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Abstract AWS data during 2014 collected at PANDA-N station, on the East Antarctica Plateau, are analysed. Net Short Wave
Radiation (Qswr), net Long Wave Radiation (Quwr), sensible (Qn), latent (QL) and subsurface or ground (Qc) heat fluxes are
computed. Annual averages for Qswr, QLwr, Qn, QL and Qg of 19.65, —49.16, 26.40, —0.77 and 3.86 W m-2 were derived based

on an albedo value of 0.8. Qswr and Qu are the major sources of heat gain to the surface and QLwr is the major component of
heat loss from the surface. An iterative method is used to estimate surface temperature in this paper; surface temperature of
snow/ice is gradually increased or decreased, thereby changing longwave radiation, sensible, latent and subsurface heat fluxes,
so that the net energy balance becomes zero. Mass loss due to sublimation at PANDA-N station for 2014 is estimated to be
12.18 mm w.e. a7%; and mass gain due to water vapour deposition is estimated to be 3.58 mm w.e. a~1. Thus the net mass loss
due to sublimation/deposition is 8.6 mm w.e. a1, This study computes surface energy fluxes using a model, instead of direct
measurements. Also there are missing data especially for wind speed, though 2 m air temperature data is almost continuously
available throughout the year. The uncertainties of albedo, wind speed and turbulent fluxes cause the most probable error in
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monthly values of Quwr, Qn, QL, Qc and surface temperature of about 4%, 220%, #50%, #11% and 30.74 K respectively.
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1 Introduction

Antarctica is the coldest, windiest and driest place on Earth.
It has three parts, East Antarctica, West Antarctica and the
Antarctic Peninsula. In comparison to mountains of
mid-latitude regions, it has very flat topographic relief
except in some coastal areas. Due to the threats like sea
level rise, changing wind patterns and loss of biodiversity,
polar research is given importance in context of global
climate research. The Antarctic Ice Sheet’s (AIS) role as the
major heat sink for Earth’s atmospheric circulation makes it

*Corresponding author, E-mail: agrawal.anubha@gmail.com

a very important region on the globe. However, learning
about AIS is still a challenge because of its remote location,
inaccessibility, harsh weather conditions and expensive
expedition logistics.

The surface energy balance (SEB) of AIS is studied to
learn about its climate processes and to monitor the impact
of global climate change on the AIS (Van den Broeke et al.,
2006; Hoffman et al., 2008; Ma et al., 2011a, 2011b). In
particular, information about surface energy fluxes may be
used for validation of climate models for Antarctica (King
and Connolley, 1997). The Antarctic atmosphere is highly
transmissive for solar radiation, especially on the high
interior plateau where the atmosphere is thin and
concentrations of clouds, water vapour and aerosols are low.
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The ice-sheet has a highly reflective (high albedo) snow
surface that limits the absorption of shortwave radiation
while effectively losing heat in form of longwave radiation
by radiating nearly as a black body (Wiscombe et al., 1980).
The atmosphere over Antarctica is cold and lacks water
vapour, which limits the gain of downward long-wave
radiation (Quwr). Therefore, the net radiation balance over
Antarctica is generally negative on average (e.g. Van den
Broeke et al., 2004), yet the SEB differs greatly from the
coast to inland Antarctica due to changes in solar zenith
angle, cloud condition, surface characteristics, boundary
layer etc. For instance, surface characteristics which
determine the albedo, are influenced by snow fall, katabatic
wind, air temperature and humidity, and can be classified
into several types (Scambos et al., 2012). Annual mean
albedo values in the range 0.84 to 0.88 for different sites at
Antarctica have been reported along with daily mean albedo
values as low as 0.78 for a coastal katabatic site (Van den
Broeke et al., 2004). Similarly, Zhang et al. (2004) and Fu
et al. (2015) reported some inland areas may only absorb
5%—20% of the shortwave radiation in summer.

The SEB over Antarctica has been widely studied
(e.g. Schlatter, 1972; Wendler et al., 1988; Bintanja and
Van den Broeke, 1995; etc.), such as the solar radiation
studies in South Pole (Dutton et al., 1991). Other studies
include evaluation of sublimation at Dome A (Ding et al.,
2016), the daily cycle and the role of cloud on the energy
budget in Dronning Maud Land (DML) (Van den Broeke
et al., 2006), and the impact of Foehn winds on the SEB
over Larsen C Ice Shelf (King et al., 2017). However,
relative to the vast extent of Antarctica, the observations
and simulations of energy balance are still very sparse,
thus limiting our knowledge on the mechanism of

interaction between ice sheet and atmosphere. As a result,

regional climate models and earth system models have
poor skill in polar regions (IPCC, 2013). Thus, more
studies on energy exchange over Antarctic surface snow
are still important.

Automatic Weather Stations (AWS) provide
continuous surface meteorological data from remote
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locations with harsh weather conditions, so are one of most
important tools for polar studies. PANDA-N AWS is one of
several stations set up by the Chinese National Antarctic
Research Expedition (CHINARE) in East Antarctica along
77<E longitude. It is located in the interior at a distance of
501 km from the coast at an elevation 2597 m a.s.l. Two
important meteorological phenomena are observed in this
region — persistent katabatic winds and quasi-permanent
surface temperature inversions, and these may lead to heavy
sublimation of the snow surface, as noted by Scambos et al.
(2012). The area has an average slope of 5.4 m km™ with a
prevailing north-north-westerly aspect. The site is free from
any surface melt and the surface snow has a fine grain
structure and is well compacted by surface winds. The
long-term snow accumulation rate in the region is 67 mm
w.e. at(kgm2a?) (Ding et al., 2011). In this paper, the
energy balance at PANDA-N is studied using AWS data. In
section 2 we describe the climate and data treatment of the
site, in section 3 we describe the experimental setup,
followed by results in section 4, comparison with other
studies in section 5, discussion in section 6, and a summary
in section 7.

2 Site description and data treatment

In 2008 the PANDA-N AWS was installed on the Antarctic
plateau at location 73<41'22"S, 76°58'2"E (Figure 1) and at
an elevation of 2597 m a.s.l. AWS data from PANDA-N
station is collected by the CHINARE as a contribution to
the International Trans-Antarctic Scientific Expedition
(ITASE). However, initially it did not provide continuous
observations. So we use only data during 2014 for this study.
The instruments on this AWS are the same as those
described in Ma et al. (2011a). The AWS data used in this
study are air temperature, air pressure and relative humidity
at 2 m height; firn temperature at 0.1, 1, 3 and 3.7 m depths;
and wind speed at 1, 2 and 4 m height. Due to power supply
limitation, data at the AWS are recorded only at every last
minute of the hour, but are treated as hourly data.
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Figure 1 Map of Antarctica showing location (a) and photo (b) of PANDA-N station.



SEB on the Antarctic plateau as measured with AWS 95

One issue with the autonomously collected
observations is missing data. For example, air temperature
at 2 m height was missing only 29 lines due to data relay
errors with the ARGOS system out of a total of 8645 data
lines for the year 2014. On the other hand, entries for wind
speed may be missing during all winter months because of
icing/riming of the sensors. For example, for the year 2014,
the wind speed is available at one of the three levels for
only 2759 lines of a total of 8645 data lines. We replaced
any missing wind speed with the most recent actual wind
measurement. The resultant average annual wind speed
computed for 2 m height at PANDA-N for 2014 is 10 m s2.
From the valid measurements of wind speed, the average
wind speed at 1 m height is 1.2 m s lower than the 2 m
value and the 4m wind speed is 0.8 m st higher than the
2 m value. We used the same magnitude gradients when
wind-speed information was missing at any level.
Sensitivity analysis was also made by varying the wind
speed by 1 m s7%; the results of this are depicted by error
bars in the respective plots. We find that the effect of wind
speed on the SEB is much less than that of albedo. Albedo
has been set at 0.8 for this study (referred to in situ
measurement carried out in Taishan Station in 2011, ~20 km
from PANDA-N), and was varied between 0.75 and 0.9 to
quantify the effect of albedo on the energy flux values. But
sensitivity analysis for an albedo range of 0.75 to 0.85 is
shown as error bars in the plots so as to give symmetry
around the albedo value of 0.8.

3 Methodology

The SEB (Eqg. 1) of the Antarctic plateau is calculated as
Qswr + Quwr+ Qn + QL + Qg =0, (1)

where, Qswr = Net shortwave radiation

Quwr = Net longwave radiation

Qn = Sensible heat flux

Q. = Latent heat flux

Qg = Ground or subsurface heat flux

The surface temperature value is adjusted to achieve a
zero net energy residual (Van den Broeke et al., 2005b;
Bliss et al., 2011; etc.). At time step 1, the initial value for
the snow surface temperature (SST) is taken as the snow
temperature at 0.1 m depth as measured by the AWS. For
the succeeding timesteps, the surface temperature calculated
by iteration from the preceding timestep is taken as the
initial value of SST.

3.1 RH correction for Vaisala RH sensor (RS80-A)

The following relation was proposed by Miloshevich et al.
(2001) for correcting the temperature-dependent error of the
Vaisala RS80-A humidity sensor.

RH = RH’ (ao +ait+ayt’+ az t3+ as t4), (2)
where RH is the corrected relative humidity to compensate
for the temperature-dependent error in calibration of the
Vaisala RS80-A sensor; RH' is the relative humidity value

recorded by the humidity sensor; t is air temperature in C.
Here, a0=0.9278, a;=—5.9662x1073, a,=1.578x107%,
a3=1.8179%1075, a,=3.9407x10°8.
This correction in RH value is valid for the
temperature range 0°C to —70°C (Miloshevich et al., 2001).

3.2 Vapour pressure over water

The saturation vapour pressure over water is computed by

the following expression, given by Wexler (1977):

Ioges =ho/T+ho+hy XT+h; X T2+ hs XT 3+ hs |OgT,(3)
where T is air temperature in K and es (Pa) is saturation

vapour pressure. The coefficients in equation (3) are:
h4=—0.58653696x<10%,  ho= 0.2224103300x102
hi=0.13749042>107%,  h,=-0.34031775x10~*

hs=0.26967687>1077, and h,= 0.6918651.

Since the calibration for the Vaisala relative humidity
sensor RS80-A is made with respect to the Wexler (1977)
formulation of saturation vapour pressure, water vapour
pressure (e) at 2 m is calculated by multiplying RH by
saturation vapour pressure es as calculated above (Moradi,
2015).

e=RH Xey/100 4)

3.3 Computation of specific heat of ice

Murphy and Koop (2005) derived the molar specific heat
Cp (Jmolt K™) of ice as a function of the temperature
T>20K.

125.1

This expression is used to calculate the thermal energy
content of firn when finding the subsurface heat flux. The
molar molecular weight of ice is taken as 18.015 g mol ™.

2
C, =—2.0572+0.14644T +0.06163T exp {—(LJ } ®)

3.4 Computation of cloud-fraction

The cloud fraction n¢ is calculated using Eq. (6) as done by
Liston and Elder (2006).

N = 0.832 exp(wj

41.6 (©)

Here, RHzqo is the value of relative humidity at 700
hPa altitude. Since the 2 m air pressure at PANDA-N station
averages around 700 hPa, the relative humidity measured
by the AWS data is taken as RHzp. This value of
cloud-fraction is used to calculate the incoming short-wave
radiation (Qswr) and Quwr.

3.5 Computation of short wave radiation

In this paper, incoming Qswr is calculated based on the
approach given by Liston and Elder (2006).
Firstly the solar altitude angle is calculated as
sina=sinLsinds+cosLcosdscoshs, ©)
with the hour angle hs being a function of the solar
time:
hs = (12 hours — solartime)n/12 (8)
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Angle of declination is calculated as:
0s = 23.45sin(360 °X (284+N)/365), 9)
where N is the Day of Year (DoY).
The solar flux (lo) outside the atmosphere is calculated
using Eq. (10).
lo=So (1 + 0.0344c0s(360 N/365)), (120)
where, S, is the solar constant with a value 1367 W m™,
The solar radiation is separated into two components:
the direct beam radiation and the diffuse solar radiation.
Here, the direct beam radiation (l,) is computed for the
surface which has slope f and azimuth angle or aspect aw
using Eqg. (11).
lp = Iscosi, (11)
where s is the radiation observed on a normal surface and i
is the angle between the normal to the surface and the
direction to the Sun.
And [s is calculated using Eq. (12).
ls=lotp
= 6(0.6 — 0.2sina)(1-nc), (12)
where 7, is the atmospheric transmittance. And nc is the
cloud fraction calculated by Eq. (6). Liston et al. (1999)
used a calibration factor 8 equal to 1.2 in the above equation
initially given by Burridge and Gadd (1974) to provide a
best fit to the observed incoming shortwave radiation at
Neumayer Station, Antarctica.
cosi is computed using Eq. (13):
cosi = sinds(sinLcosp — cosLsinpcosaw) + c0Sdscoshs
(cosLco sp + sinLsinfcosaw) + cosdssingsinansinhs  (13)
Diffuse radiation (lg) is calculated using Eq. (14)
(Liston and Elder, 1999).
lg = 1.2108ina(0.3-0.1sina)ne (14)
The incoming Qswr is given by the sum of direct beam
radiation 1, and diffuse radiation I4. Outgoing Qswr is given
by the product of incoming Qswr and surface albedo. Bian
et al. (1993) reported an albedo value of 0.55 for Zhongshan
Station, East Antarctica, where there is little snow on the
surface; but an albedo of more than 0.8 has been measured
for snow covered regions on the Antarctic continental ice
sheet (Schlatter, 1972; Bintanja and Van den Broeke, 1995;
etc.). Van Lipzig et al. (1999) applied a constant albedo
value of 0.8 for surface temperatures below —10°C in their
simulation of the Antarctic atmosphere using a regional
atmospheric climate model. Considering that the uppermost
10 m of ice-sheet consists mostly of snow, because the low
temperatures in Antarctica make the metamorphosis from
snow to ice a slow process (Herron and Langway, 1980), we
assume in this study, an albedo value of 0.8. This is
consistent with the type of snow near the PANDA-N AWS
station which consists of fine grains with an absence of
surface melt. As noted earlier, the sensitivity analysis
considers albedo values in the range 0.75 to 0.85.
Furthermore, as our AWS observations show (Figure 2), the
2 m air temperatures does not reach above —12°C at any
time of year.
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Figure 2 Air temperature at 2 m, SST 0.1 m, SST 3 m and SST
3.7 m for year 2014.

3.6 Computation of longwave radiation

Liston and Elder (2006) suggested use of an expression for
incoming longwave radiation proposed by Iziomon et al.
(2003), which is suitable for surfaces extending across a
range of altitudes. The meteorological model (Micromet)
described by Liston and Elder (2006) has been applied for
several Antarctic studies, e.g. Liston et al. (1999, 2000), and
Liston and Winther (2005). Downward longwave radiation

(LWR {) and upward longwave radiation (LWR 1) are
calculated using Egs. (15) and (16).

LWR {=¢oT,! (15)
LWR T=oT* (16)
e=K[1+ Znﬁ]{l— X exp[—Y Tﬁﬂ (17)

Here, ¢ is emissivity of the atmosphere; T, is 2 m air
temperature in K and e is 2 m water Vapour pressure in Pa;
k=1.083; ¢ is Stefan Boltzmann’s constant (=5.667x1078
W m2K™); Ts is SST (K). It is assumed that surface
emissivity for snow and ice equals one. The coefficients X,
Y and Z depend on elevation according to

X =0.35+ (z — 200) 0.51-0.35
3000 — 200
Y =0.100 + (z — 200) 0.130-0.100 (18)
3000 — 200

Z=0.224+(z- 200)[1'1_ 0224]

3000 - 200

Where coefficients X, Y and Z are defined for elevation in
the range 200<<z<-3000 m.

3.7 Computation of turbulent fluxes

Following Hock (2005), sensible (Qw) and latent (QL) heat
fluxes may be calculated using Egs. (19) and (20):

Qu = panCHU(gz -6) (19)



SEB on the Antarctic plateau as measured with AWS 97

_ _ 0.622
QL = Pa LSCLU (qz - qs) = Pa I‘SCLu (ez - es)T ' (20)

where, pais the density of air, C, is specific heat of air
(1.005x<10° Jkg*K™), Cq is the coefficient for heat
(1.27x107% Ma, 2009), C_ is the coefficient for vapour
pressure (1.29x107% Ma, 2009), L is the latent heat of
sublimation, g, and ¢s are the specific humidity
(dimensionless) at height z (2 m) and the snow surface,
respectively, 6, and 6s are potential temperatures (K) at
height z (2 m) and the snow surface respectively, p is the
2 m air pressure (hPa) and e, and es are vapour pressures
(hPa) at height 2m and the snow surface respectively.
Vapour pressure e; at a height z is computed as in Eq. (4),
while vapour pressure es at the snow surface is calculated
by Eq. (21). With SST T in K, the saturation vapour
pressure es (Pa) over ice is given by Murphy and Koop
(2005):

e, =exp [9.550426 -

572:265 +3.53068In(T) - 0.00728332Tj; T >110K
(21)
To calculate vapour pressure es at the surface of
snow/ice, RH is taken as 100% at the snow surface. The
latent heat of sublimation for ice in Jmol™? given by
Murphy and Koop (2005) and shown in Eq. (22) is used,
with a molar mass of 18.015 g ol for water.

2
L, = 46782.5+35.8925T —0.07414T ? + 541.5exp —[Lj ;T >30K
273.115

(22)
Potential temperature is a function of temperature and
pressure. It is computed from Eq. (23)

0.286
o
P

where, T is air temperature (K), p (bar) is air pressure and
Po is 1 bar pressure.

(23)

3.8 Bulk aerodynamic method of calculating
turbulent fluxes

The methodology used in this work for calculating Qun and
Q. is similar to the one described in Van den Broeke et al.
(2005b). Stability corrections to the semi-logarithmic
profiles used are the same as proposed by Holtstag and de
Bruin (1988) for stable conditions, while the functions of
Dyer (1974) are used for unstable conditions. The surface
roughness length for momentum is calculated using wind
speed data at 1 and 4 m heights with the value restricted
between 1x<10°® m and 1x<103 m. Here roughness lengths
for air temperature and specific humidity are calculated

using expressions from Andreas (1987). Turbulent
temperature and humidity scales are calculated using
potential temperature and specific humidity at 2 m height
and the snow surface.

3.9 Computation of mass loss

At PANDA-N station there is no mass loss by melting. To
solve the mass balance, we apply an iterative approach.
Similar to Van den Broeke et al. (2005b) and Bliss et al.
(2011), the net energy balance or residual of energy balance
equation, i.e. the sum of terms on LHS of Eq. (1) is
computed for each AWS data line. The mass loss or gain is
computed using Eq. (24):

QA

Mass loss/gain = =—=——mm w.e., (24)
where Ls is latent heat of sublimation calculated by Eq. (22),
and At is the time increment. Mass is lost by sublimation
when Q is negative and gained by deposition of water
vapour when Qg is positive.

3.10 Subsurface/ground flux

Shortwave radiation penetration is neglected as the fine
grain dry snow at PANDA-N station tends to be opaque to
Qswr as it scatters back the high frequency component of
Qswr, While absorbing most of the infra-red component in the
top 0.01 m thickness of snow (Brandt and Warren, 1993).

The subsurface flux is calculated as the change in
thermal energy of the snow pack to 10 m depth (Munneke et
al., 2009). The snow densities for the first 2 m depth are
given in Table 1, while beyond 2 m depth density is
assumed to linearly increase to 587 kg-m™ at a depth of
20 m. This snow density of 587 kg-m=at 20 m depth is
based on in situ measurements obtained at DTO5, 35 km
north of PANDA-N station. The one-dimensional heat
conduction equation is explicitly solved using a time
increment of 1 s and a space increment of 0.01 m with the
temperature at the snow surface as per the current iteration
value and under the assumption of an insulated boundary at
10 m depth. The vertical temperature profile is initialized
for every time-step by linear interpolation using the
AWS-derived snow/firn temperature at 0.1 m, 1 m, 3 m and
3.7 m depths. The initial temperature at 10 m depth is
assumed to be 0.16°C smaller than that at 3.7 m depth; this
assumption is based on the measurements by an AWS station
Eagle, at a distance of 305 km from PANDA-N, where the
annual average snow temperatures at 3 m and 10 m depths
differ by 0.16°C. Since the firn temperature is initialised
every hour, the thermal energy change of only the first few
meters of firn is sufficient for accurate calculation of the
subsurface heat flux.

Table 1 Snow density measured by volume-weight method for the first 2 m depth at PANDA-N station, in January 2011

Depth/cm 0-10 10-20 30 40 50 60

70 80 90 100 110 130 150 160 180 200

Density/(kg m~3) 373 514 495 448 434 423

412 449 419 502 430 461 413 454 418 423
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The thermal conductivity of snow is assumed to be a
function of density. Sturm et al. (1997) suggested an
expression for thermal conductivity for snow at temperature
below or near —14.6°C to be:

k=0.138 — 1.01X1073p + 3.233 X 107502, (25)
where p is snow density in kgmz=and k is thermal
conductivity in W-m2K™ Because of wind packing,
Antarctic snow is relatively dense with a large thermal
conductivity in the range 0.2-0.3 W K™t m. Many studies
(e.g. Liston et al., 1999) have used the same expression in
their analyses for Antarctica.

4 Results and analysis
4.1 Weather station data
4.1.1 Air temperature

In 2014 the 2 m air temperature stayed below 0°C
throughout the year (Figure 2). Annual average, and the
minimum and maximum 2 m air temperatures observed
were —34.5°C, —-57.32°C and —12.0°C, respectively.

4.1.2 Relative humidity, vapour pressure and wind
speed

Relative humidity at the study region varies from 18%-—
100% with an average value of 76.2% for 2014 (Figure 3).
Average annual cloud-fraction computed using this relative
humidity value is 0.48.

The average annual 2 m wind speed observed was
10.36 ms? for 2014 (Figure 3). Katabatic winds persist
year-round at the site, averaging 8-10 m s™* over the year, with
a summer average of 8.7 ms? and a winter average of
115ms™

Average vapour pressure is 0.26 hPa. Vapour pressure
at 2 m height ranges from 0.011 to 1.57 hPa for 2014
(Figure 4).

4.1.3 Snow surface temperature (SST)

The computed snow-surface temperature stays below 0°C
throughout the year. Average, minimum and maximum
SSTs are —37.11°C, -57.33°C and —14.74°C for 2014.
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Figure 3 Relative humidity and wind speed at 2 m for year
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Figure 4 Vapour pressure at 2 m for year 2014.

Average, minimum and maximum daily average snow/firn
temperatures, at 0.1 m depth, are —35.12°C, —39.9C and
—28.18°C respectively for the year 2014.

The iterative method estimates the surface temperature
by enforcing energy balance at the AWS location. For 2014,
monthly mean values of air temperature at 2 m height, snow
temperature at 0.1 m depth and computed SST are shown in
Figure 5. Throughout the year the average 2 m air
temperature is higher than surface temperature, thus causing
a positive sensible heat flux. The average monthly gradient
between the 2 m air temperature and SST varies between
1.29°C and 5.22°C with an average annual difference of
2.56°C.

On average, SST is higher than the snow temperature
at 0.1 m depth in austral summer, but lower in winter when
longwave radiation cools the surface of the ice sheet and the
ground heat flux is positive, i.e. heat flows from below to
the surface. The average monthly difference between SST
and snow temperature at 0.1 m depth ranges from —10.85°C
to 7.12°C with an average annual difference of —1.99°C
making the net annual subsurface heat flux to the surface
positive.
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Figure 5 Monthly average air temperature at 2 m, SST and SST
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0.1 m for year 2014.

4.2 Energy balance components

Figure 6 shows the mean values of the energy fluxes for
2014 from the iterative method. The monthly mean Qswr,
ranges from 0 to 54.37 Wm?, Qur from —38.91 to
—69.14 W m% Qu from 15.62 to 40.58 W m2; Q. from
—4.76 t0 0.87 W m2; and Qg from —15.93 to 22.85 W m 2.
These values are calculated based on an albedo of 0.8.

80

+ Qun ¥ Qe+ 0y 10,10

Energy balance components for year
20144W:m®)

Month

Figure 6 Monthly mean surface energy fluxes for year 2014
with error bars showing most probable uncertainty for variations in
albedo (0.840.05), wind speed (#1 ms™%) and surface roughness
value.

4.2.1 Shortwave radiation

Daily Qswr ranges from 0 to 92 W m™ with an average
annual value of 19.65 W m™=2. Maximum Qswr Values are
observed during December with a monthly average of
54.37 Wm™=2 The mean for summer months January,

February, November and December (JFND) is 44.86 W m ™2,

The average annual atmospheric transmittance for direct
beam radiation is computed to be 0.368.

The albedo strongly influences the net shortwave
radiation flux. More solar energy input to the ice-sheet and
thereby an increase in its surface temperature is seen with
any decrease in albedo. Increase of surface temperature
results in greater longwave radiation loss and an increase of
the latent heat flux by increasing the saturation vapour
pressure at the surface. The annual mean of Qswr varies
from 24.6 to 9.8 W m™2as albedo varies from 0.75 to 0. 9.

4.2.2 Longwave radiation

The largest monthly derived mean for Quwr is for January at
—69.14 Wm?2, while the annual mean Quwr Iis
—-49.16 W m2. As albedo varies from 0.75 to 0.9, annual
mean Quwr varies from —50.3 to —46.8 W m™2. Average
annual emissivity of the atmosphere is 0.695.

4.2.3 Net radiation

Annual mean net radiation, the sum of Qswr and Quwr, is
—29.51 W m2 for an albedo of 0.8. Net radiation ranges

from a monthly mean —10.09 W m2 in November to an
average of —39.03 W m2over the winter months April to
August. The ice-sheet continuously loses radiative heat
throughout the year.

4.2.4 Latent heat flux

The annual average value of Q. is —0.77 W m™2, with a
maximum monthly average of —4.76 W m™2in January. As
albedo varies from 0.75 to 0.9, the annual mean value of Q.
varies from —1.23t0 0.01 W m=2,

4.2.5 Sensible heat flux

The annual average Q is 26.4 W m™. The maximum Qy is
observed during summer months (JFND) with an average of
30.1 Wm™2 The average Qu during the winter months
April to August is 24.15 W m™. The maximum monthly
mean is found during January with a value of 40.58 W m,
Most studies report maximum Qu during winter (e.g.
Hoffman et al., 2008). The explanation for this peculiarity is
that the increase in surface temperature at PANDA-N station
during austral summer is less than the increase in ambient air
temperature, causing a large temperature difference and
consequently higher sensible heat flux during January and
December. This is due to the situation of PANDA-N station
where relatively high wind speeds are seen along with large
shortwave radiation flux in months of January and December.

The average monthly value of Qu is positive all year
round, meaning that the surface is gaining heat from the
atmosphere by sensible heat transfer, thus acting as a heat
sink throughout the year.

As albedo varies from 0.75 to 0.9, the annual mean
value of Qu varies from 23.8 to 31.6 W m™2, with an
average January maximum reaching 54.8 W m™ for an
albedo of 0.9.

4.2.6 Subsurface or ground heat flux

The annual mean Qg is 3.86 W m™, implying that there is
net annual heat loss from the ice-sheet at PANDA-N station.
The subsurface heat flux is positive in austral winter and

negative in austral summer, varying from -15.93 W m=—2in

December to 22.85 W m2in April. As albedo varies from
0.75 to 0.9, the annual mean Qg varies from 3.2 to
5.4Wm?2

4.2.7 Mass loss

The annual mass loss by sublimation during 2014 computed
from Qu is 12.18 mm w.e. a * (kg m2 a™%). The annual mass
gain by vapour deposition during the same period is
3.58 mm w.e. a1, Thus, the average annual net mass loss by
sublimation/deposition is 8.6 mm w.e. a™X. From the results
it is seen that Qswr and Qu are the main sources of heat
gain at the surface, and Quwr is the main component of heat
loss, i.e. about 99%. The remainder is latent heat flux which
is responsible for mass-loss by sublimation.

As albedo varies from 0.75 to 0.9, net annual mass loss
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varies from 13.7 mm w.e. a** for albedo of 0.75 to a net
annual mass gain of 0.1 mm w.e. a™* for albedo of 0.9.

4.3 Diurnal cycle

Figure 7 shows the diurnal cycle of a typical summer day
(DoY 2, 2014). The 2 m air-temperature varies between
-13.9C and -19.3C with corresponding surface
temperatures between —16.9°C and —22.6°C, and 2 m wind
speeds between 5.2 mstand 3.7ms ™.

Average net radiative flux for DoY 2, 2014 is
—12.5 W m™2 showing that the snow surface loses radiative
heat during a typical summer day at PANDA-N. Sensible
heat transfer for DoY 2, 2014 varies between 4.7 and
63.8 W m 2 with corresponding 2 m wind speeds between
2.2 and 10.5 ms%, and net radiative flux between 9.9 and
—39.7 W m2; the corresponding temperature inversions
between 2 m air temperature and surface snow temperature
are 6.1°C and 3.2°C. Thus, the observations of low value of
sensible heat flux and positive value of radiant heat flux at
wind speed of 2.2 ms™? imply that low wind speeds at
about or below 2 ms™? reduce the sensible heat flux
drastically yielding much lower SSTs to meet SEB. Average
sensible heat flux, temperature inversion and 2 m wind
speed for DoY 2, 2014 are 37.0 Wm™?2, 4.4°C and 6.5 ms?,
respectively which shows that vigorous turbulent exchanges
accompanied by intense winds cause net cooling of the
katabatic layer; persistent katabatic flow is maintained by a
steady supply of negatively buoyant air down the slope.
Also Qg varies between —31.7 and 1.2 W m™2, with an
average value of —22.3 W m™ during the day, showing
substantial heat loss due to ground flux during a typical
summer day.
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Figure 7 Surface energy fluxes, air temperature at 2 m, SST and
2 m wind speed for DoY 2 for year 2014.

Figure 8 shows diurnal cycle of a typical winter day
(DoY 153, 2014). Compared to DoY 2, energy terms for
DoY 153 show much less daily variation; net Quwr varies
between —39.0 W m2 and —41.7 W m2; Qu varies between
165 Wm?2 and 21.7 Wm?2 and Qg varies between
17.7 Wm2 and 24.0 W m2 with corresponding 2 m air
temperatures between —46.7°C and —43.2°C. This indicates
fluctuation in air temperature causes variations in the
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components of the surface energy flux. Mean wind speed at
2 m height is assumed to be 11.5 m s7* as actual wind speed
data is missing for DoY 153.
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Figure 8 Surface energy fluxes, air temperature at 2 m and SST
for DoY 153 for year 2014 with 2 m wind speed assumed to be
11.5mst,

4.4 Sensitivity analysis

In this paper, the energy balance at PANDA-N station is
studied using AWS data. The present study computes Qswr
and Quwr based on sub-components proposed for use over
the ice sheet by Liston and Elder (2006). Turbulent fluxes
are calculated by the bulk aerodynamic method using wind,
air temperature and humidity measurements. The
determination of turbulent fluxes, effect of cloud fraction on
radiation flux, and surface albedo are commonly identified
as the most prominent uncertainties. In this work, there is a
problem of missing observations of wind speed during
winter, which causes uncertainty especially for the turbulent
flux terms.

Results have been derived for an albedo of 0.8 with
possible variation in the range 0.75 to 0.9. But sensitivity
analysis for an albedo range of 0.75 to 0.85 is shown as
error bars in Figure 6 so as to give symmetry around the
albedo value of 0.8. The SST plays an important role in the
estimates of turbulent fluxes. In this work SST is assessed
by an iterative procedure seeking to minimize the error in
net energy balance. The iterative procedure helps to reduce
the effect of uncertainties of various terms of energy
balance equation and obtaining the correct net energy
residual of zero.

A 25% change in net Qswr flux causes changes of the
mean monthly surface flux values during January in Quwr,
Qn, QL and Qg, of the order of 3%, 17%, 33% and 9%
respectively; the resultant change in surface temperature is
0.56 K. A change in wind speed by 1 m s™* causes changes
for the mean monthly surface flux values during January in
Quwr, Qn, QL and Qg of the order of 2%, 7%, 20% and 5%
respectively; the resultant change in surface temperature is
0.34 K. In this study, the surface roughness length for
momentum is calculated using wind speeds at 1 m and 4 m
heights, though its value is restricted between 1><10°% m and
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1>107% m. If surface roughness for momentum is fixed at
1>10* m, changes for the mean monthly values in Quwr,
Qu, Qu and Qg and surface temperature during January are
of the order of 2%, 8%, 32%, 5% and 0.34 K respectively;
while changes for the mean annual values in Quwr, Qn, QL
and Qg and surface temperature are of the order of 1.1%,
4.7%, 1.1%, 13.2% and 0.25 K respectively.

The uncertainties of albedo, wind speed and turbulent
fluxes cause maximum change for the month of January.
The most probable error in monthly values of Quwr, Qn, Qu,
Q. and surface temperature due to all these uncertainties is
about 4%, 20%, 50%, 11% and 0.74 K respectively. The
latent heat flux is small at PANDA-N because of the low
surface air temperature, so the importance of uncertainty in
its value is relatively low. The sensible heat flux is large,
but uncertainty in its monthly mean is only 20%, which is
reasonable considering the large uncertainties assumed in
albedo, wind speed and surface roughness length. This
shows that the calculated magnitude of surface energy terms
is robust. The error bars in Figure 6 show uncertainty in the
different energy terms.

5 Comparison of the PANDA-N SEB
with other regions

The increase in surface temperature in austral summer
results in greater longwave radiation loss and an increase in
latent heat flux, due to increase in saturation vapour
pressure at the surface. Also, the sensible heat flux is seen
to increase in austral summer because of the larger
difference between air temperature and SST along with
increased wind speeds. This behaviour is peculiar to
PANDA-N station, as the net radiative, latent and
subsurface heat fluxes are all negative during January and
December, and are compensated by sensible heat transfer
which is highest for these months. Average daily net
radiative flux is negative throughout the year at PANDA-N.

Mass loss by sublimation occurs predominantly in
austral summer. Larger sublimation mass loss occurs in
summer months due to the higher surface temperature
because of heat gain from Qswr. Annual mass loss due to
sublimation for 2014 was 12.2 mm w. e., while annual mass
gain by deposition was 3.6 mm w. e. Overall mass loss by
sublimation is much less at PANDA-N station as it is
located at a high altitude with a lower value of specific
humidity due to its low surface air temperature. For
example, Van den Broeke et al. (2009) reported an annual
mean value of sublimation mass loss at the Antarctic coastal
station Neumayer as 40 mm w.e. for the period 1995-2007
and an average deposition of 14 mm w. e.

In a summer study (DoYs 296-51, 1998-2001), Van
den Broeke et al. (2006) reported average cloud cover of
33% for the Antarctic interior region compared to 54% for
the coastal region. For all sky condition, net Qswr was
reported as 53 W m2and 56 W m2 for AWS6 and AWS9

respectively; whereas it was 68 W-m=2 and 65 W m™>
respectively for clear-sky conditions. AWS6 is located in
the inland region of DML, East Antarctica at an altitude of
1160 m a. s. I. and has a surface slope of 15 m km™ and
mean 10 m wind speed of 6.6 m s*. AWS9 is located in the
polar plateau region in DML at 2892 m a. s. |. and has a
surface slope of 1.3 mkm™ and mean 10 m wind speed of
50 msl Summertime mean net Qswr for January,
February, November and December (JFND) for PANDA-N
at an albedo of 0.8 is 45 W m™2, which is 20 % lower than
the all-sky value of 56 W m™= for AWS9. Annual mean
cloud-fraction is calculated as 0.48 using relative humidity
data at PANDA-N station.

Net Quwr for the DoYs 296-51, 1998-2001, was
reported to be —55 and —53 W m~2 for all-sky condition for
AWS6 and AWS9 respectively, with corresponding values
of =78 Wm? and —-64 W m2 for clear sky conditions.
Monthly mean of net Quwr for months of JFND for
PANDA-N station is =63 W m2which is within 20 % of
the net Quwr value of =53 W m2for AWS9.

Under clear sky conditions in summertime at AWS9,
Van den Broeke et al. (2006) reported that for all-sky
conditions, Qg reached 20 Wm™ in a day with values
ranging from 20 to —23 W m2; they found that Qg is the
most effective SEB component to compensate net radiative
transfer on sub-daily timescales, especially under clear-sky
conditions. In this present study, monthly mean Qg ranges
from —15.9 W m™2in December to 22.9 W m=2in April in
2014. Also, in the present study for 2014 DoY 2, a typical
summer day, Qg varies from —31.2 to 1.7 W m™2,

For AWS6, Van den Broeke et al. (2005b) reported a
1998-2001 annual mean Qu of 24.2 W m™2; monthly mean
Qw during winter was between 20-40 W m™2; mean Qy for
January and December were 8 and 6 W m™2 respectively.
For PANDA-N, Qu for January and December, 2014 were
40.6 and 33.5 W m respectively and the annual mean Qu
value was 26.4 W m2 with the monthly mean ranging
between 15.62 and 40.58 W m™. Both the stations show
positive sensible heat flux values throughout the year as
both are in katabatic drainage zones.

Liston et al. (1999) reported annual mean Qswr, Quwr,
Qu, QL and Qg values as 29.3, -17.9, 3.6, —19.3 and
4.3 W m?respectively for a snow surface at Jutulgryta, in
the coastal area of DML (150 m a.s.l.). The derived mean
annual net Qswr in the present study is 19.7 W m2 for an
albedo of 0.8, whereas an albedo of 0.75 was assumed by
Liston et al. (1999). A Qg value of 43 Wm?2 is
comparable with the value of 3.9 W m? obtained for
PANDA-N, though values of Qu and Q. are quite different.

Bintanja and Van den Broeke (1995) presented SEB
results for other locations in DML, Antarctica. The results
for Site 5, at an altitude of 1150 m a.s.l., at a distance of
290 km from the coast, are similar to the results from
PANDA-N in this study. They presented results for
28 December 1992 — 10 February 1993; the mean 2 m
temperature and SST for their study were —11.4 and
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—13.3°C and mean 6 m wind speed was 5.8 m 5% Qswr,
Quwr, Qu, QL and Qg were 63.1, —58.5, 18.5, —22.1 and
—1.0 W m~2 respectively. The mean diurnal range of Qn was
from 40 to -5 W m™2. For January 2014, PANDA-N has
mean values of Qswr, Quwr, Qn, QL and Qg of 48.43,
—69.14, 40.58, —4.76 and —15.1 W m 2 respectively; mean 2
m air temperature and SST for January of —19.72°C and

—22.64°C and the 2 m mean wind speed was 7.5 ms~%. Qu

values for DoY 2 ranged between 63.8 and 4.6 W m™2. The
present study and the study by Bintanja and Van den Broeke
(1995) show large Qu values in the month of January
because both locations have high wind speeds and
significant temperature inversions.

Similarly, a study for December 28, 1997 to February
2, 1998 by Bintanja (2000) found for a location called Site 7,
at an altitude of 2100 m a. s. |., that steeper slopes and
stronger winds did induce a large downward directed
sensible heat flux. He called the surface heat budget at that
site ‘peculiar’ as in the literature he found no other region
except for the South Pole with similar characteristics, i.e.
negative net radiation accompanied by a positive turbulent
flux in summer. In this study, the mean 2 m temperature and
SST were —17.8°C and —19.7°C; mean 2 m wind speed was
57 msl, mean 2 m relative humidity and specific
humidity were 68.1% and 0.79 g kg %; Qswr, Quwr, Qn, QL
and Qg were 50.1, —63.5, 20.4, —6.2 and —0.7 W m™
respectively; and the mean diurnal range of Qn was from 10
to 28 W m. Corresponding heat flux values for PANDA-N
for January 2014 are 48.43, —69.14, 40.58, —4.76 and —15.1
W m2respectively. Similarity in the two results is because
of metrological commonalities of high wind speeds and
sustained temperature inversions, along with similar altitude
(2100 vs 2597 m a.s.l.). Bintanja (2000) also remarked that
for the Site 7, solar heating is unable to sufficiently raise the
surface temperature to create a well-mixed boundary layer,
in contrast to the usual observation (e.g. Fortuin and
Oerlemans, 1992; Ding et al., 2016) of near-neutral and
unstable conditions in summer daytime in the Antarctic
interior.

At Kohnen Station, on the high Antarctic plateau at an
altitude of 2892 m a. s. I., Van As et al. (2005a, 2005b)
reported annual mean 2 m air temperature of —43.2<C with
a range from —-15C to —70°C and annual mean wind
speed of 4.3 ms™%; annual mean net Qswr for 1998-2001
was 23 W m2, compared to 19.65 W m2 for PANDA-N ,
and net Quwr Was —30 W m™2, compared to —49.16 W m™
for PANDA-N. The higher loss due to Quwr at PANDA-N
than at Kohnen, can be explained by relatively higher
surface temperature at PANDA-N, caused by larger wind
speeds that resulted in higher sensible heat transfer from the
atmosphere to the snow surface. A short-term experiment at
Kohnen from 8 January 2002 to 9 February 2002 showed
that albedo varied between 0.83 and 0.92 with a mean value
of 0.86 and that variations were due to changes in cloud
amount and solar elevation (Van As et al., 2005a). Daily
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mean Qg values ranged from —8 to 7 W m™2, with a daily
variation between —16 and 22 W m™2; and like the turbulent
heat fluxes, the subsurface heat flux opposed the mean
radiative flux. At PANDA-N station, for 2014 DoY 2, Qg
varied between —31.2 and 1.7 W m2,

At a near-coastal ice shelf station, Neumayer (40 m
a.s.l.) during 1997-2007, where 2 m air temperature was
—16°C; surface temperature was —17°C; relative humidity
was 92%; albedo was ~0.85; and 10 m wind speed was
9.1 ms7%; Van den Broeke et al. (2009) calculated the SEB
components. Net Qswr, net Quw, Qn, Qu, Qs and Qum were
18.5, —29.0, 12.7, —2.3, 0.5 and —0.5 W m? respectively.
For PANDA-N, the present study reports annual mean Qswr,
Quwr, Qn, QL and Qg values of 19.65, —48.43, 26.4, —0.77
and 3.86 W m respectively. Net Qswr at PANDA-N is
quite close to the value at Neumayer, while net Quwr is
much larger than the value at Neumayer. PANDA-N station
has higher altitude (2597 vs 40 m a.s.l.), therefore it has
lower air temperature (—34.5°C), resulting in much lower
incoming Quwr. Also, Q. is lower at PANDA-N because of
lower specific humidity resulting from the cold surface air
temperature.

The results from this present PANDA-N study are
comparable to those from previous studies. Some
differences can be explained by the geographical
peculiarities of PANDA-N. Most of the studies compared
involved direct measurements of Qswr and Quwr, While the
present study computes Qswr and Quwr USiNg expressions
suggested by Liston and Elder (2006). Some of the studies
mentioned for comparison use the bulk aerodynamic
method as well as direct eddy correlation measurements to
estimate the turbulent sensible and latent heat fluxes, while
the present work is based solely on the bulk aerodynamic
method. For example, Van den Broeke et al. (2006) derived
surface momentum length from on-site eddy correlation
measurements and, assuming it to be constant in time, they
calculated turbulent fluxes by the bulk aerodynamic method.
They also reported a close agreement between the fluxes
calculated by the bulk aerodynamic method and the fluxes
from eddy correlation measurements reported by Bintanja
(2000) and Van As et al. (2005a) for two summer
experiments. In summary, we suggest that the methodology
used here for calculating energy balance terms for
PANDA-N station is robust.

6 Discussion

The last section compared the results of this study with
other studies to confirm the robustness of the methodology
used. This section discusses the PANDA-N surface energy
fluxes compared with those at other sites over Antarctica to
explain any peculiarity in results in terms of geographical
characteristics of the PANDA-N station region.

Van den Broeke (2005a) presented a comparison of
surface energy fluxes (for 1998-2001) calculated from
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AWS data at four locations in DML, East Antarctica. These
were AWS4 (34 m a.s.l., coastal ice shelf), AWS5 (363 m
a.s.l., coastal katabatic wind zone), AWS6 (1160 m a.s.l.,
inland katabatic wind zone) and AWS9 (2892 m a.s.l., polar
plateau). Surfaces were almost flat for AWS4 (< 1 m km™)
and AWS9 (1.3 m«m™), while surfaces at AWS5 and
AWS6 had slopes of 13.5 and 15 mkm™ respectively.
Annual mean 10 m wind speeds for AWS4, AWS5, AWS6
and AWS9 were 5.7, 7.8, 7.7 and 4.8 m s™* respectively, and
mean annual 2 m air temperatures were —18.8, —16.3, —20.5
and —43°C respectively. In comparison, PANDA-N AWS is
located in the interior at a distance of 501 km from coast, at
an elevation of 2597 m a.s.l. and the area has an average
slope of 5.4 mkm™. It is in a katabatic wind zone with
average annual 2 m wind speed of about 10 m s7* and mean
annual 2 m air temperature of —34.5°C for 2014. PANDA-N
has a relatively higher mean wind speed than the other two
katabatic wind zone sites despite a smaller slope. Parish
(1991) noted that the inland wind speed maximum occurs in
areas of modest terrain slopes of about 5 m km™ rather than
the steepest terrain slopes. Also PANDA-N has a much
higher mean annual 2 m air temperature than that at AWS9
which cannot be explained alone from the adiabatic lapse
rate. However, an increase of 5-10°C can be explained by
katabatic vertical mixing of air (Van den Broeke, 2005b);
stronger winds bring down warmer air from the
inversion-layer to the surface (Hudson and Brandt, 2005,
Vihma et al., 2011). Higher air temperature and wind speed
result in higher sensible heat flux in the katabatic wind zone.
Annual mean sensible heat fluxes at AWS4, AWS5, AWS6
and AWS9 were 7.6, 21.7, 24.1 and 8.0 W m™2 respectively,
while it is 26.4 Wm?2 for PANDA-N station. A
distinguishing feature of PANDA-N station is summer-time
higher mean values for sensible heat flux than winter values,
e.g. the monthly mean for January is 40.6 W m™ and that
for May is 30.7 W m™. The results presented by Van den
Broeke et al. (2005a) however, show higher values for the
inland katabatic zone (AWS6) in winter than summer, e.g.
monthly mean for January is 8 W m™ and that for June is
38 W m™. The reason for this peculiarity at PANDA-N is
its higher altitude (2597 m a.s.l.) combined with being a
katabatic zone. The higher altitude contributes significantly
in causing a deficit in radiation budget throughout the year
because of lower incoming Long Wave Radiation (LWR).
Summers have, in addition, higher outward LWR and
greater loss due to ground flux because of higher surface
temperature. Negative radiation budget, negative ground
flux and negative latent heat flux need to be compensated
by larger sensible heat flux facilitated by high wind speed
and a large temperature inversion near the surface.

The magnitude of latent heat flux is maximum in the
coastal katabatic zone, followed by the inland katabatic
zone (AWS6), coastal ice shelf, PANDA-N station and the
polar plateau region (AWS9) in decreasing order. The polar
plateau region has minimum air temperature and specific
humidity leading to much lower sublimation rates.

Annual mean net radiation is negative at all sites, but
with highest magnitude (—29.4 W m2) at PANDA-N station
followed by AWS6, AWS5, AWS9 and AWS4 in decreasing
order. Also, only PANDA-N station shows negative
monthly mean radiation in summer months, while other
locations show positive net radiation for summer months of
January and December. The inland katabatic region (AWS6)
has —22.2 W m™2 annual mean radiation while the coastal
ice shelf region (AWS4) has —7.6 W m2: This can be
attributed to much higher sensible heat flux at AWS6
resulting in higher SST and consequently higher outward
LWR. Monthly mean ground flux is —15 Wm?2 at
PANDA-N station for summer months of January and
December. In summer months, high sensible heat flux
makes the SST significantly higher than subsurface
temperatures, causing a relatively large negative mean
monthly ground flux at PANDA-N. PANDA-N station
shows relatively larger magnitudes of mean monthly ground
flux throughout the year compared to the other stations.
Monthly mean sensible heat flux is highest at PANDA-N in
January because of negative mean monthly net radiative
flux, latent heat flux and ground flux. High wind speed is
important in generating turbulent heat exchange as seen for
AWS stations in katabatic wind zones.

7 Conclusions

Surface meteorological observations at PANDA-N station
during 2014 are analysed and used for energy flux
calculations. This study computes surface energy fluxes
using a model, instead of direct measurements. The study is
limited by missing wind data, especially in winter months.
In this work, SST is assessed by an iterative procedure that
seeks to minimise the error in net energy balance. The
iterative procedure helps to reduce the uncertainties of
various terms of the energy balance equation. It is seen that
the methodology used is robust and results from PANDA-N
station are comparable with those from other studies while
some peculiarities of the results can be explained in terms
of the geographical characteristics of PANDA-N station.
The annual average energy balance components
computed using the iterative method for 2014 for Qswr,
Quwr, Qn, QL and Qg are 19.65, —49.16, 26.40, —0.77 and
3.86 W m2 respectively. The region is characterised by
negative net radiation flux and positive sensible heat flux
throughout the year. High wind speed and a large
temperature inversion near the surface result in the large
downward sensible heat flux. In summer months, the high
sensible heat flux makes the SST significantly higher than
subsurface temperatures, causing a relatively large negative
ground flux. PANDA-N station has low specific humidity
leading to low sublimation rates. Loss of latent heat is
important only in summer months when SSTs are relatively
higher. In winter, the snow surface gains heat from both
ground flux and sensible heat flux. But the average sensible
heat flux is higher in summer months than in winter for
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PANDA-N station, something not seen at other sites. This
peculiarity can be explained by the high altitude (2597 m
a.s.l) of PANDA-N station along with strong winds
(average annual 2 m wind speed ~ 10 ms™?). These
geographical characteristics create a situation of negative
radiation budget, negative ground flux and negative latent
heat flux for the summer months that need to be
compensated by large sensible heat flux which is facilitated
by high wind speed and large temperature inversion near the
snow surface. The SEB estimates from this study can be
useful to validate output from climate models for Antarctica
(King and Connolley, 1997; Bintanja, 2000).
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