not be measured accurately.
The upper part of the underlying ice was honeycombed. Changes in surface level were evidently
caused by melting of both the snow and the underlying ice, followed by collapse of the honey-
comb.

Changes in mass

Fig. 5b shows changes in mass at the surface of the glacier and these are summarized in
Table 1.

Glacier movement
Measurements

In November 1972 and November 1973 the positions of 13 stakes on the glacier were resected
by observing angles to six rock stations (Fig. 3). Each of the remaining stakes was intersected
from at least three resected stakes. Observation equations were formed from the angles by a
computer program. Positions and velocities were then obtained by a least-squares solution of
the equations. For most of the stakes, ice-surface velocities were determined with errors of
<2 per cent in magnitude and 0-5° in azimuth. For a few stakes, where the intersections were
poor, errors were within 5 per cent in magnitude and 15° in azimuth.

Flow of ice

The amount of ice which flowed into the study area, principally across A-A (Fig. 3), and the
amount of ice which flowed out across B-B (Fig. 3) were estimated using maps of stake velocity
(Fig. 6a) and ice thickness (Wager, 1976). The results indicate that 500 m.? day—! were flowing
into the study area and 3,500 m.? day ! were flowing out of the study area. Ice-surface velo-

TABLE 1. SUMMARY OF CHANGES IN MASS AT THE SURFACE OF SPARTAN GLACIER

Date of end of season Change in mass
(= 10° kg.)
Year | ‘ :
Accumulation ‘ Ablation Accumulation | Ablation | Annual
_+_
| ‘ |
1969 30 September 1969 25 April 1970 510
(20 November 1969) | (20 February 1970) [ - ‘ (740)
1970 7 November 1970 28 April 1971 530 1 1,060 ‘ —530
(20 February 1971) (720) (1,260) ‘ (—540)
1971 13 November 1971 19 February 1972 420 ‘ 1,100 ‘ — 780
| | (620) ‘ (—680)
1972 12 November 1972 24 February 1973 760 1,950 —1,190
1973 14 November 1973 23 January 1974 790 980 —190
| (20 February 1974) | (1,180) (—390)
\

The changes in mass given in brackets are derived from values estimated on the dates in brackets shown as
(+) in Fig. 5b.
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cities (Fig. 3) show that ice flowed towards the north-east corner of the glacier. This area is now
recognized as a true glacier snout (Fig. 7). It was earlier assumed that Spartan Glacier flowed
into George VI Ice Shelf (Fig. 1) and measurements of ice depths (Fig. 8b) suggested that the
two were continuous.

Subsequent measurements (Fig. 8a) showed that the ice shelf flowed almost due west to
Alexander Island where there was a zone of intense bottom melting (Pearson and Rose, 1983).
Spartan Glacier was isolated from the ice shelf by a line of pressure ridges.

The ice balance

Spartan Glacier is becoming smaller. On average, 0-8 < 10 m.3 more ice melted in the study
area each year than accumulated. 106 m.3 of ice per year also flowed from the study area to the
snout, where it melted. The volume of the glacier, derived from the map of ice depths (Wager,
1982), was 800 x 10 m.? and thus the glacier has decreased in size by 1/500 each year. If the
present rate of decrease continues, there will no longer be a glacier in the valley in 500 years’
time.

THE WATER BALANCE

The flow of a stream (S in Fig. 3) was measured during the ablation season 1973-74. This
stream flowed into George VI Sound and drained the study area. A melting snow patch above
a gully on the south side of the valley and an area of stagnant ice at the south-east corner of
the glacier made a small contribution to the stream flow. The snout area, drained by streams
flowing north, was separated from the study area by a watershed (Fig. 7). Measured run-off
(Fig. 9) from 28 December 1973 to 2 February 1974 was 260 x 10° kg. Observed melting
in the study area from 17 December 1973 to 23 January 1974 was 470 x 106 kg. The stream was
also flowing between 17 and 28 December 1973, but it could not be approached because of deep
slush. It would be difficult to refine the measurements. Melt water is retained by ice dams which
form and break unpredictably. The time lag between melt and run-off is therefore variable.

THE ENERGY BALANCE
Micro-meteorological parameters

The following micro-meteorological parameters (Fig. 10) were measured to determine the
components of the energy exchange at the glacier surface. The sensors are described in Appen-
dix A.
i. Incoming and reflected solar radiation was measured by Moll Gorezynski solarimeters.
Net all-wave radiation was measured by a Funk radiometer.

ii. Wind speed was measured at five levels up to 5 m. using Porton anemometers.

iii. Temperature was measured at four levels in the air and at three levels in the ice. Platinum
resistance thermometers measured the air temperature at 2 m. and the ice temperature
2 m. below the glacier surface. Intermediate temperatures were obtained using a chain
of chromel-constantan thermojunctions as shown in Fig. 11. Temperature differences
between these levels were measured by thermocouples formed by interconnecting the
thermojunctions.

iv. Mixing ratio was measured directly at three levels up to 2 m. using Dewcels.

The sensors were connected to 24-channel chart recorders which sampled the output from
each sensor every 72 sec. The response time of each sensor was increased to approximately
700 sec. so that rapid fluctuations in the output were attenuated and the traces on the charts
could be followed more easily (Fig. 12).
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Fig. 6. a. Velocity of glacier surface (mm. day —'). Interval between lines of equal velocity is

2 mm. day .
b. Bedrock elevation. Interval between contours is 20 m. Contours below sea-level are pecked. Eleva-
tions obtained by radio echo-sounding (Wager, 1976).

The surface velocity is greatest over the deepest part of the valley.
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1e snout of Spartan Glacier looking south-east
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Fig. 8. a. Ice-surface velocities on George VI Ice Shelf determined by J. F. Bishop in 1974
b. Section along line A-B in Fig. 8a. Ice depths were obtained by airborne radio echo-sounding (per-

sonal communication from B. M. E. Smith)
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Fig. 9. a. Stream flow determined by measurements of the change in conductivity resulting from the dumping
of a known amount of salt up-stream.
b. Diurnal variation of stream flow. There was a small lake at the bottom of the glacier which regulated
the flow.

Radiation

Continuous records of incoming and reflected short-wave radiation and net all-wave radia-
tion were obtained from the beginning of November 1973 to the end of January 1974. The
radiative transfer of energy is a major component of the total energy exchange at a glacier
surface. The net short-wave radiation must be measured correctly to obtain accurate results
for the whole glacier. Many observers (Lister and Taylor, 1961 ; Streten and Wendler, 1968 ;
olmgren, 1971) measured the vertical components of the incident and reflected short-wave
diation with radiometers mounted horizontally. Indeed, it has been emphasized in the
UNESCO/IASH (1973) guide that radiation should be measured in this way. In this section
it is shown that for a sloping glacier surface this produces misleading results.

Apparent short-wave albedo

The ratio of reflected to incoming short-wave radiation, which is the apparent albedo of the
glacier surface, varied greatly with weather conditions (Fig. 13). On fine clear days the apparent
albedo was very high (approximately 1) early in the morning, after which it decreased through-
out the day to a relatively low value of about 0-5 in the evening. On overcast days, the apparent
albedo was virtually constant, about 0-8 (+-0-05), and there appeared to be little variation
during the 3 months for which there are records of the albedo. On days when there was an
abrupt change from overcast to clear conditions, the apparent albedo changed as abruptly
from that typical of overcast conditions to that typical of clear conditions. This indicated that
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a. Wind speed at three levels.

b. Air temperature and ice temperature,

c. Mixing ratio at three levels.

d. Rate of energy exchange at the glacier surface.
¢. Incoming and reflected solar radiation.

f. Albedo.
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variations in the apparent albedo were caused by changes in the cloud cover and not by changes
in the physical condition of the glacier surface. A similar effect was noted by Streten and Wend-
ler (1968) on Worthington Glacier, Alaska. They attributed it to specular reflection from the
bare ice of the glacier surface.

Towards the end of summer the surface of Spartan Glacier became covered with a thin crust
of ice about 1 mm. thick. An intense glare from the glacier surface was observed in the direc-
tion of the sun, indicating that specular reflection was occurring. LaChapelle (1969, p. 93-95)
has described the phenomenon of Firnspiegel (firn mirror). The same variation in apparent
albedo occurred in the Spartan Glacier records for mid-November 1973 when the crust had
not formed. At this season the variation in albedo was probably due to the combined reflec-
tions from individual ice crystals,

Calculated short-wave albedo

Consider the reflection of radiation from a glacier surface (Fig. 14a). Let N W m. 2 be the
magnitude of the incident radiation: 4 be the total fraction of radiation (specular and diffuse)
reflected from the surface: R be the specularly reflected fraction of the reflected radiation:
a radians be the slope of the glacier in the direction of the sun; ¢ radians be the altitude of the

sun.
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Fig. 13. Variation of intensity of short-wave radiation (a) and albedo (b) with the amount of cloud. The albedo
calculated from the low radiation intensities measured at night is inaccurate and has been omitted.

The solarimeter measured the vertical component of the reflected radiation.
The specularly reflected contribution is

! NAR sin (¢-+2a).

he magnitude of the diffuse contribution depends on the illumination of the surface. which is
given by

N sin (¢+ ).
The diffuse contribution is therefore
NA(1—R) sin (¢ +a)(1—k), where k is a constant error factor resulting from the fact that
the radiometer was not mounted parallel to the glacier surface. Radiation reflected diffusely
from the glacier surface was emitted within a hemisphere (Fig. 14b), and the diffusely reflected
rays emitted into the shaded sector were not detected by the horizontally mounted solarimeter.
The angle between the glacier surface and the horizontal sensing plate of the solarimeter was
small (2-2°) and so, to a very close approximation, k = 0.
The radiation measured by the solarimeter was

NA{R sin ($+2a)+ [1—R] sin (¢+ )}

o RIS . D 3a |« .
— ;\AlZR (cos ¢ cos 5 tsin ¢ sin ) sin 5 1sin (b4 ).
Using the simplifications sin ¢ sin ? =~ 0, cos T’; ~ 1, sin a =~ o, where « is in radians, this

reduces to
NA{sin ¢+ (R-+1) cos ¢}
?’m upward-facing solarimeter measured the vertical component of the incident radiation given
y -
N sin (,lg,
and therefore the apparent albedo was
Al +a (R+1) cot ¢},

which reduces to A4 for a horizontal surface (x = 0). The apparent albedo calculated for two
times of day when the sun altitude was equal is shown below in Table Il. The fraction (R)

TABLE 1I. CALCULATED VALUES OF APPARENT ALBEDO

|
Sun altitude ar Apparent albedo Apparent albedo |
Date 11.00 GMT and | (sun due east) (sun due west) R
22.00 GMT 11.00 GMT 22,00 GM
17 November 1973 21-2 0-87 0-58 776'75!__ I
11 January 1974 23-9° 0-75 0-51 0-41 ‘
\

The value used for 4 was 0-8, the albedo on cloudy days.
The value used for « was 0-04 radians (2-2°).
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Fig. 14. a. Specular reflection from the glacier surface.
b. Diffuse reflection from the glacier surface.
Solarimeter does not detect radiation emitted into the shaded sector.

of specularly reflected radiation is estimated, using measured values of the albedo.
Had the solarimeters been mounted parallel with the glacier surface, the analysis would
be simple. Incident radiation becomes
N sin (¢ + a),
and reflected radiation becomes
NAR sin (d+a)+NA (1 —R) sin (¢ -+ ).
(specular) (diffuse)
The albedo is then simply A.

Net radiation .

Snow and clouds behave as black bodies at long wave-lengths. This means that long-wave
radiation is diffuse because the sources are extended objects. The slope angle of the glacier
does not affect the long-wave albedo. To summarize, radiometers used to measure the net
radiation flux on glaciers have generally been mounted horizontally. If short-wave radiation
is being reflected specularly from the surface, the measurements are misleading because the
reflected short-wave radiation is over- or under-estimated depending on the time of day.
Accurate measurements of the components normal to the glacier surface could be obtained by
mounting the radiometers parallel to the glacier surface. It would then be simple to obtain
the normal components at any other point on the glacier provided that the surface slope is
known.

The net radiation term was calculated for 5-day periods and is plotted on Fig. 19. Because
Spartan Glacier is orientated almost exactly east-west and because the slope of the glacier is
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fairly uniform, the under-estimation of net radiation in the morning is probably compensated
by over-estimation in the afternoon.

Heat storage

The change with time in the heat stored in the surface layers of the glacier is given by
[Ty () — Ty (), o
vbi

where T'(h), T,(h) are the temperature profiles as functions of depth at two separate times.
H,(h) and H,(h) are the corresponding profiles of heat capacity per unit volume, and # is the
depth.

Hi(h) = ¢epy(h),

where p, is the ice density as a function of depth, and c is the specific heat of ice. — 10 m. was
used for the lower limit of integration, —A;. This was the depth below which seasonal variations
in temperature were negligible. Temperatures in the ice were recorded continuously at depths
of 0-5, I and 2 m. The temperature at 10 m. depth was —8° C. Profiles were fitted to the daily
mean temperatures. The form used was

eM (a, +ah+ah2+ah’) = t—1,,, (2)

where aq, a,, a, and a; are coefficients, ¢ is the temperature at depth A, t,, is the 10 m. tempera-
ture and A is the damping coefficient. These profiles are similar to those obtained for a tem-
perature wave travelling through a solid. The polynomial part of the equation was related to
the history of the surface temperature. When the 2 m. air temperature was below zero, it
was used as an approximation to the surface temperature and, when the air temperature was
positive, the surface temperature was taken to be zero.

Typical profiles are shown in Fig. 15, which illustrates the warming up of the glacier. Pro-
files using different values of A were derived using the same temperatures. When A was changed
by 0-05, the value of the integral changed by only 1 per cent despite a marked change inthe
shape of the profile. It was considered that a value for A of 1 -25 gave the most realistic profiles.

Calculation and errors

Snow-density profiles were measured at approximately monthly intervals. There were 10-30
cm. of snow (density ~ 300 kg. m.=%) overlying glacier ice (density ~ 900 kg. m.~*). Changes
in the heat stored were calculated for 5-day periods and are plotted in Fig. 19. From September
1973 to February 1974, the period for which there are reliable data, heat was almost always
being stored in the glacier.

The density of the topmost layers was low, and thus the heat capacity was also low. If the
difference between the 2 m. land surface temperatures was constant, the errors caused by
approximating the surface tempzrature to the 2 m. air temperature cancel exactly. If the
temperature difference changes by 1° C, the error in heat stored is approximately 10 per cent.

Turbulent exchange
Symbols

u  Wind velocity.

u, Friction velocity.

k von Karman’'s constant (~ 0-4).

z  Height measured from glacier surface.
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Fig. 15. Temperature profiles in the glacier during the period September 1973-January 1974. Measurements
were made at depths of 05, 1, 2 and 10 m.

Roughness height.

Zo

B characterizes profiles produced by Deacon’s law for unstable, neutral or stable atmospheric
conditions.

g Acceleration due to gravity.

#  Temperature.

R; Richardson number. .

I' Adiabatic lapse rate.

Y Expansion coefficient of air.

{ Distance measured normal to the glacier surface.

¢ Angle of slope of glacier surface.

K,y Eddy conductivity.

Ky Eddy viscosity.

p Density of air.

g Mixing ratio (weight of water vapour per unit weight of dry air).

¢p Specific heat of air at constant pressure.

Profiles
The transfer of heat to and from glacier surfaces by turbulent convection has been an enigma
for many years. A number of studies (Lister and Taylor, 1961; Havens and others, 1965;
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Dalrymple and others, 1966; Holmgren, 1971) have produced empirical results but little pro-
gress in understanding the basic principles of the process. In particular, there is no agreement
about how the energy transferred can be estimated.
The basic equation of turbulent transfer
u | z
H* - ,\ J'Ogezo (3)
was modified empirically by Deacon (1949) to explain deviations found experimentally in
non-adiabatic atmospheric conditions.
Wind profiles on Spartan Glacier were examined and it was found that about 70 per cent of
the profiles showed wind speed decreasing with height (Fig. 16a). These were not consistent
with Deacon’s wind-speed equation.

= izg ()1

Measured temperatures (Fig. 16) did not give profiles consistent with the corresponding tem-
perature equation. Lettau (1966, p. 8), de la Casiniére (1974, p- 59) and Holmgren (1971, p.
1) found similar profiles with turning points. de la Casiniére (1974, p. 59) attributed the
‘ming points to the effect of surface undulations. He calculated the sensible heat flux,
assuming that the profile above the turning point followed a logarithmic law.

Analysis of stability

Dalrymple and others (1966) analysed micro-meteorological measurements from the South
Pole. They further extended Deacon’s wind-speed equation by allowing B to vary with height
(Dalrymple and others, 1966, p. 19-20). It is believed that in certain circumstances this involves
unjustified assumptions. They characterized different profiles by modified Richardson numbers

R gdz A8 g
"TF T @ &Y
For profiles which followed Deacon’s law, this was a reasonable approximation to the defini-
tion of the Richardson number in terms of derivatives
of
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Fig. 16. Profiles of wind speed (), temperature (8) and mixing ratio (g) at
a. 15.00 GMT 2 December 1973; b. 22.00 GMT 2 December 1973 ¢. 01.00 GMT 3 December 1973;
d. 03.00 GMT 3 December 1973.
They show the change in profile shapes with increasing wind speed from down-slope wind conditions
to fully turbulent flow. Representative error bars are shown on only one diagram.
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Richardson number profiles (Appendix C) were plotted for some of the Spartan Glacier

: . : ; / ou 1 A 4
data. For profiles which contained a turning value, ., Wwas zero for a particular height.

Jo
The Richardson number tended to infinity, since the numerator was non-zero. The sign
depended on the sign of the numerator and was positive in most cases. The turning point may
be interpreted as a boundary that prevents turbulent transfer. Equation (4) is of doubtful
validity in cases where du is taken across a turning value in the profile.

Slope winds

An explanation for the discrepancies between profiles from Spartan Glacier and predictions
from Deacon’s theory was suggested by results obtained by Prandtl (1952). Prandtl derived
the theoretical form of the wind-speed and temperature profiles close to a sloping surface in an
area where the vertical temperature gradient was non-adiabatic.

L
8'(0) =0, cos ! exp ( o %)
u (0) - H'({“'W\;’ﬂ)dsin;ex (_g) .
TN By / P T b
Kuin) coucy
gY :

where = 4( B

These functions are shown in Fig. 17. Wind-speed profiles (Fig. 16a) measured at Spartan
Glacier were similar. The temperature profiles did not show such similarities which indicates
that the assumptions made by Prandtl were over-simplified.

Conditions at Spartan Glacier were determined largely by the down-slope wind, which
appeared to be superimposed on a wind with a logarithmic velocity profile. This situation
has been discussed in great detail by Holmgren (1971, p. 34), who reported differences of
10-40 per cent between the sensible heat flux calculated from the simple theory and from his
equations.

The simple approach

Holmgren (1971, p. 37-38) expressed doubt about the validity of his equations. He could
not test them because of the lack of precision in his measurements of temperature. He also
implied that it would be impossible to refine the measurements sufficiently for the equations
to be tested. There is no point in elaborating a theory beyond the point at which it can be
tested. We have therefore calculated sensible- and latent-heat fluxes using the simple logarit
mic profile (Equation (3)). These crude values are included only for comparison with the wor
of others. and not because it is believed that they represent meaningful components of the
energy balance.

The equations (Lister and Taylor, 1961, p. 29) are
pkZuy
(latent-heat flux) D (qs-q,) (6)

pCok i,

D (6,—86,), (7)

(sensible-heat flux)

Zy

Zo
where D log, — loge
z
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Fig. 17. Profiles of air temperature (§) and wind speed () over a sloping surface from Prandtl (1952). The

temperature is given by 0 — A+Bz+0' (D)
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Fig. 18. Summary of measurements of glacier-surface level near the meteorological site.
a. Surface level at stake B61 (Fig. 3).
b. Average rate of change of surface level for nine stakes (Fig. 3).
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A value of 0-001 m. was used for z, determined from logarithmic plots of wind-speed profiles.
This agrees with the values found by others (Deacon, 1949, p. 92). 8,, #,, g, and g, are measure-
ments by the top two sensors for temperature and humidity, above the area affected by down-
slope winds. Figs. 10d and 19 show the results obtained from September 1973 to February 1974.

Melting

At the height of summer the surface layers of the glacier melted during part of the day-
The level of the glacier surface was observed relative to nine stakes near the meteorological
site (Fig. 3). The stakes were visited at intervals of 1 or 2 days during the melting period.
The data collected are summarized in Fig. 18a. To calculate the heat used in melting, a density
of 600 kg. m.~® was assumed midway between the densities of the snow and the ice. There may
have been an error of up to 100 kg. m.~# because the density could not be measured directly.
The results are summarized in Fig. 18b. 5-day totals are plotted in Fig. 19 for comparison with
the other terms of the energy balance. An experiment was undertaken with a lysimeter to weigh
a sample of the glacier surface but the presence of the lysimeter platform dominated the melting
pattern and the experiment had to be abandoned. .

The energy balance

The components of the energy balance during the 6 months for which measurements were
most reliable are plotted in Fig. 19. In general the heat gains always exceeded the heat losses
and the discrepancy was often greater than any single term. The probable explanation of the
discrepancy is that the sensible and latent-heat fluxes, which were often heat sources, were
over-estimated as suggested by Holmgren. Heat used in melting, which was always a heat loss,
was possibly under-estimated. The uncertainties in the radiation flux and the heat stored in the
glacier were probably small and would not affect the discrepancies significantly.
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Fig. 19. 5 day totals of the components of the energy balance from September 1973 to February 1974
Each 5 day period is represented by two vertical bars, the one on the left showing heat gained by the
glacier and the one on the right showing heat lost. Because energy is conserved, both bars should be
the same height. Discrepancies indicate the size of errors caused by deficiencies in the theory of tur-
bulent transfer. The scale on the right gives the total energy transferred in 5 days. The scale on the left
gives the equivalent power.




BALANCES OF SPARTAN GLACIER, ALEXANDER ISLAND 177

CONCLUSIONS

The three balances (UNESCO/IASH, 1970, p. 13) may be simplified for Spartan Glacier,
as shown in Table III.

TABLE IIl. THE THREE BALANCES AT SPARTAN GLACIER

Conserved quantity Significant components

. Accumulation of snow.
. Flow of ice into and out of the study area.
. Melting measured directly.

Mass of ice

coe

- Water from snow melt on the sides of the valley.
. Run-off.
. Melting (not measured).

Mass of water

-0 Q.

. Heat stored in the glacier.
Energy . Heat used in melting ice (not measured).
. i. Energy from surroundings.

=i =]

Term i1 above is the aggregate of sensible heat, latent heat and net radiation exchanged at the
glacier surface. For the present purposes the relative proportions of these are irrelevant. Terms
¢, fand h all represent the melting. This can be measured directly as ¢ and inferred as a check
from the other two balances.

lece balance

If the mass of ice above a reference level were determined with sufficient accuracy all over
the glacier, there would be no need for a check on the ice balance. However, on Spartan Glacier
densities could not be determined accurately by weighing blocks of snow. A possible alter-
native (McKay, 1968, p. 60-62) would be to place a radiation detector in the glacier below the
depth at which changes in mass take place. The attenuation of a radioactive source placed on
the surface would be proportional to the mass of ice above the sensor. Several detectors buried
in the glacier could be used to calibrate conventional stake measurements. On glaciers where
areas are inaccessible because of crevasses, the amount of ice flowing into or out of such areas
would also have to be measured in order to determine the ice balance.

. Energy balance

Measurements of energy from the surroundings (term i above) were not accurate, nor is it
likely that they could ever be improved sufficiently to test the absolute accuracy of the energy-
balance equation. However, the heat used in melting (term h) can be obtained from term c.
Term i can then be deduced as the residual of the energy balance. The aggregate of the tur-
bulent-transfer terms can be obtained by subtracting the net radiation, which can be measured
simply, from term i. The impracticability of measuring the sensible- and latent-heat fluxes
prevents further resolution of term i.

Repeated measurements of the temperature profile in the glacier over a period of say 10
years would be an indicator of long-term changes in the glacier mass budget. Measurements
indicating an increase in the energy stored would imply that the glacier was warming up. In
this case, the intersection of the melting-point isotherm with the glacier surface would move
up the glacier and ablation would increase.
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APPENDIX A
INSTRUMENTS

Sensors used to measure micro-meteorological conditions near the glacier surface are shown in Figs. 20-25, and
their details are summarized in Table 1V. A schematic diagram of the arrangement of sensors, recording system
and power supplies is shown in Fig. 26.
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. Fig. 20. Solarimeters mounted to measure the vertical components of solar radiation.

Fig. 21. Radiometers to measure net all-wave radiation.

Fig. 22, Air-temperature sensor and radiation shield.
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Fig. 23. Dewcel humidity sensor in shield. .

Fig. 24. Anemometer

SHIELD .

SENSOR
NICKEL RESISTANCE
THEAMOMETER

10 — P — i -

WHEATSTONE T © |

BRIDGE .

20v AC
3 L =3 _1 =

BIFILAR
WINDING C

SMALL MOLES TO

RESTRICT AIRFLOW

Fig. 25. Dewcel and shield.
Lithium chloride (LiCl) is hygroscopic and its electrical conductivity increases with the proportion of
moisture absorbed. The alternating current flowing between the elements of the bifilar winding heats
the LiCl until evaporation and absorption are in equilibrium. The equilbrium temperature is a function

of the mixing ratio. The shield fits over the sensor to reduce air-flow and radiation effects.




TABLE IV. SUMMARY OF SENSORS USED TO MEASURE METEOROLOGICAL QUANTITIES

Instrument
(maker)

Porton anemometer
(Spembly)

Moll-Gorezynski
solarimeter
(Kipp and Zonen)

Funk radiometer
(CSIRO)

Dewcel
(Foxboro-Yoxall)

Platinum resistance
thermometers _
(Sangamo-Weston)

Chromel-constantan
thermocouples

Speedomax W
24-channel chart
recorder
(Leeds and
Northrup)

Parameter measured

Wind speed
(m. sec.™)

Intensity of shortwave
radiation
(W m.=?)

Intensity of net
all-wave radiation
(Wm.?)

Mixing ratio

Temperature
C)

Temperature difference
°C)

Sensitivity and
accuracy

0-2V /m. sec
Starting speed

0-2 m, sec.”!
Accuracy +0-05 m. sec.™!

12 ,uV[W m.*
Accuracy +5 per cent

78 uV/W m.*
Accuracy + 35 per cent

See Appendix C
Accuracy +2 per cent

0-520) °C!
Accuracy+0-1°C

581 uV °C?
Accuracy +0-05°C

0tol mV FS.D.
(15 channels)
—0-5to +0-5 mV
F.S.D. (9 channels)

Accuracy+0-3 per cent F.S.D.

Calibration Method of increasing
response time
Manufacturer’s Resistance/capacitance
filter
Manufacturer’s Resistance/energy-storage

Manufacturer's

Nickel resistance
thermometer
calibrated with
respect to freezing
point. Mixing ratio/
element temperature
from manufacturer

Sensitivity:
manufacturer’s

Zero point: reference
to freezing point

Platinum resistance
thermometers

device filter (energy-
storage device equivalent
to a large capacitor of
value 1F)

Resistance/energy-storage
device filter

Air flow to sensor
restricted

Encapsulation of air-
temperature sensor in
paraffin wax

Ice temperature varied
slowly

As for platinum resistance
thermometers
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Fig. 26. Sensors, recording system and power supplies.
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APPENDIX B
A PROPOSED RECORDING SYSTEM

The data-recording system used in this study had shortcomings which in a future study could be avoided in the
following way.

Basic requirements

i. The system must provide an output which is computer compatible to avoid the tedious digitizing of chart
records.

ii. A chart record must also be provided to help in the tracing of faults and for use as a working copy. The

eye, accustomed to regular patterns, can more readily detect changes than can a computer. Thus a chart

record may reveal faults which are not apparent on a digital record.

An independently powered clock must encode the time on both digital and chart records at, say, hourly

intervals. Errors were caused by chart slipping and by incorrect time marks. With time marks at daily

intervals, it was often difficult later to establish the sequence of events.

iv. The power consumption of the equipment must be as low as possible. The continuous supply of 20 W rc.
quires almost 1 tonne of petrol per year.

v. The recorders should have high sensitivity so that passive filtering of the sensor outputs can be used.

vi. For easy maintenance, the system should contain as few components as possible, preferably encapsulated
units. The interface for the recorders should contain a separate plug-in circuit card for each of the sensors.
Recording

For a system that records data slowly in a remote place, paper tape has many advantages over magnetic tape
Paper tape can be read in the field whereas magnetic tape cannot. Most magnetic tape data loggers only check
information before it is sent to the tape; they do not check the contents of the tape. A read-after-write magnetic
tape deck requires a lot of power; an intermittent paper-tape punch does not. Any computer can read paper
tape punched in binary code, whereas magnetic tapes generally require a special unit. 8 hole binary code gives
1/4 per cent precision or 1 per cent with a parity check. The channel-switching mechanism of a multi-channel
potentiometric chart recorder can be used to switch the sensor outputs to the digital recorder. The response
time of the sensors should be approximately 30 min. and the data should be sampled at 5 min. intervals. An
accurate representation of the 30 min. mean will be obtained and will not be degraded if the occasional sample
cannot be read.
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APPENDIX C
DATA PROCESSING
Energy balance
Digitizing and checking
A schematic diagram of how the data were processed is shown in Fig. 27. The chart record was laid on a
digitizing table and the trace of each sensor was followed with the digitizing pointer. The coordinates of the
pointer at 1 mm. intervals were automatically recorded on either magnetic or punched paper tape. The tape
was later read by a computer program. The coordinates measured on the plotting table were converted to time
in minutes and recorder scale units (10 uV) by referring to a file derived from time marks on the charts. Sample
values at 5 min. intervals were calculated by interpolating between the digitized points (Fig. 28). Interpolation
to 5 min. intervals was convenient for the following reasons:

i. Position in the data base (Fig. 29) and time were related simply so that data could be located efficiently.
ii. Questionable digitized points could be ignored and the gaps filled by interpolation. This was acceptable for
at least one missing digitized point because of the long response time of the sensors.
iii. It was possible to work faster when digitizing slowly varying traces by increasing the interval between digitiz-

ed points.
INPUT STORAGE AND PROCESSING OQUTPUT
DATA BASE
PAFER OR MAGNETIC
TAPE PRODUCED B'
ul(:l:rlmncvrc(‘ Smin. SAMPLE VALUES
CHARTS A
HOURLY MEAN VALUES
DAILY MEAN VA LUES y
HEIGHTS OF THE !
SENSLAR UMD i HEIGHTS OF SENSORS
ON CARDS L J
I -|- TIMING INFORMAT|ON -1

INFORMATION RELAT
ING CHART TIME
MARKS TO POSITION
ON CHART, PUNCHED

ON CARDS LINE PRINTER
ADMINISTRATIVE
INFORMATION

I U LINE PRINTER
TABLES OF HOURLY
AND DAILY MEANS.
/ PROFILES OF METEORO-
> ICAL PARAMETERS
INSTRUCTION STREAM LOGH
CONTROLLING
PROCESSING S E———

STORAGE

CALIBRATION GRAPH PLOTTER
EQUATIONS METEOROLOGICAL
PARAMETERS

HERMAL CAPACITY
AS A FUNCTION OF

PTH MERGED WITH - TEMPORARY
ICE-TEMPERATURE STORAGE LINE PRINTER
MEASUREMENTS IN VI PROFILES OF ICE
TEMPORARY STORAGE TEMPERATURE

Fig. 27. Schematic diagram of data processing. Computer programs performed the following operations:
I. Filed 5 min. sample values from digitized data.
II. Checked and filed heights of the sensors.
ITI. Checked and filed correlation between time marks and position on chart.
IV. (i) Edited sample values, converted them to SI units and performed simple arithmetic.
(ii) Calculated and edited hourly and daily means.
(iii) Printed data in tabular form for reference.
(iv) Prepared data for plotting on the graph plotter by another program.
(v) Prepared data from which another program calculated the amount of heat stored in the glacier.
(vi) Plotted profiles of meteorological parameters by fitting curves.
(vii) Calculated sensible- and latent-heat fluxes.
V. Produced graphs from coordinate data supplied by another program (para IV. (iv) above).
VI. Integrated between two curves fitted to ice temperature as a function of depth to calculate the
amount of heat stored in the glacier.




184 BRITISH ANTARCTIC SURVEY BULLETIN

DISTANCE ALONG CHART
9 8 T 6 s 4 3 ?
L A

f—l T T T : T L T 4 ]l
45 40 35 30 25 20 15 10
EQUIVALENT TIME SCALE

Fig. 28. Interpolation of 5 min. values from digitized points. The solid line represents the original trace on the .

chart. + symbols mark the points automatically digitized at 1 mm. intervals.
sample values interpolated along the pecked lines. The long response time
discrepancies between interpolated points and the trace were small.

The sample values were plotted to form an image of the original chart. Errors
laying the image over the original.
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Fig. 29. Storage of data for 1 day.
Resolution Storage density
bits h.? bits per data point
5 min. 1 part in 105-2 88
sample value 250
Hourly | part in 35-1 25-1
mean 2% (~ 107 S
Daily 1 part in 11-6 283
mean 2% (~ 107)

Programs were written in PL/I for an IBM 370 computer.
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The data base

The data were collected into a data base which was easily accessible by computer. The data base could be
visualized as a three-dimensional matrix (Fig. 29). Data were referred to by three indices: time, channel number
and type of data. The time scale was in minutes elapsed from a reference time and the smallest increment used
was 5 min., the interval between sample values. The channel number was a label identifying data from a particu-
lar sensor. Channels also contained-data such as albedo and sensible-heat flux, which were indirectly derived
from the sensors. The three types of data were 5 min., hourly and daily means of the measured micro-meteoro-
logical parameters. Sample values at 5 min. intervals contained all the information available from the charts.
This part of the data base was stored compactly and was unpacked each time it was used. Hourly means, the
average of 12 sample values, were used for most of the calculations. They were not stored as compactly as the
sample values and could therefore be obtained quickly. The daily mean, maximum and minimum were taken
from 288 sample values.

Conversion to SI units

After sample values had been checked, they were converted from chart-recorder scale units (10 1V) to SI

units. The conversion was with one exception
a,+a, U,
where U was the parameter value in chart-recorder scale units, C was the value in SI units and a, and a, were
derived from the calibration data. The Dewcel humidity sensors did not have a linear calibration equation.
Curves of the form
C = exp (ay+a,R+a,R?

rere fitted to data provided by the makers (Foxboro-Yoxall). R was the Dewcel element resistance. Values

obtained were

a, = —81-8532,
a, 0-546649,
a, = —0-858653 < 103,
R was given by ik b
= O M

where b, and b, were the zero point and sensitivity of an off-balance Wheatstone bridge and U was the recorded
output value of the bridge.

Calculation of Richardson numbers

We interpolated between hourly mean values of wind speed, air temperature and humidity along a curve which
passed through the values and had a continuous derivative. A set of cubic curves each fitted between a pair of
adjacent values was used (Fig. 16). Richardson numbers were calculated (Equation (5)) using the derivatives of
the fitted curves.

Calculation of energy fluxes

Of the five components of the total energy flux, only the net radiation flux was available directly from the
data base. Sensible- and latent-heat fluxes were calculated by substituting hourly mean temperatures and
humidities from the data base into Equations (6) and (7). The wind speed u, at the upper height z, was inter-
polated from the hourly mean wind speeds. The heat stored in the glacier was calculated in two stages. Daily
mean ice temperatures at three levels and the estimated surface temperature were obtained from the data base.
The heat capacities per unit volume of the snow and ice layers were included and a second computer program
fitted the temperature/depth curve (Equation (2)). The integral (Equation (1)) was calculated numerically
to give the amount of heat stored in the glacier.

. Errors

The sample values were plotted to reproduce the chart. Gross errors 1a digitizing were detected by superim-
posing this on the original. Errors were introduced into the sample values when they were converted to SI
units. The errors came from uncertainties in the calibration of the sensors (Table IV in Appendix A). Zero drift
of the recorders was taken into account and the conversion was done with six-digit precision. Errors caused by
failure to follow the traces on the charts were probably averaged out in the hourly means, which were used for
most of the calculations. Sample values were stored with a resolution, in the worst case, of 0-25 per cent of
chart-recorder full scale, the same as the accuracy of the chart recorders. Daily and hourly means calculated
during periods when measurements were missing were biased. This was not serious for the hourly means be-
cause the parameters changed sufficiently slowly for a few values to give a reasonable approximation. Daily
means, where the bias was serious, were used only in calculating the net radiation over 5-day periods. Daily
means of net radiation were not used where the measurements were discontinuous.

Only the temperature measurements could be tested for self-consistency. The difference between the tem-
peratures at the ends of the chain (Fig. 11) was calculated independently from the resistance-thermometer
measurements and also from the thermocouple measurements. A systematic difference of 0-7° C was found on
analysing a sample. This difference was distributed between the resistance-thermometer sample values.
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Recommendations

Computer reduction was used because of the large amount of data. Graphical presentations of data (Fig. 9)
and profiles (Fig. 16) were much more understandable than tables of numbers. The use of a computer involved a
lot of work in designing, programming and creating the data base before the analysis could be started. In
future work of this kind an existing program package should be used. The inconveniences of a package designed
for commercial use may be preferable to the work involved in writing computer programs. Measurements must
be compatible with the package chosen. The method by which data are put into the computer should be consid-
ered carefully. Digitizing analogue records, as was done here, was expensive and took a long time.

Ice balance
Data storage
Over 4,000 measurements of stake length exposed were stored in the ice-balance data base. The method of
storage took account of extensions of stakes and the occasional discontinuity caused by a stake melting out.
The measurements of stake length exposed were converted to heights of the glacier surface. The coordinates of
each stake were also stored.

Maps of change of surface level

Maps of change of surface level with time (Figs. 2 and 4) were made using a computer program (Dudnik,
1971). The height of the surface for each of two dates was obtained from the data base using linear interpolation
between measurements. The total change of volume was calculated by measuring the area between lines of equal
accumulation.






