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Abstract: Observations of a bare ice field was carried out at Seal Rock in the
Sor Rondane area, East Antarctica. A large sublimation rate, 200 to 280 mm/a,
was observed on the bare ice field. Air temperature on the bare ice was about 1°C
higher than that on snow surface. The large sublimation rate was explained from
the low albedo of bare ice; its value was roughly estimated from heat budget con-
siderations. The bare ice fields were classified into 4 types according to origin.

1. Introduction

Bare ice fields are found locally in the inland region of Antarctica. On the surface
of the bare ice fields, meteorites are often found. For the mechanism of the concentra-
tion of meteorites on the bare ice surface, NAGATA (1978) suggested that the ice flow
transports meteorites to the surface. The large ablation from the bare ice surface
should compensate in order to maintain the steady surface topography. However,
the reason for the large ablation was not sufficiently studied in the previous studies.

From 1989 to 1990, the ablation on a bare ice field was observed in the Seor
Rondane area, East Antarctica. In this report, the mechanisms of development of
a bare ice field are discussed on the basis of the observation, and a classification of
bare ice fields is suggested.

2. Observation at a Bare Ice Field at Seal Rock

Ablation and meteorological observations were carried out on a bare ice field
leeward of Seal Rock (71°31'S, 24°05’E, 950 m a. s. 1.) in the S¢r Rondane Mountains
area, East Antarctica, between January 1989 and January 1990. The topography of
the bare ice field is shown in Fig. 1, in which contour lines are obtained from a rough
survey; the distance was measured by the range meter of a snow vehicle and the rel-
ative height is estimated with eye.

* Present address: Nagaoka Technology and Science Institute, Kamitomioka 1630-1, Nagaoka
940-21.

128



Bare Ice Fields Developed in the Inland Part of Antarctica 129

- —~ 4.5km —_—— - >

a—

Seal

Rock

d

PREVAILING WIND Q

<

Fig. 1. Observation points at Seal Rock in S¢r Rondane area, East Antarctica. P and Q:
meteorological observation points on bare ice surface and snow surface respectively.
Numbers show snow stake position for ablation observation. Contour lines roughly
represent topography and each interval is 10 m.

Air temperature and wind speed were observed at two points, P and Q, as shown
in Fig. 1. P is on a bare ice surface, and Q is on a deposited snow surface around the
bare ice field (Fig. 2a, band ¢). Air temperature was measured by thermistor sensors
and wind speeds by 3-cup anemometers at 1.8 m height; the data were recorded by
digital data loggers. All data were normally recorded between January S and 29 in
1989. However, in the following period (between February 1989 and January 1990),
only one data logger of the temperature at Q was worked; other loggers were stopped
by battery trouble.

Surface net mass balance was observed by the snow stake method. Snow stakes
were set along a I-km line with distances of 50-200 m transverse to the ice field, as
shown in Fig. I. By measuring the height of snow stakes, the changes of snow surface
levels were measured 6 times from January 1989 to January 1990.

3. Results of Observations

3.1. Surface mass balance observation

The observed surface level change and surface mass balance at every snow stake
are shown in Table 1. The surface mass balance was obtained from the level change
and the densities of ice (0.92 g/cm®) and snow (0.40 g/cm?®). Stakes No. |-5 are on
a bare ice surface, No. 6-8 are on mixed ice and snow surfaces, and No. 9-13 are on
the deposited snow surface around the bare ice field. As shown in Fig. 3, large sub-
limation from the surface, 200 to 280 mm/a (water equivalent), was observed on the
bare ice surface, and large accumulation of about 150 mm/a on the deposited snow
surface.

3.2. Meteorological observation

The daily maximum and minimum temperature on the deposited snow surface
(at Q) from January 1989 to January 1990 are shown in Fig. 4. The maximum tem-
perature was about —7°C in January and the minimum temperature was about —42°C
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Fig. 2. Scenery of bare ice fields at Seal Rock. (a), (b): Meteorological observation points
on bare ice surface and snow surface respectively. (c): Seal Rock from the leeward.
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Table 1. Surface level change and surface net mass balance on a bare ice field at Seal Rock

Sfrom January 1989 to January 1990.

Surface level change (cm) Net

No. X C balance
(m) Jan. 372d Feb. ggdApr. 212 3(/1\ug. %34 é)ec. 1;0 dlan. 30 ggézl (mm/a)

1 0 i —6 —4 -7 —10 —6 -33 —285
2 50 i —4 -2 -9 -7 —4 —26 —224
3 100 i —4 —4 —6 —8 -3 —-25 —216
4 150 i -3. 1 —8 -7 -6 —24 —207
5 200 i/s -2 -2 -5 0 —6 —15 —129
6 250 i/s -2 ~1 —4 9 —10 —8 —64
7 350 i/s -8 6 9 3 -9 1 4
8 450 s -3 3 8 —4 —4 0 0
9 550 s 3. 20 —13 8 -5 13 49
10 600 ) 26 —11 —6 25 7 41 154
11 750 S 32 10 —8 13 -5 42 158
12 850 s 44 5 —12 4 1 42 158
1050 S 11 —-10 —6 16 4 15 56

13

X : dxstance 'fr'om No. | stake. C: surface condition (i: ice. s: snow,]/snce and“;ﬁow partly
exist). Net balance was obtained from the level change and the density of ice (920 kg/m?3) and
snow (400 kg/m?).
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Fig. 3. Surface net balance obtained by the snow stake method. Observation points of each stake
are shown in Fig. 1.
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Fig. 4. Annual variation of the daily maximum and minimum air-temperature at Q (on a snow
surface).
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Fig. 5. Air temperature on the bare ice surface and the snow surface (January 21-23, 1989).
T, : temperature on bare ice, Ts: temperature on snow, and DT: T, —T.
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Fig. 6. Wind speed on the bare ice surface and the snow surface (January 5-7, 1989). Wi;:
wind speed on bare ice, W : wind speed on snow, and DW: W, —W,.

in May and September. The temperature variation was ‘“pan- bottom type” ; the tem-
perature in winter was low and steady over a long period.

In Fig. 5, the air temperatures at P and Q and their difference are shown. On
the average, the temperature on bare ice surface (at P) was about 1 to 2°C higher
than the temperature on snow surface. The difference reflects the higher surface
temperature on bare ice than on snow, which would be caused by the difference of
net short-wave radiation owing to the albedo difference.

In Fig. 6, wind speeds at P and Q are shown. The mean wind speed on the ice
surface is slightly larger than on the snow surface, about 0.5 m/s, which reflects the
small roughness height on the bare ice surface. Adding to it, the variation of wind
speed over the ice surface was larger than that over the snow surface. This suggests
the existence of the turbulence due to Seal Rock, which causes increased sensible and
latent heat fluxes.

4. Mechanism of Development of Bare Ice Field

4.1. Heat budget on bare ice fields
The sublimation from a bare ice surface was very large in summer. This large
sublimation is caused by its low albedo. Once a bare ice surface is formed for some
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reason, the albedo becomes lower, more solar radiation is absorbed, and sublimation
from the surface is enhanced.

The seasonal variation of sublimation at Mizuho Station, Antarctica, in 1982
is shown in Fig. 7, which was observed by weighing a sublimation pan filled with ice
every day. In the winter season of no solar radiation, condensation on the surface
was observed, although the amount was small. In spring, the sublimation rapidly
increased with increasing solar radiation, and became large in summer. Annual
sublimation in 1982 was about 50 mm; almost the same result in 1977 was reported
by Funi and KusunNoki (1982).

The sublimation from the surface at Mizuho Station was well correlated with
the solar radiation as shown in Fig. 8, in which the positive values of sublimation (evap-
oration) in Table 2 are plotted. In the Table 2, the sublimation is the monthly value
of 1982, but the solar radiation is the monthly value of 1980 (KOKURITSU KYOKUCHI
KENKYUJ0, 1985), because the continuous observation of solar radiation is only
in 1980. The occasional observation of monthly solar radiation in other years showed
similar values to the data of 1979. Therefore, the monthly value of 1980 would be
representative in this area.

The recursive relation between the sublimation £ (mm/d) and the solar radiation
I (W/m?) is

E=al" (1)
where
a=420x10""

h=2.73 .

The power b is about 3. The reason for this large power and the physical meaning
of this power relation is a future subject.

The sublimation should be concerned with the net short-wave radiation Qgg=
(1—A)I, where A is albedo. Therefore, the ratio of sublimation between the two
surfaces of different albedo is

Ez/El:‘_“((l“‘Az)/(l‘”‘Ax))b ) (2)
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Fig. 7. Sublimation at Mizuho Station, Antarctica, from March 1982 to January 1983 observed
using a sublimation-pan.
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Table 2. Sublimation and solar radiation at Mizuho Station
(positive value means evaporation).

Sublimation Solar radiation

(mm/day) (W/m?)
January 338
February 232
March 0.0300 118
April —0.0055 31
May —0.0093 1.5
June —0.0040 0.0
July —0.0080 0.5
August —0.0034 16
September 0.0056 82
October 0.0545 192
November 0.2984 330
December 0.5630 397

where E, and E, are the sublimation on surfaces of albedo 4, and 4,. Adopting the
snow surface albedo of 0.8 (YAMANOUCHI, 1983) and the bare-ice surface albedo of
0.5 (GrReNFELL and PEROVICH, 1984) as A, and A, respectively, the ratio E,/E, is 12.2.
Therefore, from the annual sublimation of 50 mm/a at Mizuho Station, the annual
sublimation on a bare ice surface is roughly estimated as 670 mm/a, though this es-
timated value is too large compared with the observed value (about 200 to 300 mm/a).
The reason of overestimation can be in the eq. (1), which is the relation only for a
snow surface. To estimate the sublimation on a bare-ice surface, the difference of
thermal properties between snow and ice should be taken into account, as follows.

Considering that the net radiation Qyr is a heat source on a surface and the
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other heat fluxes are heat sinks, the heat balance on the surface can be expressed as

QNR=QS+QL+QC s (3)

where Qs sensible heat flux, Q;, latent heat flux, Q; heat conduction to sub-surface
layer. Onr is described as

anz(l—A)]+QnLl_‘7Ts4 > 4

where A is albedo, 7 is global solar radiation, Q.| is the downward long-wave radia-
tion (celestial long-wave radiation), ¢ is the Stefan-Boltzmann constant and 75 is the
surface temperature. OHATA et al. (1985) obtained the each components at Mizuho
Station in the summer season (December in 1980); Qnxr=19.9 W/m?, Qg=7.4 W/m?,
0.=7.8 W/m? and Q;=6.35 W/m?,

If the solar radiation increases, the surface temperature also increases and there-
fore the sublimation rapidly increases with increase of the vapor pressure on the
surface. The eq. (1), the relation between sublimation and solar radiation on a snow
surface, is explained as a result of this change of sublimation due to the surface-tem-
perature change.

The low albedo of a bare ice surface would produce the same result as the increase
of solar radiation in eq. (4). However, the different thermal properties of ice would
produce a different surface temperature.

If the snow or ice body is heated by a conductive heat flux Q¢ from the initial
condition of equi-temperature, the change of surface temperature d7T after ¢ sec is

dT=2Q(t/rpCA)* , (5)

where p is density of snow or ice, C is specific heat and 4 is heat conductivity. As
0=420, 920 kg m~3, C=2.09, 2.10x 10% Jkg~* K~*, 1=0.42, 2.24 Wm~' K~! for snow
and ice respectively, the ratio of d7 for an ice surface to that for a snow surface d 7./
dT,,. is 0.292. This means that conductive heat easily flows in an ice body to under-
surface rather than in snow.

The latent heat flux Q;, can be written by a bulk formula:

QLzﬁV(ES—E) s (6)

where 3 is a bulk coefficient, V is wind speed, and E, and E are the vapor pressure on
a surface and in air respectively. If only the surface temperature changes, the change
of Q. can be written as

dQ,=pBVdEs . @)

A convenient approximation for the saturation vapor pressure E, over an flat ice-
surface is (DE QUERVAIN, 1973)

Es=E, exp [k(Ts—T,)] , 3)

where E, is the vapor pressure on the surface temperature of 7, and k is a constant
of 0.0857 (K~*). For the two surface-temperature changes d7, and d T, the ratio of
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the changes of latent heat flux, dQ,,./dQ,,,, is written from eqs. (7) and (8) as

dQL‘J/dQLI :dEsz/dES1
-_dTSS/d]‘Sl(l 7*'/\(dTS‘1_‘dT,&.1)/2) . (9)

From dT,./dT,,.. of 0.292, the ratio dQ,,,/dQ,,, for icc and snow are given by the
eq. (9). IfdT,..—dT,,,. is supposed to be —5°C, dQ.,/dQ,,, is 0.029 (=0.785 dT,/
d7g,). By multiplying this ratio to thc former cstimated sublimation 670 mm/a,
which was calculated only from albedo difference on a snow surface, the sublimation
on a bare-ice surface is cstimated as 153 mm/a.

Owing to the difference of thermal propertics of snow and ice, the surface tem-
peraturc onice can be considered to be lower than on snow as described above.  With
this surface temperaturc lowcring, Qy, Q, and (Qg,|—o¢Ts') decrease, and Qg
contrarily increases to compensate for the deficit, while (I —A)/ is constant. There-
fore, according to c¢q. (5), the difference of surface temperature between ice and snow
would not be so large, and the evaluated d7;../d T, 0.292, should be corrected to
be larger. Thus, the latter cstimation of sublimation 153 mm/a is the minimum
estimation, and 670 mm/a is the maximum valuc. More precise estimation requires
the surface-temperaturc observation on the ficld, which is a problem for the futurc.

4.2.  Redistribution of accumulation by drifting snow

Though the development of bare ice ficld is related to sublimation as explained
above, the next question is how the bare ice field is formed originally. As the origin
of the bare icc, the redistribution of drifting snow is discussed in this section.

The redistribution of drifting snow can be seen in the distribution pattern of
accumulation on the Antarctic Ice Sheet (GiroviNeTTO and BuLL, 1987). Along a
strcam linc of katabatic wind, thc accumulation gradually increases from the inland
part (less than 50 mm/a) to the coast region (scveral hundred mm/a). However, in
the middle part of the ice shect, the accumulation decreascs along the stream line, and
shows almost zero and somewhere negative value; in the cxtreme case bare ice fields
are formed such as th¢ Yamato Barc Icc Ficld. TakAHAsHI (1988) calculated the
redistribution of snow accumulation from the ice sheet topography and reduced the
origin of Yamato Barc Icc Ficld to the surface crosion by this redistribution (TAKA-
HASHI ¢t al., 1989).

On the barc icc ficld at Scal Rock, the distribution of deposited snow is horseshoc-
shaped. The same pattern of drifted snow is gencrally scen behind an obstacle in
drifting snow. The barc ice ficld behind an obstacle can be cxplained by this re-
distribution of accumulation duc to drifting snow.

If the ice sheet were thicker and Scal Rock were buried in the ice sheet in a pre-
vious age, the ice sheet surface would be smooth and covered with snow. When the
ice sheet became thin for some reason and the top of the rock appeared, the drifting
snow was diverted to both sides, and snow particles could not be supplied as the drifted
snow just behind the rock. Under this condition, the surface is gradually croded by
sublimation, and a hard surface (particles arc tightly bonded) appears.

Behind the rock as a obstacle, the wind speed once reduces, and gradually increases
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along streamlines from the obstacle area, and also the transport ability of drifting snow
gradually increases along the streamlines. As no snow particles entrain to air on the
hard surface, the drifting snow is the “unsaturated’’ condition (the drift flux is smaller
than the transport ability expected from wind speed). Under this condition, snow
particles could not halt on the surface unless sufficient precipitation is supplied.

In this unsaturated condition, sublimation predominates on the surface, leaving
bare ice from below the surface. Once the bare ice appears, the surface lowering is
accelerated by sublimation due to the low albedo. If this surface lowering continues,
the surface should lower infinitely. However, as a matter of fact, the lowering is not
infinite and a stable surface topography is formed, which means that the mass loss
of sublimation compensates the local ice flow due to topography.

On the Yamato Bare Ice Field, the origin of formation should be different from
the case of Seal Rock, because there are no mountains windward of the ice field.
Calculating the horizontal divergence of drift flux from the ice sheet topography,
TAKAHASHI (1989) found that the positive divergence region coincided with the
erosion area and the negative region with the accumulation area, and deduced that
the origin is redistribution of drifting snow owing to the wind speed change caused
by slope inclination change.

5. Classification of Ice Fields

The Seal Rock bare ice field is developed leeward of a bare rock which acts an
obstacle to winds, whereas another type of bare ice field, Yamato bare ice field, is
developed on a smooth surface of ice sheet without obstacles. Considering mechanism
of formation, bare ice fields can be classified into four types. Typical bare ice fields
are illustrated in Fig. 9. These types of bare ice field in the inland area of Antarctica
are developed in the katabatic wind area where an enormous mass of drifting snow
is transported in a year.

[A] Obstacle origin group
Al. Obstacle-leeward type

A bare ice field extends leeward from an obstacle, as seen in the S¢r Rondane
Mountains area. Leeward of Seal Rock, which rises about 100 m above the ice
sheet surface, the length of the bare ice field is 4.5 km, while the length is about 15 km
at Mt. Vesthausen with 300 m relative height and about 50 km at Mt. Romnoesfjellet
with 500 m relative height. According to these relations, the length of bare ice fields
is about 50 to 100 times the relative height of mountains.

A2. Valley type

In a mountain valley, bare ice is often seen on the glacier surface due to strong
katabatic wind. As seen in the Ser Rondane Mountains area, the cold inland air
mass flows down through a valley as a katabatic wind and eroded the surface, leaving
bare ice.

[B] No obstacle group (Ice-sheet topography group)
BI1. Slope-change topography type (Two-dimensional topography type)

On an ice sheet surface of convex topography, where surface slope increases
along the wind direction, vast bare ice fields can extend, as on the Yamato bare ice
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Fig. 9. llustration of four types of bare ice fields. (Obstacle group) Al: Obstacle type, A2:
Valley type. (No obstacle group) Bl : Slope change type, B2 : Basin type.

field. In this type of topography, the katabatic wind speed increases with increasing
inclination and the drifting snow transport increases, eroding the surface and leaving
bare ice (TAKAHASHI et al., 1989).

B2. Basin topography type (Three-dimensional topography type)

In a large basin, katabatic winds converge to the bottom of the basin and wind
speed increased by the funnel effect, which causes the formation of a bare ice field.
On the Lambert Glacier drainage basin, MCINTYRE (1985) observed the distribution
of bare ice fields from LANDSAT images, and found that they were developed in the
strong katabatic wind area.

6. Concluding Remarks

Observations of meteorological components and ablation were carried out on
the bare ice field leeward of Seal Rock in the Sgr Rondane area, East Antarctica.
Large sublimation (200 to 280 mm/a) was observed at bare ice field, and large ac-
cumulation (about 150 mm/a) was observed in the surrounding snow drift area. Air
temperature on the bare ice was about 1°C higher than that on the snow surface.
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Wind speeds on bare ice were about 1 m/s larger than on snow surface, which reflects
the small roughness height on the bare ice surface.

The large sublimation on the bare ice can be explained from the low albedo of
bare ice. Sublimation at Mizuho Station was well correlated with the solar radiation.
Only from the relation between sublimation and solar radiation, the sublimation is
estimated to be 670 mm/a as the maximum estimation. Taking the thermal properties
of snow and ice into account, the estimation is corrected to 153 mm/a, which must
be the minimum estimation. The observed values was ranged between these two
estimations.

The origin of the bare ice field can be explained by the redistribution of drifting
snow. The redistribution can be caused by obstacles or the change of wind speed
due to the ice sheet topography.

Based on the origin of bare ice described above, the bare ice fields are roughly
classified into 4 types: Obstacle-leeward type, Valley type, Slope-change topography
type, and Basin topography type. The first two can be considered the “Obstacle
origin group’’, and the last two the “No obstacle group™.
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