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In the present studyadiation parameters incoming shortwave radiation flux, reflected shortwave radiation flux, albedo
have been observed on ice sheet near ‘Madtsarch station, Easntarctica. Surface engy fluxes have been estimated

using snow-meteorological parametdyis.temperature, surface temperature, relative humidityd speed, atmospheric
pressure, incoming shortwave radiation flux, reflected shortwave radiation flux, albedo were recorded using automatic
weather station installed on ice sheet about 1 km from ‘Maitri’ research station. Radiation parameters and energy fluxes
were obtained for six years from March 2007 to January 2013. Mean incoming shortwave radiation flux, reflected
shortwave radiation flux and albedo were observed to b&h24, 80Wm—2and 0.64, respectivelgiuring six years. Daily

average air temperature at the observation site varies from 4.6°C to —28.6°C with six years mean of —10.2°C. High katabatic
winds are observed at the site with six years mean wind speed of 8.Metshortwave radiation flux and sensible heat

flux were observed to be heat source for the ice sheet with mean valué&/of3dnd 28Wm2, respectivelywhile net

long wave radiation flux and latent heat flux were observed as heat sink with mean values of 249462 WY,
respectivelySublimation of the ice sheet at the rate of 0.017 cm/day has been observed. Results of the present study were
also compared with other studiesAintarctica. It has been observed that present study site near ‘Mesgérch station

has comparatively warmer temperatures, low relative humidgi wind speed and low albedo compared to other coastal
stations imAntarctica. High sublimation rate of the ice sheet at the present study location may attribute to high katabatic
winds and warmer temperatures.
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Introduction fields, it is important to understand the variability of
radiation parameters and different surface energy
fluxes on temporal and spatial scales. The components
of the surface energy fluxes are net shortwave
radiation flux, net longwave radiation flux, sensible
$eat flux, latent heat flux and sub-surface conductive
heat flux (Paterson 1994ihma 201). These engy
Sfuxes at the surface determine the ablation and

Solar radiation is the driving force for weather and
climate on planet EarthAbsorption, reflection,

scattering, evaporation, sublimation, melt, freezing,
condensation and other physical phenomena at th
earths surface drives the interaction between esrth’
surface and atmosphere. These physical process

exchange engy between earts’ surface and_ accumulation processes (Lewes al., 1998).
atmosphere above. The surface energy balance is a@uantification of these fluxes can contribute to better

essential element of the climate in any region of theunderstanding of the mass exchange at the surface

world. It has an ad_ded s.ignificance in the snow/ice and subsequently the health of the glacier/ice sheet
covered cryospheric regions, as small changes CaQGusainet al., 2009). Incoming and reflected

a;]ffei:t cryosphe:clfc reglfor;]s @T_Iy. In orderhto StUd3//_ shortwave radiation fluxes, down welling and
the long term effect of the climate on the snow/ice upwelling longwave radiation fluxes are components
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of the radiative engy flux (King andTurner 1997)

while sensible and latent heat fluxes are turbulent

energy fluxes.

Study Area and Data

‘Maitri’ research station is situated in Schirmacher
oasis which lies between the latitude S 70%140°46

Many studies have been conducted all over theand longitude E 1°24' to 11°54'. Schirmacher oasis
globe on estimation of surface energy fluxes of snowis located about 70Km inland from Prinse8sé&id

cover (Gustafssomt al., 2001; Fierzet al., 2003;
Datt et al., 2008), glaciers (\gnonet al., 2003;
Giesenet al., 2008; Sicartt al., 2008;:Azamet al .,

2014), ice sheet (Reijmer and Oerlemans 20a2;
den Broekest al., 2004aVanAs et al., 2005;Town

andWalden 2009; Gusagtal., 2011), seaice (Vima
et al., 2009) and lake ice (Doraal., 1996) using

Kyst in Dronning Maud Land, Ea#ntarctica.
Continental ice sheet south of Schirmacher oasis is
known as Schirmacher glaciadn automatic weather
station (AVS) of make Sutron was installed on ice
sheet at 7®1605.1’S, 11°42'12.2'E, at an altitude of
142m.AWS site is about 1 km from ‘Maitrstation.
Figurel shows the location of ‘Maitri’ research station

insitu observations. Different components of surface in EastAntarctica and automatic weather station
energy flux differ in contribution to the net surface installed on ice shegtutomatic weather station was

energy balance. The relative contribution of these equipped with the following calibrated sensors:

energy fluxes strongly depends on the prevailing
meteorological, topographical and surface conditions. ™
Radiative energy fluxes are generally observed
directly using pyranometers or g@ometersA few
parametrization schemes (Berliand 1960, Laevastu
1960, Zillman 1972, Maykut and Church 1973,
Brutsaert 1975, Jacobs 1978, Moritz 1978, Marks and
Dozier 1979, Dozier 1980, Idso 1981, Bennett 1982, o
Igbal 1983, Plissand Ohmura 1996, Prata 1996, Dilley
and O'Brien 1998,Niemela 2001a, 2001b) are also in
vogue to estimate different radiative energy fluxes
usingin situ meteorological observatioriBurbulent
energy fluxes can be measured directly using eddy
covariance system or scintillometers. However
most of the studies, these energy fluxes have been
estimated using bulk transfer technique (Oke 1970,
Moore 1983; Schneider 199@/agnonet al., 2003; 3.
Munnekeet al., 2009; Gusaimt al., 2014;Azam et

al., 2014). Bulk transfer equations use meteorological
variables over the surface and at screen level heigh}1
above the surface as input to estimate turbulent energy -
fluxes (Deardorff, 1968; Oke, 1970; Moore, 1983).
Contribution of sub surface heat flux in net energy
balance is generally very low compared to radiative
and turbulent energy fluxes and can be estimated using
temperature measurements at different vertical levels
inside the snowpack or ice. Sub-surface heat flux canb.
also be measured directly using heat flux sensors
placed inside snow/ice. Present study focuses on
estimation of long term surface energy fluxes of the
ice sheet near ‘Maitri’ research station and analyses
the temporal variation of energy fluxes during different
months of the year

AT/Rh sensor to measure air temperature and
relative humidity It measures air temperature
in the range of +3C to —-50C with an accuracy

of +0.3C and relative humidity with an accuracy
of +3% from 0% to 90% an#4% from 90% to
100%.

Wind speed and wind direction sensor (Propeller
Vane type) of make RMOUNG for measuring
wind speed and direction. Sensor is capable of
measuring wind speed in the range of 0-50
mstwith an accuracy 0#0.3 ms? and gust
survival of 60 ms.. Sensor can measure wind
direction with accuracy ¢f3 degrees and range
360 degrees.

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

Upward and downward looking pyranometers
of make Kipp and Zonen measures incoming
and outgoing shortwave radiation in the
wavelength range of 305-2800nm with cosine
error of+1% from 0 to 70zenith and-3% from
70° to 8@ zenith angle.

IR-based snow surface temperature sensor
measures snow surface temperature in the range
of +5(°C to —-5@C with an accuracy of0.3°C.

The automatic weather station record hourly

observations of air temperature, relative humjdity
wind speed and direction, incoming and reflected

shortwave radiation, atmospheric pressure and snow
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Fig. 1: Sudy area near ‘Maitri’ reseach station

surface temperaturdll the sensors oAWS were LW, = LW] - LWT =¢_oTA-coT4  (2)
powered by 108mpere-Hour battery and recigad _ _ o
from solar panel. Calibrated heat flux plates were ~ \Where,T is atmospheric temperaturiis ice

also used to measure sub surface heat flux duringsurface temperature,, is emissivity of the ajreis
summer period. Cloud amount and type had beenemissivity of the ice surface andis the Stephan

observed conventionally at ‘Maitri’ research station. Boltzmann constant (5.67 x FOW nr2 K~). Air
emissivity was calculated using the model given below
Methodology (Prata, 1996),

Detailed methodology of estimation of surface energy e, 1 — (1+w) exp{-(1.2+3.0w}3 4)
fluxes are given in Gusaetal. (2009) and Gusaigt

al. (2014) and summarized here. Net shortwave
radiation flux was estimated using following equation,

SHW, = SHW|- SHW! @)

Where, w is precipitable water content and
estimated using air temperature and vapourpresuure

w=46.5(¢T) (5)
Where, SHW is incoming shortwave radiation

flux and SHW is reflected shortwave radiation flux, ~ Clouds affect the net longwave radiation flux
These fluxes were recorded directly using significantly (Ganjuet al., 1999). In the presence of
pyranometer sensor clouds, net longwave radiation flux was estimated by

the following equation,
Net longwave radiation flux was estimated using 4 4
following equation, LW o1 =€ 0T, =20 T)(1-IN) (6)
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Where, r is coefficient and depends on type andconditions (Ri>0), Kw2 = K/(1+10R) (Price and
height of clouds. Experimental values reported by US Dunne, 1976). Sub surface heat flux was observed
Army Corps of Engrs (1956) are r = 0.76 for low directly using sub surface heat flux plates. Heat flux
clouds, r = 0.52 for medium clouds and r = 0.26 for plates was placed inside the ice sheet at a depth of 10
high clouds. N is the amount of cloudiness in terms of cm from the surface to record the flow of heat from
fraction of sky covered. surface to ground below as well as from ground to

th f Dattt al., 2015).
Sensible heat flux (SHF) and latent heat flux e surface (Da )

(LHF) was estimated using bulk aerodynamic method Results and Discussion

and given as,
Figures 2 and 3 show daily average surface
SHF = (G py/Py) K, Pu (T,—-TJ (7) temperature and daily average air temperature,
K = K2/ [log(z/z)]2 ®) respectivelySrong annual cycle has been observed

for the surface temperature and air temperature

Wherep, is the density of air (1.29Kg ) at during the data period. Large short term variation can

the standard atmospheric pressy€lR13x106Pa), also be seen during the annual cycles for these

K, is a dimensionless transfer coefficient, P is meanparameters. Daily average surface temperature varied
atmospheric pressure at the measuring site, and u anttom —-30.0°C to 0°C and 6 years average was
T, are measured wind speed and air temperature.k i®bserved to be 113°C. Lowest daily average surface
von Karmans constant (0.41),,is sensor height temperature was recorded for 26-July-2012. Daily
above ground ang & aerodynamic roughness length average air temperature varied from —28.6°C to 4.6°C

and a value of 0.001m is adopted for an ice surfaceand 6 years average was observed to be —10.2°C.

(Van deWal and Russell 1994; Bintanjal995; Lowestand highest daily average air temperature was

Konzelmann and Braithwaite 1995). recorded for 25-July-2009 and 8-November-2007,
B respectivelyIn the annual cycle higher temperature
LHF =L, (0.623¢/P)K, u (,~ &) (9) was observed during summer season due to radiative

Where L, is the latent heat of vaporizationj® heating and temperature dips down during winter in
the atmospheric vapour pressure andsethe the absence of shortwave radiatidemperature
saturation vapour pressure at the glacier surface. Theéemains low till the month of September as ice sheet
latter is a function of the surface temperature and iscontinuously losses heat due to longwave radiation.
611Pa for a melting surface (Paterson, 1994). ForOctober onwards as incoming shortwave radiation
distinguishing sublimation and condensation, guidelinesflux increases, air and surface temperature also
given byAmbach and Kirchlechner (1986), and increase till the summer months January and February
Greuell and Konzelmann (1994), has been followed. February onwards again temperature starts
For condensation Lv = 2.514 MJKlg and for  decreasing and annual cycle was repeated for each
sublimation L, = 2.849 MJKg". When (g— &) is  year Short term variations in the annual cycle are
positive, andl, = Odeg, water vapour condenses as due to change in daily weather and cloud conditions.
liquid water on the melting glacier surface with Lv = ) ] o ) o
2.514MJKg?, when (g- e) is negative, there is Flgu.re4shows daily variation in relatlve humidity
sublimation with Lv = 2.849 MJKg. Also, when (¢~ (RH) during 6 yearsinnual cycle with lage short
— ¢) is positive and g 0 deg, there is deposition term varlatlons can bg pbserved in the figure. Daily
from vapour to solid ice with Lv = 2.849 MJKyg average relative humidity (RH) varied from 26% to
The equations of Sensible and Latent heat fluxes are/ % and 06 years mean was observed to be
applicable for neutral atmospheric conditions. In 20-8%.Relative humidity was observed high during
Antarctica, the atmospheric conditions above ice sheeSUMmmer months January and February while low
are rarely neutral and so the equations can be applie§U"ng winter months Jufugust and transition period
with stability corrections for the transfer coefficient [T0M winter to summer Septembédctober Days
K., in terms of Richardson number (Ri). For unstable with average relative humidity more than 80%

conditions (Ri<0) transfer coefficient is given by Kw2 Corresponds to snowfall days and such events are
= K_.(1-10R). For Ri = 0, Kw2 = K: and for stable frequent in coastal region Ahtarctica. High relative



Surface Energy Fluxes-East Antarctica Ice Sheet 453

~ © (=2 o - o
g°r~r\s°°8°oo°°g°’g°mm8°3ﬁoaaﬂzﬁ—|z:NﬁF‘Nﬁﬁm
I L0927 I oI iR YT L Lta T L AT LA AT LY
mm_é5-3:mmé%%:mmé%g:mmé%g:mméggcm@é%E:
222923232 4232224232232923222423222422
L B B I B B I I I I I T I B I I I T e B I I I I I I B I I I I I I I I ]
5.0
0.0
-5.0
-10.0
(S}
°
-15.0
-20.0
-25.0
-30.0
-35.0
Fig. 2: Daily average surface temperature
~ N ~ N ® ® o © o @ o O o o o9 oo - - N N ~ N
2353983183282 3233 9739373323 YTIESTL
S8 L 238 L B3I FTLQBEI L BEIELTBEESEL TR
$33425823332823392582:333285:3332582:33323%
Lo B I I B I B I I B I I I B I I I B I B I I I B B I B I I B B I I B
10.0
5.0
0.0
[§)
B
-5.0
-10.0
-15.0
-20.0
-25.0
-30.0
-35.0

Fig. 3: Daily average air temperature

humidity during summer months is because of warm katabatic winds are due to steep slope at the location
air advection. from the Antarctic Plateau. Katabatic winds are
_ _ ) _gravity driven winds blowing down the slope towards
Figure 5 shows daily average wind speed. Daily perinhery ofintarctic continent from the inland high

average wind speed varied up to 32-mannual antarctic plateau. Major wind directions observed at
cycle was observed in wind speed with higher winds o |ocations are East, South-East and South. The

during winter season and low winds during SUmmer \ying s characterized by short period of light wind

Strong katabatic winds are observed at the studysy|iowed by a period of high wind. High wind events
location with six years mean of 8.4 ThsHigh
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Fig. 4: Daily average relative humidity
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Fig. 5: Daily average wind speed

are generally correspond to passage of low pressuréhe incoming and outgoing shortwave radiation fluxes.

systems at the observation sitgd@i et al., 2007). Incoming shortwave radiation flux is observed highest
Low pressure systems are frequent in the coastaHuring summeiit gradually decreases during transition
Antarctica due to proximity okntarctic sea. period from summer to winter and then become zero

_ _ . during peak winter month&gain after winter months,
Figures 6 and 7 shows the incoming shortwave jncoming shortwave radiation flux increases during
radiation flux and outgoing shortwave radiation flux. transition period from winter to summer and reaches
High annual and seasonal variability was observed ingt highest during peak summer months. The cycle
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Fig. 7: Daily average outgoing shortwave radiation flux

Q@

repeats every yeaSeasonal variation in incoming months, solar zenith angle varies between 67.8° to
shortwave radiation flux is mainly due to variation in 90°. Daily mean incoming shortwave radiation flux at
solar zenith angle. Mean solar zenith angle varies fromthe observation site was observed up to 500 %Vm
52° to 88° during summer days while solar zenith angle Six years mean incoming shortwave radiation flux was
is ~90° during winter days. For the days of transition observed to be 124 Wrh Daily average outgoing
period, e.g. MarchApril, September and October shortwave radiation flux was observed up to 385\Wm
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2 and six years mean was obtained 79.7-¥vmter- radiation flux dominates net longwave radiation flux
diurnal variation in incoming and outgoing shortwave and glacier surface absorbs radiatiétsorbed
radiation flux was due to frequent passage of frontalradiation increases the glacier surface temperature
systems and clouds € den Broeket al., 2004b). and melting start when the surface temperature
Daily mean albedo of the glacier surface varied from reaches @C. Below these points net longwave
0.19 to 0.93 with mean albedo of 0.64 during 6 years.radiation flux dominates the net shortwave radiation

T | variat ¢ h diati flux and the glacier surface loses @yetending to
emporal variation of net shortwave radiation .. ease the surface temperature.

flux, net longwave radiation flux and net radiation flux.

Daily average net shortwave radiation flux varied Figure 8 shows temporal variation in sensible
from 0 Wnt?2during winter to 272 Wn¥ during heat flux and latent heat flux. Strong seasonal and
summerAs surface temperature approaches 0°Cannual cycle was observed in the sensible heat flux
during summerpronounced melting of the ice sheet during the data period. Sensible heat flux was low
was observedVater layer over ice reduces the albedo during the summer months NovembBecember

of the surface and net shortwave radiation flux January and February as the difference in surface
increases. Net shortwave radiation flux for the and air temperature was obtained low for these
summer months of 2007-08 was high compared tomonths, resulting into less flow of heat from air to
other years. During this particular summer seasonsurface or vice versa. Sensible heat flux was
albedo values observed were low compared to othercomparatively higher during the months Ma#spril,
summer seasond\ rise in daily average air May, June, July andlugust. Higher values attributed
temperatureup to 4.6°C during first week of to high rate of heat transfer from air to surface or
November 2007 started early melting of the ice sheetsurface to air due to higher difference in temperature
and triggered a positive feedback loop of albedo causingand comparatively high wind speed. Highest sensible
excessive melting during the season (Gushai., heat flux was obtained during the September and
2009). Net shortwave radiation flux was observed to October months as air temperatures are much higher
be the source of heat for the ice sheet with 06 yearcompared to surface temperatures during these
average of 44.3 W Daily average net longwave months. Daily average sensible heat flux varied from
radiation flux varied from —12 Wrmto —86 Wnt? —208 Wn1?to 309 Wn?with 06 years average of 28
during the data perioAntarctic ice sheet continuously Wm and act as source of heat to the ice sheet
losses heat in the form of longwave radiation. Cloudsthroughout the year

affect longwave radiation flux significantly and less
loss of heat from ice sheet is observed during cloudy Latent heat flux has also shown seasonal

days. Net longwave radiation flux was observed to variation. Lowest values were obtained for winter
be héat sink with 06 years mean of —49.2 WiNet months and transition period from winter to summer

radiation flux varied from —86 Wriduring winterto -6 during September and October months. Highest
198 WnT2during summer and 06 years mean was values were obtained for summer months, i.e.
obtained —4.9 Writ. Net radiation flux was observed \OVemberDecemberanuary and Februafyighest

to be positive during summer months and negativeIatent heat flux during summer attributed to high rate
during winter months. During summer net radiation gf slgbllmatlond of ice at higher tempelratu;es.
flux act as heat source to the ice sheet while during>UP'IMmation and evaporation processes slow down
winter it becomes heat sink. During transition months 9U€ t0 low temperatures, which attributed to low latent

from summer to winter e.g. Mardkpril, Net radiation heat flux during_ winter and tran_sition Pe”‘W‘”d

flux changes from positive to negative. Similarly also play_s an |mportant. role n sublimation and
during transition months from winter to summer e.g. evaporation brocess. ngh wind accelerates _the
SeptemberOctobernet radiation flux again changes Process, result!ng into higher latent heat flu?< during
from negative to positive. Net radiation flux line in windy days. Daily average latent heat flux varied from

2 2 \wi
Fig. 8 cuts the x-axes (representing 0 Wrtwice a _220'4 WHZT to4l.3 r\]Nm ﬂW'th 06 ysars n:jean r?f
year At these points net radiation flux is zero and net -1 Wm*. Latent heat flux was observed as heat

shortwave radiation flux equals the net longwave smk_ to _the ice sheet throughout the year and
radiation flux. Above these points net shortwave sublimation at the rate of 0.017cm/day is observed at
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Fig. 8: Daily average sensible and latent heat flux
the observation site. and analysis of radiation parameters and surface

energy fluxes of ice sheet near Indian research station
‘Maitri’ in EastAntarctica. Daily average air
temperature varied between 4.6°C to —28.6°C and 6
years mean air temperature obtained was —10.2 °C.
Mean relative humidity at the site was 50.8% and
mean wind speed was 8.4Th$requent low pressure
systems were observed at the site, as site is located
in the coastal region @&ntarctic continent and has
proximity to Antarctic sea. Daily average incoming
shortwave radiation flux varied from 0 to 500 W?m
250.00 - —---Mean Net Sub Surface Heat Flux with 06 years mean of 124 W-#nSimilar values of
incoming shortwave radiation flux has been reported
in other coastal region @ntarctica.Albedo at the
site varied from 0.19 to 0.93 and mean albedo was
0.64.Albedo value of 0.19 corresponds to melting
glacier during summer while 0.93 corresponds to fresh
. snow over ice surface. Mean albedo obtained at the
/\/ present site is low compared to other glacier site of
S ) Antarctica reported earlietow values of outgoing
-100.00 - o shortwave radiation flux (6 years mean 79.7 W)m
& & S obtained at the site were due to low albedo values.
Strong seasonal cycle was obtained in different
surface energy fluxes, which attributed to seasonal
cycle in solar radiation and meteorological parameters
at the site. Seasonal cycle in solar radiation attributed
to seasonal variation in solar zenith angle. Net
In this paper we have reported 6 years observation$hortwave radiation flux obtained was the main source

Figure 9 shows diurnal variation in net radiation
flux and net sub surface heat flux at the observation
site during summeiNet subsurface heat flux varied
from —11.5 Wm—2to 11.3Wm3n diurnal variation
with mean value of —0.12 Wrh Net subsurface heat
flux was observed to be less than 1% of net radiation
flux during summer

—Mean Net Radiation Flux

200.00 -
150.00 -
100.00 -

£ 5000 -
2

Fig. 9: Diurnal variation in net radiation flux and net sub
surface heat flux at observation site during summer

Conclusion
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of heat to the ice sheet during summer while netequivalent to the sublimation rate of 0.017cm/diid
longwave radiation flux and latent heat flux were the temperature, low relative humidity and high katabatic
main heat sink, as ice sheet continuously losses heatind compared to othékntarctic coastal locations
due to longwave radiation and sublimation process.cause high latent heat flux of the ice sheet near
Sensible heat flux became main heat source to théMaitri’ research station.

ice sheet during winter and transition period. Mean

net sub surface heat flux was obtained —0.12 % m Acknowledgement
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