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[1] Two sets of radiosounding measurements were taken at Dome C (Antarctica) in
December 2003 and January 2003 and 2004, using RS80-A, RS80-H, and RS90 Vaisala
radiosondes, and from March to May 2005, employing the RS92 model. They were
examined following accurate correction procedures to remove the main relative humidity
dry bias and the temperature and humidity lag errors. The results showed that a strong
cooling usually characterizes the thermal conditions of the whole troposphere from
December/January to April/May, with an average temperature decrease from 245 to 220 K
at the ground, of around 10 K at upper tropospheric levels, and of more than 15 K in
the lower stratosphere. The relative humidity data were found to be affected by dry bias of
5—-10%, on average, for the RS80-A and RS80-H Humicap sensors and by smaller
percentages for the other sensors. The mean monthly vertical profiles of absolute humidity
were found to decrease sharply throughout the troposphere, especially within the first
3 km, and to diminish considerably passing from December/January to March/April/
May, with average values of precipitable water decreasing from 0.75 to 0.28 mm,
median values from 0.69 to 0.25 mm, and first and third quartiles from 0.60 to 0.22 mm
and from 0.87 to 0.34 mm, respectively. The results demonstrate that Dome C (where

a permanent scientific station has been open for winter operations since austral winter
2005) is a site of comparable quality to the South Pole for both validation of satellite
radiance measurements and astronomic observations in the infrared, submillimetric,

and millimetric wavelength range, performed with large telescopes that cannot be carried
on satellites.

Citation: Tomasi, C., et al. (2006), Characterization of the atmospheric temperature and moisture conditions above Dome C
(Antarctica) during austral summer and fall months, J. Geophys. Res., 111, D20305, doi:10.1029/2005JD006976.

1. Introduction

[2] High-altitude sites in Antarctica are particularly suit-
able for submillimeter and millimeter astronomy studies,
thanks to the extremely cold and dry air conditions of the
atmosphere throughout the year, associated with very low
vertical atmospheric contents of water vapor, generally
smaller than 1 mm [Lane, 1998]. Together with the rela-
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tively low wind speed conditions frequently observed
within the atmospheric boundary layer above these loca-
tions, the low-moisture characteristics of the troposphere
constitute an important meteorological requirement for
carrying out astronomic observations of good quality at
wavelengths longer than the visible ones [Calisse et al.,
2004]. In fact, water vapor is the dominant source of
atmospheric opacity at infrared, millimetric and submilli-
metric wavelengths for standard atmosphere conditions,
with absorption features closely depending on atmospheric
temperature, pressure and humidity conditions that vary
considerably with latitude and season. Even at the relatively
low values of its columnar content observed in the remote
regions of the Earth, water vapour contributes efficiently to
the incoming radiation absorption, together with thousands
of molecular lines due to other minor atmospheric gases
[Waters, 1976; Bally, 1989].

[3] Long-term site testing measurements were carried out
at the South Pole station (89°59'S, 24°48'W, 2180 m MSL).
They showed that good submillimeter and millimeter astro-
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nomic measurements can be performed at this site [Burton
etal., 1994; Lane, 1998; Bussmann et al., 2005], on account
of low-temperature characteristics, low water vapor content
in the atmospheric column and small fluctuations in milli-
meter wavelength brightness. Since Italian and French
Antarctic programs have led to the construction of a station
at Dome C (75°06'S, 123°21’E, 3250 m MSL), which is
open not only during a few austral summer months but also
during wintertime, site testing measurements were also
performed more recently at this site in order to evaluate
its suitability for astrophysical observations [Valenziano et
al., 1998; Valenziano and Dall’Oglio, 1999; Calisse et al.,
2004; Lawrence et al., 2004; Aristidi et al., 2003, 2005].
Different measurement techniques were employed to per-
form the tests, involving a great variety of instruments:
multiwavelength Sun photometers, infrared radiometers,
radiosondes, multiaperture scintillation sensors (MASS),
Sonic Detection and Ranging (SODAR) instruments and
differential image motion monitors (DIMM). The results
confirmed that exceptional astronomic observational con-
ditions frequently occur above the Dome C site, favored by
low-temperature conditions, limited wind speed near the
ground, low atmospheric turbulence and small values of
precipitable water, which were only seldom found to exceed
I mm throughout the year. The good quality of the astro-
nomical seeing conditions above Dome C was confirmed by
the measurements carried out by Lawrence et al. [2004],
who stated that Dome C had the requisites to become a new
astronomy observatory where an interferometer could work
on projects that would otherwise require a space mission.

[4] The above findings indicate the importance of carry-
ing out more extensive measurements of the moisture,
temperature and pressure parameters of the atmosphere
above Dome C, employing new radiosounding measure-
ments throughout the whole year, to provide more exhaus-
tive and complete data defining the atmospheric
transparency conditions, not only for astrophysical and
astronomical applications but also for climate studies. In
fact, atmospheric water vapor is known to be the most
dominant greenhouse gas in the Earth’s atmosphere [Marsden
and Valero,2004], exerting a strong influence on the radiation
balance of the surface-atmosphere system, due to its intense
absorption of short-wave (solar) and long-wave (terrestrial)
radiation [Yamanouchi and Charlok, 1995]. The former
process is caused by the numerous absorption bands distrib-
uted throughout the 0.6 + 3.7 um wavelength range of the
solar spectrum [Kondratyev, 1969; Leckner, 1978], whereas
the latter takes place substantially through two distinct
absorption mechanisms: (1) selective absorption, mainly
produced by the vibrorotational band centered at 6.25 um
wavelength and the rotational bands beyond 16 pum [Goody,
1964], and (2) continuum absorption, induced by both foreign
and self-broadening mechanisms of the lines belonging to the
absorption bands of water vapor and its dimer molecules in
the middle and far infrared [Bignell, 1970; Clough et al.,
1989].

[5] Considering the usefulness of characterizing the tem-
perature and moisture conditions of the atmosphere above
Dome C during diverse periods of the year, it was decided
to analyze the radiosounding data currently available at this
site. They comprise two data sets carried out in different
months by two research groups currently working at this
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Antarctic station: (1) a first data set provided by the group
of the University of Nice (France) and consisting of 101
radiosoundings taken in January 2003, December 2003, and
January 2004 [Aristidi et al., 2005] and (2) a second data set
consisting of 37 radiosoundings only, taken by the meteoro-
logical group of the Antarctic Project (ENEA, C. R. Casaccia,
Rome) during March, April and May 2005. The activity of
the latter group started in 2005 with the purpose of providing
continuity to the radiosounding facility, thus satisfying the
SCAR recommendation SCAR XXVII-12 for the provision
of “upper air data on the Antarctic Plateau, in order to both
improve numerical atmospheric modeling and precipitable
water estimates and test novel vertical profiling techniques,
such as GPS and other remotely sensed profiling.”

[6] The analysis of the above radiosounding data is
described in the present paper, which reports the mean
monthly results describing the evolutionary patterns of
atmospheric temperature and moisture conditions above
Dome C.

2. Analysis of the Radiosounding Data

[7] The first data set was taken by the above mentioned
French group. It included 34 radiosoundings made in
December 2003 and 67 radiosoundings in January of
2003 and 2004. They were performed employing three
different Vaisala radiosondes, the RS80-A, RS80-H and
RS90 models, which are equipped with Barocap capacitive
aneroid, Thermocap sensor, and Humicap sensor for measur-
ing the total air pressure p (in hPa), air temperature 7 (in °C),
and relative humidity (RH, in %) with respect to liquid water,
respectively, at all the numerous levels given by the radio-
sondes through the troposphere and the lower stratosphere.
The Humicap sensors were manufactured using different
polymers (A-type on the RS80-A model, H-type on the
RS80-H model and a new H-type on the RS90 model).
Therefore they present diverse response characteristics, pro-
viding data which need to be analyzed following different
procedures.

[8] The second data set was taken by the Italian ENEA
group, including an overall number of 37 radiosoundings,
among which 4 were taken in March 2005, 16 in April 2005
and 17 in May 2005, all using Vaisala radiosondes,
model RS92, equipped with new sensors (Barocap sili-
con, F-Thermocap and H-Humicap).

[v] The measurement range of the Barocap sensors
mounted on the four Vaisala sondes entirely covers the one
observed at Dome C (usually from a surface level value of
around 645 hPa up to 3 hPa), all the Vaisala specifications on
the measurement accuracy being very similar for the four
sensor models. The main characteristics of the Thermocap
and Humicap sensors mounted on the four radiosonde
models are given in Table 1, according to the specifications
available in the Vaisala literature. In particular, it is worth
noticing that the 63.2% response time (time constant) of the
RS92 Thermocap sensor was evaluated by the manufacturer
to be of less than 0.4 s at p = 1000 hPa, less than 1 s at p =
100 hPa, and less than 2.5 s at p = 10 hPa, for flow velocity of
6 m s~ '. The time constants of the Humicap sensors were
evaluated by Miloshevich et al. [2004] (hereinafter referred to
as M04) to increase almost exponentially as temperature 7
decreases and to decrease to a moderate extent with decreas-
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Table 1. Characteristics of the Thermocap and Humicap Sensors Mounted on the Four Models of Vaisala Radiosondes Used to Carry
Out the Radiosounding Data at Dome C, as Given by the Manufacturer or Drawn From the Literature

Vaisala Radiosonde Model

Characteristics RS80-A RS80-H RS90 RS92
Thermocap Sensor
Measurement range 333-183 K 333-183 K 333-183 K 333-183 K
Resolution 0.1 K 0.1 K 0.1 K 0.1 K
Total uncertainty in +0.2 K +0.5 K +0.5 K +0.5 K
sounding (accuracy)
Repeatability in calibration 0.2 K 02 K 0.15 K 0.15 K

Reproducibility in sounding 0.2 K (from 1060 to 50 hPa) 0.2 K (from 1060 to 50 hPa) 0.2 K (from 1080 to 100 hPa) 0.2 K (from 1080 to 100 hPa)

0.3 K (from 50 to 15 hPa)

0.3 K (from 50 to 15 hPa)

0.3 K (from 100 to 20 hPa) 0.3 K (from 100 to 20 hPa)

0.4 K (from 15 to 3 hPa) 0.4 K (from 15 to 3 hPa) 0.5 K (from 20 to 3 hPa) 0.5 K (from 20 to 3 hPa)
Humicap Sensor
Measurement range 2-100% RH 0-100% RH 0-100% RH 0-100% RH
Resolution 1% RH 1% RH 1% RH 1% RH
Total uncertainty in <+3% RH +5% RH +5% RH +5% RH
sounding (accuracy)
Repeatability in calibration 2% RH 2% RH 2% RH 2% RH
Reproducibility in sounding <3% RH <3% RH <3% RH 2% RH

ing p, also depending on the negative or positive trend of
relative humidity RH with height. Reliable evaluations of the
time constant for different values of T ranging between 25°C
and —60°C can be found in the M04 Table 1, for the RS80-A,
RS80-H and RS90 radiosondes. The time constant of the
RS92 Humicap sensor was estimated to assume similar
values to those of the RS90 model throughout the entire
range T > —60°C [Miloshevich et al., 2006] (hereinafter
referred to as M06).

[10] Eachradiosounding measurement provided the values
of the various thermodynamic parameters at all the standard,
mandatory significant and additional levels. In general, more
than 600 measurement levels were found in the troposphere,
usually taken every a few meters one from the next, and more
than 1700 were found in the stratosphere, from the tropo-
pause level up to the radiosonde top level, mostly ranging
between 18 and 26 km. The thermodynamic parameters
given directly by the radiosondes were the following:
(1) time 7 after the launch, measured with the precision
of 1's,(2) geometrical altitude Z (in m), (3) pressure p (in hPa),
(4) air temperature T (in °C), and (5) relative humidity RH (in
%). The ascent rate v of the radiosonde (m s~ ') was subse-
quently calculated from the sequence of pairs of values of 7
and Z determined at each measurement level.

[11] The values of air pressure p given by the various
Barocap sensors within the ground layer of about 200 m
depth were first analyzed separately for each radiosound-
ing by applying an exponential extrapolation procedure in
height, in order to determine the surface level value p,
relative to each radiosounding. Then, all the vertical
profiles of p were analyzed through exponential interpo-
lation between the values given by the radiosondes at their
measurement levels, to define the values of air pressure at
the fixed levels, selected from the first level close to the
ground up to 25 km, in steps of 25 m up to 4 km, 50 m
from 4 to 5 km, 100 m from 5 to 12 km, and 250 m from
12 to 25 km. These values of p were subsequently
subdivided into five monthly subsets relative to December,
January, March, April and May, for which the average
monthly values of p were determined at all the fixed
levels, together with their standard deviations. The above
procedure provided the following mean monthly values of
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the surface level pressure: p, = 658.0 £ 5.1 hPa in December,
Po=0650.7+3.6 hPain January, p,=640.1 £ 1.6 hPain March,
Po=0635.1+5.2hPain April, and p,=641.0 + 6.7 hPain May.
These results agree satisfactorily with the yearly median value
of 644 hPa found by Valenziano and Dall’Oglio [1999] at
Dome C, examining the Automatic Weather Station (AWS)
meteorological data recorded from 1986 to 1993.

[12] The temperature data given by the radiosondes are
originally affected by errors due to heat exchange effects
produced by different causes, such as the solar and/or
infrared irradiation of the Thermocap sensor, heat conduc-
tion to the sensor from its attachment points, and radiation
emitted by the sensor. The corresponding corrections were
made using the Vaisala standard correction procedure,
yielding very similar correction terms to those obtained
with the procedure proposed by Luers and Eskridge [1995].
Besides these environmental errors, it was also taken into
account that the temperature data are usually affected by lag
errors, mainly due to air pressure changes and ventilation
speed, which need to be removed considering the different
manufacturing characteristics of the Thermocap sensors.

[13] 1. Both RS80-A and RS80-H data were corrected
using an algorithm obtained by Tomasi et al. [2004] as the
best fit curve of the measurements of lag coefficient ar
performed by Huovila and Tuominen [1991] within the
decreasing range of p from 1000 to 10 hPa, in the following
form:

ar = 35-15p70438777 (1)

where a7 is measured in s and p in hPa. Using this
correction algorithm for the values of the radiosonde
balloon ascent rate v calculated above (found to vary
mostly between 5 and 6 m s~ '), the temperature correction
suitable for removing the corresponding lag effect was
evaluated at each measurement level.

[14] 2. The lag errors affecting the temperature data of the
RS90 and RS92 radiosondes were neglected according to
the Luers [1997] results, since these errors were estimated to
be associated with low values of the thermometer lag
coefficients. In fact, calculations made on the basis of the
Thermocap characteristics indicate that the lag coefficient
should generally increase from 0.48 s at the Dome C surface
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level to no more than 1.70 s at the 25 km level
(corresponding to ~26 hPa).

[15] The RH data provided by the Humicap sensors
mounted on the four Vaisala radiosondes employed at Dome
C were originally affected by important errors, as pointed
out by Wang et al. [2002] (hereinafter referred to as W02),
due to temperature dependence (TD), chemical contamina-
tion (CC), basic calibration model (BCM), sensor aging
(SA), ground check (GC), and sensor arm heating (SAH).
The first four of the errors were estimated by W02 to
predominate on the others. In fact, the GC errors were
estimated to be in general appreciably lower than 1%, on the
average. With regard to the SAH errors, they were not
corrected here since very little is known about them and the
correction procedures currently available are suspected to
cause some additional errors rather than remove the original
ones (W02).

[16] Moreover, M04 found more recently that the RH data
are affected by lag errors which can be corrected in a
satisfactory way by following the M04 procedure. Therefore
we examined all the RH data given by the above four
Humicap sensor models (1) following the W02 procedures
to calculate the dry bias arising from different physical and
chemical processes and (2) combining them with the overall
MO04 procedure, which was specifically designed to correct
the lag errors and smooth the RH profiles through appro-
priate specific steps. On this basis, the RH data were
analyzed as follows.

[17] 1. Examining the recent accuracy estimates of the
Vaisala Humicap sensors determined by M06 in the middle
and upper troposphere, the mean accuracy relative to RH =
2% was found to be equal on the average to 1.5% in the
middle troposphere and 2.5% in the upper troposphere. On
the basis of these evaluations, we discarded all the original
values of RH < 2% given by the four Vaisala radiosonde
models employed at Dome C. This selection criterion
prompted us to reject most of the RH values measured at
levels higher than 10 km (which are mainly equal to 1% and
therefore comparable to the instrumental resolution) and a
relatively very small number of RH values at tropospheric
levels: actually, no more than 100 RH tropospheric values
were discarded, against the overall number of more than
80,000 RH values measured throughout the troposphere.

[18] 2. The remaining data were then examined following
the preliminary M04 procedure to construct a more sche-
matic “‘skeleton” of the measured profiles. Bearing in mind
that the original RH data are given by the radiosondes in
steps of 1% resolution, the initial step of the M04 procedure
allowed us to represent each altitude interval where RH
assumed constant values by means of three points only, one
in the center of the interval and two at the ends, thus making
the subsequent smoothing steps envisaged by the M04
procedure easier and more accurate (see the further step 7
of the present correction procedure).

[19] 3. After this substitution, which is the first step of the
more complex procedure adopted by M04 to correct the lag
errors, the RH data were corrected for the BCM errors, by
calculating them as follows: (1) those of the A-Humicap
data provided by the RS80-A radiosondes, using the algo-
rithm defined by the W02 equation (4.6-A), where the basic
calibration RH was determined in terms of the W02
equation (5.1-A), and (2) those of the H-Humicap data
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given by the RS80-H radiosondes, using the correction
factor given by the W02 equation (4.6-H), where the basic
calibration RH was evaluated in terms of the W02 equation
(5.1-H). Conversely, the errors of the H-Humicap data given
by the RS90 and RS92 radiosondes were neglected, accord-
ing to MO06.

[20] 4. No corrections were made for the CC errors of the
RH data obtained at step 3 for the four radiosonde models
since (1) the RS80-A, RS80-H and RS90 radiosondes were
all manufactured after June 2000 and were therefore affected
by errors of the RS80 models that were evaluated by M04 to
be so strongly reduced as to become negligible in all cases
where “young age” sensors were employed and by errors
affecting the RS90 data that were estimated to be even smaller
thanks to the recent improvements of the polymer character-
istics through “the replacement of Styrofoam in the radio-
sonde construction by cardboard,” as pointed out by M04,
and (2) the RS92 radiosondes were all properly heated and
regenerated prior to launch, so that they provided data that did
not require correction for errors of this kind, according to
MO4.

[21] 5. The TD corrections of these RH data were
subsequently performed by (1) using the algorithms given
by the W02 equations (4.4), (4.5), and (5.2-A) to correct the
RS80-A data, since they are based on the set of calibration
and temperature dependence measurements performed by
Miloshevich et al. [2001], (2) using the calibration algo-
rithm defined in terms of the W02 equation (5.2-H) for
all the RS80-H data, and (3) neglecting to correct the
H-Humicap data given by the RS90 and RS92 radiosondes for
the TD errors, as suggested by M06 for the radiosondes
manufactured after 25 June 2001, as was the case of all the
radiosondes employed in the present analysis.

[22] 6. The RH data obtained at step 5 were subsequently
corrected for the SA errors, which were evaluated by (1) using
the algorithm given by the W02 equation (4.11-A) for the
RS80-A data to take into account that the A-Humicap sensor
is in general unstable and drifts during storage, causing SA
errors generally estimated to vary between 0.8% and
1.3% as the radiosonde age increases from 1 to 2 years,
(2) using the algorithm defined by the W02 equation
(4.11-H) for the RS80-H data to estimate the dry bias as
a function of the sonde age, providing in our cases RH errors
of no more than 2%, and (3) avoiding to correct the
H-Humicap data given by the RS90 and RS92 radiosondes,
according to M06.

[23] 7. The RH data obtained above were subsequently
corrected for the lag errors by following the M04 complex
procedure, consisting of (1) a first smoothing procedure of
the RH vertical profiles in order to minimize the “tiny
changes in slopes at the skeleton points,” which are amplified
in proportion to the time constant, (2) the M04 lag correction
procedure, based on the use of the M04 equation (1) for the
exponent and coefficient values given in M04’s Tables 2 and
3, which allows the definition of the most suitable time
constant values for the RS80-A, RS80-H, RS90 and RS92
radiosondes, and (3) a further smoothing procedure applied
to the vertical profiles derived at points 1 and 2 in order to
reduce the discontinuity features of the RH vertical profile.

[24] Some examples of vertical profiles of temperature
and RH obtained through the above procedure are shown in
Figures 1 and 2. Figure 1 shows the vertical profiles of
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Figure 1. Vertical profiles of air temperature (solid curves) and relative humidity (RH) obtained from
the radiosounding data taken on (left) 18 December 2003 (1503 UTC) using a RS80-A radiosonde and
(right) 16 December 2003 (0831 UTC) using a RS80-H radiosonde. The original RH data provided by the
radiosondes are given by small solid circles; the RH data corrected using the preliminary M04 smoothing
procedure (through steps 1 and 2) and the W02 correction procedure for removing the dry bias of
different type (through steps 3—6) are given by open triangles; the RH data obtained subsequently
through step 7, following the M04 lag correction procedure and the second smoothing procedure, are
given by the dashed curves.
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Figure 2. As in Figure 1 (a) on 29 December 2003 (0800 UTC) for the RS90 radiosounding data taken
and (b) for the RS92 radiosounding data taken on 17 May 2005 (1200 UTC). Figures 2a and 2b show
only the vertical profiles of the original RH data (small solid circles) and the time lag corrected and
smoothed RH data, as obtained through steps 1, 2, and 7 (dashed curve) since both the RS90 and RS92
RH measurements do not need to be corrected for the dry bias.
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temperature relative to two radiosounding measurements,
and the corresponding vertical curves of (1) RH values, as
given by the original data, (2) RH values, obtained through
the dry bias corrections only, and (3) the final RH values,
determined through the use of the overall correction proce-
dure described above, and hence including both dry bias
and lag corrections. The first example refers to a radio-
sounding taken with the RS80-A model and the second with
the RS80-H model. The first case shows very clearly that the
RS80-A dry bias corrections are relatively low (<10% RH) at
all the lower tropospheric levels where the temperature is
higher than —40°C, and result to increase at upper levels to
more than 15% RH when the temperature is lower than
—50°C. Correspondingly, the lag corrections were found to
become gradually more marked as the radiosonde approached
the tropopause level, assuming values comparable with the
magnitude of the bias at the levels where the humidity
gradient is particularly high and the temperature is low, as
pointed out by Leiterer et al. [2005]. Thus the results in
Figure 1 agree very well with the mean estimates of the
RS80-A dry bias obtained by Leiterer et al. [2005]
through a comparison between traditional radiosonde data
and results found employing the “new Lindenberg FN
method of standardized frequencies”. The second case
shows that the RS80-H dry bias corrections are considerably
smaller than those found in the previous case relative to the
RS80-A radiosonde model. In fact, they are lower than 10%
RH throughout the whole troposphere, for temperature values
ranging between —25°C and —55°C. On the contrary, the lag
errors were found to be larger than those estimated in the first
example, due to the longer time-constant values defined by
MO04 for the RS80-H Humicap sensor model.

[25] The first example in Figure 2 refers to a radiosound-
ing taken with the RS90 radiosonde, and the second to the
RS92 model. The vertical profiles of RH pertaining to the first
case are very close to each other, confirming the occurrence of
very small lag errors, actually not exceeding a few percentage
points at all altitudes and for all the temperature conditions.
The vertical profiles of RH shown in the second example refer
only to (1) the original data and (2) the data obtained through
the correction procedure for the lag errors, since the RH dry
bias were assumed to be totally negligible for the RS92 data,
according to M06. Conversely, the lag errors were found to be
significant and to change in sign, requiring negative correc-
tions in cases where RH decreases with altitude, and positive
corrections for increasing trends of RH with altitude. Atupper
levels, close to the tropopause region, the lag corrections were
found to be all of negative sign since the RH strongly
decreased monotonically with height, when the radiosonde
passed from the troposphere to the stratosphere. The compar-
ison in Figure 2 shows also that the lag errors are less marked
in the RS90 case than in the RS92 one. Such behavior is not
due to the differences in the Humicap sensor characteristics
but can be more reasonably ascribed to the different
environment conditions: those of the RS90 case are
associated with thermal conditions of the austral summer
atmosphere, presenting temperature values decreasing
slowly from —25°C to —52°C as the height increases
from the surface up to the tropopause level, while those
of the RS92 case are related to temperature values typical
of austral fall conditions, equal to about —60°C at the
surface level, about —40°C at the top level of the ground
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temperature inversion, and —65°C close to the tropopause
level.

3. Mean Monthly Vertical Profiles of
Temperature and Moisture Parameters

[26] The results presented in Figures 1 and 2 give a clear
measure of the wide variability of the overall correction
term ARH as a function of altitude, this parameter being
given at each level by the sum of the Humicap dry bias and
lag errors estimated following the W02 and M04 procedures
described in section 2. In order to evaluate the weight of
these corrections in modifying the original data, the values
of parameter ARH were calculated for each radiosounding,
at each fixed level, ARH being given by the difference
between the final value of RH obtained through the whole
correction procedure and the original one. The vertical
profiles of ARH were then subdivided into five monthly
sets relative to each radiosonde model. For each set, the
average monthly vertical profiles of ARH were then calcu-
lated. Figure 3 presents the mean monthly vertical profiles
of ARH determined for the various radiosonde models in
December, January, April and May, since the March data set
was not considered because of its poor representativeness,
due to the very low number of radiosoundings. Figure 3
shows that the values of ARH found with the RS80-A
sondes in December and January are appreciably higher
than those derived from the RS80-H measurements carried
out during the same months. Conversely, those relative to
RS90 sondes are mostly of a few percent only, with
relatively higher values at altitudes varying between 6 and
8 km. The values of ARH determined from the RS92
humidity data are of less importance than those found for
the other data provided by the RS80-A, RS80-H and RS90
sensors, principally owing to the better performances of the
RS92 Humicap sensor with respect to the RS80-A and
RS80—H models. The differences among the mean vertical
profiles of ARH shown in Figure 3 for the months of
December and January can be explained mainly in terms of
the diverse performances of the Humicap sensors in the
presence of different vertical distribution features of RH and
humidity gradients.

[27] For each vertical profile of 7 obtained from the
various radiosounding monthly data sets, we calculated
the values of T at the first significant value given by the
radiosonde (usually ranging between 3265 and 3270 m
heights) and at another 172 fixed levels from 3275 m height
to the 25 km level. This was carried out by following the
linear interpolation procedure of 7"in height, the fixed levels
being taken in the same altitude steps adopted in section 2
for determining the vertical profiles of p up to the 25 km
level. All the data defining 138 vertical profiles of 7 were
then subdivided into five monthly sets, for which the
average monthly values of 7'were calculated at all the fixed
levels together with the corresponding standard deviations.
The vertical profiles thus obtained are shown in Figure 4.
As can be seen, the tropospheric region is subject to a strong
cooling, passing from the austral summer months (Decem-
ber and January) to the fall ones (March, April and May), by
about 10 K on the average throughout the whole tropo-
sphere and by more than 25 K at the ground. The temper-
ature minimum characterizing the tropopause region
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Figure 3. Mean monthly vertical profiles of parameter ARH given at each level by the sum of the dry
bias and lag errors determined following the W02 and M04 procedures adopted in section 2 for the
monthly RH dats sets of December, January, April, and May. Dashed curves refer to the RS80-A data,
dotted curves refer to the RS80-H data, solid curves refer to the RS90 data, and dashed-dotted curves

refer to the RS92 data.

appears to become more pronounced in March and April,
since the cooling processes affecting the lower part of the
stratosphere are limited in these months within the narrow
layer having depth of a few kilometers above the tropopause
level. On the contrary, the cooling of the stratosphere is
more marked in May, the temperature decreasing further by
more than 10 K throughout the stratosphere, above 9 km
height.

[28] Figure 4 also shows that the mean monthly temper-
ature values at the surface level are around 245 K in
December and January and around 220 K from March to
May, these findings being in accordance with the results
found by Valenziano and Dall’Oglio [1999] at Dome C over
a 7-year data set of AWS meteorological data, from which
average seasonal values of ground temperature equal to
—65°C (~208 K) in the austral winter and —26°C (~247 K)
in summer were found, with an annual median value of
—53°C (~220 K). Our results for surface temperature are
therefore fully comparable with the findings of Valenziano
and Dall’Oglio [1999] and those reported by Aristidi et al.
[2005].

[29] The following procedure was adopted in order to
obtain a common sequence of fixed altitude levels at which
the moisture parameters available from the present radio-
sounding measurements can be correctly averaged to obtain
more homogeneous results.

[30] 1. For each pair of Tand RH relative to each level of
each radiosounding, the values of parameters £(7) and T,
were calculated with (1) saturation vapor pressure E(7) in
the pure phase over a plane surface of pure water, using the
well-known Bolton [1980] formula, and (2) dew point T,
using the inverse Bolton [1980] formula, where the water
vapour partial pressure e was determined as the product of
E(T) by RH.

[31] 2. For each pair of vertical profiles of 7"and T, the
values of the two parameters were then calculated at the

surface and the other 172 fixed levels established above,
through a linear interpolation procedure in height similar to
that adopted by Tomasi et al. [2004].

[32] 3. For each pair of 7 and 7, calculated at one of the
fixed levels, the other moisture parameters RH, partial
pressure e, and absolute humidity ¢, were determined by
(1) calculating again E(7) and e = E(T,) in terms of the
Bolton [1980] formula, (2) determining RH as the ratio
E(T,)/E(T), and (3) evaluating ¢ (measured in g m ) in
terms of the well-known equation of state for water vapor,
that is as the ratio of parameter e (measured in hPa) to the
product 4.615 x 107" T (with T measured in K).

[33] The overall set consisting of 138 vertical profiles of
parameter ¢ was then subdivided into five monthly subsets
to determine the mean monthly values of this parameter at
the surface level and the other 172 fixed levels from 3.275
to 25 km, together with the corresponding standard devia-
tions. The results are shown in Figure 5, giving evidence of
the marked variations in the moisture conditions of the
troposphere taking place at all levels from the surface up to
8 km altitude, when passing from the December/January
period to the austral fall months. These large changes
indicate also that precipitable water is expected to assume
values in the austral fall months that are considerably lower
than those observed during the austral summer. In order to
evaluate these seasonal variations, we calculated precipita-
ble water W for all the 138 vertical profiles of ¢ determined
above, by integrating the absolute humidity from the surface
level up to the top level measured by the Humicap sensor,
and then adding the precipitable water contribution given by
the atmospheric region between the Humicap sensor top
level and the 10 km height, as calculated through integration
of the mean monthly vertical profiles of g presented in
Figure 5, in all cases where such a calculation needs to be
completed.
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Figure 4. Mean monthly vertical profiles of air tempera-
ture 7 (K) obtained from the monthly data sets relative to
December (open squares), January (solid circles), March
(open diamonds), April (solid squares), and May (open
circles). The bars represent the standard deviations obtained
at some fixed levels, giving a measure of the dispersion of
the monthly data.

[34] Bearing in mind the results obtained by Turner et al.
[2003] and MO06, the above evaluations of W were corrected
for the solar heating errors of the H-Humicap sensors. In
fact, through thousands of comparison tests performed in
northern Oklahoma from 1994 to 2000, Turner et al. [2003]
found that dry bias affects the daytime measurements of
precipitable water derived from RS80-H Humicap data by
3-4% on average. Examining a set of RS90 radiosonde
measurements performed in October and November 2003,
MO6 estimated that the daytime dry bias of W varied
between 6% and 8% on average. Thus we took into account
that the incoming density flux of global solar radiation at
Dome C can vary appreciably as a function of solar zenith
angle (SZA), mostly assuming considerably lower values
than those observed at the midlatitude sites of the Northern
Hemisphere, corresponding to generally smaller values of
SZA throughout the day. The solar heating error was
evaluated for each radiosounding by calculating the incom-
ing solar irradiance in the Dome C atmosphere and normal-
izing it to the midlatitude value calculated in the standard
atmosphere for the average value of SZA = 55°. Multiplying
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this solar irradiance ratio determined for each Dome C
radiosounding by (1) the average correction factor proposed
by Turner et al. [2003] as equal to 1.035 for the RS80
radiosonde measurements or (2) the M06 average correction
factor equal to 1.07 for the RS90 radiosondes, it was found
that the solar heating dry bias varied between 0.8% and
3.7% for the RS80 evaluations of # and between 1.3% and
6.9% for the RS90 ones. Solar heating dry bias was not
corrected for the RS92 results since only nighttime radio-
soundings were performed from late March to late May.
[35] The values of W determined above were corrected
for this kind of dry bias using a specific correction term for
each radiosounding and then subdivided into four monthly
subsets, relative to the December, January, late March/April
(hence including also the 4 days from 25 to 30 March), and
May periods, respectively. For these subsets, the following
mean monthly values were obtained together with the
corresponding standard deviations: W = 0.73 £ 0.20 mm
in December, W = 0.78 = 0.19 mm in January, W = 0.26 +
0.08 mm in March/April, and W= 0.30 £ 0.10 mm in May.
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Figure 5. Mean monthly vertical profiles of absolute
humidity ¢ (g m~?) obtained from the monthly data sets
of ¢ relative to December (open squares), January (solid
circles), March (open diamonds), April (solid squares),
and May (open circles). The bars represent the standard
deviations obtained at some fixed levels, giving a
measure of the dispersion of the monthly data.
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The results indicate that there is a limited increase of the
mean monthly value of W from December to January and an
appreciable increase from March/April to May. In order to
better define the variations of W during the above monthly
periods and the dispersion features of this atmospheric
parameter, Figure 6 presents the relative frequency histo-
grams of ¥ drawn for the above four monthly subsets. The
comparison between the December and January histograms
indicates that both December and January data are character-
ized by bimodal features centered at about 0.65 and 0.95 mm
in December and about 0.70 and 0.95 mm in January.
Correspondingly, the quartiles of the relative frequency
histograms were found to assume the values of 0.59, 0.65
and 0.89 mm in December and 0.65, 0.74 and 0.92 mm
in January, presenting average increases smaller than 0.1 mm
from the first month to the second. This shows that the
moisture conditions of the troposphere observed above
Dome C in December differ very little, on the average,
from those measured in January.

[36] Comparing in Figure 6 the relative frequency histo-
grams obtained for the March/April and May subsets, it can

be seen that precipitable water /# measured on the last days
of March and throughout April assumed very stable values,
presenting limited discrepancies and giving form to a very
narrow leptokurtic histogram covering the limited range
from 0.1 to 0.5 mm. Conversely, the results obtained in May
were found to exhibit a frequency distribution curve of
mesokurtic type within the same range of W. The curves
were found to yield values of the quartiles equal to 0.21,
0.24 and 0.32 mm in the March/April period, respectively,
and to 0.23, 0.26 and 0.38 mm in May. Since the differences
between the quartile values were relatively slight, the results
confirm that only small variations in the moisture conditions
of the atmosphere usually occur during these 2 months,
while the atmosphere tends to become gradually colder and
drier as the winter season approaches.

4. Discussion of the Results

[37] The relatively high values of the standard deviations
of W found in the various months and, more generally, the
features of the relative frequency histograms presented in
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Figure 7. Comparison among the relative frequency
histograms of precipitable water W obtained for the
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set, (b) the present December—January data set, (c) the VD
[Valenziano and Dall’Oglio, 1999] data set including the
upper limit (UL) data, and (d) the VD data set excluding the
UL data.

Figure 6, indicate that precipitable water assumes rather
variable values in December and January and more stable
values from late March to the end of May. In order to
evaluate more precisely the measure of the changes in W
passing from the austral summer to fall season, it was
decided to determine also the relative frequency histograms
of W for the two seasonal data sets. The first includes all the
December/January data relative to 101 radiosoundings, and
the latter all the March/April/May data relative to 37 radio-
soundings in all. The calculation of the histograms shown in
Figure 7 allows the definition of the quartiles, giving a
measure of the large variations in the tropospheric moisture
conditions that take place at Dome C passing from one
period to the other. In fact, the two histograms are super-
imposed only within the limited range of W from 0.4 to
0.5 mm. The average values and the quartiles of W found
for the two seasonal data sets are reported in Table 2,
showing an average percentage decrease of 62—65% of
these parameters, when passing from the December—
January period to that from late March to the end of
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May. The average values obtained for the two seasonal
data sets were found to be 0.76 mm in December/January
and 0.28 mm in March/April/May, indicating that a strong
decrease of W occurred on the average, by about 63% in
relative units and by 0.48 mm in absolute units; this
change is considerably greater than the sum of the
corresponding standard deviations. The values of the
quartiles given in Table 2 also confirm the general seasonal
trend, since they decrease from 0.60 to 0.22 mm, from 0.71 to
0.25 mm, and from 0.90 to 0.34 mm, respectively.

[38] The above relative frequency histograms are com-
pared in Figure 7 with those determined by examining the
original set of precipitable water data, the only one available
to date for Dome C, measured by Valenziano and Dall’Oglio
[1999] in December 1996 and January 1997. The data were
collected using a modified “Volz-type” Sun photometer
[Volz, 1974] to take regular measurements of direct solar
irradiance throughout the day, within two nearby spectral
channels of about 10 nm half bandwidth: the former was
selected to have the transmission peak wavelength in the
middle of the water vapor absorption band, commonly called
poT, presenting its maximum absorption effects at around
0.94 pm; the latter was chosen with peak wavelength of about
0.87 pum, in the middle of the nearby atmospheric transpar-
ency window, free of significant water vapor absorption
features. The ratio between the output voltages provided by
the detector in the two channels within a few seconds gives a
measure of the so-called hygrometric ratio A, which is
strongly affected by water vapor absorption along the Sun
path and hence is particularly sensitive to the time variations
in the total water vapor mass distributed along the Sun path.
This quantity is given by the product of precipitable water W
(measured along the vertical path) by the relative optical air
mass m for water vapor [Kasten, 1966; Tomasi et al.,
1998].

[39] The instrument was calibrated at the Mario Zucchelli
station (formerly called Terra Nova Bay (TNB)) before
being employed at Dome C, using the values of W directly
determined from the original radiosoundings data taken
there. The Valenziano and Dall’Oglio [1999] data set is
composed of (1) a first set of values of W collected within
the dynamic range of the instrument, both in the transpar-
ency and in the absorption band, which was found to consist
ofan overall number of 50 values and is referred to in Table 2
as the “VD data set excluding UL,” and (2) an enlarged set,
containing the previous 50 values of W and 33 additional
measurements, which is referred to in Table 2 as the “VD data
set including UL.” In the above definitions, the acronym UL
is adopted to indicate the “upper limits” reached by the
instrument in all cases where the absorption band readings
turn out to be close to the instrument dynamic range, as a
result of very high transmission features of solar radiation
through the polar atmosphere. Therefore the real water vapor
content at that time could only have been lower than the
measured UL value.

[40] The comparison shown in Figure 7 between the
present December/January histogram and those obtained
for both VD data sets clearly indicates that the range of W
found for the present results is appreciably shifted toward
the right with respect to the VD intervals. This discrepancy
is presumably due to the fact that the VD data sets were
originally obtained using three approximations: (1) calibra-
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Table 2. Comparison Among the Mean Values of Precipitable Water # and the Corresponding Quartile Values Found From the Present
Dome C Data Sets, the Dome C Data Sets of Valenziano and Dall’Oglio [1999], and the South Pole Findings of Chamberlin et al. [1997]
Relative to the Austral Winter/Spring (From April to September of 1995) and Summer (From January to March and From October to

December of 1995) Periods®

Values of Precipitable Water /¥, mm

Measurement Site Measurement Period Mean First Quartile Median Third Quartile
Dome C (present results) December—January 2003/2004 0.76 + 0.20 0.60 0.71 0.90
Dome C (present results) March— April—May 2005 0.28 = 0.09 0.22 0.25 0.34
Dome C (VD data, excluding UL) December—January 1996/1997 0.72 £ 0.56 0.38 0.52 0.68
Dome C (VD data, including UL) December—January, 1996/1997 0.76 = 0.44 0.47 0.64 0.78
South Pole [Chamberlin et al., 1997] Austral summer 1995/1996 - 0.43 0.54 0.72
South Pole [Chamberlin et al., 1997] Austral winter/spring 1995 - 0.19 0.25 0.32
Mauna Kea [Hogg, 1992] January—June 1989/1990/1991 - 1.05 1.65 3.15
Mauna Kea [Hogg, 1992] July—December 1990/1991 - 1.73 2.98 5.88
Atacama [Lane, 1998] April—September, 1995 - 0.68 1.00 1.60
Atacama [Lane, 1998] October 1995 to March 1996 - 1.10 2.00 3.70
Atacama [Giovanelli et al., 2001] October 1998 to August 2000 - 0.71 1.04 1.75

“The quartile values found at the Mauna Kea [Hogg, 1992] and Atacama [Lane, 1998; Giovanelli et al., 2001] observatories are given for comparison.
The monthly mean values of W measured at the Kitt Peak National Observatory (USA) were found by Wallace and Livingston [1984] to assume a minimum
of 3—4 mm during December through March and a maximum of about 27 mm in August. VD refers to Valenziano and Dall Oglio [1999].

tion used RH measurements provided by the RS80-A
radiosondes, which were not corrected for the dry bias, due
to the poor knowledge of the problem related to the occur-
rence of dry bias at that time, before the publication of W02
and M04 results, (2) no correction was applied for actual
surface pressure conditions at Dome C during the observation
period, and (3) the square root law was used to define the
calibration curve of hygrometric ratio, which is not accurate
for low atmospheric water vapor contents [Goody, 1964;
Volz, 1983; Tomasi et al., 1990]. The first two approximations
induce an underestimation of /¥, while the last one generates a
partially compensating overestimation.

[41] Table 2 also shows the quartiles of /¥ determined by
Chamberlin et al. [1997] at South Pole for two data sets
including precipitable water measurements carried out dur-
ing the austral winter-spring months of 1995 and the austral
summer from October 1995 to March 1996. The compari-
son shows a close agreement between the present Dome C
results found from late March to the end of May and those
determined by Chamberlin et al. [1997] in the austral
winter/spring period. The latter provide the same median
values, with relative differences of 14% between the first
quartiles and less than 6% between the third quartiles. This
agreement can be explained by the very cold thermal
conditions of the troposphere usually encountered at the
two sites during the winter season: the surface temperature
at South Pole varies between 191 K and 224 K from April
to September and that at Dome C between 201 K and 233 K
in March, April and May. Discrepancies of 20—40% were
instead found between the quartile values of W determined
by Chamberlin et al. [1997] at South Pole in the austral
summer, and those found at Dome C in December 2003 and
January 2003/2004. These differences are presumably due
in part to the warmer air conditions observed at Dome C
during the two local summer months compared to those
measured at South Pole throughout the 6 month period,
referred to as austral summer 1995/1996 in Table 2.

5. Conclusions

[42] The results confirm that the water vapor content of
the atmosphere above Dome C assumes very low values

throughout the year, which are closely comparable with
those measured at South Pole during the austral winter.
Appreciably higher values of W were found in December
and January at Dome C than those measured by Chamberlin
et al. [1997] at South Pole throughout the whole austral
summer period, presenting a relative difference of 24%
between the corresponding median values. Such discrep-
ancies can be ascribed at least in part to the fact that
precipitable water was measured at Dome C for the warmest
austral summer 2 month period instead of the 6 month
period from October to March at South Pole.

[43] On the basis of field experiments conducted at Dome
C for radiometric validation of the Atmospheric Infrared
Sounder (AIRS) during the same austral summer period
(January 2003/04 and December 2003) considered in the
present analysis, Walden et al. [2006] found that Dome C is
a good site also for validation of satellite radiance measure-
ments and water vapor retrievals, due to the low precipitable
water values.

[44] The low contents of atmospheric water vapor found
in this paper (see Table 2 for a comparison with other well-
established sites) confirm that the high Antarctic Plateau is
one of the driest site on Earth, presenting exceptional
transparency conditions at infrared, submillimetric and
millimetric wavelengths. When comparing the global site
quality for astronomical observation between Dome C and
South Pole, other parameters need to be considered. Dome
C presents lower ground temperatures (i.e., lower telescope
emissivity in the infrared), lower wind speeds and lower
boundary layer turbulence, as illustrated by Valenziano and
Dall’Oglio [1999], Lawrence et al. [2004], and Lawrence
[2004]. Moreover, observations in the far-infrared range
(i.e., 40-300 pm) can only be performed with ground-
based instruments in exceptionally dry air conditions, which
are sporadically present at Chilean sites [Giovanelli et al.,
2001] but quite common in the Antarctic ones. A definitive
comparison in terms of site quality for astronomy between
South Pole and Dome C requires more data from the latter
site. However, the present results and those available in the
literature candidate Dome C to be superior in absolute
terms. This advantage may represent a key point when
projects for extremely large telescopes (diameter above
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10 m that cannot be carried on satellites) are concerned:
even a small advantage in transparency or integration
time may constitute a critical issue in site selection.
Furthermore, due to the harsh operating conditions, sim-
ilar in some respects to those encountered in space, Dome
C could also be used as a test bench for future activities
on the Moon and on other extraterrestrial bodies.
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