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Abstract

Meteorological parameters were observed over continental icesheet in
Dronning MaudLand, East Antarctica ear Indian Research Station Maitri for a
period of 13months from 1 November 2010 to 30 November 2011 using an
Automatic Weather Station. It is located at S70°47'40.9", E11°41'43.1" at an
altitude of 395ma.s.l, and measures air temperature, relative humidity, wind
speed, and direction, incoming and reflected solar radiation, pressure, and snow
temperature. Cloud measurements were done by visual inspection, a simple
model was used to evaluate the Surface-energy balance from measured
meteorological quantities. Large temporal variability is observed in different
estimated energy fluxes throughout the year. Observed low relative humidity
(yearly average 57%) and high katabatic winds (yearly average of 10.7 m/sec)
lead to a high ablation rate (main sublimation in winter and melting,
evaporation/ sublimation in summer) of the glacier ice at the observation
ocation. Constant cooling of the icesheet by emission of longwave radiation
observed throughout the study period. Effective short wave flux and sensible
heat flux were observed as the main heat source for the glacier. It is observed that
the Antarctic icesheet is continuously ablating high energy compared to its
accumulation, in the form of longwave radiation and turbulent flux of latent
heat, which leads to a negative energy balance of the icesheet throughout the
year,even during the Antarctic summer period.

Keywords: Surface energy balance, Antarctica, shortwave flux, longwave flux,
latent heat, sensible heat

1.INTRODUCTION

Snow and Avalanche Study Establishment, Manali, India has taken up along
term project of the study of Surface Energy Balance of the continental icesheet in
Dronning Maud Land area, Antarctica. The project work started since 25" Indian
Scientific Expedition to Antarctica (25" ISEA) in December 2005. In the present

paper the results are presented based on the data observed during 30" ISEA.
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Glacier gains and loses energy by various processes. It gains heat from
insolation, longwave radiation from atmosphere and clouds, advection of warm
air, latent heat released by condensation of moisture on the glacier surface,
sensible heat transfer if air is warmer than glacier surface and conduction from
ground underneath. On the other hand glacier loses heat to its environment by
longwave radiation, evaporation or sublimation from glacier surface and
sensible heat if air is colder than the surface of the glacierl. The net energy
gained is used in raising the temperature of the glacier and melting of ice. Hence
the energy balance approach can be used to determine the ablation processes at
the surface of the glacier and quantification of the physical processes can be
helpful to understand the health of the glacier. Various glacier mass balance
models have been developed based on calculation of all energy transfers
between the atmosphere and the glacier surface 2-4. The energy balance model
is an attractive tool for simulating the surface balance, since the physical
processes on the surface can be described fairly explicitly in the model 5.The
surface- energy balance over Antarctic snow/ ice surfaces has been extensively
studied by Bintanja et. al 1994, Braun et. al 2000, Van Den Broeke et. al., 2006,
VanDen Broeke et.al.2005, Mishra,1999. But most of the studies have been
restricted to two-three months of the summer season of the continent. In the
present paper the surface energy balance for one complete year including
summer and winter period of the continent is presented.

2. OBSERVATION SITEAND DATA OBSERVATIONS

Indian Research Station "Maitri" islocated in 'Schirmacher Oasis' in the coastal
margin of the Dronning Maud Land, East Antarctica at S70°45.94 'and
E11°44.13'". Automatic Weather Station (make Campbell scientific) was
installed over continental icesheet of Antarctica at S 70°47'40.9", E
11°41'43.1" at a distance of around 5Km from Indian station at an elevation of
395m from mean sea level and the Observation site is shown by figure 1.The
Antarctic environment shows a number of challenges to those involved in
making meteorological Observations. Extreme cold, strong winds, icing and
blowing snow all adversely affect instruments, making the observer's task a
difficult one10. The AWS was installed on 24Feb2006 during Antarctic summer
period and consists the following calibrated sensors.

a.  Wind Direction and Wind Speed sensor (Propeller Vane type) of make
RMYOUNG for measuring wind speed and direction. Sensor is capable of
measuring wind speed in the range of 0 - 50ms-1 with an accuracy of
+0.3ms-1 and gust survival of 60ms-1 . Sensor can measure wind direction
with accuracy of +3degrees and range 360degrees.

b. AT/ Rh sensor to measure air temperature and relative humidity. It
measures air temperature in the range of +50°C to-50°C with an accuracy
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of+0.3°C and relative humidity with an accuracy of +3% from 0% to 90%
and +4% from 90% to100%.

c.  Pressure transducer located in the enclosure can measure atmospheric
pressure from 400mb to 1100mb with an accuracy of 0.5mb.

d. Upward and downward looking pyranometers of make Kipp and Zonen
measures incoming and outgoing radiation and measures shortwave
radiation in the wavelength range of 305-2800nm with cosine error of
+1% from 0 to 70°zenith and +3% from 70° to 80°zenith angle.

e. IR-based snow surface temperature sensor measures snow surface
temperature in the range of +50°C to -50°C with an accuracy of +0.3°C.

The whole system is powered by 100 Ampere-Hour battery located inside the
enclosure mounted near the base of the tower. The battery is recharged during
periods of sunlight by a solar panel fixed near the top of the tower. During the
Antarctic summer period the battery is fully charged due to prolong sunshine
hours and keeps the system functional during long periods of polar nights. The
AWS records the hourly observations of air temperatures (Maximum
temperature, Minimum temperature, Instantaneous temperature and hourly
average temperature), snow surface temperature, relative humidity, wind speed
and direction, incoming solar radiation, reflected solar radiation and
atmospheric pressure. These observations are continuously stored in the data
logger CR23X, located inside the enclosure. The data can be downloaded from
the AWS with the help of downloading storage module. The AWS was visited
periodically for manual downloading of the data from the data logger (as data
reception facility through satellite was not available at Indian Research Station)
and maintenance work to minimise the data losses. Apart from the AWS data,
cloud observations for cloud type and cloud amount have been observed
manually from conventional surface observations.

3.ENERGY BALANCE MODEL

The principal fluxes of energy at the Earth's surface are the net radiative flux and
the atmospheric fluxes of sensible heat and latent heat. The net energy exchange
between the earth and the atmosphere is the residual of these energy fluxes10.
Net change in energy storage of a glacier AQ is expressed as:

AQ=SHW |+ SHW 1+ LW |+ LW 1+ SHF+LHF+G 1)
=SHWnet + LWnet+SHF+LHF+G 2)
=Rnet+SHF + LHF +G 3)
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Where SHW |-Incomingshortwaveradiation flux SHW1 -Reflected short
wave radiation flux LW | -Incoming Long wave radiation flux L W1 -
Emitted Long wave radiation flux

SHF  -Sensible heat flux
LHF -Latent heat flux
G -Sub surface conductive heat flux

All terms are estimated at the surface and are defined positive when directed
towards the surface. Contribution of the subsurface conductive heat flux to
the net energy exchange at the glacier surface is very little compared to other
fluxes, so the net change in energy storage of the glacier is expressed by the
following equation in the model.

AQ =Rnet + SHF + LHF(4)

Short-Wave Radiation Flux

Short-wave or solar radiation drives the general circulation of the atmosphere
and the weather systems that are observed on a day-to-day basis10. Most of this
energy is absorbed in the tropics and mid-latitude areas, with the Polar Regions
receiving much less as a result of the low angle of the sun at these latitudes. The
high albedo (reflectivity) of the snow and ice surface also results in much of the
incoming solar radiation being returned to spaces to that the fraction absorbed is
much less than that is absorbed in the extra Polar Regions. Even after higher
surface reflectivity, radiation is extremely important in determining the surface
energy budget of the Antarctica, as it affects many aspects of the Antarctic
climate. Downwelling or global solar radiation (SHW|) consists of two
components: a direct element which arrives from the solid angle subtended by
the sun's disk and a diffuse component, which arrives from the remainder of the
sky. The reflected solar radiation (SHW?1) is the upwards shortwave radiation
that has been reflected by the surface and diffused by atmospheric particles in
the layer between the surface and the observation point. When the reflected
solar radiation measured close to ground the diffused partis very small. The ratio
of the reflected shortwave radiation to the global solar radiation is called the
albedo(a) of the surface and is important in determining what proportion of
downwelling solar radiation is absorbed at the surface. The albedo of the glacier
surface varies considerably across the Antarctic and according to season. The
amount of solar radiation absorbed by The surface is called the net short-wave
radiation (SHWnet) and is defined as the global radiation less the reflected
shortwave radiation. The expression for the net shortwave radiation can be
written as:

SWnet=SHW | -SHW1=SHW |(1-0)) (5)
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3.1 LongWave Radiation Flux

The exchange of longwave radiation in the wavelength range 3 pum—40 pum is
confined to the snow/ice surface only. The net longwave radiation (LWnet) at
the glacier surface is the sum of the upward terrestrial component LW1
(negative) and the downward LW | (positive) radiation emitted by the clouds
and gases.

The upward component is usually greater than the downwelling flux, so net
longwave flux is generally negative and expresses the loss of energy from the
glacier surface in the longwave part of the electromagnetic spectrum. The
downwelling longwave radiation component (LW |) is dependent on the
vertical distribution of temperature and water in the atmosphere and the optical
properties of any clouds present.

In the absence of clouds, LW is dominated by emission from atmospheric
water vapor and carbon dioxide. Even in the relatively dry Antarctic
atmosphere, there is sufficient water vapor for the dominant contribution to
LW| to come from atmospheric emission at relatively low levels. Under
conditions of total low cloud cover, LW | will be dominated by emission from
cloud water droplets and ice particles.

As downwelling longwave radiation depends on the temperature and
composition of the atmosphere, this is estimated using a model developed by
Prata (1996). The model computes the emissivity of the atmosphere (em)
depending on precipitable water content.

The model works well in the limit of a dry atmosphere:

LW|=emocTa’(6)

Where, em=1-(1+w)exp{-(1.2+3.0w)"/?}(7)and
w=46.5(ea/Ta) (§)

Here, ea is the vapor pressure (Pa) and Ta is the absolute temperature measured
at 1.5-2.0 m height above the surface.

LW?1 is the emitted terrestrial longwave radiation and can be computed from the
Stefan-Boltzmann Law, as the snow/ice surface is assumed to be a nearly
perfect blackbody in the longwave portion of the electromagnetic spectrum.
Experimentally determined emissivities for snow surfaces were found to be in
general agreement with modeled values estimated by Dozier and Warren
(1982), and these values were close to one. Emitted Longwave Radiation can be
computed as:

LW =esaTs* (9)
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Where,

o is the Stefan-Boltzmann constant (5.67 x 107 Wm=K™), Ty is the radiative
temperature of the surface in kelvins, and€s is the surface emissivity.

On a cloud-free day, the net Longwave Radiation absorbed by the glacier
surfaceis:

LWnet=LW|-LW1 (10)
=emaoTla*-escTs*(11)

Clouds significantly affect net Longwave Radiation. In general, downwelling
Longwave Radiation in the presence of clouds may be assumed as the
blackbody radiation emitted at the cloud base temperature (Tc). As clouds,
being composed of liquid water droplets, absorb much more LW radiation than
water vapor, they act as nearly perfect blackbodies.

Under overcast sky conditions, the net Longwave Radiation is given by:
LWnet=emaocTc*-escTs?(12)

he main role of cloudiness is to reduce the loss of LW radiation. If N is the
amount of cloudiness in terms of the fraction of the sky covered, then:

LWnet={emoTa*-e€scTs*}(1-kN)(13)

Where k is a coefficient and depends on the type and height of clouds.
Experimental values reported by the US Army Corps of Engineers (1956) are:

k=0.76 for low and thick clouds
k =0.52 for medium clouds

k=0.26 for high clouds

3.2 Sensible Heat Flux

Sensible heating represents the combined processes of conduction and
convection. Generally, the snow surface is colder than the air above it, and heat
transfers from warm air to the colder snow surface through sensible heating,
allowing the glacier surface to gain energy. In case of temperature inversion,
heat transfer occurs in the opposite direction, causing the glacier surface to lose
energy.

The vertical turbulent-sensible heat flux (SHF) is expressed in flux-gradient
formas:

SHF=pCpKH(3T/5z-T) (14)
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Where:
e pisthedensity ofair,
e Cpisthespecific heatofair (1005 J kg K™),
e KHiisthe coefficient of turbulent diffusivity,
e 0T/dzisthe vertical temperature gradient, and
e T'istheadiabatic lapserate.

In this study, air temperature observations are taken at a sensor height of 2 m
above the glacier surface, dealing with an air layer close to the glacier surface. In
this layer, air temperature gradients are large compared to the adiabatic lapse
rate, so I' isneglected compared to 6 T/6z in Equation (14).

Equation (14) can be reformulated in terms of simple data for wind speed and
temperature as follows:

SHF = (Cppo/Po)KnPu(Ta-Ts) (15)
Where:
e Kn=Kk?/[log(za/z0)]*(16)

Where po is the density of air (1.29 kg m) at the standard atmospheric pressure
Po (1.013 x 10° Pa), Kn is a dimensionless transfer coefficient, P is the mean
atmospheric pressure at the measuring site, and u and Ta are the measured wind
speed and air temperature at a height of 2 m above the glacier surface. k is von
Karman's constant (0.41), za is the sensor height above the ground (2 m), and zo
is the aerodynamic roughness length, for which a value of 0.001 m is adopted for
anice surface.

3.3 Latent Heat Flux

Latent heat flux is an important component of the surface energy budget and is
carried by turbulent transport in the atmospheric boundary layer. By analogy
with the sensible heat flux, the latent heat flux is given by:

LHF=Lv(0.623po/Po)Kn u (ea-es)(17)

Where Lyv is the latent heat of vaporization, ea is the vapor pressure at height z
above the glacier surface, and es is the saturation vapor pressure at the glacier
surface. The latter is a function of the surface temperature and is 611 Pa for a
melting surface. For distinguishing between sublimation and condensation,
guidelines given by Ambach and Kirchlechner (1986) and Greuell and
Konzelmann (1994) have been followed.

e Forcondensation: Lv=2.514 MJ kg™
e Forsublimation: Lv=2.849 MJ kg™
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When (ea - es) is positive and Ts = 0°C, water vapor condenses as liquid water
on the melting glacier surface with Lv = 2.514 MJ kg™'. When (ea - es) is
negative, sublimation occurs with Lv = 2.849 MJ kg™!. Also, when (ea - es) is
positive and Ts <0°C, deposition from vapor to solid ice occurs with Lv=2.849
MlJkg™.

The equations for sensible and latent heat fluxes are applicable for neutral
atmospheric conditions. In Antarctica, the atmospheric conditions above
the ice sheet are rarely neutral, and the equations can be applied with stability
corrections for the transfer coefficient Kn in terms of the Richardson
number (R1).

e Forunstable conditions (Ri<0):
Kw?=Kn(1 - 10R1)

e ForRi=0:
Kw?=Kn

e Forstable conditions (Ri>0):
Kw2=Kn/(1+10Ri)

(Source: Price and Dunne, 1976).

4. RESULTSAND DISCUSSION
4.1 Variation of Meteorological Parameters

Figures 2(a), 2(b), 2(c), 2(d), 2(e), and 2(f) present the variation of daily
averaged values of air temperature, wind speed, relative humidity, atmospheric
pressure, total sunshine hours, and fraction of cloud cover at the AWS location
during the observation year. From the hourly observations of these parameters,
the daily averages have been calculated.

Daily average air temperature varies between -28.9°C (observed on 5-August-
2011) to +1.3°C (observed on 20-January-2011) (Figure 2a), while the extreme
hourly averaged temperatures were observed at -30.4°C on 5-August-2011 and
+3.1°C on 31-January-2011. Temperatures are lower during the winter period
as incoming solar radiation reduces to approximately zero values.

High winds are observed throughout the year (Figure 2b), with the highest daily
average value recorded at 27.8 m/sec on 25-August-2011. The maximum hourly
averaged wind speed observed was 38.6 m/sec on 20-June-2011. Monthly
average wind speeds are higher during the winter months, and the wind
direction from the high interior of the continent outward and downward towards
the coast indicates that the winds are largely katabatic in origin.

Daily averaged relative humidity varies between 33% to 94% (Figure 2c¢), and
monthly averages are fairly constant, around 50-60% throughout the year, with
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a yearly average of 57%. Low relative humidity was observed at the location
compared to reported values at other locations on the continent. This may be
because the observation site is close to Schirmacher Oasis, an exposed rocky
area of approximately 19 x 3 square kilometers.

Atmospheric pressure at the observation site varies between 919 mb to 973 mb
(Figure 2d) during the observation period, with a yearly average o 939 mb.

Zero sunshine hours were observed during May, June, and July, as the sun
remains below the horizon during this period. From August-2011 onwards,
sunshine hours start increasing as the solar elevation angle rises above the
horizon. The maximum sunshine hours, 17 hours, were observed on 11-
January-2011 at the observation site, after which they began to decrease from
January onwards (Figure 2¢).

Most days at the location were observed to be cloudy. Out of 395 observation
days, only 4 days had clear sky conditions, while 43 days were overcast, and the
remaining days had fractional cloud cover ranging from 1 to 7 Octa. Figure 2(f)
shows the variation of daily average cloud cover in Octa (cloud type is not
shown in the figure).

Fig. 1: AWS Location near Schirmacher Oasis
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Fig. 2(a): Daily Average Air Temperature
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Fig. 2(b): Daily Average Wind Speed
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Fig. 2(c): Daily Average Relative Humidity
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4.2 Variation of Estimated Energy Fluxes

The hourly energy budget of the ice sheet is estimated from the observed hourly
meteorological parameters. The hourly values of estimated energy fluxes are
summed and averaged into daily energy values. Figures 3(a), 3(b), 3(c1), 3(c2),
3(d), 3(e), 3(f), and 3(g) show the variation of daily averaged values of effective
shortwave flux, effective longwave flux, longwave flux during clear sky days,
longwave flux during overcast days, net radiation flux, sensible heat flux, latent
heat flux, and net energy budget of the ice sheet during the observation period,
respectively. The seasonal cycle of the surface energy balance based on monthly
means is presented in Figure 4.

The magnitude of daily averaged effective shortwave flux varies from 2.9 W/m?
to 172.7 W/m? (Figure 3a). During the peak winter months (May, June, and
July), the magnitude of effective shortwave flux was observed to be almost zero,
as the solar disk remains below the horizon during these months.

From August onwards, up to the end of September, the shortwave flux increased
gradually, and from October onwards, a sharp increase was observed.
November, December, and January are the peak summer months, during which
the effective shortwave flux observed its maximum, with monthly means
ranging from 0.3 W/m? to 119.4 W/m? (Figure 4). The maximum value of daily
averaged effective shortwave flux was 169.4 W/m? on 30-Dec-2010. From
February onwards, the shortwave flux starts decreasing, and from April
onwards, it decreases sharply towards near-zero values.

During the winter months (May, June, July, and August), the net shortwave flux
was almost zero. Shortwave flux was also affected by the presence of clouds, as
clouds reflect some of the incident solar radiation, reducing the magnitude of
downwelling radiation reaching the glacier surface.

The ice sheet is continuously ablating energy in the form of longwave radiation,
and the magnitude of daily averaged effective longwave flux varies from -78.3
W/m? to -14.6 W/m? (Figure 3b). Monthly means of effective longwave flux
(Figure 4) show a relatively constant cooling of the glacier, ranging from 30
W/m? to 60 W/m?. During the winter period, energy ablation due to longwave
flux is observed to be lower compared to the summer period. This is likely
because the surface temperature of the glacier increases during summer due to
absorption of significant amounts of shortwave radiation, leading to the
emission of more upwelling longwave radiation.

Effective longwave flux is strongly affected by the presence of cloud cover in
the atmosphere, as clouds re-emit a higher magnitude of longwave radiation to
the glacier surface compared to clear air, thereby increasing the significant
magnitude of downwelling longwave radiation. Figures 3(c1) and 3(c2) show
the estimated daily average effective longwave flux on clear sky days (when
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cloud cover was 0 octa) and overcast days (when cloud cover was 8 octa)
observed during the study period. The mean of the estimated effective longwave
flux during clear sky days was observed to be quite high (-71 W/m?) compared
to the mean during overcast days (-29 W/m?), indicating a very high rate of
cooling of the glacier during clear sky days.

The net radiation or radiation balance is the sum of the effective shortwave and
longwave components. It indicates the extent to which a surface is gaining
energy through a surplus of incoming solar radiation compared with emitted
terrestrial radiation or, when there is little shortwave flux, the degree to which
energy is being lost from the surface. Figure 3(d) shows the temporal variation
of daily averaged net radiation flux.

Netradiation flux is a major heat sink during a large part of the year and becomes
a heat source for the glacier during the peak summer period. The daily averaged
magnitude varies from -68.6 W/m? to 113.3 W/m?. The monthly mean of the net
radiation flux becomes positive for the months of October, November,
December, January, and February, with the highest magnitude in December
(mean value 0f 63.3 W/m?).

Sensible heat flux arises as a result of temperature differences and wind activity
over the glacier surface. Figure 3(e) shows the variation of estimated daily
averaged sensible heat flux, which was found to be positive throughout the year
at the observation site, indicating a heat source term for the glacier surface. The
magnitude of the daily averaged sensible heat flux varies from 0 W/m? to 45.9
W/m? during the observation period. The monthly mean for the summer months
was lower compared to other months of the year (Figure 4), as the temperature
difference between the air and ice surface was observed to be low in the summer
period.

When latent heat flux is positive, the saturated vapor pressure of air over the
glacier surface is more than the saturated vapor pressure of the glacier surface,
and water vapor condenses or deposits onto the glacier surface. Negative latent
heat flux indicates the evaporation or sublimation processes over the glacier
surface.

At the study location, negative latent heat flux of high magnitude was estimated
throughout the observation period. For most observation days, the daily
averaged latent heat flux varies from -315 W/m? to 0 W/m? (Figure 3f). The
mean monthly average of latent heat flux was estimated to be -61.9 W/m?,
indicating high energy ablation from the glacier surface in the form of
evaporation and sublimation.

The surface energy budget is the net flux into or out of the glacier surface. A
positive surface energy budget indicates the gain of energy by the surface, while
anegative budget indicates energy ablation from the glacier surface. The energy
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gained by the surface can be used to raise the temperature of the ice sheet or gain
mass through condensation, while the energy lost can cause mass loss through

phase changes (ice to water or vapor) or cooling of the glacier.

Large temporal variation was observed in the daily averaged net

surface.

energy budget
of'the ice sheet at the study location, ranging between -477 W/m? to +3.4 W/m?
(Figure 3g). The net energy budget was positive on some summer days when the
magnitude of net radiation was large enough to counterbalance the magnitude
of latent heat flux. Overall, the mean monthly net energy budget of the glacier
was negative (Figure 4), indicating high energy ablation from the glacier
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Conclusions

The study was conducted during the 30th Indian Scientific Expedition to
Antarctica. The results are based on observations collected from an Automatic
Weather Station installed at a low-elevation, downslope location on the
continental ice sheet, near the Schirmacher Oasis. The Schirmacher Oasis is an
exposed rocky area of around 19 x 3 km? with low-lying hills. It appears that the
meteorological conditions at the study site are significantly influenced by the
oasis, as relative humidity values were observed to be low (yearly mean ~ 57%).
Such low relative humidity values in Antarctica have also been reported earlier
over blue ice surfaces located in dry valleys and near mountain ranges.

High katabatic winds were observed throughout the study period at the
observation site, with a yearly mean of approximately 10.7 m/sec. The surface
energy balance was evaluated using a simple model and measured hourly
meteorological parameters. Effective shortwave radiation and sensible heat flux
were found to be the primary heat sources for the ice sheet, while effective
longwave radiation flux and latent heat flux were the main heat sinks.

In the present study, a high magnitude of effective longwave flux was estimated
at the location, despite the fact that most days were cloudy. A very high
magnitude of latent heat flux was also observed at the study site, with a yearly
mean of -61.9 W/m?, indicating a very high evaporation/sublimation rate of the
glacier at the observation site. Low relative humidity values and high wind
speeds may be the cause of this high sublimation rate, as low relative humidity
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and high wind speeds increase evaporation/sublimation rates from the ice
surface.

Latent heat flux values of the order of -59.3 W/m? for the summer period and -
40.1 W/m? for the winter period have also been reported earlier for the Dronning
Maud Land area. The surface energy fluxes reported in this study on the ice
sheet near the Schirmacher Oasis align with findings from earlier
investigations.
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