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Abstract. The summertime surface energy balance (SEB) at Kohnen station, situated on the
high Antarctic plateau (75°00” S, 0°04” E, 2892 m above sea level) is presented for the period of
8 January to 9 February 2002. Shortwave and longwave radiation fluxes were measured
directly; the former was corrected for problems associated with the cosine response of the
instrument. Sensible and latent heat fluxes were calculated using the bulk method, and eddy-
correlation measurements and the modified Bowen ratio method were used to verify these
calculated fluxes. The calculated sub-surface heat flux was checked by comparing calculated to
measured snow temperatures. Uncertainties in the measurements and energy-balance calcu-
lations are discussed.

The general meteorological conditions were not extraordinary during the period of the
experiment, with a mean 2-m air temperature of -27.5°C, specific humidity of
0.52 x 1072 kg kg™' and wind speed of 4.1 m s™!. The experiment covered the transition
period from Antarctic summer (positive net radiation) to winter (negative net radiation), and
as a result the period mean net radiation, sensible heat, latent heat and sub-surface heat fluxes
were small with values of —1.1, 0.0, —=1.0 and 0.7 W m~2, respectively. Daily mean net radi-
ation peaked on cloudy days (16 W m™2) and was negative on clear-sky days (minimum of
—19 W m™). Daily mean sensible heat flux ranged from -8 to +10 W m™>, latent heat flux
from —4 to 0 W m™ and sub-surface heat flux from -8 to +7 W m™>.

Keywords: Antarctica, Atmospheric surface layer, Boundary-layer experiment, ENABLE,
Snow, Turbulent heat fluxes.

1. Introduction

Energy exchange at the Earth’s surface is governed by the surface energy
balance (SEB); for a non-melting snow surface this energy balance can be
written as:

Sl+ST+LL+LT+H+}VSE+G:0, (1)
where S and L denote the incoming and outgoing shortwave and longwave
radiation fluxes, respectively, H is the sensible heat flux, A,E the latent heat

flux and G the sub-surface heat flux. All components are defined positive
towards the surface.

* E-mail: D.vanAs@phys.uu.nl
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The SEB of Antarctica is extreme. Most of the Antarctic ice sheet is
characterised by a high surface albedo, reflecting 80-90% of the solar radi-
ation and leaving little energy to heat the surface in summer. During daytime
weak convection is capable of creating a thin, unstably stratified atmospheric
boundary layer. At night and during the winter the snow surface is generally
cooled by a negative net longwave radiation (Ly), which is enabled by clear-
sky conditions and the very cold and dry overlying atmosphere. Since the
sensible heat flux acts to decrease the temperature difference between the
surface and the atmospheric surface layer, the latter cools as well and thus
becomes denser than the free atmosphere aloft. In this negatively buoyant
state, the surface layer flows down the slope of the ice sheet, deflected to the
left by the Coriolis force. These are the well-known katabatic winds, and, in
turn, the katabatic winds interact strongly with the surface energy fluxes as
turbulent heat transport increases with wind speed under stable stratification.
These strong winds interact with the surface mass balance through enhanced
sublimation and snowdrift, which is best seen in blue ice areas, emphasising
the importance of the SEB for the meteorology and mass balance of Ant-
arctica.

Several observational studies have addressed the SEB in Antarctica, e.g.,
Wendler et al. (1988), King and Anderson (1994), Bintanja and Van den
Broeke (1995), King et al. (1996), Reijmer et al. (1999) and Bintanja (2000).
Most observations are confined to the coastal regions of the continent (e.g.
Konig-Langlo et al., 1998) and to the summer period. The interior has a
relatively poor spatial observational coverage (Dalrymple et al., 1966;
Weller, 1980; Carroll, 1982; King and Turner, 1997), limited to the sur-
roundings of inland bases.

To be able to determine the SEB of remote areas, automatic weather
stations (AWSs) offer a solution. The low energy consumption of an AWS
allows placement far away from manned stations and reduces the need for
frequent visits, enabling year-round measurements of surface-layer meteo-
rology. Records of AWSs around Antarctica have been presented by e.g.,
Allison et al. (1993), Stearns and Weidner (1993), Jonsson (1995) and
Reijmer and Oerlemans (2002). However, AWS observations are often lim-
ited to one vertical level in the atmospheric surface layer, and sensor failure
may result in data gaps.

Alternatively, the SEB of Antarctica can be studied using atmospheric
models. Model simulations provide a useful tool to fill the gaps in space and
time, so to better comprehend spatial and temporal variability of the SEB.
Numerical models have clear advantages over measurement campaigns, since
they are not confined to one location or time of year, but describe the three-
dimensional structure of the atmosphere at high resolution and over vast
areas. Model simulation is a cheap alternative to the high-cost logistics
associated with polar expeditions and has provided valuable results (Fortuin
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and Oerlemans, 1992; Genthon and Braun, 1995; King and Connolley, 1997;
Van den Broeke et al., 1997; Van Lipzig et al., 1999), for example by showing
that there is a large variability in turbulent heat fluxes across the continent.
Nevertheless, it is essential that numerical models are validated by
observations.

The EPICA-Netherlands Atmospheric Boundary Layer Experiment
(ENABLE) was performed at Kohnen station (75°00” S, 0°04” E, 2892 m
above sea level) in Dronning Maud Land (DML), East Antarctica (Figure 1),
from 8 January to 9 February 2002. The campaign set out to obtain atmo-
spheric profiles of wind speed and direction, temperature and humidity
covering the lowest 20 km of the atmosphere by profile masts, tethered
balloon and radiosondes. In addition, detailed and high-frequency mea-
surements of the radiation budget, turbulent heat fluxes through eddy-cor-
relation  measurements, sub-surface temperatures and snowdrift
measurements were performed. Kohnen base is one of the two drilling
locations of EPICA (European Project for Ice Coring in Antarctica). Three
years prior to the start of the drilling operation, in January 1998, an AWS
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Figure 1. Map of Dronning Maud Land (DML) with the location of Kohnen station (75°00’S,
0°04’E, 2892 m altitude). Contour lines are drawn for every 100 m of surface elevation.
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was installed (AWS 9) at 1.8 km from the future location of ENABLE.
ENABLE also serves to supplement the meteorological observations
collected by this AWS.

This paper presents the summer SEB at Kohnen station as determined
from measurements during ENABLE. In Section 2 we describe the instru-
mentation and data treatment. Since direct measurements of G and A E were
not performed and eddy-correlation measurements of H do not cover the
entire period, these components of the SEB were calculated using techniques
discussed in Section 3. The measurements and SEB are then presented in
Section 4, whereafter in Section 5 a discussion follows and conclusions are
drawn.

2. Instrumentation and Data Treatment

2.1. SENSOR DESCRIPTION

In Antarctica much is demanded from the equipment used in meteorological
experiments, as most sensors are not designed to operate at low temperatures.
Sensor sensitivity is of importance as well; compared to a mid-latitude
location parameters such as specific humidity (¢) show small absolute vari-
ability, which means that errors of measurement can have a relatively large
impact.

Details of the various sensors used during ENABLE are given in Table 1.
We use down-welling and upwelling broadband shortwave and longwave
radiation as measured once a minute by a Kipp & Zonen CNR1 combined
pyranometer and pyrradiometer. These sensors were tested after the experi-
ment by placing them nearby (= 200 m) the Neumayer (70°39” S, 08°15” W,
Figure 1) radiation sensors for the period from 18 to 27 February 2002.
Neumayer radiation measurements are performed within the Baseline Sur-
face Radiation Network, and therefore have a high absolute accuracy. Sy has
a RMSD (root mean square difference) of 9 W m™2 for 2-h means. For daily
totals the RMSD is = 2.7%, which is much better than the factory specifi-
cations in Table I. L is also in good agreement with the Neumayer data and
has a RMSD of 3.3 W m™2 (=1.2% for daily totals), though a mean differ-
ence of 2.6 W m™ does signify a small systematic bias. A more detailed
discussion of measurement errors of radiation is given by Van den Broeke
et al. (2004b). In the next section we briefly repeat their method to improve
the quality of shortwave data. Radiation sensors of a higher standard that
were also deployed during ENABLE (Kipp & Zonen CM14 for shortwave
radiation and Eppley PIR for longwave radiation) were found to have more
problems with icing and are therefore not used here.
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TABLE 1
Sensor specifications: instrument type, parameter measured, resolution, estimated accuracy
and temperature calibration range. FDT: for daily totals.

Sensor Parameter(s) Resolution  Accuracy Calibration range
Kipp & Zonen S, St 10% FDT —40 to +70 °C
CNRI1 Ly, Lt 10% FDT
Vaisala HMP35C T 0.2 °C -55*to +60 °C
Temperature and RH 2% (RH < 90%)
relative humidity 3% (RH > 90%)
probe (ventilated)
Vector A100R cup u 0.1ms™!
anemometer
Campbell CSAT3 w, v 1 mms™' -38% to +50 °C
3D Sonic w 0.5 mm s~
anemometer T’ 2% 1072 °C
107 Thermistor Tsnow <0.5°C —80% to +50 °C

temperature probe

#Sensors or calibration polynomials were modified for low temperature performance.

Temperature (7) and relative humidity (RH) were sampled every 2 min at
five heights (0.5, 1, 2, 5 and 10 m) with ventilated Vaisala HMP35C probes;
cup anemometers were installed at the same heights to measure wind speed
(u). Sub-surface temperature was measured at five depths (0.05, 0.1, 0.2, 0.3
and 0.4 m).

Furthermore, direct turbulent flux measurements were carried out using
fast-response anemometers. Two Campbell CSAT3 sonic anemometers
measured the three orthogonal components of the wind and the temperature
at 20 Hz (installed at 2 and 10 m), while a third and identical anemometer
was placed at 2-m height, sampling at a frequency of 1 Hz, and programmed
to store 10-min averages of all parameter covariances. The fast and slow
sampling set-ups produced very similar results. Data spikes were removed by
applying threshold values. Mild threshold values were chosen to avoid re-
moval of spikes caused by turbulent bursting in the stable boundary layer.
Sonic anemometer measurements were corrected for tilt by applying the
planar fit method (Wilczak et al., 2001). Side-wind correction of temperature
is performed internally by the Campbell CSAT3. No direct measurements of
AsE are available in this study, complicating humidity flux correction of sonic
heat flux measurements (Schotanus et al., 1983). Using a calculated latent
heat flux indicates that this brings about an approximate 2% error of the
sonic heat flux in unstable stratification and a 0.5% error in stable
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stratification. The error is small, owing to the low water content of the cold
Antarctic boundary layer.

Most sensors functioned continuously during the period described herein.
However, sub-surface temperatures are only available during the final
13 days of the experiment due to a data logger problem. No eddy-correlation
data were stored below approximately —38 °C, resulting in several nighttime
data gaps.

2.2. DATA TREATMENT

2.2.1. Net Shortwave Radiation

Net shortwave radiation (Sy) is the most important source of energy for the
surface during the short Antarctic summer. Calculations of Sy from raw S|
and St data can be inaccurate for several reasons, such as a tilted sensor or
icing. During ENABLE, tilt was checked daily and estimated to be smaller
than 0.5°; icing occurred infrequently. More importantly, shortwave radia-
tion sensors sometimes have difficulties in accurately measuring solar radi-
ation originating from large zenith angles (a poor cosine response). For the
reflected component, as well as for S| during overcast conditions, this
problem does not occur since the shortwave radiation will be largely diffuse
and only a small part of the irradiance will originate from large zenith angles.
During clear-sky conditions, however, low solar elevation causes a serious
problem. According to the CNR1 sensor manual, measurements of .Sy ‘yield
unreliable results’ for zenith angles larger than approximately 80°. Since the
experiment was performed at the end of the Antarctic summer solar zenith
angles were generally large. Zenith angles larger than 80° occurred during
approximately 30% of the experiment. The measured instantaneous albedo
(o = |S1]|/S|) was occasionally unrealistically high during the night, exceed-
ing unity, causing an underestimate of net shortwave radiation by up to
20 W m™>. As this degree of inaccuracy is unacceptable, a method was de-
vised to overcome this problem.

The incoming shortwave radiation accumulated over a day is hardly af-
fected by a poor cosine response, as the major contribution (approximately
93%) arises from periods when the solar zenith angle is smaller then 80°.
Therefore, we use the accumulated albedo, which removes the effects asso-
ciated with the poor cosine response from Sy (Van den Broeke et al., 2004b):

o
Gac = — = o > (2)
> S
24h
where data of the 12 h preceding and following the time of observation are
used. Then o,. can be used to calculate the instantaneous net shortwave
radiation using:



ENERGY BALANCE OF THE ANTARCTIC PLATEAU 295

Sn=S|+ 8 = ST+ST:ST<1—L>, (3)
Aac Glac

thus using St measurements, which are unaffected by a poor cosine response,

as a basis for the calculation of S|.

However, this method removes the daily variation of the albedo caused by
changes in solar zenith angle (i.e. the change of the diffuse fraction of the
sunlight (0)). Therefore, an artificial daily cycle in broadband albedo is de-
rived from the analytical model of Wiscombe and Warren (1980), who
proposed that the albedo of snow depends on snow grain size and 6. Here, we
assume that the snow grain size has a constant value of 10™* m. The diffuse
fraction of Sy is a function of cloud cover and path length through the
atmosphere. The path length is determined using the solar zenith angle; cloud
cover can be estimated from L} and temperature due to the emissive prop-
erties of clouds and its effect on near-surface temperature. The latter is vis-
ualised in a scatter plot of L} versus 2-m temperature (Figure 2) measured by
the nearby AWS 9 over a four-year period. For any temperature, the upper
limit of L is set under cloudy conditions and the lower limit under clear-sky
conditions. Fitting temperature-dependent polynomials to the 5th and 95th
percentiles of L values gives the empirical relationships between L and 2-m
temperature for cloudy and clear skies (respectively Lj cear(7) and
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Figure 2. The dependence of 2-m temperature on L} at Kohnen station based on four years of
2-h mean AWS data. The upper line shows the approximate relationship between the two
parameters for overcast conditions, the lower line for clear sky conditions.
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L ciouday(T)). The diffuse fraction of S| at any time is then estimated by linear
interpolation between these polynomials:

(Ll - Llyclear(T))
(LLcloudy(T) - Li,clear(n) ’
where i, 1S the d under clear-sky conditions, and is set to 0.2. The diffuse
fraction derived from this equation is used in the theoretical albedo calcu-

lation. Hereafter, the artificial daily cycle in albedo is added to o, in such a
fashion that Sy accumulated over a day remains unchanged.

5(Li7 T) = 5min + (1 - 5min)

(4)

2.2.2. Relative Humidity

The Vaisala HMP35C relative humidity probe measures relative humidity
with respect to water instead of ice. At sub-zero temperatures this causes the
relative humidity readings to be unrealistically low. Moreover, the HMP35C
has an off-factory calibration down to —20 °C, below which the measured
RH exhibits an unrealistic cut-off at values well below 100%. Anderson
(1994) proposes a two-step method to re-scale the measured relative humidity
to obtain more accurate values. This method was applied successfully to
Greenland and Antarctic AWS data (Box and Steffen, 2001; Van den Broeke
et al., 2004a, respectively) and also used to correct the ENABLE RH data.
Relative humidity was converted to specific humidity using the saturation
vapour pressure relation of Curry and Webster (1999).

3. Energy Balance Calculations

The SEB calculations consist of an atmospheric and a sub-surface part. The
atmospheric part calculates the turbulent heat fluxes using the bulk method;
the sub-surface part calculates heat transport in the snow.

3.1. TURBULENT HEAT FLUXES

In accordance with Monin—Obukhov similarity theory, the sensible and la-
tent heat fluxes can be expressed as

H = pcpu, T, (5)

IsE = pisuiqsy, (6)

where p denotes air density, ¢, = 1005 J K™! kg™! is the specific heat of dry
air at constant pressure, £ is sublimation and A, = 2.83 X 10° 7 kg_1 is the
latent heat of sublimation. u, is the friction velocity and T, and ¢, are the
turbulent scales of temperature and humidity, defined as:
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——0.5 Ku(z)

u, = (uw) "= , (7)
( n(2) = ¥m(®)

T, = (WD)u ! k(T(z) — T(O))’ (8)
. In(2) = (&)

, ©)

where u'w/, wT' and w'q’ are the surface kinematic fluxes of momentum,
heat and moisture, respectively, ' and w' are the horizontal and vertical
turbulent wind speed fluctuations, and ¢’ is the fluctuation in spe-
cific humidity; k = 0.4 is the Von Karman constant. In the bulk approxi-
mation u, 7 and ¢ at height z (= 2 m) and the surface roughness lengths
associated with these parameters (zo, zy and z,) determine the size of
the associated turbulent scales. The surface roughness lengths are defined as
the height where the downward extrapolated profiles of these parame-
ters attain their surface values. The stability correction functions for
momentum (), heat () and humidity (y4) depend solely on a
non-dimensional stability parameter ¢ = z/L«,where L+ is the Obukhov
length scale, defined as L, = u20,/gx0,., where 0, and 0.« are the virtual
potential temperature and its turbulent scale. Here the functions determined
by Holtslag and De Bruin (1988) were used for stable stratification, as rec-
ommended by Andreas (2002) after comparing several different stability
correction functions, and those by Paulson (1970) and Dyer (1974) for
unstable stratification (IN.B.: Dyer used x = 0.41). Turbulent Prandtl and
Schmidt numbers are assumed equal to unity.

Even though wind speed, temperature and humidity were measured at
more than one level and the two-level method often compares favourably
with eddy-correlation measurements (Box and Steffen, 2001), the more ro-
bust one-level bulk method is chosen as the preferred method in this study.
The two-level method is more sensitive to measurement errors given the small
gradients higher above the surface. Using surface values instead of a second
atmospheric measurement level increases the difference in T, q and u between
the two levels, reducing the relative size of the measurement errors (see
Figure 9 of Bintanja and Van den Broeke, 1995).

Some unknown parameters remain in Equations (5) through (9), namely
the roughness lengths z,, zy and z,, and the surface values of temperature
T(0) and specific humidity ¢(0).
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3.1.1. Roughness Lengths
During the experiment the visual roughness elements of the snow surface did
not change significantly. Sastrugi (snow dunes) were present, which were small
and had a low aspect ratio. The low temperatures prohibited fast snow crystal
transformation. Therefore it was assumed that a constant value of z, could be
used for the entire experiment. The value of z, is found to be 2 x 107> m as
determined from eddy-correlation measurements, which is a very low value
even for a snow surface ( Bintanja and Van den Broeke, 1995).

Andreas (1987) suggests second-order polynomials to relate the roughness
lengths for heat and moisture to zy:

ZT,(] =2y eXp(bO —+ bl ln(Re*) + b2 IHZ(RC*)), (10)

where Re- is the roughness Reynolds number, defined as Re« = u,.zo/v. Here
v=1.46 x 107 m? s~ is the kinematic viscosity of air. Andreas splits up the
aerodynamic domain in three parts (smooth, transitional and rough) and
defined different polynomial coefficients by, for each domain (Table II).
Equation (10) is plotted in Figure 3 to give insight into the dependence of the
roughness lengths on Re«. The figure shows that both z; and z, are larger
than zy for smooth flow, but decrease in size when the flow becomes more
rough. During ENABLE Re- did not exceed 0.7 (indicated by the grey area in
the figure), which results in z7 and z, being almost constant and larger than
zo. The validity of Equation (10) was discussed and confirmed by Andreas
(2002), although some doubt remains about the validity of z, due to a lack of
measurements.

3.1.2.  Surface Temperature and Humidity
Surface temperature is assumed equal to the radiative temperature determined
from longwave radiation. Snow emits radiation following Boltzmann’s law:

—L; = (1 —¢)L| + eaT(0)* (11)

TABLE II
Values of the coefficients in Equation (10) for estimating the scalar roughness lengths in three
aerodynamic regimes according to Andreas (1987).

Zp Zq
bo bl b2 b() b] b2
Smooth 1.250 0 0 1.610 0 0
(Re« < 0.135)
Transition 0.149 -0.550 0 0.351 —-0.628 0
(0.135 < Rex < 2.5)
Rough 0.317 -0.565 -0.183 0.396 -0.512 -0.180

(Re« > 2.5)
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Figure 3. The ratio of zy and z, to z, plotted against the roughness Reynolds number,
according to Andreas (1987). The grey area indicates the typical range of Re« for ENABLE.

where ¢ = 5.67 x 1078 W K™* m™ is the Stefan-Boltzmann constant, and ¢ is
the broadband emissivity of the snow surface in the longwave part of the
spectrum with a value close to unity. Due to the uncertainty of its value, here ¢
is set to 1. Surface humidity ¢(0) is calculated from 7(0) under the assumption
that the snow surface is continuously saturated with respect to ice.

In Section 2.1 we showed that the RMSD between CNR1 and Neumayer
readings of longwave flux was 3.3 W m™ for two-hourly means, with a
systematic bias of 2.6 W m™. At the mean temperature during ENABLE this
systematic bias is equivalent to an underestimation in surface temperature of
about 0.8 °C. The random error on top of this bias is 2.2 W m™2, which
translates to a random error in half-hourly radiative temperature values of
1.3 °C. An uncertainty of approximately —0.8 + 1.3 °C is acceptable for
SEB calculations.

A second check of the accuracy of 7(0) obtained from L1 was performed
by linearly extrapolating 50 and 100 mm snow temperatures to the surface
(7(0)exs) over all available measurements and comparing these with mea-
sured surface temperatures. From this we find that 7(0)=T(0)exy = —
0.9 £ 1.3 °C, which also indicates that no large systematic bias is present in
the radiative surface temperature measurement. The effect of a systematic
error of 1 °C is discussed in Section 4.3.
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3.2. SUB-SURFACE HEAT FLUX

Direct measurement of the sub-surface heat flux in snow is difficult because
heat flux plates directly influence the structure and metamorphosis grade of
the snow. Therefore a modelling approach to determine the sub-surface heat
flow is preferable.

Neglecting shortwave radiation penetration into snow (which is justified
according to Brandt and Warren, 1993) and wind ventilation of the upper
snow layer, the thermodynamic equation of heat transport in snow simplifies
considerably. Under the assumption of horizontal homogeneity the sub-
surface heat flux follows from:

G = k(0) @—ZT) o (12)

where z is defined positive downwards.

Sub-surface heat flux calculations for ENABLE were initialised by a tem-
perature profile that was determined from thermistor string measurements
at AWS 9. The temperature profiles in all subsequent time steps were cal-
culated using 7 = T(0), determined from longwave flux measurements, and
(0T/0z),_..,= 0 as upper and lower boundary conditions, respectively. The
temperature gradient at the surface (needed in Equation (12)) then follows
from the temperature difference between the surface and the first modelled
snow layer, which was at 0.04 m depth in our calculations. k. is an ‘effec-
tive’ conductivity parameter, since it embodies more than one process of
heat transport. Conduction in the ice lattice, diffusive transport in air be-
tween snow grains and the sub-surface equivalents of the sensible and latent
heat flux are all included in k.. We used the empirical relationship for k.
produced by Ostin and Andersson (1991), assuming dependence only on
snow density:

ke(z) = —0.00871 + 0.439 x 10~2p () + 1.05 x 10~%p (2)?, (13)

where ps is snow density in kg m™>. The density profile is obtained from six
snow pits that were dug within a radius of 2 km of the Kohnen base. Figure 4
shows the mean snow density at depths up to 1.2 m, including standard
deviation. Standard deviation increases with depth, due to a decreasing
number of measurements. We applied a linear fit to these measurements to
represent the density of the upper snow layer at Kohnen. Below 1.2 m depth
the linear relationship is not accurate, but the temperature perturbations that
occur at this depth during the ENABLE period are very small and have
no influence on G at the surface. Figure 4 suggests a surface snow
density of 323 kg m™*, which, according to Equation (13), results in
ko(0) =243 x 107 WK™ m™".
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Figure 4. Mean snow density (dots) and standard deviation from measurements obtained
from six snow pits in the vicinity of Kohnen station. The line indicates the best linear fit to the
dots.

4. Results

4.1. GENERAL METEOROLOGICAL CONDITIONS

Kohnen station is positioned approximately 500 km from the coast on the
high Antarctic plateau. Due to the location of the circumpolar pressure
trough north of Antarctica, the mean synoptic pressure gradient forces an
easterly geostrophic wind. Also the near-surface air flow is persistently
westward; the directional constancy, defined as the ratio of the vector mean
wind to the scalar mean wind speed, is 0.88 at AWS 9 (Reijmer, 2001). This
high value indicates that it is likely that the near-surface flow has a katabatic
component, forced by a slightly sloping surface of 1.3 + 0.3 m km™' in the
east/north-easterly direction (61°, derived from the 1 x 1 km? Radarsat
Antarctic Mapping Project Digital Elevation Model version 2 (Liu et al.,
2001)).

Figure 5 shows daily averages of 2-m temperature, specific humidity and
wind speed at AWS 9 for the 4-year period preceding the experiment. Annual
averages for T, ¢ and u are —43.2°C, 0.17 x 107> kg kg™ and 4.3 m s™!,
respectively. Temperature shows a strong seasonal cycle, ranging from a
maximum of —15 °C in the short summer to almost —70 °C during the long
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Figure 5. Daily mean AWS data of temperature (a), specific humidity (b) and wind speed (c)
at 2-m height at Kohnen station over the 4-year period prior to and including the ENABLE
period. Gaps in wind speed data occur when the sensor is fixed by icing.

and coreless winter. Specific humidity is strongly temperature dependent and
therefore follows the temperature seasonal cycle (Figure 5b). In the winter-
time specific humidity seldom exceeds 0.5 x 107> kg kg™', and only on warm
summer days is 1.5 x 107 kg kg™' reached. The lower panel shows no sea-
sonal cycle in wind speed, and a daily mean wind speed of at least 2 m s™' is
nearly always present. Only a few times per year do synoptic perturbations
penetrate the Antarctic plateau from the Weddell Sea (Noone et al., 1999),
these events being characterised by relatively high 7, ¢ and u at AWS 9.
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The period of measurement described herein lasted from 8 January until 9
February 2002. The mean 2-m temperature, specific humidity and wind speed
during this period were —27.5°C, 0.52 x 107> kg kg™! and 4.1 ms™' at
Kohnen. Table III shows that the AWS data of the same period agree well
with these measurements. Furthermore, the table shows that the mean gen-
eral meteorological conditions were not extraordinary compared to the same
period in the previous years (1998 to 2001). Temperature, specific humidity
and wind speed for this period at 2-m height are presented in half-hourly and
daily means in Figure 6. A strong daily cycle is present in all three param-
eters. At the beginning of the period conditions were relatively warm with
daily temperatures between —25 and —14 °C and a maximum of approxi-
mately —12 °C. In this period daily mean 2-m wind speeds were high (5 to
11 m s™") and specific humidity was over 0.6 x 107> kg kg™'. After this the
atmospheric surface layer cooled, which is directly related to the increasing
solar zenith angle. At the end of the period daily mean temperatures fell
below —30 °C, the wind speed varied between approximately 1.5 m s~ at
night and 5 m s™' during the day and specific humidity between 0.2 and
0.4 x 107 kg kg™'. Although Figure 6 shows that, in general, 2-m wind
speeds were stronger during the day than at night, this does not indicate the
absence of katabatic forcing at night, because the 2-m wind speed is strongly
influenced by the stability-related change in curvature of the wind speed
profile. The full wind speed profile, as measured with a tethered balloon, did
show a significant influence of katabatic forcing during clear nights.

The daily mean cloud cover during ENABLE as determined from obser-
vations is presented in Figure 7. The first 6 days of the experiment
were overcast, caused by a low pressure system advecting warm and moist
air from the south Atlantic ocean. During the rest of ENABLE thin
ice clouds with a relatively low optical thickness were the most common
clouds.

Concluding this section, the near-surface meteorological conditions dur-
ing ENABLE compare well to the conditions measured by AWS 9 in the

TABLE II1
Mean AWS data of 2-m temperature (°C), specific humidity (kg kg™"), wind speed (m s™'), net
shortwave radiation and net longwave radiation (W m™) in the period 8 January to 9 Feb-
ruary from 1998 to 2002.

1998 1999 2000 2001 2002
T -29.5 -243 -28.8 -27.5 -27.4
q 036x 107 0.65x10  039x107°  042x107  0.52x107°
U 3.5 48 4.0 3.4 4.5
Sn 62 57 62 61 54

L —-60 =51 -56 =55 —46
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Figure 6. Half-hourly means (thin lines) and daily means (thick lines) of 2-m temperature (a),
specific humidity (b) and wind speed (c) during ENABLE.

years prior to the experiment. Assuming that the observations of these
4 years give us a good estimate of the average conditions at Kohnen, this
eliminates one possible cause of differences between this study and other
studies.

4.2. SURFACE ENERGY BALANCE

4.2.1. Radiative Fluxes

Figure 8 shows daily means of the energy balance components during
ENABLE. The daily mean Sy (Figure 8a) is high on days with low cloud
cover (Figure 7) and high solar elevation with values of approximately
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Figure 7. Daily mean cloud cover during ENABLE.

8 12

70 W m™2. During overcast days, and towards the end of the experiment
when solar elevation was low, daily mean Sy values were 25-35 W m~2. Over
the entire period net shortwave radiation has a mean value of 47 W m™
(Table IV). The difference with mean Sy measured by AWS 9 (54 W m ™2,
Table III) is significant; this is chiefly due to spatial differences in surface
albedo or to inaccuracies introduced by AWS maintenance during the period
of ENABLE.

Daily mean surface albedo is shown in Figure 9; the albedo during
ENABLE ranged from 0.83 to 0.92, with a period mean value of 0.86. As
explained in Section 2.2.1, the albedo depends on cloud amount and solar
elevation. In agreement with these factors, the figure shows high albedo for
overcast situations, obtaining its maximum value during the overcast period
of days 10 to 12, and high albedo towards the end of the experiment when
solar elevation was low. However, high amounts of snowdrift were observed
during the strong-wind event of days 10 to 12 and snowfall is likely to have
occurred in this period, both of which are possibly additional causes of high
surface albedo.

Net shortwave radiation is balanced mostly by net longwave radiation.
Net longwave radiation is often negative, as the emitted radiation by the
snow surface cannot be balanced by the radiation emitted by the generally
cold and dry atmosphere. Cloudy conditions are easily detected; the daily
mean Ly on cloudy days has a low absolute value between 0 and =30 W m™2,
while during days with clear skies the surface loses between —50 and
—75 W m™? (Figure 8a). Net longwave radiation over the entire experiment
was —48 W m™ (Table IV), which agrees well with the mean Ly value
measured by AWS 9 (=46 W m ™).
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TABLE IV

Mean values of energy balance components and standard deviations of daily means at Kohnen

from 8 January to 9 February 2002. Values are in W m™>.

Mean Standard deviation
Sy 334.1 43.5
St -287.3 322
SN 46.8 12.8
Ly 157.6 33.7
Lt -205.5 23.7
Ly -47.9 16.3
Ry -1.1 8.9
H -0.0 4.0
AsE -1.0 1.2
G 0.7 4.0

Generally speaking, during days with clear-sky conditions the surface
radiatively cools and during overcast days the snow surface warms (Fig-
ure 8b). So, despite the fact that clouds block shortwave radiation and in-
crease surface albedo, the positive effect of clouds on net longwave radiation
dominates the radiation balance (the radiation paradox; Ambach, 1974).
Figure 8b also shows that daily mean net radiation (Ry) changed from po-
sitive to negative during ENABLE, which signifies the transition from

summer to winter. Over the entire period, Ry was a small sink for surface
heat (1.1 W m™?).
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Figure 9. Daily mean albedo during ENABLE.
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4.2.2. Turbulent Heat Fluxes

Figure 8b shows that during ENABLE the daily mean turbulent heat fluxes
and net radiation tend to be of opposite sign. Early in the period this resulted
in daily mean H values of —4 to —8 W m™ and AE values of -2 to
—4 W m™. Further towards the end of the experiment, when strong radiative
cooling of the surface occurred due to low solar elevation and low cloud
amount, the daily mean H was positive with values between 1 and 10 W m™.
The low temperatures did not allow for large vertical gradients in specific
humidity, causing low daily mean AE values between —0.1 and 0.4 W m™>.
The shift from negative to positive turbulent heat flux values results in near-
zero values averaged over the entire period (Table IV).

Available eddy-correlation measurements of the sensible heat flux were
used to validate the bulk flux calculations (Figure 10a). With a correlation
coefficient of 0.95 and a RMSD of 3.0 W m™? the calculations are in good
agreement with the direct measurements. A mean difference of —=0.9 W m™
suggests a slight underestimation of calculated bulk fluxes of sensible heat.

Since eddy-correlation measurements of latent heat were unsuccessful, but
a check of the performance of the calculations is desirable, the latent heat flux
is estimated from the sonic anemometer data using the modified Bowen ratio
method (Liu and Foken, 2001). For a known Bowen ratio (B = H (AE)™")
latent heat can be determined from the eddy-correlation (subscript ‘ec’)
measurements of sensible heat:
HS’eC ~ HS,ec EA—E .

¢p AT
Here, first order K-theory approximation is applied, which relates the gra-
dient of a parameter (a) to the covariance of that parameter and the vertical
component of wind speed fluctuations: wa' = —Ka%. Because K is assumed
equal for moisture and heat it is eliminated from Equation (14). The specific
humidity and temperature differences Ag and AT are determined between the
surface and 2-m height. The latent heat flux thus obtained is compared to the
‘calculated’ latent heat flux in Figure 10b. The agreement is reasonable with a
correlation coefficient of 0.47 and a RMSD of 1.6 W m™2, although the
calculated values are systematically lower than the measured values (mean
difference = —0.7 W m™2). The scatter in Figure 10b is larger than in Fig-
ure 10a since, among other reasons, the modified Bowen ratio method is
sensitive to situations when vertical temperature gradients are small.

Hi oo = (14)

4.2.3.  Sub-Surface Heat Flux

During ENABLE, the mean sub-surface heat flux was slightly positive
(0.7 W m™2, Table IV). Like the turbulent heat fluxes, the sub-surface heat
flux generally opposes the mean radiative flux. From the daily means in
Figure 8, we can conclude that G is comparable to H in magnitude, and in a
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similar fashion G is negative during the first few days and becomes positive at
the end of the period. Daily mean G values ranged from —8 to +7 W m™>.
Figure 11 compares measured and calculated snow temperatures at 0.2-m
and 0.4-m depths to check the accuracy of the calculations. In spite of the
approximations made, the calculated and measured snow temperatures agree

(a) 30

20 IRZ S

10

-10

Sensible heat flux (calculated) (W m?)
o

-30 -20 -10 0 10 20 30
Sensible heat flux (measured) (W m™)

Latent heat flux (calculated) (W m™)
o
Y

10 7.5 -5 25 0 25 5 75 10
Latent heat flux (calculated from sensible heat flux) (W m™)

Figure 10. Comparison of calculated and measured half-hourly values of the sensible (a) and
latent (b) heat flux.
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well. The differences in temperature can easily be explained by snow density
variations, for example. Note that the density profile in Figure 4 represents
the average profile for the surroundings of Kohnen, not one specific location.
Therefore G presented in Figure 8b can be interpreted as the mean G for a
larger area.

4.3. SENSITIVITY ANALYSIS

The sensitivity of the calculated mean energy balance components to small
variations in input parameters is presented in Table V. The displayed
parameters are changed uniformly over the entire period and one at a time.

Increasing the temperature by 1 °C at the surface (equivalent to a change
in Lt by 3.3 W m™) or at 2-m height has an opposite effect on the sensible
heat flux. In the latter case there is an increased vertical temperature gradient,
resulting in an increase in mean sensible heat of 4.4 W m™>. A rise in surface
temperature facilitates convection and decreases the sensible heat by
4.7 W m™? and latent heat by 1.1 W m 2. The sub-surface heat flux then
decreases by 0.3 W m™2. When the specific humidity of the air is increased by
0.05 x 107 kg kg™!, more moisture is available for transport to the surface,
increasing the latent heat flux by 0.7 W m™>.

A positive change of 0.5 m s™! in wind speed increases u, and thus the
absolute size of the turbulent heat fluxes (Equations (5) and (6)). The increase
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Figure 11. Measured (dashed line) and calculated snow temperatures (solid line) at 0.2 and
0.4 m.
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in u, is noticed most at low wind speeds (high stability). Since these low wind
speeds occurred at the end of the measuring period when the daily mean
sensible heat fluxes were positive (Figure 8b), the period mean sensible heat
flux increases, though by just 0.5 W m™. Due to the very small latent heat
fluxes at the end of the period an increase in wind speed chiefly increases the
size of AJE at the beginning of the period, which becomes slightly more
negative over the entire period by —0.1 W m™>.

Equations (7), (8) and (9) show that turbulent fluxes could be sensitive to
changes in zy 7, especially when these roughness lengths are small. Table V
shows that this sensitivity is small; if z is increased by a factor of five, mean
sensible and latent heat fluxes increase in absolute size by only 0.2 and
0.1 W m™2, respectively. When surface roughness is lowered by a factor of
five, the fluxes become smaller by similar amounts. Changes are generally
small, since a different roughness length mainly influences the amplitude of
the daily cycle and not the daily means. The same occurs when the stability
correction is not taken into account or changes in snow density or its thermal
conductivity are imposed; the period mean values of the sub-surface heat flux
display a small change. This shows that the magnitude of the SEB terms
obtained is robust. A detailed discussion of the daily cycle of the energy
balance is presented by Van As et al. (2005).

5. Discussion and Conclusions

We presented the SEB of the high Antarctic plateau during summer. Equa-
tion (1) states that for a skin surface layer without heat capacity or given

TABLE V

Change in the surface energy balance components over the measuring period with respect to

the reference case as a results of varying input parameters. Values are in W m™2.

H JsE G
7(0) + 1°C 4.7 -1.1 -0.3
T@2m)+ 1°C +4.4 +0.0 0
¢ (2m) + 0.05x 107 kg kg™ +0.0 +0.7 0
u(2m) + 0.5ms™" +0.5 -0.1 0
ZoX 5 +0.1 -0.2 0
Zo/5 -0.0 +0.2 0
Ymng = 0 +1.5 +0.1 0
Penow + 50 kg m™3 0 0 +0.1

ke + 0.1 Wm™ ' K™ 0 0 -0.1
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temperature all surface energy components are balanced. Figure 8c shows
that the various measured and calculated components do not always balance
exactly; on most days the daily mean residual energy of the SEB is
0-5 W m™2. The main source of uncertainty is net radiation. The difficulty is
that the Antarctic summer radiation balance consists of several large terms of
approximately the same size, which results in a small Ry with a relatively
large uncertainty of measurement. To illustrate the uncertainty in the
SEB that originates from sensor accuracy, this has been plotted with the
daily mean energy residual in Figure 8c. Clearly, the imbalance during all
days in Figure 8b can be explained by measurement uncertainty, with the
exception of day 28. In the morning of this day icing affected multiple sensors
(Sy, Ly, L, T, g and possibly u). We also notice in Figure 8c that, while
accuracy increases towards the end of the period due to the decreasing sizes
of surface energy fluxes, the residual term of the SEB increases. This might be
related to decreasing sensor accuracy at low temperatures and large solar
zenith angles.

As an alternative SEB calculation method, we can choose not to constrain
T7(0) by observations, but to find the value of T(0) for which all surface
energy fluxes are in balance. Figure 12 compares these surface temperatures
to the measured radiative surface temperatures. As can be seen, agreement is
good, with a root mean square difference of 1.1 °C, which is equivalent to a
difference of 3.7 W m™2 in longwave radiation, which is accurate for SEB
calculations. This gives confidence in the calculated SEB. Again, the largest
errors occur in the morning of 28 January 2002 (circles). For temperatures
below —40 °C a small systematic difference is found between the calculated
and the measured temperatures.

The sub-surface heat flux calculations produced snow temperatures that
also agreed well with the measurements, in spite of the assumptions made.
For instance, ventilation of the near-surface snow was not included, the
density profile we used is only an approximation of an otherwise irregularly
stratified layer of snow (Figure 4) and the passing of snow dunes caused the
snow temperature measurements to be taken at variable depth. Apparently
these factors have a relatively small impact on the sub-surface heat transport.

To put the ENABLE observations into a temporal perspective, Figure 13
shows the annual cycle of the energy balance components at AWS 9 (based
on monthly means, averaged for 1998-2001). The AWS energy balance has
been computed using data treatment techniques similar to the ones pre-
sented in this paper; a difference is that at the AWS the energy balance
closure assumption (mentioned above) was made to obtain 7(0), mainly to
avoid problems associated with icing of the radiation sensor during winter.
Except for the wind speed sensor, the AWS is equipped with identical
sensors as used for this SEB study, which facilitates comparison. However,
the AWS sensors measure at a much lower frequency, and are not
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Figure 12. Half-hourly surface temperatures for which SEB = 0 plotted against the observed
surface temperature during ENABLE. Temperatures between 0000 h and 1200 h on 28 Jan-
uary 2002 are marked with circles.

ventilated, nor checked for tilt or icing regularly. Furthermore, no eddy-
correlation measurements are performed at the AWS to verify the calcu-
lated bulk fluxes of sensible and latent heat. Though less accurate, the AWS
readings give us a clear idea of temporal SEB variability on monthly time
scales near Kohnen base.

The period of ENABLE (grey area in Figure 13) fell after the high summer
period recognized as the peak in absorbed shortwave radiation in December.
Instead, conditions during ENABLE were representative of the transition
from summer to winter and coincide with the steepest gradients in all energy
balance components: from mid-January to mid-February, the net radiation
changes from positive to negative and the sensible heat flux from negative to
positive, as does the sub-surface heat flux. The latent heat flux becomes small
in response to low ambient temperatures. The change in regime from net
heating to net cooling of the snow pack and atmosphere is also clearly visible
in the ENABLE daily mean fluxes (Figure 8b), with all components behaving
as described above. As a result of averaging over this regime change, average
values of net radiation and sensible heat flux/sub surface heat flux are small
(Table IV).

This strong dependency of the average fluxes on the exact timing of the
experiment and the short duration of most experiments in Antarctica makes
it difficult to compare results among experiments. Table VI makes an at-
tempt and lists average fluxes for several summertime meteorological
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Figure 13. Monthly mean net radiation, sensible heat, latent heat and sub-surface heat flux,
determined from four years of AWS 9 data. The grey area indicates the period of ENABLE.

experiments in Antarctica at high elevations. As can be seen, there is a large
spread in reported fluxes for net radiation and turbulent heat fluxes, even
for experiments at the same location (South Pole). Longwave radiative loss
at Kohnen is smaller than at site 7 of Bintanja, mainly because of a larger
H there. The sites with positive Ry (Vostok, Mizuho and Pionerskaya) are
characterized by lower albedo (« < 0.83), resulting in higher surface tem-
perature and greater convection. At the last two sites the low albedo is
presumably caused by strong metamorphosis due to katabatic winds. Also
note that some of these studies calculated the latent heat flux as a residual
of the energy balance, leading to a clear overestimate as in Dalrymple et al.
(1966).
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TABLE VI
Observed mean summer energy balance components (in Wm ™) in Antarctica with elevation (in
m) larger than 2000 m. Values arein W m™2. D = December,] = January, F = February and
M = March.

Location Elevation Months « SN Ly Ry H AE H+ A E
Vostok® 3488 J 0.83  +68 —48  +20

Kohnen® 2892 JF 0.86 +47 48 -1 0 -1 -1
South Pole® 2835 F 0.85 -19  +9 49 +18
South Pole? 2835 DJFM 084 -20 +24
Pionerskaya® 2740 J 0.82 +24 -3 +1 -2
Mizuho! 2230 D 0.77 +20 -7 -8 -15
Site 78 2100 J 0.86 +50 —64 —14 +20 -6 +14

# King and Turner (1997).
® This study.

¢ Dalrymple et al. (1966).
4 Carroll (1982).

¢ Schlatter (1972).

T Ohata et al. (1985).

€ Bintanja (2000).
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