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Abstract

Unlike continental Antarctica, snow and ice melt is a significant component of the mass balance of glacial systems on the

northern Antarctic Peninsula. Over several austral summers, a comprehensive field programme was conducted on the King

George Island ice cap including the operation of three automatic weather stations and ablation measurements at different

altitudes. These data were used to drive a spatially distributed energy balance model to investigate melt during the period from 2

December 1997 to 12 January 1998. Averaged over the study area (418 km2) and over this 6-week period, net radiation was

found to be the main energy source (26 W m� 2) followed by the sensible heat flux (8 W m� 2). The latent heat flux was

negative (� 8 W m� 2) indicative of sublimation. High melt rates prevailed during synoptic weather conditions associated with

low or even reversed temperature lapse rates. However, little melting occurred during periods of high decrease in air

temperature with increasing elevation (� 0.8 to � 1 K 100 m� 1). These findings provide sufficient warning for the adoption of

a constant lapse rate derived from averaged longer-term data which would significantly underestimate total melt due to

underestimation of air temperatures at higher elevations during the periods when most melt occurs. Increasing air temperature

by 1 and 2 K enhanced spatially averaged ablation by 27% and 62%, respectively, suggesting a high sensitivity to potential

future climate warming in the area.
D 2004 Elsevier B.V. All rights reserved.
Keywords: Surface energy balance; Ablation; Snowmelt; Distributed modelling; Climatic change; King George Island; South Shetland Islands;

Antarctica
1. Introduction

The Antarctic Peninsula is a region of on-going

drastic changes in the climatic and glacial systems.
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Recent disintegration of ice shelves on both sides of

the peninsula has raised public interest and drawn

scientific attention to the region (Doake and Vaughan,

1991; Skvarca, 1993; Doake et al., 1998; Lucchita and

Rosanova, 1998; Rott et al., 1998; Scambos et al.,

2000; De Angelis and Skvarca, 2003). Rapid glacier

retreat has been observed at various locations on the

Antarctic Peninsula and in particular on King George

Island (Simões and Dani, 1994; Wunderle, 1996;

Kejna et al., 1998; Park et al., 1998; Simões et al.,
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1999; Braun and Goßmann, 2002). Repeated satellite

image acquisitions indicated a significant upward shift

of the late summer snow line on King George Island

(Braun and Rau, 2001) and of the dry snow line on the

Antarctic Peninsula plateau during the 1990s (Rau and

Braun, 2002). Recent studies link such phenomena to

the extraordinary air temperature increase and persis-

tent warm temperatures during the 1990s observed in

long-term meteorological records from permanent

research stations on the peninsula (King, 1994; Smith

et al., 1996; Harangozo et al., 1997; Skvarca et al.,

1998). Data from King George Island reveal an

average increase in air temperature of 0.031 K year� 1

during the period 1969–2002 (http://www.nbs.ac.uk/

icd/gjma/temps.html). The warming trend is most

significant for the summer months. Several studies

have stressed a high sensitivity of the region to further

warming (e.g. Knap et al., 1996; Morris, 1999).

This study is part of a comprehensive glacio-

meteorological field project conducted during several

summers on King George Island between 1996 and

2000. The general purpose was to investigate the

coupling between climate and ablation based on
Fig. 1. Locations of automatic weather stations 1, 2, 3a, 3b and profiles of a

research stations are denoted as follows: FR: Frei, BS: Bellingshausen,

Arctowski, MP: Machu Picchu, FS: Ferraz. Contour lines with 100 m spa
detailed field measurements, satellite data and model-

ling approaches (Braun et al., 2000, 2001a; Braun,

2001). This paper presents results from the application

of a spatially distributed surface energy balance model

to compute melt rates of the ice cap of King George

Island for a six-week period in 1997/1998. The

specific objectives are: (1) to investigate the spatial

distribution of the surface energy fluxes across the

study area; (2) to test the sensitivity of modelled melt

to the assumption on various model parameters; and

(3) to quantify changes in glacier melt in response to

temperature increase.
2. Study area

King George Island is the largest of the South

Shetland Islands located at the northern tip of the

Antarctic Peninsula (Fig. 1). More than 92% of its

surface is ice covered (f 1250 km2). A major geo-

logical ridge, the Barton horst, forms the backbone of

the island and subdivides the ice cap into several

independent glacial systems. The top of the ice cap
blation measurements on the King George Island Ice Cap. Permanent

GW: Great Wall, AG: Artigas, KS: King Sejong, JU: Jubany, AR:

cing.
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M. Braun, R. Hock / Global and Planetary Change 42 (2004) 45–58 47
reaches elevations of up to 705 m a.s.l. The field

measurements were conducted on the western part of

the ice cap. Hence, the modelling was restricted to the

ice-covered area displayed in Fig. 1. It covers an area

of 418 km2 with a maximum elevation of 679 m a.s.l.

The northern slopes are gently inclined while the

southern slopes are generally steep.

The climate is characterised by the frequent suc-

cession of eastward moving low-pressure centres in

the circumpolar west wind zone of the Southern

Hemisphere (Jones and Simmonds, 1993; Turner

and Leonard, 1996). This fact and the location near

the sea ice edge during winter lead to a relatively

warm, maritime climate resulting in low annual var-

iability of mean monthly air temperatures (Smith et

al., 1996). Barrier winds along the east coast of the

Antarctic Peninsula occasionally advect cold dry air

masses towards the South Shetland Islands (Schwerdt-

feger, 1984; Parish, 1983). During the summer

months, air temperature at sea level rises well above

0 jC, and even the highest elevations of the ice cap

are subject to melt. Snow melt generally starts in

November at lower elevations and lasts until March

(Wen et al., 1998), however, also during the austral

winter pronounced snow melt events may occur

(Rachlewizc, 1997).

Point-scale energy balance calculations indicated

that at elevations around 100 m a.s.l. net radiation

provided on average about 2/3 of the energy available

for melt, while at higher elevations all energy gain

originated from net radiation (Bintanja, 1995; Braun

et al., 2001a). Melt events are strongly associated with

the advection of warm humid air masses from north-

erly directions induced by low pressure centres pass-

ing along the northern Antarctic Peninsula and though

the Drake Passage. During such meteorological sit-

uations, temperature lapse rates are low. (In the

following, we refer to low lapse rates as low decreases

in temperature with increasing elevation and vice

versa). In contrast, easterly and southerly wind direc-

tions lead to colder air temperatures and higher,

predominately dry-adiabatic lapse rates. Northerly

air flow prevailed in the first and last 2 weeks of the

measurement period (2 December 1997–12 January

1998) surrounding a period of cold south-easterly

flow in between. The cold period was terminated by

a very strong northerly advection event (Braun et al.,

2001a). About 30 mm of precipitation were recorded
at AWS 1 within a few days corresponding to three-

quarters of total precipitation during the 6-week

measurement period, and resulted in a thin new snow

cover down to the lowest elevations. The mean

temperature during the entire observation period was

0 jC with hourly maximum and minimum values of

3.5 and � 5.5 jC, respectively.
Information about accumulation on the island is

scarce and the data available are ambiguous. Stans-

bury (1961) and Noble (1965) conducted mass

balance measurements on small cirque glaciers close

to the main ice cap in the end of the 1950’s. Mass

balance data collected along a transect on the ice cap

up to 250 m a.s.l. between 1969 and 1971 indicated

steep mass balance gradients in the order of

magnitude as generally found in maritime environ-

ments (Orheim and Govorukha, 1982). A compre-

hensive summary of the island’s topographic,

climatological and glaciological settings is given

by Braun (2001).
3. Data base

Three automatic weather stations (AWSs) were

operated on the ice cap between 2 December 1997

and 12 January 1998. Two stations were placed at 85

and 255 m a.s.l., respectively, while a third station was

operated at 385 m a.s.l. but relocated to a site near the

top of the study area at 620 m a.s.l. for part of the

measurement period (Fig. 1). All stations were instru-

mented with Vector Instruments A100R wind ane-

mometer and Vaisala HMP35C temperature and

humidity sensors at two levels (0.5 and 2 m above

the surface). Wind direction was measured using a

Vector Instrument W200P wind vane. Net radiation

balance was monitored with a Campbell Q7 net

radiometer, and shortwave incoming and reflected

radiation were measured using Skye SP 1110 pyran-

ometers. The lowermost AWS was furthermore instru-

mented with a tipping bucket rain gauge and a

Campbell SR50 sonic ranger to monitor surface

elevation changes, and thus indirectly glacier melt

and snow accumulation. All sensors were sampled

every 10 s and data were stored as 10 min and hourly

averages. The stations were visited regularly for

maintenance at daily to weekly intervals depending

on the weather conditions and the location of the
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AWS. Riming occurred particularly at the uppermost

AWS, thus affecting data quality. All data records

were carefully scrutinised and potentially erroneous

data, e.g. data beyond logical limits or affected by

riming, were rigorously eliminated. Resulting data

gaps (about 10% of data at AWS 3 and < 2% at

AWS1 and AWS2) were interpolated using data from

the other meteorological stations.

A total of 15 bamboo stakes were drilled into the

ice cap at different elevations to monitor ablation

complementing the continuous ablation record at

AWS1. Readings were taken regularly in connection

with AWS maintenance. The stake data and the

continuous snow depth record were converted into

water equivalent melt (w.e.) using snow density data

obtained in snow pits close to the AWSs.

Calculations were performed on a 100 m resolution

digital elevation model derived from a heterogeneous

data set based on contour lines from existing maps,

mobile DGPS surveys in the central part of the ice cap

and a coastline from a SPOT 4 XS image mosaic

(Braun et al., 2001b, 2002). The ice covered area was

derived from the SPOT image and the firn line was

retrieved from an ERS-2 SAR image (Braun et al.,

2000). To initialise the melt model, a grid with initial

snow water equivalent at the modelling starting day

was generated. For any grid cells containing direct

measurements from snow pits measured data was

used. For the remaining grid cells, snow water equiv-

alent was distributed assuming a linear increase in

accumulation with increasing elevation. The accumu-

lation–elevation function was obtained from the data

collected in snow pits at different elevations. Interpo-

lated snow water equivalent on 2 December 1997

ranged from 85 cm w.e. at the top of the study area to

25 cm w.e. at the lowest elevations.
4. Methods

Glacier melt is computed using a distributed sur-

face energy-balance model (Hock, 1998) driven by

hourly air temperature, relative humidity, wind speed

and global radiation, reflected shortwave radiation and

net radiation data collected at AWS 1. Air temperature

is extrapolated assuming a linear decrease with ele-

vation. The temperature lapse rate was calculated for

each time step from the data at AWS 1 and AWS 2.
Relative humidity and wind speed were assumed

spatially invariant. The energy available for melt QM

is given by the formula

QM ¼ ðI þ Ds þ DtÞð1� aÞ þ Lin þ Lout þ QH þ QE

þ QG þ QR

where I is direct solar radiation, Ds and Dt are diffuse

sky and diffuse terrain solar radiation, respectively, a
is albedo, Lin is longwave incoming radiation, Lout is

longwave outgoing radiation, QH is the sensible heat

flux, QE is the latent heat flux, QG is the ground heat

flux in the ice or snow and QR is the energy contrib-

uted by rain. Energy fluxes directed towards the

surface are taken positive, those away from the

surface negative. The model puts emphasis on the

computation of the radiation components. Global

radiation is computed by separating measured global

radiation into the direct and diffuse components.

These are spatially extrapolated individually taking

into account topographic effects, such as shading,

slope and aspect. Ice albedo is assumed constant in

space and time using the mean value derived from the

measurements (0.39). Snow albedo is generated by the

model for each time step and each grid cell as a

function of air temperature and time since the last

snowfall. Longwave incoming radiation is computed

at AWS 1 from measured net radiation, the measured

shortwave radiation balance and the computed outgo-

ing longwave radiation. It is then extrapolated as a

function of sky-view factor, air and surface tempera-

ture according to the parameterization suggested by

Plüss and Ohmura (1997). Longwave outgoing radi-

ation is approximated as a function of surface tem-

perature following Stefan-Boltzmann’s law. The

surface temperature is set to 0 jC, if QM is positive.

If QM turns negative, melt is set to zero and the

surface is assumed to cool. The surface temperature

is computed by lowering it iteratively until QM

becomes zero. An iterative procedure is needed since

a lower surface temperature also affects longwave

radiation, the turbulent heat fluxes and the heat flux

supplied by rain.

The turbulent heat fluxes are computed by the

bulk aerodynamic approach based on air tempera-

ture, relative humidity and wind speed data from the

2 m level at AWS 1 as well as computed surface
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Table 1

Coefficients of determination (r2) between measured and modelled

hourly radiation components for the different AWS

Global

radiation

Shortwave

radiation balance

Net

radiation

AWS 1 n 960 960 960

r2 1.0 0.90 0.81

AWS 2 n 960 960 960

r2 0.90 0.88 0.74

AWS 3a n 287 287 287

r2 0.86 0.77 0.55

AWS 3b n 547 547 547

r2 0.88 0.64 0.11

n denotes the number of data points.
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temperatures. Roughness lengths were treated as

tuning parameters and optimised to yield maximum

agreement between measured and modelled melt.

Hence, the turbulent fluxes were treated as the

remainder of the energy balance and a Bowen

approach was used to separate sensible and latent

heat. A value of surface roughness of momentum (z0)

of 0.001 m was obtained and also assumed for the

roughness lengths of heat and moisture. The heat

supplied by rain is calculated as a function of rainfall

rate and air temperature. Heat flux into the ice and

snow is neglected.

Measured precipitation is distributed to the grid as

a function of elevation and assumed to increase

linearly by 10% per 100 m as derived from the

meteorological records and ice core data (unpublished

data). Snow and rainfall are discriminated according

to a temperature divider of 1.0 jC, assuming a

mixture of rain and snow for a transition zone ranging

from 1 K above and 1 K below the threshold temper-

ature. Ablation is computed from melt adjusted for the

mass lost by sublimation or gained by condensation.
Fig. 2. Modelled versus measured cumulative melt over the period 2

December 1997 to 12 January, 1998. The thick line refers to the

continuous data set derived from the SR50 sonic ranger at AWS 1

and the dots refer to stake measurements at 15 ablation stakes along

the profiles shown in Fig. 1. Thin line denotes one-one-line.
The model run as described above is referred to as

control run in the following.
5. Results and discussion

5.1. Ablation and energy balance

The model was validated by comparing model

results to corresponding measurements of melt at

ablation stakes and radiation components at the other

weather stations. Fig. 2 indicates a generally good

agreement between modelled and measured melt. Sys-

tematic discrepancies occur at a few stakes subject to

high melt. This is probably due to uncertainties in

initial snow cover values leading to erroneous simula-

tion of the timing of the snow-ice transition and thus

albedo. Small-scale variations of snow depth induced

by crevasse patterns, wind drift or topographic effects
Table 2

Spatial maxima, minima and mean values of the energy balance

components [W m�2] averaged over the period of computation (02

December 1997–12 January 1998)

I D G SWR Lin Lout QN QH QE QR QM A

Mean 89 124 213 39 307 �319 26 8 �8 0 24 26

Max 105 142 238 108 313 �305 90 21 �1 0 104 109

Min 29 124 165 27 300 �331 15 0 �10 0 12 14

I is direct solar radiation, D is diffuse solar radiation, G is global

radiation (D+I), SWR is shortwave radiation balance, Lin and Lout
are incoming and outgoing longwave radiation, respectively, QN is

net radiation, QH and QE are the sensible and latent heat fluxes,

respectively, QR is the heat supplied by rain, QM energy available

for melt, and A is total ablation defined as mass loss by melt and

sublimation [cm w.e.].
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Fig. 3. Spatial variations of radiation terms averaged over the period 2 December 1997 to 12 January, 1998. Longwave outgoing radiation

shown as absolute amounts. Contour lines of the surface elevation with 50 m spacing.
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are neglected in the generation of the initial snow cover

grid. Correlation of modelled and measured radiation

components is generally high, but decreases with
Fig. 4. Spatial distribution of surface energy balance components [W m� 2

period 2 December 1997 to 12 January, 1998. Contour lines of the surfac
increasing elevation and distance from AWS 1 (Table

1). This is mainly attributed to the simplifications

regarding extrapolation of air temperature, humidity
], ablation [cm w.e.] and surface temperature [jC] averaged over the

e elevation with 50 m spacing.



Table 3

Sensitivity analysis of the distributed energy balance model

Parameter settings QN QH QE A TS

Control run z0,ice = 0.001 m;

z0,snow = 0.001 m

T0 = 1.5 jC;
DP 100 m� 1 = 10%

measured hourly

lapse rates, snow

albedo parameterized

26 8 � 8 26 � 2.0

Roughness

lengths

z0,ice = 0.0001 m;

z0,snow = 0.0001 m

25 4 � 5 23 � 1.9

z0,ice = 0.01 m;

z0,snow = 0.01 m

30 21 � 12 37 � 2.1

z0,ice = 0.001 m;

z0,snow = 0.01 m

30 20 � 11 36 � 2.1

z0,ice = 0.001 m;

z0,snow = 0.0001 m

25 4 � 5 23 � 1.9

Precipitation T0 = 1.0 jC;
DP 100 m� 1 = 10%

28 7 � 8 27 � 2.0

T0 = 2.0 jC;
DP 100 m� 1 = 10%

26 8 � 8 25 � 2.0

T0 = 1.5 jC;
DP 100 m� 1 = 30%

24 9 � 7 25 � 2.1

T0 = 1.5 jC;
DP 100 m� 1 = 0%

29 6 � 9 27 � 1.9

Snow

albedo

0.7 (constant in

space and time)

34 6 � 9 31 � 1.9

0.9 (constant in

space and time)

13 11 � 6 17 � 2.2

Lapse rate � 0.2 K 100 m� 1 23 12 � 6 29 � 1.3

� 0.4 K 100 m� 1 21 9 � 8 22 � 1.6

� 0.6 K 100 m� 1 21 7 � 9 18 � 1.9

� 0.8 K 100 m� 1 22 5 � 10 16 � 2.3

Listed are values averaged over the study area and the period 02

December 1997 to 12 January 1998: net radiation, QN, sensible heat

flux, QH, latent heat flux, QE (W m� 2) and surface temperature TS
(jC). A is spatially averaged total ablation (cm w.e.). z0 denotes the

roughness lengths for momentum, heat and moisture, T0 the

threshold temperature for snow–rain transition, DP 100 m� 1 the

precipitation change with increasing elevation.
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and wind speed, as well as the assumption of uniform

cloud conditions over the study area. Despite these

limitations, we consider the distributed model output as

a best estimate of the surface energy balance compo-

nents and melt rates, which gives the relative distribu-

tion of energy fluxes and melt rates in space and time.

Mean, maxima and minima values of the energy

balance components averaged over the 6-week simu-

lation period are given in Table 2. Net radiation is the

major energy source over the entire ice cap. This is

consistent with the findings of previous single loca-

tion energy balance studies (Bintanja, 1995; Braun

and Schneider, 2000; Braun et al., 2001a). Roughly

60% of global radiation is diffuse, confirming the

observation of frequent cloudy conditions. On aver-

age, the sensible and latent heat flux are opposite in

sign and balance each other. Sublimation prevails over

the entire study area. Energy gain at the surface occurs

by net radiation (76%) followed by the sensible heat

flux (24%), while energy is consumed by melt (76%)

and the latent heat flux (24%).

Figs. 3 and 4 display the spatial distribution of

modelled energy balance components averaged over

the 6-week simulation period. Generally, topographic

influences on the radiation components are low,

although the north-exposed slopes receive consider-

ably higher global radiation than the steep south-

exposed slopes. Exposition of bare glacier ice up to

approximately 250 m a.s.l. by the end of the measure-

ments period lowers albedo and leads to distinctly

higher shortwave radiation balances along the margins

of the ice cap compared to higher elevations, in

particular along the northern margin of the ice cap

where global radiation is high due to topographic

effects. Longwave outgoing radiation slightly de-

creases with increasing elevation as a consequence

of the lower mean surface temperatures at higher

altitude. Surface temperatures range from � 0.6 jC
at the glacier margins to � 3.6 jC on top of the ice

cap. Both turbulent fluxes show strong altitudinal

dependence resulting from the predominately negative

lapse rate in air temperature.

Ablation rates show a strong dependence on ele-

vation. Cumulative modelled ablation ranges from

more than 1 m w.e. near sea level to less than 15

cm w.e. at the highest elevations. Spatially averaged

total ablation reaches 26 cm during the 6-week period,

corresponding to an average ablation rate of 0.65 cm/
day. How much melt water runs off is unknown.

Considering the surface temperature distribution,

refreezing of melt water at higher elevations has to

be expected, a process neglected in the model. How-

ever, we assume the amount of water refreezing to be

of minor importance due to the temperate character of

the firn area, as indicated by the presence of a distinct

water table and the distribution of internal water

inclusions in the ice cap (Jiahong et al., 1998; Pfender,

1999).
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5.2. Parameter sensitivity

Model sensitivity was investigated by systemati-

cally varying various model input parameters. The

effects of altered roughness lengths, precipitation

parameters, albedo and air temperatures lapse rates

on energy balance components and modelled glacier

melt are shown in Table 3. Previous studies have

shown a large sensitivity of energy balance results to

the choice of roughness lengths (e.g. Hock and

Holmgren, 1996). This poses a problem since rough-

ness lengths are difficult to obtain and to extrapolate

and reported values over snow and ice cover a range

of orders of magnitude (Hock, 1998). We considered a

10-fold increase and decrease in roughness lengths

compared to the optimized values in addition to

changes in the ratio between the values over snow

and ice. Results show a considerable sensitivity of

results to the assumptions on roughness lengths.

Using z0 = 1 cm instead of z0 = 1 mm, the sensible

heat flux is almost tripled. The energy loss by subli-

mation is only doubled, hence, there is a net increase

in the turbulent fluxes. Also net radiation is increased

resulting from exposure of more bare ice due to

enhanced melt rates. Varying the roughness lengths
Fig. 5. Hourly values of air temperature at AWS 1, temperature lapse rate

and ablation averaged over the study area.
for ice surfaces lead only to marginal changes in

model output. This can be attributed to the fact that

ice surfaces were restricted to a comparable small area

skirting the glacier.

A variation of the precipitation–elevation relation-

ship and the threshold temperature discriminating

snow and rain has relatively little impact on the model

results since total precipitation during the computation

period was small. Changes in threshold temperature

lead to slightly changed surface conditions and altered

the energy fluxes via changes in albedo, rather than by

a direct effect on the rain-heat flux.

Due to the large relative importance of net radia-

tion in the energy balance, snow albedo was expected

to be a sensitive variable. Several runs assuming snow

albedo constant in space and time were performed

adopting values within the range generally reported

for snow (Paterson, 1994). Varying snow albedo

between 0.7 and 0.9 results in a 19% overestimation

and a 35% underestimation of ablation, respectively,

compared to the control run simulations based on

internal space-time variable generation of snow albe-

do. High sensitivity to albedo agrees with the wealth

of energy balance studies emphasizing the importance

of albedo for melt calculations (e.g. Oerlemans and
derived from data at AWS 1 (85 m a.s.l.) and AWS 2 (255 m a.s.l.),
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Table 4

Air temperature lapse rates along the Antarctic Peninsula

Location Temperature

lapse rate

[K 100 m� 1]

Database Reference

AP � 0.68 10-m snow

temperatures

Martin and

Peel (1978)

WAP � 0.57 10-m snow

temperatures

(0–1060 m)

Reynolds

(1981)

WAP � 0.61 (0–2160 m)

EAP � 0.57 (0–1060 m)

JRI � 0.58 10-m snow

temperatures

Aristarain

et al. (1987)

AP � 0.57 10-m snow

temperatures,

meteorologcial data

Morris and

Vaughan

(1994)

WAP � 0.82

EAP 0.008

KGI � 0.79

(0 to 255 m a.s.l.,

summer)

meteorological

data (1991/1992)

Wen et al.

(1994)

� 0.66 (0 to 255

m a.s.l., winter)

KGI � 0.62 23 balloon

soundings up to

1000 m (1990/1991)

Bintanja

(1995)

KGI � 0.58

(84–255 m a.s.l.)

meteorological

data (1997/1998)

this study

� 0.66

(84–619 m a.s.l.)

AP: Antarctic Peninsula, WAP: West Antarctic Peninsula, EAP:

East Antarctic Peninsula, JRI: James Ross Island, KGI: King

George Island.
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Hoogendorn, 1989). Ice albedo turned out to be

insensitive, however, resulting from the small portion

of bare ice. Importance of ice albedo increases with

exposure of bare glacier ice in the course of the

season, or in case of future climate warming when a

large portion of bare glacier ice has to be expected due

to augmented melt rates.

Perhaps most striking is the sensitivity of the

model to the choice of air temperature lapse rates.

In contrast to deriving the lapse rate for every hour

from the data at different elevations, we applied

various constant lapse rates as often done in mass

balance modelling (e.g. Hock, 1998). Applying a

lapse rate of � 0.6 K 100 m� 1 corresponding to the

average lapse rate during the simulation period

results in reduction of modelled ablation by one

third (Table 3). A lapse rate of roughly � 0.25 K

100 m� 1 is needed to generate the melt obtained in

the control run. This stresses the strong dependence

of snowmelt and lapse rates on the predominant air

mass advection on King George Island (Braun et al.,

2001a) and the need to adjust lapse rates to the

prevailing weather situation. During cold conditions

associated with easterly and southerly flows, melt

rates are low, but lapse rates tend to be very high

approaching � 1 K 100 m� 1 (see second half of

December in Fig. 5). Conversely, during northwest-

erly advection of warm humid air masses, melt rates

increase considerably and lapse rates are low or even

reversed (e.g. first December week and beginning of

January in Fig. 5). It is obvious that employment of

a constant lapse rate averaged over a period includ-

ing occurrence of both circulation patterns will

underestimate temperature at higher elevation and

thus melt. Hence, assuming average lapse rates

reported in previous studies (Table 4) can be mis-

leading since these values refer to longer-term,

averaged conditions rather than to shorter-term ad-

vection events when most of the melt occurs. Accu-

rate lapse rate are also important in degree-day melt

modelling where degree-day factors are often

obtained from optimization procedures (Hock,

2003). Overestimation of lapse rates will then be

compensated by high degree-day factors hence in-

voking an overestimation in temperature sensitivity

of the model. Only the employment of actual lapse

rates can accommodate the variability in lapse rates,

and is thus a prerequisite for accurate ablation
estimates under the current climatic conditions on

King George Island.

5.3. Temperature sensitivity

To provide some insight into the response of the ice

cap to climate warming simple temperature sensitivity

experiments were conducted. The model was re-run

shifting the measured temperature record and compar-

ing results to those of the control run. The results must

be treated with caution, since any other changes in

meteorological variables accompanied by climate

warming, such as precipitation, frequency of weather

systems and radiation feedback processes, are not

considered.

The effects on surface energy balance and melt

are shown in Table 5. A temperature rise by 0.5, 1
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Table 5

Effect of temperature increase on surface energy balance and

ablation rates on King George Island based on the data set from

1997/1998

Model run QN QH QE A TS

Control run – 26 8 � 8 26 � 2.0

Air temperature + 0.5 K 31 7 � 8 29 � 2.1

increase + 1.0 K 33 7 � 8 33 � 2.2

+ 2.0 K 37 11 � 6 42 � 2.0

Energy balance components (net radiation, QN, sensible heat flux,

QH, latent heat flux, QE) are in W m� 2, ablation (A) in cm w.e.
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and 2 K enhances spatially averaged melt over the

simulation period by 12%, 27% and 62%, respectively.

This is considerably larger than the 15% increase

obtained for a 1 K temperature increase at a low

elevation site on King George Island (Bintanja,

1995). Net radiation increases at a higher rate than

the turbulent fluxes, which can be attributed to in-

creased bare ice area and associated albedo changes. A

significant increase in ice-exposed area in response to

enhanced air temperatures is illustrated in Fig. 6. The

bare ice area increases from 12% at the end of the

simulation period in the control run to almost 30% in

the + 2 K-experiment.
Fig. 6. Modelled area of bare ice based on measured meteorological data (c

record by 0.5, 1.0 and 2.0 K. The modelled area covers 418 km2. The incre

major snow fall events in the beginning of January due to strong northerl
6. Conclusions and outlook

A distributed energy balance melt model was

applied to the western part of the ice cap on King

George Island (418 km2) over the period 2 Decem-

ber 1997 to 12 January 1998. The model was forced

by hourly data collected at meteorological stations on

the glacier. Good agreement between modelled and

measured ablation could be obtained with an appro-

priate choice of surface roughness lengths. Ablation

and radiation measurements were used to validate the

model. Considering the size of the study area it is

obvious that more data are desirable to confirm

model results and to provide better input data on

initial snow cover. The need for more mass balance

surveys has also been pointed out by Weidick and

Morris (1998). Nevertheless, results provide valuable

insight into the spatial distribution of energy fluxes

and melt over a large fraction of the ice cap.

Averaged over the study area total ablation modelled

over the 6-week simulation period was 26 cm. Most

of the energy gain was provided by net radiation (26

W m� 2) followed by the sensible heat flux (8 W

m� 2). The latent heat flux was negative (� 8 W

m� 2) indicating sublimation.
ontrol run) and in response to shifting the measured air temperature

ase in bare ice area as the melt season proceeds is interrupted by two

y advection covering the entire study area by snow.
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The most striking feature was the sensitivity of

results to the assumption on lapse rates. Lapse rates

are very high reaching ca. � 0.8 to � 1 K 100 m� 1

during periods of low melt associated with south-

easterly atmospheric flow and cold air masses. High

melt rates are induced by north-westerly advection of

warm, moist air, and lapse rates are low or even

reversed under these conditions. Lapse rates on King

George Island roughly switch between these two

modes depending on the synoptic weather situation.

Reported average lapse rates for the western Antarc-

tic Peninsula generally range from � 0.57 to � 0.82

K 100 m� 1 (Table 4). It is obvious that assuming a

constant lapse rate derived from reported average

values will lead to erroneous melt simulations, since

lapse rates are considerably lower during the periods

when most melt occurs. Consequently, the variability

in lapse rates has to be taken into account for

accurate melt predictions in this area. It also follows

that changes in melt rates will depend on changes in

the frequency in occurrence of the prevailing two

contrasting synoptic weather patterns. This poses a

problem to simulating the response of glacier melt

on King George Island to future climate change

since changes in atmospheric circulation are difficult

to predict.

Simple model experiments indicated that melt is

significantly enhanced when the temperature is in-

creased by 0.5–2 K suggesting a high sensitivity of

the King George Island ice cap to climate warming.

More sensitivity experiments incorporating predicted

changes on other variables than temperature are

needed to provide realistic estimates of the future

evolution of the mass balance of King George

Island.
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