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[1] Six levels of meteorological sensors have been deployed along a 45 m tower
at the French-Italian Concordia station, Dome C, Antarctic. We present measurements of
vertical profiles, the diurnal cycle, and interdiurnal variability of temperature, humidity,
and wind speed and direction for 3 weeks during the southern summer of 2008. These
measurements are compared to 6-hourly European Center for Medium-Range Forecasts
(ECMWF) analyses and daily radiosoundings. The ECMWF analyses show a 3–4�C
warm bias relative to the tower observations. They reproduce the diurnal cycle of
temperature with slightly weaker amplitude and weaker vertical gradients. The amplitude
of the diurnal cycle of relative humidity is overestimated by ECMWF because the
amplitude of the absolute humidity diurnal cycle is too small. The nighttime surface-based
wind shear and Ekman spiral is also not reproduced in the ECMWF analyses. Radiosonde
temperatures are biased low relative to the tower observations in the lowest 30 m but
approach agreement at the top of the tower. Prior to bias correction for age-related
contamination, radiosonde relative humidities are biased low relative to the tower
observations in the lowest 10 m but agree with tower observations above this height. After
correction for the age-related bias, the radiosonde relative humidity agrees with tower
observations below 10 m but is biased high above this height. Tower temperature
observations may also be biased by solar heating, despite radiation shielding and natural
ventilation.

Citation: Genthon, C., M. S. Town, D. Six, V. Favier, S. Argentini, and A. Pellegrini (2010), Meteorological atmospheric boundary

layer measurements and ECMWF analyses during summer at Dome C, Antarctica, J. Geophys. Res., 115, D05104,

doi:10.1029/2009JD012741.

1. Introduction

[2] Antarctica is one of the coldest, driest places on Earth.
The Antarctic plateau, in particular, experiences some of
the strongest surface-based temperature inversions ever
observed [Schwerdtfeger, 1970, 1984; Hudson and Brandt,
2005]. The atmospheric boundary layer (ABL) of the
Antarctic plateau has been studied for many purposes
ranging from purely climatological [e.g., Kuhn et al.,
1977; Argentini et al., 2005; van As et al., 2005; Hudson
and Brandt, 2005; van As and van den Broeke, 2006] to
astronomical [e.g., Travouillon et al., 2003; Aristidi et al.,
2005]. The Antarctic plateau itself can also be a natural
laboratory and test bed for understanding extreme atmo-
spheric processes [Lettau and Schwerdtfeger, 1971]. Model,
meteorological analysis, and reanalysis evaluations [Genthon

and Braun, 1995; King and Connolley, 1997; Cullather et
al., 1997; Briegleb and Bromwich, 1998; Hines et al., 1999;
Bailey and Lynch, 2000; Hines et al., 2004], as well as
focused studies of parameterizations of the surface atmo-
spheric boundary layer (ABL) [e.g., Dalrymple et al., 1966;
Kuhn et al., 1977; King, 1990; King and Anderson, 1994;
Cassano et al., 2001; Town and Walden, 2009], have been
performed using meteorological and climatic data from the
Antarctic plateau.
[3] This body of literature indicates that the main chal-

lenges for models, analyses, and reanalyses over Antarctica
are accurate parameterizations of clouds and the stable
boundary layer. Whereas evaluations of mesoscale and
general circulation models ideally employ the full suite of
observations taken over the Antarctic plateau, evaluations of
analyses and reanalyses over the Antarctic plateau are often
limited to near-surface data because much of the available
upper air data has been assimilated into their final products.
Over the Antarctic plateau, there are few in situ, near-
surface measurements other than the standard meteorolog-
ical levels, 2 and 10 m. Exceptions include measurements
currently taken at the South Pole at 22 m by the National
Oceanic and Atmospheric Administration, and a few other
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field projects of limited duration [e.g., Dalrymple et al.,
1966; Kuhn et al., 1977; Hudson and Brandt, 2005].
[4] Radiosounding data exist for the Antarctic plateau

since the International Geophysical Year in 1957–1958
[e.g., Schwerdtfeger, 1970, 1984; Turner et al., 2006;
Walden et al., 2005; Aristidi et al., 2005; Rowe et al.,
2008]. However, while high temporal resolution case stud-
ies of the ABL exist [e.g., Aristidi et al., 2005; Hudson and
Brandt, 2005], the available data are of insufficient length to
accurately characterize the climatological diurnal cycle of
the ABL.
[5] Before use, whether for operational or research pur-

poses, historical radiosonde profiles often require correc-
tions for temporal lags [e.g., Mahesh et al., 1997; Hudson et
al., 2004; Miloshevich et al., 2004] and biases due to solar
radiation and contamination [Wang et al., 2002;Miloshevich
et al., 2004; Rowe et al., 2008; Miloshevich et al., 2009].
Near-surface radiosonde wind reports are inaccurate because
the swinging sensors often stabilize only a few tens of
meters above the surface. It is not sufficient to simply
interpolate between ground-based wind measurements and
radiosonde winds from higher in the atmosphere because
the stable ABL over the Antarctic plateau is a region of
strong wind shear.
[6] To better characterize the near-surface atmosphere

over the Antarctic plateau for meteorological and astronom-
ical applications, the permanent French-Italian station, Con-
cordia (Dome C, Antarctica, 74.1�S, 123.3�E, 3233 m
a.s.l.), has been equipped with a diverse suite of meteoro-
logical instrumentation. A surface-based acoustic remote
sensor (SODAR, SOund Detection And Ranging) was
installed to monitor the thermal structure and dynamics of
the summertime ABL [Georgiadis et al., 2002; Argentini et
al., 2005; King et al., 2006]. However, much of the summer
diurnal variability on the Antarctic plateau takes place close
to the surface [Hudson and Brandt, 2005; Aristidi et al.,
2005; van As and van den Broeke, 2006], and the high
temporal resolution SODAR measurements did not have

sufficient vertical resolution to sample the lower ABL. To
complement this data set, six levels of standard meteoro-
logical sensors were deployed along a 45 m tower; they
have been operational since 16 January 2008. Using this
data set, we describe the behavior of near-surface temper-
ature, humidity, and wind of the Antarctic plateau summer-
time ABL. We further compare these new observations to
near-surface atmospheric profiles from routine radiosonde
launches, and evaluate summertime operational European
Center for Medium Range Forecasts (ECMWF) analyses
over Dome C.

2. Geographical Setting, Instruments, and Data

[7] Concordia Station is a permanent station located at
Dome C, Antarctica (74.1�S, 123.3�E, 3233 m a.s.l.), on the
East Antarctic plateau. It is jointly operated by the French
(Institut Polaire Français Paul-Émile Victor, IPEV) and
Italian (Programma Nazionale Ricerche in Antartide,
PNRA) polar institutes. Dome C is a regional topographic
maximum on the plateau; local slopes do not exceed 1%.
The climate consists of a synoptic coastal influence that
brings relatively warm, cloudy, and windy conditions, and
gravity driven flow that occurs under cold, clear, calm
conditions. Aristidi et al. [2005] report an annual mean
3 m wind speed of approximately 3 m s�1. Low wind speeds
combined with frequent stable boundary layers and small
surface roughness result in low atmospheric turbulence most
of the time at Dome C, although weak convection has been
observed during summer [Argentini et al., 2005].

2.1. Tower Observations

[8] Figure 1 shows the observational setup. The meteo-
rological suite is deployed along a 45 m tower located about
700 m from the station. The tower has been situated to
avoid significant influence from Concordia station, the main
local orographic feature, under all flow regimes. Figure 2
is a schematic of the station. Under anticyclonic conditions,

Figure 1. (left) The 45 m instrumented tower at Dome C, and (right) first level of instruments at 4.6 m
above surface.
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an inversion wind, or katabatic flow, comes from south-
southwest, as indicated by the gray arrow. Under cyclonic
flow, the winds are from the opposite direction. Only small
platforms and shelters, including one at the foot of the
tower, are located near the tower; these have minimal
impact on sampled air flow. These small obstructions are
located to the west of the buildings comprising the center of
Concordia Station. The tower was instrumented facing into
the dominant wind direction at six levels (4.6, 12.0, 19.4,
26.9, 34.2, and 43.4 m) with thermohygrometers (Campbell
HMP45C) sheltered in World Meteorological Organiza-
tion–approved radiation shields and aerovanes (Young
45106).
[9] Data collection began 16 January 2008. The data were

collected at 10 s intervals and averaged to 30 min periods
before being stored. Wind direction was not averaged, but
sampled and stored every minute. The temperature and
humidity sensors were calibrated from �40�C to 60�C,
but not operational below �40 �C. The 05106 aerovanes
were cold-room tested, and proved to be operational below
�50�C.
[10] The calibration of the temperature and humidity

sensors limit this analysis. Since nighttime temperatures at
Dome C drop below �40�C in late January, this analysis is
limited to summertime. In addition, the nonaspirated tem-
perature sensors may be biased high by solar radiation at
wind speeds less than 3 m s�1 [Huwald et al., 2009;

Georges and Kaser, 2002]. A correction for the solar bias
is possible, but likely housing-specific. The bias and cor-
rection depend on the incoming solar radiation, surface
albedo, and wind speed. We flag observed temperatures
that may experience extreme biases during low wind speeds
(i.e., <3 m s�1), as well as provide an approximate correc-
tion for the bias based on the available literature. For these
reasons, the temperature and humidity data here are effec-
tively discontinuous. We present data when temperatures
are below �40�C, and when winds are less than 3 m s�1,
because the data are still useful in characterizing the main
aspects of the summer ABL diurnal cycle at Dome C. The
wind speed and direction observations themselves have no
constraints over this time period.

2.2. ECMWF Analyses

[11] In the analysis to follow, we assume that the
ECMWF analyses used here are representative of its current
general performance under extreme conditions because
ECMWF is not tuned for Antarctic plateau conditions.
The case study approach used here is generally appropriate
for evaluating the ability of the analyses to reproduce the
timing and character of synoptic events with the mount of
available data. The ECMWF analyses assimilate observa-
tions made worldwide into a meteorological model, so the
chronology of the reconstructed meteorology should be
realistic. The analyses themselves are only available at a

Figure 2. Schematic of Concordia Station. Prevailing winds under anticyclonic flow (i.e., inversion
wind) come from the south-southwest direction (parallel to the skiway, indicated by gray arrow).
Structures are numbered: the tower is structure number 55. Note that south is toward the top of the image.
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6 h intervals. This is sufficient to capture the characteristics
of the diurnal cycle, but not to precisely capture events of
only a few hours in duration. ECMWF horizontal and
vertical resolution are also coarse. The horizontal resolution
is approximately 50 km, but primitive equation variables are
continuously defined through spherical harmonics. In the
vertical at Dome C, there are only two model levels within
the lowest 45 m of the atmosphere, approximately 8–9 and
28–29 m above the surface during summer. For comparison
with observations above 30 m, the analyses are linearly
interpolated between the second (28–29 m) and third (57 m)
model levels. Analyses products at standard surface mete-
orological levels, 2 m for temperature and humidity and
10 m for wind, are also available but not used here since
they add the complication of a boundary layer interpolation
method onto the internal physics of the meteorological
model. Finally, the model surface elevation at Dome C is
3230 m a.s.l., only 3 m different from the observed surface
altitude.

2.3. Radiosondes

[12] The daily radiosonde (RS) data used in the following
comparisons are from the Routine Meteorological Observa-
tion program (RMO, http://www.climantartide.it/) at Dome
C. The RMO program launched Vaisala RS92 at 1200 UTC,
2000 LT, during the time period analyzed here. The mete-
orological analyses evaluated here assimilate the RMO RS

data, but only at the standard meteorological pressure levels,
none of which are located within the lowest 45 m of the
atmosphere. The nearby observations on the Global Tele-
communication System (GTS) accessed by weather predic-
tion centers include two AWSs and the daily RMO RS
launch.
[13] The HMP45C and the RS both use a Vaisala Humi-

cap to measure relative humidity with respect to (w.r.t.)
liquid water (RHw) [Anderson, 1995]. The ECMWF anal-
yses of humidity are reported in terms of specific humidity.
We convert these values into partial pressure and relative
humidity w.r.t. to ice (RHi) using the method of Goff and
Gratch [1945].

2.4. Radiation Data

[14] We use downwelling solar radiation data for Dome C
to estimate the solar radiation bias in temperature. The data
were taken and quality controlled by the Programma Nazio-
nale Ricerche in Antartide, then distributed by the Baseline
Surface Radiation Network (BSRN). The bias calculation
(see below for details) requires upwelling solar radiation, so
we multiply the downwelling solar radiation fluxes by an
approximate clear-sky albedo for the Antarctic plateau, 0.80
[Grenfell et al., 1994].

3. Results

3.1. Temperature Comparisons

3.1.1. Tower to ECMWF
[15] Figure 3 shows the temperatures from tower obser-

vations and ECMWF below 45 m for 16 January to
4 February 2008. As stated above, the observed and model
surface altitudes are very similar, so no correction for lapse
rates have been applied in these comparisons. Temperature
reports with winds less than 3 m s�1 are hatched because
they are likely biased high by absorption of solar radiation
by the nonaspirated housing. In the lower ABL, the
ECMWF analyses overestimate temperature by approxi-
mately 3–4�C relative to the tower observations. The bias
is fairly constant diurnally (not shown), and is likely due to
a low bias in the ECMWF surface albedo over Antarctica.
ECMWF uses an albedo of 0.75 for all snow surfaces, but
rather should use an albedo of 0.8 or higher for snow on the
Antarctic plateau [e.g., Grenfell et al., 1994]. Once the
albedo is increased, the bias of 3 K over the high southern
latitudes is removed in ECMWF climate model runs
(G. Balsamo, ECMWF, personal communication, 2008).
The high bias in ECMWF temperature has been removed in
Figure 3 for direct comparison to the observations reported
here.
[16] Comparison of ECMWF to the present radiosonde

data set at higher altitudes is not appropriate because the
upper atmospheric daily radiosonde data at Dome C are fed
into the GTS, and therefore assimilated into the ECMWF
analyses. However, a comparison of independent radio-
sonde soundings taken over Dome C to concurrent ECMWF
analyses show a near-surface temperature bias similar to
that reported here, but no significant bias in the free
atmosphere [Sadibekova et al., 2006, Figure 1].
[17] The observations show that much of the diurnal

variability in temperature occurs within the lowest 15–20 m
(Figures 3a and 4a). This was also shown by Hudson and

Figure 3. Temperature (�C) in the lowest 45 m of the
atmosphere over Dome C from 16 January 2008 through
4 February 2008. (a) Observed tower temperatures. The
black contour lines and hatching indicate when wind is less
than 3 m s�1, and therefore where temperatures may be
significantly biased high by absorption of solar radiation.
The white areas are where temperatures dipped below
�40�C, the instrument detection limit. (b) ECMWF
temperatures. We subtract 3�C from ECMWF temperatures
to correct for a mean bias (see section 2). The x axes are
local time.

D05104 GENTHON ET AL.: ABL AND ECMWF AT DOME C, ANTARCTICA

4 of 12

D05104



Brandt [2005, Figure 22] andAristidi et al. [2005, Figure 11],
through the same, high temporal resolution RS profiles. The
ECMWF analyses (Figures 3b and 4c) reproduce the
diurnal cycle in temperature, although it is weaker than
observed. For direct comparison to the ECMWF analyses,
we have subsampled and averaged the hour of tower data
around the ECMWF analyses (Figure 4b). The cooling
trend over the full period is reproduced in the analyses,
and some of the shorter-term variability is also captured.
However, the near-surface day-to-day variability from
ECMWF is generally muted relative to the observations,
and the cold nighttime temperatures in ECMWF typically
extend higher in the atmosphere than in the observations.
[18] It is possible that some of the variability in the

observations are due to an instrument bias. For example,
short warm events on days 17, 20, and 26 are not fully
reproduced in the ECMWF analyses. On day 20, the event
appears at all tower levels simultaneously, and coincides
with very low wind speeds near local noon (section 3.3). It
seems that this is an example of an extreme a solar radiation
bias event [e.g., Huwald et al., 2009; Georges and Kaser,
2002]. Figure 5 shows the approximate bias in temperature
at the top and bottom of the tower based on the solar
radiation bias correction developed by Huwald et al. [2009].
At the base of the tower during January, the bias typically
ranges from 1 K to almost 4 K. The bias is less at the top of
the tower because it is normally more windy at the top of
the tower. The maximum estimated bias in this study occurs

on day 20; it is almost 40 K. This is clearly an unphysical
bias, indicating that these corrections are likely housing-
specific, particularly when wind speeds are low. The correc-
tion is inversely proportional to wind speed, and therefore
very sensitive to small changes at low wind speed values. In
addition to the extreme bias at low wind speeds, there is still
a nonzero bias predicted by this correction during very high
wind speed events (i.e., day 25). A future priority for our
site efforts at Dome C is to develop similar bias estimates
for the temperature sensor and housings deployed there.
[19] Figure 6 compares the details of the observations at

the lowest and highest tower levels. A strong diurnal cycle
is shown close to the surface, which is damped at the top of
the tower. Thus, in spite of the very high surface albedo
(0.8) [Grenfell et al., 1994], the diurnal cycle of solar
radiation is sufficient to induce a significant diurnal cycle
in near-surface temperature. Argentini et al. [2005] and
Hudson and Brandt [2005] show that the maximum near-
surface temperature lags solar noon by only an hour or two;
this delay is smaller than typically found at midlatitudes due
to low latent heat fluxes at East Antarctic plateau temper-
atures, and the low thermal diffusivity of the cold snow
surface. Similarly, the coldest temperatures are observed
approximately 1 h after midnight.
[20] The observations show weak lapse rates similar to

those observed during summer at the South Pole [Hudson
and Brandt, 2005]. In contrast to the South Pole, a geo-
graphic singularity, the solar diurnal cycle results in sum-

Figure 4. Diurnal cycle of near-surface temperature at Dome C for 16 January 2008 through 31 January
2008 from (a) the tower observations, (b) the tower observations subsampled to 6 h, and (c) ECMWF
analyses. Diurnal cycle is repeated for clarity.
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mertime nocturnal inversion strength between 3 K and 7 K
(0.75 K to 1.75 K per 10 m). We find no clear correlation
between wind speed (section 3.2) and inversion strength

[e.g., Town and Walden, 2009], but it is likely this time
series is not yet long enough for such analysis.
[21] Beyond the prescription of diurnal solar variation,

ECMWF is constrained by assimilated satellite data and

Figure 5. Predicted solar radiation bias in observed temperature at 4.6 m (red curve) and 43.4 m (blue
curve). The bias is estimated based on the formula determined by Huwald et al. [2009] using
observations of upwelling solar radiation, horizontal winds, and temperature.

Figure 6. (top) Time series of atmospheric temperature (�C) at Dome C recorded at 4.6 m (green) and
43.5 m (red) on the tower. (bottom) Time series of vertical gradient of temperature from 4.6 m and 43.5 m
values.
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Antarctic station observations, which are likely essential to
its qualified success at reproducing the synoptic chronology
in temperature.
3.1.2. Tower to Radiosonde
[22] Figure 7 shows a comparison between the tower data

and the first few seconds, i.e., the first few tens of meters, of
flight from the RS soundings. Lag corrections to RS
temperature profiles [Mahesh et al., 1997] are no longer
necessary for the newer RS92 sondes [Rowe et al., 2008].
There is a cold bias of more than 1�C close to the surface
(instrument uncertainty = ±0.5�C at �40�C) [Vaisala,
2005]. However, the bias reduces to an insignificant value
at the top of the tower. It is not likely that they are still
thermally adjusted to warm, indoor temperatures before
launch [e.g., Hudson et al., 2004], because that would result
in a positive bias in the RS temperatures at the surface. One
possible explanation is that the tower observations suffer
from solar heating, but are better ventilated with height.
This is corroborated by Figure 5.

3.2. Humidity Comparisons

3.2.1. Tower to ECMWF
[23] Figure 8 shows RHi from the tower data and the

ECMWF analyses. The diurnal cycle is clear, but its
magnitude is slightly overestimated in the analyses (Figure 9).
Near-surface turbulent fluxes from ECMWF (not shown)
indicate that the latent heat flux is positive (sublimation)
during day and negative (deposition) during night. This is a
function of vertical gradients in specific humidity in the
model and consistent with the observed diurnal cycle of
humidity at the lowest tower level (Figure 10). If the
absolute humidity were constant, the diurnal cycle in
temperature alone would cause RHi to vary. However,
Figure 10 shows that the observed humidity of the lower

Figure 7. Mean residual between radiosonde profiles and tower observations (solid line; RS minus obs)
with 95% confidence (dotted line) at Dome C. (a) Temperature (�C), (b) relative humidity (%), and
(c) wind (m s�1). The thick dashed lines are mean residuals excluding cases when winds are less than
3 m s�1. For relative humidity, we also show the wind speed–filtered data with a 9% shift to correct for
low biases due to radiosonde age; see text.

Figure 8. Relative humidity w.r.t. ice (%) in the lowest
45 m of the atmosphere over Dome C from 16 January 2008
through 4 February 2008. (a) Tower observations. The black
contour lines and hatching indicate when wind is less than
3 m s�1, and therefore where temperatures may be biased
high by absorption of solar radiation. The white areas are
where temperatures dipped below �40�C, the instrument
detection limit. (b) ECMWF analyses. The x axis is local
time.
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ABL is actually larger during the day than the night, as well
as a significant vertical gradient in humidity that develops
each night. This indicates one or both of the following: a
shift of a significant amount of water from vapor to

condensed phase (liquid or solid), or significant diurnal
latent heat fluxes between the surface and the atmosphere.
[24] We further investigate the discrepancy in magnitude

of RHi diurnal cycle by computing the diurnal cycle of

Figure 9. Diurnal cycle of near-surface RHi at Dome C for 16 January 2008 through 31 January 2008
from (a) the tower observations, (b) the tower observations subsampled to 6 h, and (c) ECMWF analyses.
Diurnal cycle is repeated for clarity.

Figure 10. (top) Time series of absolute humidity at Dome C (Pa) recorded at 4.6 m (green), 19.4 m
(blue), and 43.5 m (red) on the tower. (bottom) Time series of vertical gradient of humidity from 4.6 m
and 43.5 m values.
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vapor pressure and saturation vapor pressure from both
the tower data and ECMWF output (Figures 11 and 12).
Figures 11a and 12a show the actual vapor pressure, and
Figures 11b and 12b show the saturation vapor pressure.
The observed vapor pressure is much lower than in the
ECMWF output, due primarily to the temperature bias in
ECMWF. The ECMWF vapor pressure diurnal cycle over
this time period (16 January 2008 to 31 January 2008) in the
lowest level is approximately 11 Pa, whereas it is approx-
imately 25 Pa at similar levels in the observations. On the
other hand, the magnitude of the diurnal cycle in saturation
vapor pressure is similar in the observations and ECMWF,
approximately 30 Pa. Therefore, the large RHi diurnal cycle
in ECMWF is due primarily to small vapor fluxes in the
analyses.
[25] The RHi occasionally reaches values above satura-

tion in the observations. However, such small supersatura-
tions values are uncertain [Vaisala, 2005]. Observations of
near-surface liquid water fog and frequent frost and rime
deposition on metal and plastic structures confirm that the
atmosphere is often near or above saturation w.r.t. ice.
Supersaturation w.r.t. ice has been observed elsewhere on
the Antarctic plateau [Hudson et al., 2004; Town et al.,
2005]. In addition, the air over the Antarctic plateau is very
clean, with very little cloud condensation nuclei [Jourdain
et al., 2008], so supersaturation w.r.t. ice and homogeneous
freezing are distinct possibilities for much of the year.

3.2.2. Tower to Radiosonde
[26] Lag corrections to the humidity measurements are

not necessary during this time period because the temper-
atures in the lower ABL during launch were above �47�C
[Miloshevich et al., 2004]. No solar bias correction was
applied to the humidity data because the large solar zenith
angles at the time of the routine RS launches (77.6�–82.5�)
likely make these corrections unnecessary [Rowe et al.,
2008]. Before correction for any biases, the relative humid-
ity is underestimated by the RS in the lower levels relative
to the tower observations (Figure 7b). For this type of
humicap sensor, however, it is thought that an age-related
contamination low bias exists [Miloshevich et al., 2004].
[27] If no bias correction is necessary, then the solid line

shown in Figure 7b can be explained by efficient in-flight
ventilation. It is possible that the RS was brought suddenly
from a warmer preparation chamber to the outdoors. If so, it
has been shown that this can cause a temporary low bias in
RHi as the RS equilibrates to the ambient atmosphere
[Hudson et al., 2004]. This effect would be mitigated by
in-flight ventilation.
[28] The dry-bias correction developed for RS90 radio-

sondes by Miloshevich et al. [2004] is applicable to the
newer RS92 radiosondes [e.g., Cadt-Pereira et al., 2009].
The RS92 sondes used during this time period at Dome C
are approximately 2 years old, which results in a correc-
tion factor of 9% relative increase in relative humidity

Figure 11. Diurnal cycle of (a) near-surface vapor pressure and (b) saturation vapor pressure from the
45 m tower at Dome C for 16 January 2008 through 31 January 2008. Diurnal cycle is repeated for
clarity.
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[Miloshevich et al., 2004]. The correction we apply is the
same found for RS92 sondes of a few months age launched
at Dome C [Rowe et al., 2008]. Longer-term lag corrections
to RS humidity profiles in cold environments [e.g., Hudson
et al., 2004] no longer seem necessary for the newer RS92
sondes [Rowe et al., 2008]. The correction obviously
improves the agreement between tower and RS data at the
surface and correspondingly degrades the agreement at 45 m
elevation.

3.3. Wind Speed and Direction

3.3.1. Tower to ECMWF
[29] Figure 13 shows the comparison of the profiles and

the evolution of wind speed from the tower sensors and the
ECMWF analyses. A regular diurnal cycle does not emerge
quite as clearly as for temperature and humidity. However,
Figure 14 indicates that the observed wind speed and wind
direction are both significantly different from each other
around midday and midnight, respectively. Wind shear
builds at night because the temperature inversion suppresses
turbulent mixing of momentum. Conversely, convective
mixing during the day [Argentini et al., 2005] produces a
barotropic-like homogeneity of the wind speed profile. For
wind direction, convection again results in a homogeneous
surface layer, while at night an Ekman spiral develops, as
observed by Kuhn et al. [1977] at Plateau Station. In the
ECMWF analyses, the 1800 UT time step (0200 local time)
is when the strongest vertical gradients occur. However, the

Figure 13. Horizontal wind speed (m s�1) in the lowest
45 m of the atmosphere over Dome C from 16 January 2008
through 4 February 2008. (a) Tower observations.
(b) ECMWF analyses.

Figure 12. Diurnal cycle of (a) near-surface vapor pressure and (b) saturation vapor pressure from
ECMWF analyses at Dome C for 16 January 2008 through 31 January 2008. Diurnal cycle is repeated for
clarity.
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observed nocturnal wind shear is underestimated and the
Ekman spiral is not reproduced.
[30] Assuming that the observed gradient of wind direc-

tion reflects the lower part of an Ekman spiral, then a simple
first-order calculation [Stull, 1988, pp. 206–214] indicates
that the mean eddy viscosity in this layer is less than 1m2 s�1.
This is consistent with the values reported in the literature
for very stable boundary layers [Stull, 1988]. The fact that
the ECMWF does not reproduce the observed spiral in wind
direction or the observed wind shear suggests that the
turbulent mixing may be overestimated in ECMWF. The
limited agreement in timing between the ECMWF analyses
of wind speed and the tower observations, and the vertical
resolution in the ECMWF analyzes, make the level of
disagreement in wind shear shown here not surprising despite
the parameterization of turbulent diffusion in ECMWF.
3.3.2. Tower to Radiosonde
[31] The only clear information obtained by comparing

tower and RS data for wind (Figure 7c) is a confirmation
that the near-surface wind speeds cannot be estimated by
radiosondes so shortly after launch. The balloon-sonde
combination is still perturbed by launch in the lowest 45 m
of the atmosphere.

4. Conclusions

[32] Continuous summertime measurements of tempera-
ture, humidity, and wind speed and direction have been
carried out at six levels of a 45 m tower at Concordia
station, Dome C, Antarctica. These data have been com-
pared to concurrent RS soundings and ECMWF analyses.
The new data set is not only important for understanding the
climate of the Antarctic plateau, but we have also shown
that it provides an extreme test of the ability of meteoro-
logical model physics and parameterizations.
[33] The data set was limited by sensor calibration and

operation range, yet, the three week data set proves suffi-

cient to characterize a number of summertime phenomena
on the high Antarctic plateau. We report observations of:
(1) strong nocturnal inversions of more than 1 K per 10 m
that breakdown during the day due to convective mixing;
(2) occasional supersaturation w.r.t. ice at night; (3) strong
wind shear at night that reflects weak turbulent mixing of
momentum; (4) a classic Ekman spiral under surface-based
temperature inversion conditions. Due to insufficient tem-
poral resolution, none of these characteristics may be
adequately sampled by the daily RS soundings carried out
at Dome C. The RS soundings themselves appear to be
significantly biased with respect to the lowest tower measure-
ments. However, the near-surface RS data are not assimi-
lated into weather analysis and prediction centers like the
ECMWF, and so have no effect on their products.
[34] Evaluation of ECMWF for this time period shows a

3–4�C warm bias in the analyses relative to the tower
observations, likely due to a low bias in the surface albedo.
ECMWF also shows a muted diurnal cycle in temperature
relative to observations, with smaller vertical temperature
gradients that reach higher in the ABL. The analyses
reproduce the general cooling trend over the observing
period. Relative humidity is less well reproduced than
temperature. In particular, the amplitude of the diurnal cycle
of RHi is too strong because the diurnal range of vapor
pressure is too small in the ECMWF output. Wind is the
least well reproduced variable, but this is where shortcom-
ings in parameterizing very stable boundary layers are
expected be most apparent.
[35] The tower observations are also not without their

own possible biases. Solar heating of the tower temperature
measurements are an unresolved issue. This effect is mag-
nified over snow surfaces because the high albedo of snow
causes the instrument shelters to be heated by upwelling
solar radiation. The potential bias also depends on sensor
type, wind speed, and cloudiness. Corrections for these
effects generally make all ECMWF the comparisons result

Figure 14. Mean profiles of (a) horizontal wind speed and (b) direction. The tower observations are
those from 0200 (green curve) and 1400 (red, dashed curve) local time. The ECMWF profiles are from
0200 (blue curve) local time.
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in a slightly higher warm bias in the ECMWF comparisons
but improve the near-surface comparisons between radio-
sondes and tower observations.
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