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Ground-Based Water Vapor Retrieval
in Antarctica: An Assessment

Monia Negusini, Member, IEEE, Boyan H. Petkov, Pierguido Sarti, and Claudio Tomasi

Abstract—The atmospheric water vapor is an important indi-
cator of the Earth’s climate state and evolution. We therefore
aimed at calculating the content and long-term variation of the
precipitable water vapor at five coastal Antarctic stations, i.e.,
Casey, Davis, Mawson, McMurdo, and Mario Zucchelli. To do
that, we processed the 12-year time series of GPS and radiosound-
ing (RS) observations acquired at those stations, with the pur-
pose of ensuring the utmost accuracy of the results adopting
homogeneous, consistent, and up-to-date processing strategies for
both data sets. Using the two fully independent techniques, rather
consistent contents and seasonal variations of precipitable water
were detected, mainly ranging from 1 (Austral winter) to 10 mm
(Austral summer). At each site, correlation coefficients varying
from 0.86 to 0.91 were found between the GPS and RS time series,
with mean discrepancies ≤0.75 mm. There is no clear indication
regarding the possible dry or wet biases of one technique with
respect to the other, with only a notable GPS wet bias identified
at Mawson and a dry bias at Casey that, nevertheless, correspond
to an average difference of < 1 mm on the two series; the biases
at the other sites are much smaller. Although extremely small, i.e.,
ranging from −0.03 to 0.04 mm/year, the linear trends of the series
are not always consistent in sign. In accordance with the major
climate models, the RS linear trends are mostly positive, whereas
depending on the site, GPS exhibits a (very small) decrease or
increase in water vapor.

Index Terms—Global Positioning System (GPS), radiosounding
(RS), reprocessing, troposphere, water vapor.

I. INTRODUCTION

O BSERVATIONS of atmospheric water vapor carried out
in remote and inaccessible locations, such as the po-

lar regions, are usually scarce and scattered, although crucial
for defining the heat and radiation budget of the Earth’s at-
mosphere. Due to the information they carry, their exploitation
must be therefore pursued to a maximum extent.

Water vapor is the most abundant greenhouse gas and starts
a positive radiative feedback mechanism of 1.5–2.0 W · m−2 ·
K−1, playing a central role in global warming [1]. It is es-
sentially controlled by large-scale atmospheric dynamics and
is mainly related to the moist air masses transported from the
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tropical upper troposphere toward higher latitudes. Water vapor
creates a self-generating cycle, where its concentration and air
temperature increase one another. Its relevant role is magnified
by the interactions with the other greenhouse gases, carbon
dioxide above all, whose effects are increased by anthropogenic
factors, that may further amplify the water vapor feedback and
drive future climate scenarios [2]. Water vapor concentrations,
distribution, and variability within the planetary boundary layer
and the free troposphere must be precisely determined to assess
its heat trapping and the subsequent positive feedback processes
affecting the Earth’s climate. Quantification of the abundance
and variability of atmospheric water vapor still requires longer
and consistent time series of data, which are possibly recorded
by different and independent sensors to overcome technique-
specific systematic errors and to obtain accurate results.

Nowadays, spaceborne and ground-based observation tech-
niques concur to the creation of data sets of water vapor, i.e.,
either layered or total (e.g., the National Aeronautics and Space
Administration Water Vapor Project), that are stored and geared
to user requirement specifications [3]. Although representing
a few percentages of the total atmospheric content, Antarctic
water vapor variations impact local temperature variations and
play an important role in snowfall accumulation and surface
mass balance [4]–[6]. Thus, accurate long time series of water
vapor content in Antarctica are crucial to better understand the
current climate variations and to assess the reliability of the
predictions of global climate models. A decade of data or a
longer time span is essential to detect reliable precipitable water
vapor (PW) trends (cf. [7] and the references therein).

The propagation of the GPS radio signal through the at-
mosphere impacts the radio wave velocity according to the
atmospheric media composition. In particular, the interaction
with the unionized lower layers (stratosphere and troposphere)
bends and delays the electromagnetic wave, introducing an
error into the satellite slant range. Originally considered an
observation nuisance, it is now more than two decades that the
delay is used to reckon the atmospheric water vapor content and
its variability [8]. The GPS-derived atmospheric water vapor
has been used as an additional parameter in a number of tests
and runs of mesoscale and synoptic-scale numerical weather
prediction models and climate models [9]–[12].

In remote and hardly accessible areas, such as the vast
majority of the Antarctic continent, unmanned observing sys-
tems are a compelling need. Thus, over the Antarctic coast,
where the water vapor content is large enough to be detected
by GPS, we selected a set of five GPS permanent stations
whose data were used to compute the local integrated PW
every 6 h with an accurate, reliable, and up-to-date estimation
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approach (see Section II). The fundamentals behind the GPS-
based troposphere sensing are shortly illustrated in Section II,
along with a description of the homogeneous reprocessing of
the 12-year global GPS data set that we used to compute the PW
content presented in this paper. The GPS results were validated
using the radiosounding (RS) measurements collected over the
same periods and locations; RS data were analyzed, minimizing
and removing the known error sources and the instrumental
biases (see Section III).

The sets of data that we used to compute the PW span the
period from January 1, 1999 to December 31, 2010, with some
scattered gaps over the time span, and they were collected at the
following Antarctic stations (H is the height above the geoid).

1) Casey (CAS1; 66◦ 17′ S, 110◦ 32′ E; HRS = 42 m;
HGPS = 39 m), with an overall number of 7652 PW
estimates from Vaisala RS measurements and 15 624
from GPS.

2) Davis (DAV1; 68◦ 35′ S, 77◦ 58′ E; HRS = 22 m;
HGPS = 27 m), with 7182 PW estimates from RS and
15 715 from GPS.

3) Mawson (MAW1; 67◦ 36′ S, 62◦ 52′ E; HRS = 16 m;
HGPS = 30 m), where 6076 PW values were estimated
from RS (once or twice per day, depending on the period),
and 15 667 values were estimated from GPS observations.

4) McMurdo (MCM4; 77◦ 51′ S, 166◦ 40′ E; HRS = 24 m;
HGPS = 151 m), with 5433 RS-derived PW estimates
and 16 158 from GPS.

5) Mario Zucchelli (TNB1; 74◦ 42′ S, 164◦ 07′ E; HRS =
55 m; HGPS = 127 m), with an overall set of 1405 PW
values derived from RS uniquely acquired during the
Austral summer. These measurements were usually per-
formed from October to February, but sometimes they
were interrupted because of various instrumental defects.
In particular, an unexpected interruption of the Vaisala
Marwin Sounding System used to record pressure, tem-
perature, humidity, and wind data caused a data loss from
February 2004 until the end of 2005. At this site, the
GPS time series also presents remarkable breaks, which
are mainly due to power outages, i.e., from June 1999 to
October 1999, the vast majority of 2008 and 2009, and
from June to December 2010. The remaining data al-
lowed us to estimate 11 870 PW values every 6 h.

Several studies compared the GPS performance in PW retrieval
with other satellite, ground-based, and aerial methods, obtain-
ing mostly an overall satisfying agreement in terms of relative
variations but not always in terms of absolute values (e.g.,
see [13]). The biases are usually identified as systematic errors
that are not properly handled in the data analysis of either
technique. In order to overcome or, at least, minimize such
biases, the use of proper models is crucial in the analysis of
both GPS (see Section II-A) and RS data (see Section III-C).

II. INTEGRATED PW FROM GPS

The GPS potential for the sensing of atmospheric water vapor
was nicely illustrated in the early 1990s by Bevis et al. [8].
As the GPS signal travels through the troposphere, the total

delay (TD, which is in meters) caused by the interaction with
its constituents can be computed as [14]

TD =

∫
path

n(s)ds− ρ (1)

where n is the air refractive index, and ρ is the slant range
measured in meters. If the signal path bending is small, (1) can
be evaluated along the geometric path as

TD =

∫
(n(ρ)− 1) dρ = 10−6

∫
N(ρ)dρ (2)

with N = 106(n− 1), which is the refractivity of air; it can
be expressed as N = Nhyd +Nwet, i.e., refractivity Nhyd due
to atmospheric constituents without permanent dipole moment
and Nwet due to water vapor (e.g., see [15]). Hence, (2) can be
separated into two terms as follows:

TD = 10−6

(∫
Nhyd(ρ)dρ+

∫
Nwet(ρ)dρ

)
. (3)

The total delay depends on the (changing) satellite elevation
above the horizon ε, i.e., TD(ε), and it is the sum of hydro-
static delay HD and wet delay WD (i.e., the delay due to
water vapor) along the satellite antenna path (first and sec-
ond addenda on the right-hand side of (3), respectively), i.e.,
TD(ε) = HD(ε) + WD(ε) [cf. (4)]. At every GPS site, it is
convenient to express these quantities with respect to a univocal
direction rather than the varying satellite elevation ε; hence,
the local zenith direction (ε = 90◦) is assumed as reference
to express the zenith hydrostatic delay HD(90◦) = ZHD and
the zenith wet delay WD(90◦) = ZWD. The dimensionless
mapping functions mhyd(ε) and mwet(ε) relate the total slant
delay to the zenith delays as follows:

TD(ε) = mhyd(ε) · ZHD +mwet(ε) · ZWD. (4)

In GPS data analysis, the ZHD can be calculated a priori using
a model [16], whereas the zenith total delay (ZTD) is estimated;
as a result, the ZWD is obtained subtracting the a priori ZHD
from the estimated ZTD as follows:

ZWD = ZTD − ZHD. (5)

The partial derivative used to relate the ZTD parameters to the
observed phase, i.e., ∂ZTD/∂φ, is usually the wet mapping
function mwet(ε) [17]. This means that the corrections to the
ZHD, if required, are estimated as part of the corrections to the
ZWD. Therefore, when aiming at determining accurate values
of the ZWD (and PW), it is mandatory to compute the a priori
ZHD with the utmost level of accuracy.

The PW (in millimeters) is finally obtained from the ZWD
as [18]

PW = Π · ZWD. (6)

Dimensionless factor Π is given by

Π =
106

ρRw [(k3/Tm) + k′2]
(7)
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Fig. 1. Map showing the distribution of the GPS sites used in our study. The location of the five Antarctic stations for which the PW was computed is identified
by black diamonds.

where ρ (in kg · m−3) is the density of liquid water, and
Rw = 461.5 J · kg−1 · K−1 is the specific gas constant for water
vapor. Parameters k1, k2, and k3 (k′2 = k2 −mk1) have been
introduced in the formula for refractivity in radio frequencies
N [19], bearing in mind that m = Mw/Md is the ratio between
the molar masses of water vapor and dry air. Tm (in kelvins) is
a weighted mean temperature of the atmosphere, and according
to the work in [8], it can be locally computed using RS
measurements (see Section III-D).

A. GPS Data Processing

Space geodetic data spanning large time intervals require
careful and homogeneous reprocessing to obtain consistent and
unbiased estimates of long time series of geodetic parameters
[20]–[23]. Some authors specifically addressed the reprocess-
ing of GPS data aimed at computing TD (4) and PW (6) (see
[24] and [25], respectively). Failures in the observable parame-
trization and modeling result in biased parameter estimates, as
clearly shown in [26] precisely over the Antarctic continent.

The GPS solution was run in a double-differenced analysis
approach over a modified version of the Bernese V.5.0 software
[27]. Our modifications allowed us to introduce, select, and use
the hydrostatic and wet Vienna Mapping Functions (VMF1)
[28] and the Global Pressure and Temperature 2 (GPT2) model
[29] to estimate the ZTD according to (4), which was assumed
to give a more reliable estimate of the ZWD.

Along with our five Antarctic GPS stations (see Section I),
we selected additional International Global Navigation Satellite
System Service (IGS) permanent stations adopting the follow-
ing criteria:

— having a homogeneous and global geographical
distribution;

— having a long-term continuous observation history;
— having ITRF2008 coordinates and velocities [30];
— being designated as IGS08 core network stations (when-

ever possible).

A first run was performed to obtain consistent position time
series of the GPS network (see Fig. 1); black diamonds identify
the location of the five Antarctic stations where the PW was
computed.

The 12-year data set was processed with the automatic
processing tool Bernese Processing Engine. The analysis
started from the observation files in the Receiver Independent
Exchange (RINEX) format and aimed at producing and storing
daily solutions in the Software Independent Exchange (SINEX)
format and normal equations. A data sampling rate of 30 s
and an elevation cutoff angle of 10◦ were used as the best
compromise between the quantity and quality of data, this being
a crucial aspect for high-latitude regions. The first-order term
of the ionospheric refraction was eliminated by forming the
ionosphere-free linear combination of the L1 and L2 signals.
VMF1 hydrostatic and wet mapping functions were used for
computing zenith delays TD. Corrections to a priori ZTD
values were computed as piecewise linear functions with a
time spacing of 1 h. The ambiguity resolution on all baselines
was performed adopting the quasi-ionosphere-free strategy and
the a priori global ionosphere models (GIMs) provided by
the Center for Orbit Determination in Europe (CODE). The
geodetic datum was defined by a no-net-translation condition
with a tightly constrained approach, fixing a subset of ≈50 IGS
stations that were considered those having the most reliable
and stable a priori coordinates into ITRF2008. The most recent
IGS08 products were adopted, and the complete list of parame-
ters and models actually used in our analysis is shown in Table I.
As aforementioned, this approach was used to compute a first
solution where both coordinates and troposphere parameters
were estimated.

A second run was performed (over the same set of GPS
data) to estimate the ZTD. The models and parameters were
not changed (see Table I), but we tightly constrained the co-
ordinates of the whole network to the values obtained from
the first run. This two-step procedure is also implemented by
other authors (e.g., see [36] and [37]) and was adopted to
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TABLE I
PARAMETERS AND MODELS USED IN THE GPS DATA ANALYSIS

decorrelate the positions (particularly the height component)
from the troposphere estimates.

The computation of the ZHD to be used in (5) can be
performed in different ways and is fundamental to obtain the
propagation delay originated by the water vapor ZWD.

Here, we have computed the ZHD using the formula pro-
posed in [8] and [38] as follows:

ZHD =
0.002277 · ps

1− 0.00266 cos(2φ)− 0.00000028 · hs
(8)

that gives the ZHD in meters when the surface pressure at the
site ps is expressed in hectopascals, the ellipsoidal height of
the site hs is taken in meters, and latitude φ is in degrees. It is
evident from (8) that, given the latitude and height of the GPS
site, the surface pressure determines the values of the ZHD; it is
worth recalling how a +1-hPa variation in (8) impacts the ZHD
value by ≈ +2.2 mm.

The pressure value at the GPS site ps can be obtained in
different ways. If automatic weather stations are located nearby
the GPS site, ps can be given by the local records of surface
pressure and may be used in (8). Otherwise, the ZHD values at
the latitude φ and longitude λ of the GPS site can be extracted
from a grid (2.5◦ × 2.0◦) provided by Technische Univer-
sität Wien (http://ggosatm.hg.tuwien.ac.at/DELAY/GRID, see
Table I). The nodes of the grid are referred to as the ellipsoidal
heights of an orographic surface. Values at any geographic
location (φ, λ) can be obtained with a bilinear interpolation.
The use of the grid is very convenient, as it does not require
direct local pressure records that are seldom available in remote
and isolated areas.

To obtain the ZHDgrid value at the latitude φ and longitude
λ of the GPS site, an interpolation from the nearest grid nodal
points (i, j), (i + 1, j), (i, j + 1), and (i + 1, j + 1) is re-
quired. A second transformation is necessary to account for the

http://ggosatm.hg.tuwien.ac.at/DELAY/GRID
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height difference Δh = hgrid − hs between the interpolated
ZHDgrid height and the actual GPS site height and to
obtain the ZHD. In practice, (ZHDi,j ,ZHDi,j+1,ZHDi+1,j ,

ZHDi+1,j+1)
φ,λ−−−−−−−−→

interpolation
ZHDgrid

Δh−−→ ZHD.

In a previous study [39], we focused on the comparison
of PW from GPS and RS data acquired at Mario Zucchelli
and applied the method indicated in [40]. Once ZHDgrid is
computed, the corresponding pressure pgrid is obtained from
(8); the height correction was achieved recalculating the ZHD
with (8), where the new pressure is given by the pressure lapse
rate formula proposed in [41], which defines ps at the GPS site
position (φ, λ, hs) (in hectopascals) as

ps = pgrid + 1013.25(1− 0.0000226 · hGPS)
5.225+

− 1013.25(1− 0.0000226 · hgrid)
5.225 (9)

with pressure pgrid calculated in hectopascals at interpolated
point (φ, λ, hgrid). Equation (9) does not contain the temper-
ature, a variable on which the pressure lapse rate does indeed
physically depend [42]. This can lead to errors in the ZHD
varying between 10 and 25 mm, as confirmed by our work
carried out to analyze the data set collected at the Mario
Zucchelli station [39].

There, we used: 1) ZHDgrid, (8), and (9) to account for height
difference Δh and to obtain the ZHD; and 2) the local records
of surface pressure ps to derive the ZHD from (8). The former
method showed a large wet and seasonal bias of PWgrid

GPS (the
subscript and the superscript identify the calculation method).
In particular, assuming the time series of precipitable water
PWTOT (determined as the sum of the tropospheric contribu-
tion derived from RS data and the stratospheric contribution de-
rived from satellite data, as explained in detail in Section III-C)
as the benchmark, PWgrid

GPS was 55% larger than PWTOT, thus
highlighting a remarkable wet bias in the GPS results. The
GPS-derived values directly obtained from (8) inserting the
local records of ps, i.e., PWps

GPS, were determined as being
only 77% of PWTOT, with a better overall agreement but a
dry bias. We related the worse performance of ZHDgrid to
pressure correction Δh [calculated with (9)]. For the Mario
Zucchelli station, we had to accommodate a very large height
difference, being Δh ≈ 1000 m. Similar features can be found
in other Antarctic coastal areas where massive mountain ranges
are close to the sea, as explicitly discussed in [29]. There,
the ellipsoidal heights of four adjacent nodes of the grid
may considerably vary, and the interpolation may lead to a
ZHDgrid whose height is considerably different from the ac-
tual GPS height. Under these circumstances, height correction

ZHDgrid
Δh−−→ ZHD becomes critical, and (9) is not accurate

enough, as was also highlighted in [43].

In this paper, we transformed ZHDgrid
Δh−−→ ZHD with the

formula proposed in [43] as follows:

ZHD = ZHDgrid + 0.0022768 ·
(

g · pgrid
R · Tgrid

)
· (Δh) (10)

where g = 9.8 m · s−2 is the gravity acceleration, and R =
8.314 J · K−1 · mol−1 is the gas constant. The temperature
and pressure at the interpolation point, i.e., Tgrid and pgrid,

Fig. 2. PW time series from GPS observations [(PWGPS), as shown by solid
black circles in the scale on the left in millimeters] and RS data [(PWTOT),
as shown by open black circles in the scale on the right in millimeters]. See
Section III for the computational details for the five Antarctic sites.

respectively, have been extracted from the new GPT2 model
that ensures good performance over the Antarctic coast [29].
The ZHD at the GPS site was obtained from ZHDgrid using
correction formula (10), and (5)–(7) allowed us to compute
the PWGPS time series at 00:00, 06:00, 12:00, and 18:00
Coordinated Universal Time (UTC), where each value yields
the precipitable water averaged over the hh:mm–hh:mm+1 h
time interval. These time series were subsequently compared
with those derived from the RS data, as described in Section III
(see Fig. 2).

Mean temperatureTm in (7) was calculated using the RS data
according to the following, as described in Section III-D:

Tm =

∫ zTR

z0
(e(z)/T (z)) dz∫ zTR

z0
(e(z)/T (z)2) dz

. (11)

III. RS MEASUREMENTS

The Casey, Davis, and Mawson RS stations in Antarc-
tica are managed by the Bureau of Meteorology, and the
Vaisala radiosonde data sets recorded at these three stations
were downloaded from the World Meteorological Organiza-
tion (WMO) database of the University of Wyoming (http://
weather.uwyo.edu/upperair/sounding.html). They consist of an
overall number of 20 910 RSs conducted over the 12-year
period. The set of radiosonde data collected at the McMurdo
station by the U.S. National Weather Service was downloaded
from the aforementioned WMO database, obtaining an overall
number of 5433 RSs over the 12-year period. The RS data
recorded at the Mario Zucchelli station were collected by the

http://weather.uwyo.edu/upperair/sounding.html
http://weather.uwyo.edu/upperair/sounding.html


6 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING

Meteo-Climatological Observatory (http://www.climantartide.
it) from January 1999 to early February 2004 and from Novem-
ber 2005 to December 2009 because of the aforementioned
instrumental failures. Therefore, an overall number of 1405 RSs
were collected at this coastal station for the present analysis.

A. Correction of Raw Pressure and
Temperature Measurements

An overall set of 27 748 Vaisala RSs were collected at the
aforementioned selected five coastal Antarctic stations over
the 12-year period, examining the measurements provided at
numerous levels by the Barocap, Thermocap, and Humicap
sensors mounted on the various radiosonde models. At all the
five sites, RS launches were regularly performed at 00:00 and
12:00 UTC of each day. On the Austral summer days, each RS
provided measurements of pressure p(z) and air temperature
T (z) at more than 800 standard and additional altitudes z from
surface to 10 km and 900–1900 stratospheric levels up to its
top altitude, usually ranging from 26 to 30 km. Due to the
harder environmental conditions, the RS data were collected
on Austral spring and fall days at no more than 800 levels
from surface to 10 km and no more than 200–400 stratospheric
levels up to a radiosonde top level varying from 18 to 25 km.
Relative humidity RH(z) was usually measured at about 800
tropospheric levels and only a few levels above the tropopause
because RH(z) is usually lower than a few percent at levels
z > 8 km.

The measurements of p(z) (given in hectopascals), T (z) (in
degrees Celsius), and RH(z) (in percentage) were recorded in
height steps of 10–12 m for the mean balloon ascent rate of
5–6 m · s−1. Altitude z was calculated for each triplet of RS
signals using the manufacturer algorithm based on the differ-
ential form of the hydrostatic equilibrium equation for air. No
corrections were made to the raw pressure data provided by the
radiosondes since the instrumental errors were assumed to be
< 0.5 hPa in all cases for the Barocap characteristics reported
in Table II.

The temperature data provided by the various Thermocap
sensors are usually affected by errors due to: 1) heating by the
incoming solar radiation and cooling induced by the outgoing
flux of infrared radiation; 2) heat conduction from the other
radiosonde components; and 3) heat exchanges between the
sensor and environment, leading to the evaluations of accu-
racy, repeatability, and reproducibility characteristics given in
Table II. The errors affecting the RS80-A and RS80-H Ther-
mocap sensors were corrected according to the work in [44],
whereas those of the RS90 and RS92 Thermocap sensors were
neglected [45]. The RS80 and RS90/92 Thermocap data are
also often affected by lag errors mainly depending on air
density and ventilation speed, which were corrected by using
the algorithm in [46] over the whole altitude range above the
ground layer. According to the work in [47], null errors were
assumed for isothermal conditions of the ground layer, and
linearly increasing errors were assumed for increasing positive
values of the vertical temperature gradient γ = dT/dz until
reaching an RS80 value of 1.0 K for γ ≥ 1 K/m and an average
RS90/92 value of 1.2 K for γ ≥ 1.4 K/m [48].

B. Corrections of Raw RH Measurements

The time constant of the A-Humicap sensor was estimated
to increase in a nearly exponential fashion from 0.2 to about
200 s as T (z) decreases from 25 ◦C to −80 ◦C, with a
mean vertical gradient of 6–7 K/km [48]. Conversely, the
H-Humicap time constant was evaluated to be very small,
which is due to the use of a thinner polymer layer in this sensor
model, assuring a much faster response time at low tempera-
tures [49]. The RH data provided by the H-Humicap sensors
were therefore corrected by taking into account the improved
time constant characteristics of these sensors, which were
determined by following a complex procedure based on the
combined use of various algorithms and correction procedures
[48], [50] and adopting some important criteria recommended
in various articles [49], [51], [52]. More precisely, the original
RH data were analyzed through a procedure consisting of the
following seven steps.

1) A preliminary smoothing procedure of the raw RH data
within all the height intervals containing sequences of
constant values of RH with altitude to construct a more
schematic “skeleton” of the vertical profiles of RH [48].

2) A correction of the RH data for the so-called basic
calibration model errors using the algorithms defined in
[50] for the RS80-A and RS80-H Humicap sensor models
and those defined in [49] and [52] for the RS90 and RS92
Humicap sensor models.

3) The correction of the chemical contamination (CC) dry
biases affecting the RH data recorded with the four
RS80-A, RS80-H, RS90, and RS92 radiosonde models
was made by assuming that: 1) the CC biases affecting
the RS80 data are all negligible in sensors having an age
of a few years; 2) those of the RS90 sensors are totally
negligible since polymers with improved characteristics
were employed in manufacturing this new sensor model
[48]; and 3) those of the RS92 sensors were assumed to
be very small since such sensors were all properly heated
and regenerated prior to their launch.

4) The correction of temperature-dependent dry biases was
made by: 1) using the algorithms defined in [50] to exam-
ine the RS80-A and RS80-H data according to [53]; and
2) totally neglecting the temperature-dependent errors
affecting the RS90 and RS92 sensors [49].

5) The correction of the RH data for the sensor aging (SA)
dry biases was made by using the algorithm in [50] to
remove the errors of the RS80-A and RS80-H Humicap
sensors, which were evaluated to not exceed 2% in all
cases. The SA dry biases of the RS90 and RS92 Humicap
sensors were all neglected according to the work in [49].

6) A correction of all the RH vertical profiles obtained at
step 5 was made to remove the RH lag errors by following
the procedure in [48] consisting of: 1) a first smoothing
procedure; 2) a lag correction procedure properly adapted
to the various RS80-A, RS80-H, RS90, and RS92 Humi-
cap sensors by the work in [48]; and 3) a further smooth-
ing procedure, reducing even more the discontinuities
appearing in the RH vertical profiles.

http://www.climantartide.it
http://www.climantartide.it
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TABLE II
CHARACTERISTICS, WHICH ARE GIVEN BY THE MANUFACTURER OR DRAWN FROM THE LITERATURE, OF THE BAROCAP, THERMOCAP, AND HUMICAP

SENSORS MOUNTED ON THE FOUR VAISALA RADIOSONDE MODELS AT THE FIVE ANTARCTIC SITES CONSIDERED IN THIS PAPER

7) A correction of all the dry biases affecting the RS92
RH data was made on the basis of the comparison tests
performed in [52] between the RS92 RH data and those
provided by some reference sensors for minimizing the
daytime solar radiation error (SRE) and other empirical
solar heating (SH) dry biases using the original algorithm
of the work in [54] adapted to the Antarctic atmosphere
conditions [53]. Instrumental errors and empirical biases
such as those shown in [52] were neglected in analyzing
the RS80 Humicap data, and the SH dry biases of the
RS90 and RS92 Humicap sensors were not corrected in
the present analysis since they were already accounted
for using the correction procedure in [52], in which the
similar errors of the RS90 and RS92 Humicap sensors
were already taken into account, whereas the empirical
mean SH dry biases and SREs affecting the RS90 and
RS92 radiosonde data were corrected using the pair of
algorithms defined in [52].

C. Calculations of Precipitable Water From RS Data

The values of p(z), T (z), and RH(z) determined at each
level z using the aforementioned correction procedures were

then examined to calculate the following: 1) saturation water
vapor pressure E(T ) in the pure phase over a plane surface of
pure liquid water using the Murphy and Koop [55] formula (see
also [56]), as determined on the basis of some recent measure-
ments of molar heat capacity over the 123–332 K temperature
range; 2) water vapor partial pressure e(z) given by product
E[T (z)] · RH(z); and 3) the water vapor mixing ratio given by
ratio e(z)/p(z). Therefore, the aforementioned formulas were
reliably used for the very-low-temperature conditions observed
in the Antarctic troposphere and low stratosphere, obtaining
realistic evaluations of E[T (z)] to determine the absolute hu-
midity q(z) at each level in terms of the ratio between e(z) =
E[T (z)] · RH(z) and product T (z) ·Rw. These calculations of
E[T (z)] derived at the various levels using the Murphy and
Koop formula over the 190–280 K temperature range were
found to be fully reliable since they differ from: 1) those given
by the Goff and Gratch formula [57] over the 223–290 K tem-
perature range by percentages varying from +0.15% at 275 K
to less than +0.1% at 230 K; and 2) those of the Bolton [58]
formula over the 238–290 K temperature range by percentages
varying from −0.2% at 240 K to +0.1% at 285 K. The afore-
mentioned evaluations of q(z) found for each RS were used to
determine the vertical profile of such a parameter by assuming
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that it varies in an exponential fashion as altitude z increases
from one radiosonde level to the next. The atmospheric PWRS

was determined by integrating q(z) from the surface level up
to the 12-km height. These evaluations of PWRS seem to be
fully reliable since they were obtained for the vertical profiles
of T (z) and RH(z) appropriately corrected for the main lag
and instrumental errors and the various dry biases. The values
of water vapor mixing ratio e(z)/p(z) mainly ranged from 2 to
7 parts per million by volume at the upper tropospheric levels
[59] and the stratospheric levels [3]. Therefore, the stratospheric
PWST content above the 12-km altitude turns out to be very low
in the Antarctic atmosphere, mainly varying from 3 · 10−3 to 6 ·
10−3 mm throughout the year at the 65◦ S–80◦ S latitudes. How-
ever, we have corrected the values of tropospheric precipitable
water PWRS determined up to the 12-km altitude by adding the
monthly average values of stratospheric PWST derived from the
observations carried out using the Michaelson Interferometer
for Passive Atmospheric Sounding (MIPAS)–Environmental
Satellite (ENVISAT) [60] to obtain the total precipitable water
PWTOT = PWRS + PWST. The comparison between RS RH
measurements and those carried out by a reference instrument
[49], with accuracy performance varying from 3% to 6% in
the troposphere, showed that, after the corrections given in
Section III-B, the RS data became closer to the standard,
presenting discrepancies of 1%–3% only. Bearing in mind that
the temperature is registered by the radiosonde with an error
lower than 1% and that the main contribution to the water vapor
content is given by the troposphere, the error made in estimating
PWTOT results in no higher than 10%. The time series of the
daily values of total precipitable water PWTOT are shown in
Fig. 2 for the five RS sites. It can be seen that PWTOT is subject
at all sites to marked day-to-day variations, presenting month-
to-month and seasonal variations describing a wide minimum
during the coldest (Austral winter) months of the year, i.e., from
April to September. The results show that marked variations
in PWTOT may occur within a few days, which is due to
sharp variations in the meteorological conditions caused by
the arrival of more humid and warmer air masses from the
oceans or associated with drier and colder air masses driven by
katabatic winds toward the coasts. In particular, lower values
of PWTOT were found at McMurdo during the Austral winter
than at Casey, Davis, and Mawson presumably because of
its higher latitude and colder temperature conditions, whereas
values comparable with those measured at Mario Zucchelli
were determined during the Austral summer. The analysis of
RS data showed that the minima of PWTOT recorded at Casey,
Davis, Mawson, and McMurdo were, in general, all lower than
1 mm during the coldest period of the Austral winter, and
the maxima exceeded 12 mm at Casey, 10 mm at Davis and
Mawson, and 8 mm at McMurdo during the Austral summer;
on the other hand, the daily values of PWTOT determined
at Mario Zucchelli mainly ranged from 2 to 8 mm over the
October–February period and were, in general, lower than
10 mm on the warmer summer days. The comparison made in
Fig. 2 between the time series of PWGPS and those of PWTOT

derived from the RS and MIPAS data clearly shows that a
substantial agreement exists at all the five Antarctic sites.

Fig. 3. Time series of parameter Tm obtained from the RS measurements
conducted during the 12-year period at the five Antarctic stations.

D. Calculations of the Weighted Mean Temperature Tm

Parameter Tm is the average value of air temperature
weighted along the vertical atmospheric path by using the
vertical profile of e(z) as a weight function. It is calculated
using the algorithm of (11) [16] given by the ratio between the
two integrals determined over the altitude range from surface
level z0 to zTR = 12 km, where the vertical profiles of e(z)
and T (z) were derived from the RS measurements recorded on
each day at one of the five sites considered in this paper and
examined using the seven-step correction procedure described
earlier. Considering that parameter e(z) is used in (11) as a
weight function in both integrals, parameter Tm can be defined
in practice as the average tropospheric temperature calculated
as the sum of the contributions given by the various atmospheric
layers weighted on the basis of their moisture characteristics.

The time series of the daily mean values of Tm obtained
at the five Antarctic stations over the 12-year time span are
shown in Fig. 3. The results provide evidence of the marked
seasonal variations in Tm, which is most strongly influenced
by the thermal characteristics of the Antarctic atmosphere in its
most humid layers. It can be seen in Fig. 3 that Tm appreciably
varies from one day to another at Casey, Davis, and Mawson,
showing average annual time patterns describing very similar
seasonal cycles. The McMurdo and Mario Zucchelli stations
are ≈ 300 km far one from the other, being located at longitudes
and latitudes differing by 2◦ 33′ and more than 3◦, respectively.
Marked day-to-day variations in Tm can be noted in all years.
As shown in the lowest panels in Fig. 3, the average seasonal
variations are similar from one year to another, only presenting
slight discrepancies in the Austral summer months.

Examining the Mario Zucchelli set of 1330 RSs in [46], it
was shown that the vertical profile of T (z) exhibits a stable ver-
tical gradient from z0 to tropopause level zTR (which is close to
8 km during the Austral summer). Calculations of Tm(z) were
made in terms of (11), where the numerator and denominator
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Fig. 4. Scatter plots of parameter Tm versus ground-level temperature T0

obtained by examining the RS data sets over the 12-year period, with the corre-
sponding equations of the best fit lines, the values of correlation coefficient r,
and the SEE.

integrals were evaluated for the RS data sets collected at
Mario Zucchelli on Austral summer days and McMurdo on
Austral winter days, finding that Tm(z) gradually increases as
a function of z until reaching an asymptotic value at altitudes
z > 8 km. In addition, these calculations indicate that ground-
level temperature T0 is a thermal parameter yielding realistic
information of the thermal state of the whole troposphere and
therefore can be reliably used to represent the average thermal
conditions of the troposphere throughout the entire year. This
can be seen in Fig. 4, in which the values of Tm calculated at
each station in terms of (11) are plotted versus those of T0. The
scatter plots obtained for the Casey, Davis, and Mawson data
sets were found to yield regression lines of Tm versus T0, with
values of correlation coefficient r ranging from 0.88 to 0.92;
hence, it is comparable with the value of r = 0.91 obtained at
McMurdo over the whole year and with r = 0.89 determined
at Mario Zucchelli over the Austral summer only. A good
agreement was also found among the values of slope coefficient
k determined at the five stations, and they were found to vary
between +0.57 K−1 (at Casey) and +0.66 K−1 (at Mawson)
over the whole year and to be equal to +0.78 K−1 at Mario
Zucchelli for the Austral summer only. Therefore, the scatter
plots shown in Fig. 4 exhibit a very good correlation between
Tm and T0, with the respective standard errors of the estimate
(SEEs) found to range from ±1.9 (Mario Zucchelli) to ±2.9 K

(McMurdo). A similar relationship between Tm and T0 was
reported in [18], where it was concluded that the approximation
uncertainties led to about 2% error in Tm.

It is worth highlighting that, due to the lack of year-round
RS measurements at Mario Zucchelli (causing a lack of Tm),
the Tm−T0 relation in Fig. 4 was actually implemented to
calculate the PWGPS values given in Fig. 2 using the surface
temperature acquired at the automatic weather station Eneide,
which is similar to the work in [39].

IV. COMPARISON BETWEEN GPS AND RS EVALUATIONS

OF PRECIPITABLE WATER

The PWTOT time series were used as a benchmark to assess
the quality of the GPS results. As described in Section III,
the RS sensors at all sites are of the same type and man-
ufacturer and required the same corrections to account for
and mitigate their known biases. Thus, the RS PWTOT time
series at every site can be certainly regarded as consistent and
useful to evaluate the reliability of the corresponding GPS time
series of PWGPS. The comparison of PWGPS with the results
provided by the colocated RS observations can be considered
an approach to approximately assess the error in the precip-
itable water determined by the GPS technique at the selected
sites [25].

The 12-year time series values of PW derived from the GPS
and RS data at the five Antarctic sites are plotted in Fig. 2.
A rather good qualitative agreement between the time series
is clearly visible, with evident and consistent time patterns
and reasonable seasonal features; at all sites, small PW values
correspond to the (dryer) winters, whereas larger values of PW
are detected during the (more humid) Austral summers. In the
GPS time series (solid black circles), very few negative values
of PWGPS occur and are visible in the plots of the various sites
during the winter periods. This happens when ZHD from (8)
and used in (5) is larger than the estimated ZTD, thus causing
ZWD (and PWGPS) to be negative. An estimate of the accuracy
of PWGPS can be obtained with the formula given in [61] as
follows:

σGPS
PW =

√(
ZWD
a

· σTm

)2

+ (Π · bσp)2 + (Π · σZTD)2

(12)

where a = 1768.72 K, and b = 0.00228 m · hPa−1. In partic-
ular, using a 2% error for Tm (see Section III-D), a 2-hPa
error for the European Center for Medium-Range Weather
Forecasting (ECMWF) pressure (used to compute ZHDgrid)
given by the work in [40], and the errors for ZTD from our
GPS analysis (0.6–1 mm), an average error of σGPS

PW ≈ 0.7 mm
was found. In [61], from a comparison between GPS and Very
Long Baseline Interferometry data, a more realistic 4–10-mm
ZTD error is calculated. Therefore, assuming 10-mm accuracy
for ZTD, from (12), we get a σGPS

PW ≈ 1.6 mm. This estimate
is consistent with the accuracy given in [61] and the references
therein and accounts for all the (very few) negative values found
in the PWGPS time series (see Fig. 2).

In order to quantify the extent of the agreement and identify
possible biases, the scatter plots and the correlation coefficient
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Fig. 5. Scatter plots of PWGPS versus PWTOT. The values of PWGPS were obtained using the Tm values computed in Section III-D. Concerning Mario
Zucchelli, PWGPS was obtained though the Tm−T0 relation using the surface temperature acquired at the weather station Eneide. The equations of the best fit
lines, the values of correlation coefficient rPW, and SEEPW are given in each of the panels.

TABLE III
VALUE OF PARAMETERS CHOSEN TO COMPARE GPS AND RS TECHNIQUES. IN THE FIRST TWO LINES, THE PW MEAN VALUES FOR BOTH GPS AND

RS ARE PRESENTED. IN THE THIRD LINE, THE MEAN VALUE OF THE RATIO Ψ [SEE (13)] BETWEEN THE TWO PW VALUES IS REPORTED. THE
VALUES IN BRACKETS GIVEN IN THESE THREE LINES ARE THE CORRESPONDING STANDARD ERROR OF THE ESTIMATES. IN THE FOLLOWING

EIGHT LINES, THE LINEAR TRENDS α, AMPLITUDES A, PERIODS T , AND PHASES ϕ OF THE PERIODIC SIGNAL, WHICH ARE PRESENT IN

BOTH TIME SERIES, ARE SHOWN. THE LAST LINE REPORTS THE HEIGHT DIFFERENCE ΔH = HGPS −HRS BETWEEN THE GPS AND
RS SITES. THE LARGE ΔH AT THE MCMURDO AND MARIO ZUCCHELLI STATIONS ARE ACCOUNTED FOR IN THE LAST TWO

COLUMNS, WHERE PWTOT IS COMPUTED ONLY USING THE DATA ACQUIRED FROM THE GPS SITE HEIGHT ONWARD

are extremely effective. Such a comparison was made by plot-
ting the measurements of PWGPS versus those correspondingly
obtained for PWTOT. As aforementioned, the latter parameter
was derived from RS measurements conducted at 00:00 and
12:00 UTC of each day by adding the stratospheric content. In
order to carry out a more homogeneous comparison test that is
an important issue [62], only the values of PWGPS obtained
at the two aforementioned UTC hours were selected for the
comparison. Fig. 5 depicts the linear regression scatter plots
drawn for the PW data set at each site, separately presenting
the values of PWGPS as a function of PWTOT at each station.
The values of correlation coefficient r were found to vary from
r = 0.86 at Mawson and Mario Zucchelli to r = 0.91 at Davis.
A similar comparison between GPS and RS techniques, which
was performed by analyzing the PW data sets for 2004 at
various Antarctic sites, including Casey, Davis, Mawson, and
McMurdo, was reported in [26]. Thomas et al. [26] calculated

higher slope coefficients than those given in Fig. 5 that can be
accounted for the appreciably shorter period used in their study,
which excluded the impact of the interannual PW variability.
In fact, the scatter plots constructed only for the 2004 data,
which were extracted from the analyzed data sets here (cases
not shown in Fig. 5), highlighted slope coefficients that were
consistent with those found in [26].

Mean values PWGPS and PWTOT, which were computed
for the corresponding PW values over the analyzed period, are
reported in the first two lines in Table III. The GPS technique
detects the smaller mean content of PW at McMurdo and Mario
Zucchelli, whereas the other three sites appear to be more
humid on average, particularly at Mawson and Casey. A similar
conclusion can be drawn from the results of the RS observa-
tions: The Australian sites are more humid than McMurdo.
Most probably, this also holds for Mario Zucchelli, but no
definite statements can be made since PWTOT = 3.57 mm
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only corresponds to Austral summer observations. The largest
discrepancies between the two techniques is ≈ 0.75 mm
found at Mawson and Casey, although with different signs: At
Mawson station, PWGPS > PWTOT, whereas it is the opposite
for Casey.

An additional indicator of the consistency of the results is
represented by the mean value of the PWGPS/PWTOT ratio,
which is defined as

Ψ =

(
PWGPS

PWTOT

)
(13)

which is also very useful to spotlight the presence and extent of
biases between the time series. The third line in Table III reports
the values of Ψ, which were computed for nearly simultaneous
data available for the selected stations. It is seen that ratio Ψ
does not define a clear and consistent situation in terms of the
biases between the two techniques. At Davis and Casey, where
the height difference between the RS launch and GPS sites
does not exceed a few meters (i.e., the observations start and
interact with the same atmospheric layers, the lowest line in
Table III), the PWGPS time series exhibit a dry bias with respect
to PWTOT, leading to a ratio < 1. At Mawson, where ΔH =
14 m is also rather small, PWGPS is 63% larger than PWTOT,
and the corresponding time series overestimates the water vapor
content by a remarkable amount. This large wet bias is also
associated to larger scatter of the PW values, making Mawson’s
results the least accurate and satisfactory among all. At both
McMurdo and Mario Zucchelli stations, the GPS site is located
several tens of meters above the RS launch site. A dry bias in
PWGPS may be actually expected as a consequence of the thin-
ner portion of atmosphere actually traveled by the GPS signal.
Nevertheless, this is clearly not the case, as the ratio highlights
a wet bias for PWGPS at Mario Zucchelli by about 15% of the
corresponding PWTOT. Finally, the best agreement above all
is detected at McMurdo (Ψ = 1.03± 0.01), where, due to the
largest height differenceΔH , the largest GPS dry bias could be
also expected. In order to account for the different ΔH at these
two sites, PWTOT were locally recomputed, discarding the
observations acquired below the GPS site heights. As expected,
the new PWTOT for McMurdo and Mario Zucchelli are smaller,
with a further increase in the wet GPS bias of 5% and 1% for
the two stations, respectively (last two values in the third line
in Table III). It is worth noting that biases are also due to the
different measurement time periods of PWGPS and PWTOT.
In fact, the PWGPS calculation time is equal to 1 h, whereas
that of PWTOT requires approximately 35 min for the whole
RS monitoring of the tropospheric thermodynamic conditions
from the surface to a 12-km altitude.

To examine the long-term behavior of PW, the linear trends
of the corresponding time series were computed together with
the parameters, characterizing the annual variations that appear
to be the predominant harmonic, as Fig. 2 clearly exhibits. To
perform such an assessment, the PWGPS and PWTOT time-
series frequency spectra were analyzed with the Lomb–Scargle
periodogram [63] to detect the significant signals, and the
annual harmonic was found to be prevalent and significant at a

99.9% level. Therefore, each time series was fitted by a function
of time t, having the following analytical form:

PW = PW0 + αt+A sin

(
2π

T
t+ ϕ

)
(14)

where α represents the linear trend, and A is the amplitude
of the variations determined by a period T and phase ϕ. The
estimated parameters are shown in Table III with the relevant
statistical errors.

The aforementioned approximations were not made for the
Mario Zucchelli station because of the rather sparse data series
(see Fig. 2) that are considered not sufficient to give reliable
estimates of the given parameters. The GPS-derived trends
given in the fourth row in Table III highlight a PW decrease
at Casey (−0.03± 0.01 mm/year) and Mawson (−0.01±
0.01 mm/year). McMurdo exhibits a slight increase in PW
(0.01± 0.01 mm/year), whereas Davis is not associated with
a net variation of PW (0.00± 0.01 mm/year). GPS and RS
observations do not exhibit consistent long-term trends: The
former detects a yearly increase in PW only at McMurdo, which
is not consistent with the RS results αTOT = 0.00± 0.01.
Conversely, PWTOT trends αTOT are positive and in the range
of 0.0–0.4 mm/year. The linear trends derived from the RS
observations appear to be consistent, in magnitude and sign,
with the predictions of several global climate models such
as the Community Climate System Model 4, whose 100-year
prediction for Antarctica amounts to an increase in PW of
0.1± 0.1 mm/year [7]. The results given in Table III demon-
strate that the approximation achieved through (14) accurately
defines the annual cycle in the PW variations observed by both
techniques, showing that a very good agreement substantially
exists between the estimates of the amplitudes, periods, and
phases of GPS and RS PW time series.

V. CONCLUSION

The 12-year data sets of RS and GPS observations acquired
in Antarctica at the coastal sites of Casey, Davis, Mawson,
McMurdo, and Mario Zucchelli stations, covering the period
from January 1, 1999 to December 31, 2010, were processed
with the purpose of computing the PW time series and to deter-
mine their trends. For both techniques, the processing strategy
was specifically developed to ensure a homogeneous and up-
to-date data analysis, implementing models and parameters
capable to reduce known observational or instrumental biases
to a minimum (estimated to be predominantly ≤ 20%).

When comparing the time series of PWGPS and PWTOT

shown in Fig. 2, the presence of systematic differences can
be appreciated. There is not a consistent dry or wet bias of
one technique with respect to the other. Assuming the RS
results as reference, GPS appears to overestimate or under-
estimate the PW in varying percentages, depending on the
particular site. Despite these discrepancies, the PW seasonal
variations detected with the two techniques are rather consis-
tent, as confirmed by the scatter plots and the related correlation
coefficients.
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The linear trends computed over PWGPS and PWTOT are
extremely small, as can be expected in Antarctica. However,
only the linear trends computed from the RS time series are
consistent in sign and magnitude with the predictions of most
global climate models, which foresee a small increase in PW on
the order of 0.1± 0.1 mm/year. The trends that were computed
over PWGPS are consistent in magnitude but (mostly) opposite
in sign, thus indicating a small decrease in PW over the 12-year
period.

It is well known that careful reprocessing of GPS data is
essential to obtain consistent results over long time spans.
However, in Antarctica, where the values of the parameters to
be determined approaches the sensitivity of the method, further
investigations over longer time spans are required to assess the
general PW trends derived from GPS. In such cases, the use
of traditional and well-established observing techniques such
as RS is essential and may represent an excellent benchmark
for comparison and validation to GPS. Again, careful data
processing and a conscious use of proper correction models are
fundamental to obtain unbiased estimates that are valuable for
a wide range of climatological applications.
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