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ABSTRACT. The characteristics of summer energy budgets in the ablation zones
during the summer at the surface of two glaciers in the Antarctic Peninsula are investi-
gated and compared to the findings of previous studies. The study areas are located on
King George Island (62°S) and in Marguerite Bay (68° S). The summer energy balance
was computed from automatic weather station data. The results reveal that turbulent heat
fluxes dominate over radiation balance in Marguerite Bay, whereas on King George
Island ablation is driven by net radiation. The summer energy balance on King George
Island reflects the more maritime subpolar climate along the northwest tip of the penin-
sula in contrast to a more continentally toned polar climate in Marguerite Bay and areas
further south. The terms of the energy balances are partitioned very differently, but ad-
vection from northerly directions causes the highest summer snowmelt rates at both study
sites. It is concluded that sensitivity studies should consider not only the mean air-tem-
perature increase, but also possible changes in other climate parameters.

INTRODUCTION

Glaciers along the Antarctic Peninsula are not linked to the
great Antarctic ice sheets. They are much smaller and experi-
ence different climate conditions, undergoing considerable
surface melting during the summer months. Consequently,
they must be treated separately when glacier—climate inter-
actions in Antarctica are considered.

Recent studies have reported warming trends on the
Antarctic Peninsula of up to 0.67°C per decade during the last
40 years (e.g. King,1994; Smith and others, 1996; Skvarca and
others, 1998). The disintegration of ice shelves at all latitudes
around the Antarctic Peninsula is regarded as further evi-
dence of regional warming (e.g. Doake and others, 1998;
Lucchitta and Rosanova, 1998; Rott and others, 1998). Fox
and Cooper (1998) detected an extension of snow-free areas
in northern Marguerite Bay during the last four decades.
They also reported a sharp increase in the number of posi-
tive degree days in this area since the 1960s. Comparing re-
ports given by Rundle (1970) and Casassa (1989), a shift
towards a higher equilibrium-line altitude can be derived
for Anvers Island. The same conclusion can be drawn for
the South Shetland Islands from studies by Orheim and
Govorukha (1982), M. Pourchet (personal communication,
1996), Simodes and others (1999) and Braun and others
(2000). In Marguerite Bay a study by Schneider (1998) sug-
gests a similar tendency.

The mountain crest of the Antarctic Peninsula acts as a
major obstacle in the circumpolar west-wind drift of the
Southern Hemisphere. As a result, climate conditions along
the Antarctic Peninsula are characterized by strong latitudi-
nal and longitudinal gradients. Figure | shows the Antarctic
Peninsula with overlaid isotherms after Reynolds (1981). In
general, temperatures are approximately 8 K lower on the
east coast than on the west coast of the peninsula. The dif-
ference in mean annual temperature between 62°S and
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72° S exceeds 12 K on the east side of the mountain ridge
and about 7 K on the west coast. The climate in the northern
part of the Antarctic Peninsula and in the South Shetland
Islands is dominated by a series of low-pressure systems,
which leads to a highly maritime climate. Further south on
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Fig. 1. Map of the Antarctic Peninsula with location of study
sites. Isotherms after Reynolds (1981) are incorporated.
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the west coast, stable synoptic situations are reported more
frequently (Pepper, 1954). The east-coast climate is charac-
terized by frequent surface inversions and by the formation
of cold barrier winds, occasionally reaching as far north as
the South Shetland Islands (Schwerdtfeger, 1984).

This spatial climate variability suggests that differences
in the surface-energy-balance terms and the resulting ab-
lation should be expected. Since ablation is one of the terms
that influence glacier mass-balance changes in the area, in-
formation on the present state of the regional pattern of
snowmelt and its driving mechanisms is desirable.

The bulk acrodynamic method was used to compute the
surface energy balance during the summer months at two
sites (62° and 68°S) on the Antarctic Peninsula. The results
are discussed in relation to the different regional climatic
conditions at the two sites. Energy-balance studies previously
carried out on the Antarctic Peninsula were used in the
interpretation of our results. These studies include the contri-
butions made to the International Hydrological Decade
(1965-74) in 1973-74 on South Georgia (Hogg and others,
1982) and on Alexander Island (Jamieson and Wager, 1983).
In addition, Bintanja (1995) presented a detailed energy-
balance study from Admiralty Bay on King George Island,
and energy-balance estimates from Anvers Island are given
in Casassa (1989).

STUDY SITES
King George Island

King George Island, >90% ice-covered, is the largest of the
South Shetland Islands. Its major ice cap 1s 0-679ma.s.l.,
with approximately 40% of the ice-covered area below
250 ma.s.l. Mean air temperatures are positive during the
summer months, and occasional snowmelt events can also
occur during winter (Rachlewicz, 1997). Snowmelt generally
starts in November at lower elevations (Braun and others,
2000) and lasts until March (Wen and others, 1998). Fohn
effects are reported in Admiralty Bay, due to the frequent ad-
vection from the north and northwest. The mean annual air
temperature at the south coast (Arctowski station: —2.5°C)
is about 0.4 K higher than on the north coast (Bellingshausen:
—2.8°C) (Martianov and Rakusa-Suszczewski, 1989). The
study site for the energy-balance measurements is located on
the northwest margin of the major ice cap (62°09" S, 58°54' W;
85 ma.s.l) in the vicinity of Fildes Peninsula.

Marguerite Bay

The second study area is situated near the Argentine base
San Martin on Northeast Glacier (68°07'S, 67°00'W;
120 ma.s.l) in inner Marguerite Bay. This outlet glacier,
which is widening at the ice cliff, forms a 20 km long valley
glacier and is connected by a 1000 m high icefall with the
plateau further inland. The Marguerite Bay climate is tran-
sitional between the moist, moderate climate in the north
and the continental climate in the south and east
(Schneider, 1998). Protected by the surrounding mountain
ridges on Adelaide Island, on Alexander Island and on the
Antarctic Peninsula, the area experiences twice as many
sunny days as Anvers Island (Pepper, 1954). The mean
annual temperature is —5.7°C: (Wunderle, 1996). The weath-
er pattern is dominated by the alternation of warm airflow
from the northeast, cyclones in the Bellingshausen Sea and
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cold air mass from the south. The gradient between low
pressure on the west coast and high pressure on the east
coast of the peninsula occasionally induces fé6hn-type gales
with dry air masses from the Weddell Sea in the east.

METHODOLOGY

The energy balance for both test sites was computed from
hourly mean values recorded at automatic weather stations
(AWSs) using similar instrumentation. The methodology is
described in detail in Schneider (1998, 1999).

The energy available for snowmelt, B, can be calculated
according to:

B=R+H+L+G+P. (1)

During summer an isothermal (0°C) snow cover in the
uppermost 2 m of the snowpack was found at both locations.
The ground-heat flux, G, can therefore be neglected. The
energy input from precipitation, P, contributed <1% to
the overall energy during the measurement period, and is
therefore neglected. Net radiation, R, was measured with a
Q-7 net radiometer (Campbell Scientific Ltd, U.K.). Tempera-
ture and humidity were measured with an HMP35 combined
temperature and humidity probe (Vaisala, Finland). A correc-
tion was applied for insufficient ventilation of the radiation
shields during periods with low wind speed, using solar irradi-
ance and wind speed. Sensible-heat flux, H, and latent-heat
flux, L, were computed according to the bulk aerodynamic
method.

This formulation is discussed in detail by Braithwaite
(1995) and Blackadar (1997):

P )
gomes)
- pLV02;622n U;E«Z) le(2) — eo](1 = 5Rb)?,  (3)
p[ln(z—o) 111(%)] 0

where p is air density, ¢, is specific heat at constant air pres-
sure (1005 J kg 'K "), & is the von Karman constant (0.4), L,
is the latent heat of evaporation or sublimation ((2.514 or

[©(2) - ©](1 —5Rb)*  (2)

L =

2.849) x 10° J kg "), p is air pressure, u(z) is wind velocity at
height 2, zis height above snow surface (2.0 m), 29,29, and
20, are roughness lengths for momentum, heat and water
vapour, respectively, ©(z) is potential air temperature at
height z, Oy is potential air temperature at the snow surface
(0°C), e(2) is water-vapour pressure at height z, g is water-
vapour pressure at the snow surface (6.1hPa) and Rb is the
bulk Richardson number. Rb is defined as

O(z) — O](z — 2)
Ou(z)?
This was necessary to account for the stable stratification of

the boundary layer (Braithwaite, 1995) which often occurs
during the summer over melting snow surfaces. A correc-

Rb — 9!

(4)

tion for unstable conditions was not applied, because such
conditions were very rare during the field campaign.

The surface temperature was set to 0°C for time periods
with air temperatures above 0°C,, and the water-vapour pres-
sure was fixed to 6.1 hPa assuming 100% relative humidity at
the snow surface. During periods with air temperatures
below zero, the gradient between measurements of humidity
and temperature at 2; = 0.5 m and z = 2.0 m was used to cal-
culate turbulent-energy exchange.
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Fig. 2. Frequency of wind directions during the research periods on Northeast Glacier (left) and on King George Island (right),
with plots of the mean values of wind speed, air temperature, relative humidity and the terms of the energy balance for different

wind-direction classes during the periods of investigation.

The surface-roughness lengths for momentum (zj), heat
(20,1 ) and water vapour (zo,g ) were used as tuning par-
ameters of the model. Snowmelt observed in snow pits and
measured at ablation stakes or continuously recorded by a
sonic height sensor was used to “calibrate” the energy-
balance computations. The best fit was obtained using
20 = 20,0 = 20,5 =D X 10 *m at the King George Island
test site, while 2y = 29,y =10 m and 20,5 =10 m was
required at the Marguerite Bay test site. Error analysis
using an error-propagation model reveals that single values
of the energy-balance components may suffer from errors as
high as £20%.

RESULTS AND DISCUSSION

The energy balance for the two study sites is summarized in
Table 1. The mean albedo during the measurement period
was 0.82 at both study sites (snow surface). The mean air tem-
peratures during the periods of observation at Bellingshausen
and San Martin were higher than the long-term averages. For
example, the mean temperature for San Martin in January
1995 was +3.1°C, compared to the long-term average of
+2.2°C (1979-98). The corresponding value for Bellingshausen
was +24°CinJanuary 1998 and +1.3°C for the long-term aver-
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age (1944-98). The two energy-flux studies cannot be
compared directly, since they were measured during differ-
ent years. There are no long-term observations of the
frequency of synoptic situations available with which to
check if the two years were representative, but the tempera-
ture record at Faraday (65°15"S, 64°16" W) indicates that
both years were similar and close to the mean of the period
1988-98. The mean air temperature for December—Febru-
ary was +1.05°C (1994/95), +1.1°C (1997/98) and 1.2°C
(mean of the years 1988—-98). In the following we will com-
pare the magnitude of fluxes for the two sites.

In general, the mean of the energy available for snow-
melt is higher (+63 Wm % 17mmw.e.d ') on subantarctic
King George Island than in Marguerite Bay (+19 W m %
6 mmw.e.d ') assuming similar large-scale synoptic condi-
tions for both years. The ratios between net radiation and
turbulent-heat fluxes are also quite different: approximately
1.5 for King George Island and 0.86 for Marguerite Bay. An
additional 5 W m ? of energy is produced by condensation on
the South Shetland Islands. For Marguerite Bay, however,
the latent-heat transfer is an energy loss of =25 W m ? due to
sublimation and evaporation from the snow cover according
to our measurements. This value might be an overestimation,
since relative humidity measurements are problematic in cold
temperatures.

181


https://doi.org/10.3189/172756400781820255

Braun and Schneider: Summer energy balance on west coast of Antarctic Peninsula

Table 1. Summary of results from energy-balance studies on the Antarctic Peninsula, the South Shetland Islands and South Georgia

Study site Research  Radiation Sensible-  Latent-  Sum of energy 2o, 20w, 205 Source
period balance  heat flux  heat flux Sluxes
dd/mm/yy Wm? Wm? Wm? Wm? m
King George Island (62° S, 58° W; 85 m a.s.1) 02/12/97 43.5 14.7 47 62.9 5x10*  This study
06/02/98 69.1%  234% 7.5% 100%
Inner Marguerite Bay (68°S,67° W; 120 ma.s.l) 20/12/94— 8.6 35.5 —255 18.6 10 %10 310> This study
19/02/95 462% 1908%  —137% 100%
South Georgia (54° S, 36° W; 375 m a.s.1) 01/11/73— 47.5 41.6 -23 86.8 13 x10 %107 Hogg and others (1982)
04/04/74 348% 479%  27% 100% 10°
King George Island (62° S, 58° W; 100 m a.s.l.) 17112/90— 60.8 274 74 956 10 Bintanja (1995)
16/01/91 635% 287%  78% 100%
Anvers Island” (64.5° S, 63.5° W; 474 m as.1) 05-16/02/82 14.5 4.7 24.9 44.1 - Casassa (1989)
329% 107%  56.5% 100%
Alexander Island (71° S, 68° W; 250 m a.sl) 03/11/73— 8 32 -1 39 10 Jamieson and Wager (1983)
31/01/74 20.5%  82% -2.5% 100%

* Values estimated from figures.

In order to refine the interpretation of the energy balances
at the two study sites, energy-balance terms and meteorologi-
cal readings were classified in respect of the wind direction
measured 2m above the snow surface at the AWS (Fig. 2).
Due to local topographic effects, the measured wind direction
does not necessarily coincide with the synoptic-scale wind
direction. Nevertheless, Figure 2 reveals interesting charac-
teristics:

Air temperatures on King George Island are generally
not much higher than at the Marguerite Bay test site.
However, the relative humidity is significantly higher
on King George Island, whatever the wind direction.
This is in agreement with the different latent-heat fluxes
at the two study sites.

In Marguerite Bay, the wind usually blows from the
north. The northeasterly wind direction reflects f6hn-
type winds across the mountains, with high mean wind
velocity and low relative humidity. The latent-heat flux
from the isotherm snowpack (0°C) is negative under
these conditions. The sensible-heat flux is enhanced due
to the high mean air temperature which results from the
adiabatic descent of the air.

Since the study site in Marguerite Bay is protected by an
offshore 1sland in the west (summit at 900 m a.s.1.), wes-
terly air flow is measured at the AWS as wind from the
northwest or north. In these weather conditions warm
air is advected into Marguerite Bay. High sensible-heat
flux triggers intensive snowmelt, whereas the radiation
balance 1s of minor importance for the overall energy
balance. Wind from the southern sector at low velocities
occurs rarely, and can be attributed to a high-pressure
ridge over the Antarctic Peninsula. During these peri-
ods the turnover of the energy balance is small and the
net radiation balance dominates the energy balance.

Winds from the north and northwest prevail on King
George Island. Ablation is very high during these peri-
ods because of the advection of warm and moist air
masses from lower latitudes. Polar cold and dry air is ad-
vected from the south, and around the northern tip of
the peninsula from the east. The southerly and easterly
air flow is a consequence of the cold barrier wind origi-
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nating in the Weddell Sea (Schwerdtfeger, 1984). During
these periods latent-heat flux shows negative values and
the sensible-heat flux is very small. The radiation
balance contributes most of the ablation.

In the following the results of the present study are com-
pared with previously published data for the Antarctic
Peninsula (Table 1). Again, the interannual variability
might limit the conclusions that can be drawn from this
comparison.

At a test site on South Georgia, Hogg and others (1982)
obtained the largest sensible-heat flux (+42 Wm ?) pub-
lished for the Antarctic Peninsula. A possible explanation
1s higher wind speeds and the more northerly location, with
higher air temperature during the summer months. The
radiation balance is comparable to the values obtained on
King George Island.

The ratio between turbulent heat fluxes and net radi-
ation is similar in both studies from King George Island.
Bintanja (1995) observed more energy available for snow-
melt (+96 W m ?) than in the present study. Easterly advec-
tion of cold air masses dominated for a time period of
approximately 10 days in December 1997. This could be a
reason for the generally lower energy balance in this study
than in Bintanja (1993). Furthermore, his test site in Admiralty
Bay is characterized by lee-side effects leading to a higher
mean air temperature. Enhanced input by net radiation may
be attributed to the lower albedo of bare glacier ice towards
the end of his field campaign.

Casassa (1989) presents an estimation of the surface
energy balance for Anvers Island using bulk equations with
coeflicients derived from Hokkaido, Japan. Anvers Island
which experiences a highly maritime climate is located in an
intermediate position between the South Shetland Islands
and Marguerite Bay. This can be seen from the value of the
net radiation balance (+15 W m ). The ratios of the turbulent
fluxes are in contrast to all other studies from the Antarctic
Peninsula. A possible explanation is the use of questionable
transfer coefficients in the bulk equations.

Jamieson and Wager (1983) measured values of radiation
balance (8Wm %) and sensible-heat flux (+32Wm %
similar to those in the Marguerite Bay study. Their mean
value of the latent-heat flux is only =1 W m  for the test site
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on Alexander Island. The large negative values found
during this study due to the fohn-type winds were not re-
ported by Jamieson and Wager (1983).

CONCLUSION

Summer snowmelt is much higher (three times higher in
our study) at the test site on the South Shetland Islands than
in Marguerite Bay. At both study sites, advection from the
north causes the highest summer snowmelt rates. Therefore,
an increased number of synoptic situations with northerly
air flow, as predicted by King and Harangozo (1998), would
substantially increase ablation on the Antarctic Peninsula.
Precipitation will also be enhanced by an increase in north-
erly air flow (Turner and others 1995, 1997). This could com-
pensate for the predicted increase of ablation.

The energy-balance components at the two test sites
studied on the Antarctic Peninsula can be classified accord-
ing to the predominant wind directions. For example, the
ratio of the sum of sensible- and latent-heat flux and the
energy available for snowmelt is higher on Northeast
Glacier (0.54) than on King George Island (0.31). For our
study based on different time periods (years) due to this dif-
ferent ratio, we speculate that the mass-balance response to
climate variations is different in the north of the peninsula
than in locations south of Adelaide Island. Therefore, we
suggest that sensitivity studies should consider not only the
mean air-temperature increase, but also possible changes in
other climate parameters, such as wind speed and humidity.
The frequency of synoptic circulation patterns and their
impact on heat-flux components is also worth further study.

Given the difference in climate between the northern
and southern Antarctic Peninsula, further energy-balance
studies at additional sites would be useful. These investiga-
tions should cover total ablation seasons.
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