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[1] We present data of nine Automatic Weather Stations (AWS), which are located in
Dronning Maud Land (DML), East Antarctica, since the austral summer of 1997. Potential
temperature and wind speed are maximum at the sites with the steepest surface slope, i.e.,
at the edge of the Antarctic plateau. Specific humidity and accumulation decrease with
elevation and distance from the coast. The annual average energy gain at the surface from
the downward sensible heat flux varies between -3 W m-2 and -25 W m-2, with the
highest values at the sites with the largest surface inclination and wind speeds. The net
radiative flux is negative and largely balances this sensible heat flux and ranges from -. - 2
W m-2 to ti-28 W m-2; maximum values can be linked to maxima in surface slope and
wind speed,. and suggest a strong connection between the heat budget and the katabatic
flow in DML. The average latent heat flux is generally small and negative (- -1 W m-2)
indicating a slight net mass loss through sublimation. INDEX TERMS: 1827 Hydrology:

Glaciology (1863); 1863 Hydrology: Snow and ice (1827); 3307 Meteorology and Atmospheric Dynamics:

Boundary layer processes; 3349 Meteorology and Atmospheric Dynamics: Polar meteorology; 9310
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I Introduction
[2] Surprisingly little is known about the spatial and

temporal distribution of the surface energy budget over
Antarctica, although much effort has recently been put into
Antarctic meteorological and glaciological research. This
constitutes a significant gap in our understanding of the
Antarctic climate. The surface energy balance consists of
five main components and can be expressed as:

S + L + H + LE + G = 0, (1)

in which S and L are the net shortwave and net longwave
radiative flux, respectively, H and LE are the turbulent
fluxes of sensible and latent heat, respectively, and G is the
subsurface energy flux including surface melt. The surface
energy budget governs the near surface climate and the
surface mass balance through for instance the katabatic
flow, which blows when the near surface air is cooled as a
result of a negative net radiation balance. Energy budget
studies are often incomplete since (1) they are limited to a
single station [Carroll, 1982; King et al., 1996; Reijmer et
al., 1999], (2) measuring periods are limited to the summer
months [Ohata, 1985; Bintanja, 2000] or (3) not all relevant
terms have been measured or calculated [e.g., Stearns and
Weidner, 1993]. In this paper we present the complete
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energy balance for several locations in Dronning Maud
Land (DML), East Antarctica, over a period of several
years.

[31 At present, the Institute for Marine and Atmospheric
Research Utrecht (IMAU) operates nine Automatic Weather
Stations (AWS) in DML (Figure 1). The main objective is to
extend our knowledge of the near surface climate and heat
budget of Antarctica. Data from the AWS will provide
insight in the meteorological conditions in DML over a
period of several years. Previous annual records were
presented by Jonsson [1995], Konig-Langlo et al. [1998]
and Bintanja and Reijmer [2001]. The data may also be
used to validate climate and weather prediction models that
are currently used to study the Antarctic climate [Genthon
and Braun, 1995; King and Connolley, 1997.; Krinner et al.,
1997; Van Lipzig et al., 1999].

[4] The AWS are a contribution to the European Project
for Ice Coring in Antarctica (EPICA). The broad objective
of EPICA is to reconstruct the Antarctic climate record with
high temporal resolution. To achieve this objective, two
deep ice cores will be drilled, one of which is located in
DML. The purpose of the AWS within this project is to
increase our knowledge of the surface mass balance in DML
and to quantify the energy exchange processes between
atmosphere and snow surface. Eventually, this will help
with the interpretation of ice cores.

[5] In this paper we examine the spatial and temporal
variability of the surface energy budget in DML. The
surface energy budget is evaluated using measurements
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Figure 1. Map of Dronning Maud Land (DML), Antarctica, showing the locations of the Automatic
Weather Stations (AWS). AWS 9 is situated -2 km west of the EPICA DML drilling site. In the inset
map of Antarctica the shaded area represents DML and the letters denote sites mentioned in the text: Bi,
Berkner Island; Ha, Halley; M, Maudheim; N, Neumayer; Mi, Mizuho; SP, South Pole; V, Vostok; C,
Dome C; D, D-47; Ro, the Ross ice shelf.

and model calculations. Section 2 describes the experimen-
tal setup and location of the weather stations followed by a
general description of the prevailing meteorological con-
ditions in DML in section 3. Section 4 gives a brief
description of the energy balance model and a verification
of the model. The results are described in section 5 and
discussed in section 6.

2. Location and Experimental Setup

[6] Figure 1 shows the locations of the AWS in DML. In
January 1997, AWS 1 to 3 were installed during a Norwe-
gian/Swedish/Dutch ground traverse [Van den Broeke et al.,
1999]. In the austral summer of 1997-1998, five additional
stations (AWS 4 to 8) were installed during a Swedish/
Norwegian/Dutch ground traverse [Holmlund et al., 2000].
Staff of the Alfred Wegener Institute in Germany estab-
lished AWS 9 about 2 km west of the EPICA drilling site in
DML, in December 1997. Table 1 provides additional
information about all stations.

[7] The locations of the AWS were chosen so that a
substantial part of western DML was covered and are
located in very different climate regimes. AWS 4 is located
in the coastal area on an ice shelf, AWS 5 on the lower part
of the ice sheet near the grounding line, AWS 1, 2, 6 and 7
in the escarpment region and AWS 3, 8 and 9 on the
Antarctic plateau. All these stations are located on snow;

only AWS 7 is located on blue ice. Results from this station
are presented by Bintanja and Reamer [2001].

[8] Each station consists of a vertical mast placed on a
four-legged frame. They carry sensors that measure air
temperature, wind speed, wind direction, instrument height,
air pressure and incoming shortwave radiation (Figure 2)
Except AWS 2, all stations additionally measure firn tem-
peratures at eight (AWS 1 and 3) or ten (AWS 4 to 9)
depths. AWS 4 to 9 additionally measure relative humidity,
reflected shortwave radiation, and incoming and outgoing
longwave radiation. The stations sample every 6 min (AWS
1 to 3) or 5 min (AWS 4 to 9). Hourly means are calculated
for AWS 1 to 3, and 2-hourly means for AWS 4 to 9. The
(2-)hourly averages are stored locally and transmitted using
Argos transmitters. The stations are powered with batteries
and are designed to work for 2 to 3 years without being
serviced.

[9] The accuracy of the sensors was tested in an inter-
comparison experiment in the Netherlands prior to their
deployment in Antarctica. The radiation sensors were cali-
brated before and after their operation in Antarctica and
exhibit an' instrumental drift of -10%. The resulting uncer-
tainty in the shortwave and longwave radiative fluxes is
estimated at -10% and -20%, respectively. The sensors are
not artificially ventilated for reasons of energy efficiency,
which particularly affects the accuracy of the air temper-
ature and relative humidity sensors. The magnitude of the
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"Fable ..1. Characteristics of the AWS Used in this Papera

AWSh Latitude Longitude Elevation in a.s.l. Slope in km- Start Date in p, g kg

1 (Site A) 71°54.00'S 3°05.00'E 1420 19.5 ± 25.1 31-12-1996 3.19 370 t 2

?'(Site C) 07'S72°15 2°53.47'E 2400 37.2 ± 15.7 03-01-1997 2.90 325 t 25

3" (Site M)
.

74°59.98'S 15'00. IT 3453 0.7 ± 0.3 28-01-1997 2.56 325 t 8

4 (1090) 72°45.16'S 15°29.93'W 34 0.0 ± 0.5 19-12-1997 2.63 390 t 50
5, (CM) 73°06.32'S 13°09.88'W 363 13.5 t 6.4 02-02-1998 2.73 450 t 26
6 (Svea cross) 74°28.89'S 11°31.0l'W 1160 15.0 f 30.9 14-01-1.998 2.83 450 t 50
7(SB901) 74°34.67'S 11°02.97'W 1172 - 31-12-1997 2.70 850

8 (CV) 76°00.02'S 8°03.03'W 2399 2.2 f 0.8 12-01-1998 2.64 345 t 22
9 (DMLOS) 75°00 15'S 0°00 44'E 2892 13 t 0 3 29-12-1997 2.26 335 t 25

"The surface slope is based ona 10 by 10 km Antarctic Topography (data courtesy of J. Bamber, Bristol University, 1999). Slope error estimates are the

standard deviations in the mean of eight points surrounding the AWS. AWS 7 is located in a valley, not resolved in this topography; therefore the calculated
slope is uncertain and has been omitted. Variables are defined as follows: H1,,;,, initial height of the sensors; p, mean snow density based on fim core
measurements averaged over the first 0.5 in of fim. Density data for AWS 1, 2 and 3 courtesy of M.R. van den Broeke, 1999; AWS 4, 5 and 8 courtesy of L.

Karlof, 1999; AWS 9 courtesy of H. Oerter, 2000.
6Between brackets: internationally used names for the sites. References are as follows: Site A, C and M, Van den Broeke et al. [1999]; 1090, CM, Svea

cross; SBBO I and CV, Holmlund et al. [2000]; DML05, Oerter et al. [2000].

error depends on the amount of reflected solar radiation, the
wind speed and the type of radiation shield of the sensor. In
Summer, the temperature error can be as large as 10 °C at
AWS 1 to 3. AWS 4 to 9 use different radiation shields and
sensors; comparisons with ventilated temperature and
humidity sensors show no significant radiation error at these
Stations. In temperatures below 0 °C, the maximum value
measured by the relative humidity sensors decreases
strongly. The measurements are corrected for this effect
Using the method of Anderson [1994]. After correction, the
uncertainty in the relative humidity is about 5%. Another
problem is the occasional occurrence of rime on the sensors.
This causes the wind speed and wind direction sensors to
jam, while it shields the instrument height and radiation
sensors. Problems with data transmission occasionally
resulted in gaps in the data set. AWS 3, 8 and 9 stopped
transmitting in winter owing to the low temperatures. AWS
3 was necessarily omitted from this analysis due to missing
data. The results presented here comprise a 3-year data set

,for*- WS 1 and 2 and a 2-year data set for AWS 4 to 9.

...Prevailing Meteorological Conditions
[lo]

The climate of DML is dominated' by transient
cYclones traveling eastward along to the coast. The influ-
ence of these cyclones decreases towards the interior of
DML, where the near-surface climate is increasingly influ-
enced by katabatic flows [Parish and Bromwich, 1991,
1998]. The results of the energy balance calculations in
the next sections are presented in terms of the geographical
locations of the AWS. For the purpose of clarity, DML is
subdivided into three regions: (1) the ice shelves, (2) the

:escarpment
region and (3) the Antarctic plateau. A similar
was made by Fortuin and Oerlemans [1990].

'These regions are significantly different in terms of climate
,and topography, which results in typical. characteristics with
respect

to mean values, long-term variations and diurnal
Cycle .of, the meteorological variables. To illustrate the
average

near-surface conditions in DML, Figure 3, presents
monthly mean air temperature, specific humidity and wind
speed; and daily mean cumulative accumulation for AWS 4,
6, and 9, which represent the ice shelf region, the escarpment
region and the plateau region, respectively. Table 2 shows
annual averages., of temperature, wind speed and humidity

"tot' all AWS.

[ii] The air temperature in DML is highly variable,
especially in winter when the north-south and vertical
temperature gradients are largest. Fluctuations of 20 to 30
°C within a few days are not uncommon and are often
recorded almost simultaneously at several stations (not
shown). In summer, the lowest stations (AWS 4, 5 and 6)
occasionally experience temperatures above 0 T. The
annual and monthly mean temperature differences between
the lowest stations (AWS 1, 4, 5 and 6) are small or even
reversed from what would be expected from the differences
in elevation (Figure 3a, AWS 4 and 6). For example, the
annual mean temperature at AWS 5 is -3 °C higher than at
AWS 4, while it is located -300 m higher and -100 km
more inland. The explanation for this phenomenon is that
the potential temperature (0) actually increases with eleva-
tion and exhibits a maximum on the slope towards the
plateau (Figure 4). This reversal in temperature gradient and
maximum in 0 can be attributed to the increase in katabatic
wind speed with increasing surface slope. Stronger winds
enhance vertical mixing and reduce the strength of the
surface temperature inversion, which results in relatively
high surface temperatures and 0 [Ohata, 1985; Jonsson,

Figure 2. Schematic picture of an automatic weather
station.
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Figure 3. Monthly mean (a) air temperature, (b) specific
humidity and (c) wind speed, and (d) daily mean cumulative
accumulation of AWS 4 (34 in a.s.l.), 6 (1160 in a.s.l.) and 9
(2892 in a.s.l.) for the period January 1998 to December
1999.

1995; Van den Broeke et al., 1999]. The interannual temper-
ature variability is small.

[12] The specific humidity is extremely low, especially in
winter with values of 0.5 g kg-1 near the coast to 0.05 g
kg-1 on the plateau. The short-term variability in relative as
well as specific humidity is large and exhibits a strong
correlation with temperature.

[13] A clear annual cycle in wind speed is observed at all
stations except AWS 4 and 9 (Figure 3c). The wind speed is
higher in winter due to the stronger katabatic and synoptic,
forcing. Maximum (2-)hourly mean wind speeds can reach
25 to 30 in s-1. Annual mean wind speeds vary between -5
in s1 near the coast (AWS 4) and on the plateau (AWS 8
and 9) to -7 in s-1 at the other stations. The wind speed is
highest at the sites with the steepest surface slope, which is
in the escarpment region (Figure 4). This is due to the fact
that the intensity of the katabatic flow is, to a first approx-
imation, proportional to the slope angle of the underlying

surface [Parish and Bromwich, 1987, 1991]. The annual
mean wind speed is lower than at AWS 5 and 6 in spite of the
high surface slope at AWS 1 and 2. This can partly be
explained by an underestimation of the wind speed due to
freezing of the sensors in winter and partly by the location of
the stations with respect to the topography. Two-dimensional
patterns in the terrain induce confluence and divergence of
the katabatic flow which disturbs the ideal two-dimensional
situation [Parish and Bromwich, 1991].

[14] Accumulation is derived from the changes in instru-
ment height measured with a sonic altimeter and measured
snow density (Table 1), and decreases with distance to the
coast and with increasing elevation. Accumulation occurs
mainly in a few major events per year, which contribute
-80% to the annual accumulation (Figure 3d). The inter-
annual variability is large, especially at the high accumu-
lation sites close to the coast. The determined accumulation
is higher than the mean values derived from shallow fire,
core studies. Isaksson and Karlen [1994] present an aver-
aged value (1976-1989) of 415 mm water equivalent per
year (w.e. yr

1)
near the coast (near AWS 4) and Karlof et

al. [2000] and Oerter et al. [2000] present average values of
68 (1965-1997) and 62 mm w.e. yr 1 (1801-1897) at the
plateau near AWS 8 and 9, respectively.

4. Model Description and Validation

[15] The surface energy fluxes presented in section 5 are
based partly on measurements and partly on model calcu-
lations. The model we use to calculate the turbulent fluxes
and the subsurface temperatures is extensively described by
Greuell and Konzelman [1994] and by Reijmer et al. [1999].
Here, we give a brief description.

[16] Equation (1) presents the surface energy balance.
Fluxes towards the surface are taken to be positive. S can be
expressed as (1 - a)Sg where a is the surface albedo and Sg
the global radiation at the surface. Sg and a are derived from
measurements or, when measurements are not available, a
is taken constant (AWS 1 and 2, a = 0.82, the average of a
at AWS 5 to 9). L equals the incoming minus the emitted
longwave flux (L J, - LT). L1 is either measured. directly
(AWS 4 to 9) or parameterized in terms of screen-level (2
m) temperature (Ta, in K) (AWS 1, 2 and 8):

L t=27.17+3.3616*10-8T4. (2)

This parameterization is based on 2-hourly mean measure-
ments of L J and Ta at AWS 6 and 9. No dependency on'
humidity or cloud cover is. included because the stations do
not measure these variables. Since L J, is strongly dependent
on humidity and cloud cover, this introduces a significant
error in the calculated L1. Figure 5 illustrates the
performance of equation (2) and a parameterization
presented by King [1996, equation (4)]. The annual
variations in LJ, follow mainly the annual temperature
wave. The annual mean Ll is underestimated by ti8% when
using equation. (2) and overestimated by 8% when using
the equation of King [1996]. The short-term variability.is
determined mainly by variations in cloud cover. Both
parameterizations underestimate this variability. Equation'
(2) explains --34% of the total variance and equation (4) of
King [1996] explains --19%. LT is calculated using the

0
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Table 2. Annual Averages of the Meteorological Data (see Table 1)a

'AAWS T, °C v, 0, K RH,% WS, in s-1 a acc., mm w.e. yr 1
1 (1420) 1997 -21.5 269.0 6.8 - 211±8

1998 -22.7 268.0 6.1 - 130±8
1999 - 6.2 - 133 f 8

Z42400) 1997 -26.3 273.0 6.7 - 111 t 21

1998 -27.9 271.7 6.3 - 88 f 15
1999 -27.6 271.9 6.7 - 13 t 15

(34) 1998 -19.2 255.8 76.6 1.02 4.9 0.86 452 t 64
1999 -19.3 255.5 77.2 1.01 5.0 0.88 371±51

5 (363)
1998 -16.4 261.4 70.8 1.02 6.6 0.83 144±28
1999 -16.4 261.3 71.1 1.01 6.4 0.84 270 f 27

6:(160) 1998 -20.1 264.9 67.1 0.77 6.6 0.81 207 f 23

'
1999 -20.1 264.7 68.9 0.80 6.8 0.83 333 t 38

R (2399) 1998 -38.3 258.4 63.9 0.23 5.4 0.78 90 ± 7
1999 -37.7 258.9 64.0 0.25 5.2 0.80 62 ± 5

9 (2892) 1998 -46.1 254.4 58.5 0.13 4.6 0.83 91 ± 8

1999 -45.3 255.1 59.5 0.14 4.7 0.84 84 ± 7

aThe averages are based on (two-)hourly values. To obtain averages over a complete year, missing days in January 1997 (AWS 2) and January 1998
(AWS 5, 6 and 8) are replaced with corresponding days of January 1998 and 1,999, respectively. Between brackets: the elevation of the stations in in a.s.1.;
dashes indicate lack of data. Variables are defined as follows: T, temperature; 0, potential temperature; RH, relative humidity; q, specific humidity; WS, wind
speed; a, albedo; acc., accumulation based on sensor height measurements and measured snow density (Table 1).

Stefan-Boltzmann law for black body radiation, LT = a T 4
with surface temperature To, Stefan-Boltzmann constant a
and a surface emissivity of 1.
. .[17] The surface temperature To is calculated using a firn
model. In the firn model the subsurface temperatures are
calculated on a vertical grid, extending 25 in into the firn.
This model includes shortwave radiation penetration, melt-
'119, refreezing and densification of the snow pack. The
Surface temperature is a linear extrapolation of the firn
temperature

of the upper two grid layers. The initial profiles
of temperature are based on snow temperature measure-
ments, while the initial profiles of density are based on firn
core measurements (date courtesy of M.R. van den Broeke,
.999, L. Karlof, 1999, and H. Oerter, 2000).
,,J18] The turbulent fluxes are calculated from the vertical
gradients in, wind speed, temperature and specific humidity
between sensor height and surface using Monin-Obukhov
8unilarity, theory. In unstable conditions the stability func-
tions

presented by Hogstrom [1988] are used, while in
stable

conditions we use the functions of Duynkerke
[1991]. The surface roughness length of momentum is
assumed

to be 0.1 mm [King and Turner, 1997], while
the surface roughness lengths of heat and moisture are
calculated

according to the theory of Andreas [1987]. For
this. purpose: surface temperatures are taken from the firn
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model, while the specific humidity at the surface equals the
ice-saturation value for To. The screen-level temperatures
and specific humidity's are corrected for temporal changes
in measurement height due to accumulation. For AWS 1 and
2 the relative humidity (RH) was not measured but taken
constant (RH = 65%, which is -2% lower than the average
RH measured at AWS 6 and 8, which are at slightly lower
elevation than AWS 1 and 2). The subsurface energy flux is
the residual of all other terms and is subdivided into a
conductive heat flux, a penetrating part of the shortwave
radiative flux, melting and refreezing.

[19] The only measurements available to compare with
model output, are LT and the snow temperatures. The model
is fine-tuned by minimizing the difference in simulated and
measured LT or when this is not available by minimizing the
temperature difference between simulated and measured
snow temperature of the highest snow sensor using the
shortwave radiation extinction coefficients of snow. This
method can be used for all sites except AWS 2 where we
use the values determined for AWS 1. The energy balance
presented in sections 5 and 6 are based on the results after
fine-tuning.

AWS 6
Equation 2

- King (1996)
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Date

Figure 5. Longwave incoming radiation measured at
AWS 6 (1160 in a.s.l.) (thin solid line), parameterized
using equation (2) (thick solid line) and parameterized using
equation (4) of King et al. [1996] (dashed line), for the
period 14 January to 30 June 1998.
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Figure 6. Measured (solid line) and simulated (dotted
line), and the difference (measured' minus simulated) of (a)
outgoing longwave radiation for January 1998 and (b) snow
temperature at initial dept of 0.05 m for 1998, for AWS 4
(34 in a.s.1.).

[20] Figure 6a presents the simulated and measured LT and
the difference between the two for AWS 4 after tuning.
During the short peaked summer, LT is over-estimated
whereas it is too low in winter. On average, simulated LT is
under-estimated (Table 3), which implies that the mean
simulated surface temperature is also underestimated (by
-0.4°C at AWS 4,5and6,-1.6°CatAWS8and-3.8
°C at AWS 9). Other stations show similar results. In winter,
AWS 8 and 9 have problems measuring LT due to the low
temperatures. This could explain part of the larger differences

Table 3. Quantities Related to the Differences in Simulated and
Measured LT and T,.ne

Dmin

LT, W, in-'
AWS 4 1.7 -25.7 34.6 4.9

AWS 5 1.4 -60.1 35.7 5.4

AWS 6 2.6 -18.8 38.5 4.8

AWS 8 5.4 -28.2 65.1 11.8

AWS 9 10.7 -31.1 54.9 6.6

AWS 1 -0.16
Tsm C

-6.2 11.3 1.7

AWS 4 0.51 -2.8 13.7 1.5

AWS 5 0.67 -7.2 10.1 1.7

AWS 6 0.24 -4.6 5.2 0.8

AWS 8 0.72 -6.4 13.0 2.3

AWS 9 0.66 -6.6 9.4 1.9

'The averages are based on (2-)hourly values over the period 1997-
1998 for AWS 1 and 1998-1999 for AWS 4 to 9. At the temperatures
prevailing at AWS 4 to 9, 1 W m-2 change in LT represents -0.27 to
0.35°C temperature change. Variables are defined as follows: LT, outgoing
longwave radiation; T,,, snow temperature at initial depth of 0.05 m; D_0,,,
mean absolute difference (measured minus simulated); D,,,;., minimum
difference; D,n. maximum difference; Qdff standard deviation of the
difference.

between measured and simulated LT at these sites. At all sites,
the average difference is smaller than the estimated uncer-
tainty of 20 W m-2 in the longwave radiation measurements.
The extreme values, however, are larger than 20 W m-2 and
represent surface temperature differences of up to 20 °C.

[21] Figure 6b presents the measured and simulated snow`
temperature at an initial depth of 0.05 in and the
temperature difference, for AWS 4. Note that the depth of
the snow temperature sensors slowly increased due to accu-
mulation. In the first summer, when the sensor is still fairly
close to the surface, TS is quite variable which induces large
variations in the difference. When snow depth increases, the
variability on time scales of days decreases and differences in,
simulated and measured T,s become smaller. The amplitude
of the simulated annual TS cycle is too small, the average T5,,
is too high and the snow pack slowly warms at all stations
(Table 3).

[22] AWS 6 is located at the same location as site 3 of
Bintanja [2000]. Bintanja [2000] presents the energy bal-
ance over the austral summer of 1997-1998, which has an
overlap of about 20 days with our data. He uses direct
turbulence measurements with a sonic anemometer and a
Lyman-a hygrometer to validate the turbulent fluxes. The
results of our model can be verified independently by
comparing the results of AWS 6 with results of his site 3.
The temporal variations ap2pear to agree reasonably well (not
shown). H is -3.6 W m- and LE is --4.1 W m higher at-
AWS 6 compared to site 3, averaged over the 20-day period.
The differences in H and LE can partly be explained by the,
different methods used to determine the fluxes.

[23] The sensitivity of the calculated heat budget was
tested by varying the various model parameters (Table 4). -
The results suggest that the subsurface temperatures are
particularly sensitive to changes in the amount of shortwave
radiation penetrating the snow pack, i.e., sensitive to a;
snow density, shortwave radiation penetration coefficients.
Fortunately, a and snow density were measured at most of
the AWS sites. In contrast, the shortwave radiation pene-
tration coefficients are not well known and depend on the"
wavelength of the radiation. Fortunately, changes in these`
coefficients only have a minor effect on the surface temper
ature and 'thereby the turbulent fluxes (Table 4). The
turbulent fluxes are more sensitive to changes in for
instance the roughness length of momentum (zo) and the
way L. is parameterized. Besides its direct effect, a change
in zo affects H and LE through a change in surface rough
ness lengths of heat and moisture [Andreas, 1987] and.a

Table 4. Sensitivity of the Calculated Surface Temperature and
Turbulent Fluxes to Changes in Model Parametersa

Reference Test dTo dTsn dH dLE

a = 0.85 0.82 -0.2 -0.2 0.7 0.2

p = 350 kg
m-3

300 kg m 3 0.0 -0.4 0.0 0.0

=20m ' 10 m7' 0.0 -0.1 0.0 0.0

= 0.75 0.30 0.0 -0.2 0.0 0.0

zo 0.1 mm 1.0 mm 0.4 0.3 -0.7 0.3

Lt = meas. Equation (2) 0.9 0.9 -8.4 -2.2

'Differences are reference minus test. Variables are defined as follows:
To, surface temperature in °C; T_ snow temperature in °C at initial depth of
0.05 m; H, sensible heat flux in W m-2 ; LE, latent heat flux in W m-2; ag
albedo; p, snow density; 0, extinction coefficient snow; ,, fractional
extinction coefficient; z0, surface roughness length; Lt, longwave incoming
radiation in W m-2.

12-Mar 21-May Date30-Jul 8-Oct

9.

=
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94892) 1998 141.5 -117.3 24.2 126.6 -152.4 -25.8 -1.6 2.3 -0.7 0.0
1999 130.9 -104.6 26.3 139.1 -171.4 -32.3 -6.0 7.0 -0.8 -0.2

Annual Mean Energy Balances (See Table 1)a

AS yr S ST S L1 LT L R H LE G

1(1420) 1997 139.2 -114.2 25.0 163 .0 -215.2 52.2 -27.2 27.1 0.0 0.1

1998 143.0 -117.3 25.7 160.3 -210.6 -50.3 -24.6 24.5 0.1 0.0

1999 - - - - - - - - - -
1997 154.8 -126.9 27.9 152.4 -200.0 -47.6 -19.7 20.7 -0.5 -0.5
1998 156.0 -127.9 28.1 149.3 -195.2 -45.9 -17.8 18.4 -0.5 -0.1

1999 151.5 -124.2 27.3 149.8 -196.0 -46.2 -18.9 19.9 -0.3 -0.7
4 (34) 1998 117.5 -101.0 16.5 218.4 -236.8 -18.4 -1.9 2.9 -0.8 -0.2

1999 113.4 -98.4 15.0 220.5 -236.5 -16.0 -1.0 1.7 -0.8 0.1

5 (363) 1998 117.1 -96.6 20.5 203.9 -239.9 -36.0 -15.5 17.5 -1,5 -0.5

1999 115.4 -95.5 19.9 206.5 -240.5 -34.0 -14.1 16.1 -1.5 -0.5
6,(:1160) 1998 127.0 -103.9 23.1 178.7 -223.2 -44.5 -21.4 22.3 -0.2 -0.7

1999 125.7 -103.6 22.1 180.9 -223.4 -42.5 -20.4 20.8 0.1 -0.5
8`(2399) 1998 140.0 -111.8 28.2 137.9 -171.4 -33.5 -5.3 6.2 -1.0 0.1

Table 5.

1999 137.5 -114.4 23.1 130.4 -154.6 -24.2 -1.1 2.0 -0.7 -0.2

The fluxes are in W M-2 , based on hourly means and positive directed towards the surface. To obtain averages over a complete year, missing days in
January 1997 (AWS 2) and January 1998 (AWS 5, 6 and 8) were assigned values corresponding to similar days in January 1998 and 1999, respectively.
Between brackets: the elevation of the stations in in a.s.1.; dashes indicate lack of data. Variables are defined as follows: S1, incoming shortwave radiation;

ST, reflected shortwave radiation; S, net shortwave radiation (SI - ST); L.1, incoming longwave radiation; LT, outgoing longwave radiation; L, net
1O gu ave radiation (LI - LT); R, net radiation (S + L); H, sensible heat flux; LE, latent heat flux; G, subsurface energy flux.

change in the friction velocity. Measurements of zo on
Antarctic snow vary between -0.5 mm and - 1.0 mm [King
and Turner, 1997]. Snowdrift also influences the effective zo

because of the surface particle friction [Bintanja and
Reijmer, 20,011 but this is not included in the model. H
and LE are very sensitive to changes in L. Using equation2

for L, instead of measurements decreases the surface
temperature by X0.9 °C, increases H by -8.4 W m-2 and
LE by ^2.2 W m-2. These results are in qualitative
accordance with sensitivity experiments performed with
similar models [Reijmer et al., 1999; Bintanja, 2000].

I Results
S;Il Annual Mean Surface Energy Balance

[24] The surface energy balance was calculated for all
AWS except 3 and 7, over the periods 1997-1999 (AWS 1
and 2) and 1998-1999 (AWS 4 to 9). Table 5 presents the
annual average energy balance for these stations.
J251, The annual averaged energy balance on Antarctica is

dominated by a negative radiative flux R (S + L). R is
determined mainly by the net longwave radiation L which
.varies between -16 and -52 W M-2. S varies between 15
and 28 W m-2. R is almost entirely balanced by a positive
sensible heat flux H, ranging from 2 W m-2 at AWS 4 to 28

m-2 at AWS 1. Positive H indicates that the near-surface
atmosphere

is on average stably stratified, and that the near-
surface air is cooled. This is the main forcing of the
persistent katabatic 'winds on Antarctica. The low moisture
content

of the air results in small and negative latent heat
flux

m
2es LE at almost all stations, varying between -1.5 W

at AWS 5 and 0.1 W m-2 at AWS 6. A negative LE of
W r n_2 implies -I I mm w.e. yr 1 sublimation of the

snow surface, 0 to 10% of the annual accumulation per
site.

The subsurface energy flux G is also small; its' sign
varies from year to year.

52 Seasonal Cycle
[26] Figure 7 shows the monthly mean surface heat

budget of AWS 4, 6 and 9 representing the ice shelves,
the

escarpment region and the plateau region, respectively.

Because of the low temperatures on the Antarctic continent
melt occurs rarely which means the snow is generally dry
and c high, 0.80 - 0.85 (Table 2). S, albeit small, dominates
the radiation budget in summer, which results in positive
values of R (Figure 7a). In winter, in the absence of solar
radiation, L determines the radiative budget and R is
negative. The amount of time R is positive in summer
increases with distance to the coast, disregarding AWS 4
where R is -0 W m-2 during the entire year. At AWS 1, R
remains negative, also during summer, which is unusual for
summer conditions. Bintanja [2000] also found negative R

Figure 7. Monthly mean energy balance for AWS 4 (34 in
a.s.l.), AWS 6 (1160 in a.s.l.) and'AWS 9 (2892 in a.s.l.) for
1998, and 1999. (a) Radiative fluxes and (b) turbulent and
subsurface fluxes. Dotted lines indicate 0 W m-2.
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Figure 8. Diurnal cycle of the surface energy budget in
summer (December, January, February) for AWS 4 (34 in
a.s.1.), AWS 6 (1160 in a.s.l.) and AWS 9 (2892 in a.s.l.). (a)
Radiative fluxes and (b) turbulent and subsurface fluxes.
Dotted lines indicate 0 W m-2.

in summer for three sites in the escarpment region. This
phenomenon will be discussed more extensively in section
6. At AWS 5 and 6, R is positive in December and at AWS
2, R is positive from November to January. At the highest
sites, R is positive from October to February.

[27] R is balanced largely by H, which is therefore positive
in winter and negative in summer, especially at the higher
stations, AWS 2, 8 and 9 (Figure 7b). At AWS 1, 5, and 6, H
becomes very small in summer but remains positive. This
indicates that, on average, stable or near-neutral conditions in
the surface layer persist. Unstable conditions in the surface
layer in summer at the higher stations can be attributed to
lower wind speeds and a more intense warming of the surface
by the sun due to lower cloud amounts at larger distance from
the coast. LE is very small and positive (condensation) in
winter and negative (sublimation) in the short summer. G is
small all year round, varying between -5 and 5 W m' 2, and
shows warming of the snow pack in summer and cooling in
winter. In summer, surface temperatures occasionally can
reach 0 °C for I or 2 hours at AWS 4, 5 and 6 and surface melt
occurs. The melt water does not runoff but percolates into
deeper layers and refreezes, forming ice lenses. These were
observed in snow pits near AWS 4.

5.3. Daily Cycle

[28] The diurnal cycle in the surface energy budget is due
mainly to changes in insolation and is therefore most pro-
nounced in summer. S heats the surface and destroys (in part)
the surface temperature inversion, weakening the katabatic
flow. Figure 8 depicts the diurnal cycle of the heat budget in
summer (December, January and February) at AWS 4, 6 and

9. The diurnal cycle in S is much larger than in L: 80 - 110 W
-2 and 25 - 35 W m-2in , respectively. This results in R being

dominated by S. R is positive in daytime for -10 hours at the
lower sites (AWS 1 to 6) to -13 hours at the plateau sites
(AWS 8 and 9). The diurnal cycle in L] is small, so the diurnal
cycle in L is caused mainly by variations in LT. Therefore,
energy losses due to L are largest when the surface temper-
ature is highest, which is about an hour after solar noon. The
phase difference between the stations is due to differences in
their longitudinal location.

[29] H is determined mainly by the temperature difference
between air and surface, and wind speed. During daytime
the conditions are neutral or only marginally unstable at the
lower sites (AWS 1, 4, 5 and 6), whereas unstable con-
ditions prevail at the higher sites (AWS 2, 8 and 9), causing
warming of the lower boundary layer (Figure 8b). During
the night, H is positive and largest for the stations with the
highest wind speed. LE is small at all stations and shows
condensation at night and sublimation during the day. G
shows a marked diurnal cycle that is closely related to the
solar heating of the snow pack.

6. Discussion
6.1. Surface Energy Balance

'[30] The results presented in the previous sections suggest
that the katabatic flow is of great importance for the
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subsurface energy flux, as a function of surface slope (Table
1). The numbers denote the AWS sites.
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Figure 10. (a) Annual mean, monthly means of (b) January and (c) July net radiative flux as a function
of surface slope. Solid circles denote the AWS sites. Open circles denote measurements presented in the
literature: N, Neumayer [Schmidt and Konig-Langlo, 1994; Konig-Langlo and Herber, 1996]; Ha,
Halley; SP, South Pole; M, Maudheim [King and Turner, 1997]; Mi, Mizuho [King and Connelley, 1997];
Bi, Berkner Island [Reijmer et al., 1999]; S5, site 5 [Bintanja and van den Broeke, 1995]; S3, site 3; S4,
site 4; S6, site 6; S7, site 7 [Bintanja, 2000].

meteorological conditions and thereby the surface energy
balance in DML. The spatial variations in the surface energy
balance seem to depend on the strength of the katabatic flow
but also on the specific location of each site with respect to
distance from the coast, latitude and elevation. Figure 9
shows the annual mean energy balance at the AWS sites as a
function of surface slope to illustrate the dependency of the
surface energy fluxes on the strength of the katabatic flow.

The apparent dependency of the net shortwave
radiation S on slope is caused by an increase in elevation

distance going inland that coincides with the increase in
Surface slope. Variations in S depend mainly on surface
albedo,

elevation, latitude and cloud amount. S increases as
"Unction of elevation and distance from the coast. The
high, S at AWS 8 and 9 can be attributed to a decrease in
cloud

amount with increasing distance from the coast. In
January. 1993 the average cloud amount at Neumayer was

0.66 [Konig-Langlo and Herber, 1996], compared to
0.35 near AWS 6 [Bintanja and van den Broeke, 1995].

the plateau, S depends mainly on latitude.[32]
Net longwave radiation L is negative and decreases

with increasing slope. The maximum values in L at the sites
with the steepest slope coincides with a maximum in wind
Speed and potential temperature (Figure 4). The relatively
high

surface temperatures increase LT, which cause the
values in L. Because L dominates the radiative

balance, R also exhibits a maximum on the edge of the
Plateau.. R is balanced almost completely by a positive H,
which also exhibits maximum values at the site with thesteepest

slope. H and R at AWS 2 deviate from this
tendency. Both fluxes are smaller than is expected from
the local

surface slope. This is probably due to the under-estimation
of the wind speed due to freezing of the sensor

and local
terrain affecting the strength of the katabatic wind.

"'[33] The dependency of the annual surface energy bal-
ance on surface slope and thereby wind speed is determinedMainly

by the' winter balance (Figure 10), because of the
short and. peaked summers on Antarctica. In summer,heating-ofthe

surface by solar radiation reduces the sensible

b January

NO

40

30

20

-10

J -20

heat flux and thereby the cooling of the near surface air,
weakening the katabatic flow and increasing the influence
of the synoptically forced flow, which governs the annual
and diurnal cycle in the energy budget terms. The unusual
negative. R in summer at the sites in the escarpment region is
explained by the southern location of this region in DML
compared to other parts of East Antarctica. The large
surface slopes result in relatively high wind speeds and
sensible heat fluxes at elevations where at other locations
the slopes are less steep and the wind speeds less strong. S
at these more southern locations is smaller, whereas L is
larger due to the higher surface temperatures. This may also
explain the difference in diurnal variations in H between the
sites on the Antarctic plateau (AWS 2, 8 and 9) and in the
escarpment region (AWS 1, 5 and 6) (Figure 8), average
conditions being stable in the escarpment region and unsta-
ble on the plateau. R decreases with increasing slope in the
winter.

[34] The relative contribution of H and LE to the heat
budget at the various sites also exhibits a clear annual cycle
(Figure 11) [Bintanja et al., 1997]. In winter the magnitude
of LE is small owing to the low temperatures. The Bowen
ratio (B = HILE) is positive at all stations except AWS 9 and
is of the order of 20. In summer, the fluxes are smaller and
the contribution of LE increases resulting in B varying
between -5 and 5. B is positive for AWS 8 and 9 and
negative for all other stations.

6.2. Comparison With Other Studies

[35] The results presented in the previous sections can be
compared with heat budgets presented in the literature.
Bintanja and van den Broeke [1995] and Bintanja [2000]
evaluate the energy balance for the austral summer of
1992-1993 and 1.997-1998 for two stations located at
exactly the same location as AWS 6. Their results are
summarized by Bintanja [2000, Table 7]. He showed that
the constant relative humidity assumed by Bintanja and van
den Broeke [1995] was too low, which resulted in an
exceptionally large LE of -22.1 W M-2. Comparing
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January 1999 and 2000 with the results of Bintanja [2000]
shows that our S and L are smaller. This results in a negative
R at AWS 6, -5.3 and -3.2 W m-2, respectively, while the
R of Bintanja [2000] is small and positive, i.e., 2.3 W M-2,
H is of the same order of magnitude, ti 10 W m-2, and our
LE values are smaller, i.e., -2.6 and -2.0 W m-2 compared
to -10.8 W m-2. The differences can be partly explained
by interannual variability but also by the different methods
used to calculate the turbulent fluxes (see also section 2).

[36] The mean diurnal cycle derived at AWS 6 is also in
reasonable agreement with results from Bintanja [2000]. H
shows near-neutral conditions in daytime averaged over two
summers, which agrees with Bintanja [2000]. The diurnal
cycle of LE shows positive values at night, whereas Bin-
tanja's [2000] values remain negative all day. Wendler et al.
[1988] present the diurnal cycle for a weather station (D-47)
in the escarpment region of Adelie Land, East Antarctica.
Their results are generally comparable to our results from
AWS 1, 2 and 6. However, at D-47, S is higher during
daytime owing to the more northerly location of the station
compared to the our stations. H is higher during the night,
which can be attributed to the higher wind speed at D-47
(annual average - 12.8 in s-1). In daytime, conditions are
unstable at D-47. The sublimation is also larger at D-47 and
LE becomes positive during the night.

[37] Almost all estimates of the annual surface heat
budgets found in literature are from stations near the coast
[King et al., 1996; Konig-Langlo and Herber, 1996;
Reijmer et al., 1999] or the South Pole [Carroll, 1982;
King and Turner, 1997]. To examine to what extent the
results for DML presented in previous sections can be
extrapolated to the entire continent, Figure 10a presents
annual mean R as a function of surface slope. The spread in
R is considerable, especially at the sites with small slopes
(on the plateau and on ice shelves). On plateau stations like
South Pole but also Berkner Island, R does not depend on
slope but on latitudinal position (not shown). There is a
difference in R and in H + LE of an order of magnitude
between. AWS 8 and 9 and South Pole.

[38] Stations on ice shelves close to the coast are strongly
influenced by synoptic weather systems and less by kata-

batic flow. Fluxes of R and H + LE at AWS 4 seem to be
exceptionally small compared to their values at other coastal
stations in this region. For instance, at Halley, Maudheim
and Neumayer, annual mean R are --9.8 W m-2, -11.8 W
M-2 and -7 W ni-2 [Schmidt and Konig-Langlo, 1994;
Konig-Langlo and Herber, 1996; King and Turner, 1997],
respectively, compared to --1.5 W m 2 at AWS 4. This
can partly be explained by the underestimation of the
surface temperature in the model, which results in LT that
is on average -1.7 W m-2 too low (Table 3).

[39] Most of the measurements presented in the literature
were carried out in the summer months December and
January [Ohata, 1985; Wendler et al., 1988; Bintanja and
van den Broeke, 1995; Bintanja, 2000]. Figure 10b presents
R as function of slope for January. The figure shows no
dependency on slope at all. The spread is fairly large and is
partly explained by interannual variability and by the differ-
ent lengths of the measuring period at the selected stations.,
For the ice shelf stations the size of the ice shelf and the
precise location of the station on the ice shelf, e.g., close to
upwind mountains or close to the. edge, also plays a role.
The summer balance is determined mainly by the net
shortwave radiation. The winter balance does exhibit a
relation with the surface slope, although the spread is fairly
large, especially in the results of Neumayer station.

7. Concluding Remarks

[40] The weather stations have provided us with a fairly
complete 2 to 3 year data set for seven locations in
Dronning Maud Land, Antarctica. Meteorological condi-
tions at these stations are determined mainly by large-scale
flow on the ice shelf and by the strength of the katabatic
flow at the other sites. The specific humidity is extremely'
low, while wind speed and potential temperature increase-
with increasing surface slope.

[41] Surface energy balance calculations at these seven
locations indicate that the energy balance in DML is
strongly connected to the surface slope and hence to the
strength of the katabatic wind: Stronger winds enhance
vertical mixing and reduce the 'surface temperature inver-
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sion, which results in relatively high surface temperatures
[Ohata, 1985; Van den Broeke et al., 1999]. The result is a
maximum in H and LT, and therefore L, at the steepest
slopes where the wind speed is strongest. Because L
dominates the radiation balance, R also exhibits a maximum
at these sites. S depends on distance from the coast, which
can probably be attributed to a decrease in cloud amount.
LE is fairly small at all sites. However sublimation removes
'0 to 10% of the annual accumulation.

[42] The energy balances evaluated here are generally
comparable to energy balance estimates for stations at
similar locations presented in the literature. Differences
can be explained by the different geographical locations
Of the sites, the different periods during which the budget
was evaluated and the different methods used to evaluate
the budget.

[43] The energy balance results are presented in terms of
the geographical position of the stations, which are catego-
rized in three regions; the ice shelves, the escarpment region
and the high Antarctic plateau. These regions have different
topography and climate, which results in large differences in
the means, long-term variations and diurnal cycles of
meteorological variables and energy balance. The ice
shelves especially the smaller ones, are influenced mainly
by synoptic weather systems owing to their northerly
location near the coast and their flat surface. The energy
balance in the escarpment region is determined mainly by
the strength of the katabatic flow and therefore strongly
depends on surface slope. On the Antarctic plateau the
influence of the synoptic forcing is reduced and cloud
amounts are low. Owing to the flat surface, katabatic flows
are only weakly developed. Here, climate and heat budgets
are determined mainly by surface elevation, through tem-
perature, and latitude through shortwave radiation. Note,
however,

that this holds only for the stations in DML where
the

escarpment region is located at fairly large distances
from the coast. In other parts of Antarctica the steepest slope
is closer to the coast. The influence of synoptic forcing will
be larger than in DML.

[44] The total amount of surface energy balance data over
Antarctica is still limited. Given the vast size of the
continent

it is not likely that the spatial coverage of this
type Of measurements will improve considerably in the near
future. Our results are useful for verifying climate and
weather prediction models currently used to study the
Antarctic climate [Genthon and Braun, 1995; King and
Turner,

1997; Van Lipzig et al., 1999]. The weather station
data constitute an independent data set not used in analyses
procedures

of climate and weather prediction models. Fur-thermore,
two weather stations are located on the plateau

Where
errors in model elevation are relatively small which

facilitates
the interpretation of differences between model

and observations. In contrast, in the coastal and escarpment
regions the errors in model elevation can be substantial,
which

render model validation problematic.
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