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[1] Observations of very low amounts of precipitable water vapor (PWV) by means of the
Ground-Based Millimeter wave Spectrometer (GBMS) are discussed. Low amounts of
column water vapor (between 0.5 and 4 mm) are typical of high mountain sites and polar
regions, especially during winter, and are difficult to measure accurately because of the
lack of sensitivity of conventional instruments to such low PWV contents. The
technique used involves the measurement of atmospheric opacity in the range between
230 and 280 GHz with a spectral resolution of 4 GHz, followed by the conversion to
precipitable water vapor using a linear relationship. We present the intercomparison of this
data set with simultaneous PWV observations obtained with Vaisala RS92k
radiosondes, a Raman lidar, and an IR Fourier transform spectrometer. These sets of
measurements were carried out during the primary field campaign of the Earth Cooling
by Water vapor Radiation (ECOWAR) project which took place at Breuil-Cervinia
(45.9�N, 7.6�E, elevation 1990 m) and Plateau Rosa (45.9�N, 7.7�E, elevation 3490 m),
Italy, from 3 to 16 March 2007. GBMS PWV measurements show a good agreement with
the other three data sets exhibiting a mean difference between observations of ’9%. The
considerable number of data points available for the GBMS versus lidar PWV
correlation allows an additional analysis which indicates negligible systematic
differences between the two data sets.

Citation: Fiorucci, I., et al. (2008), Measurements of low amounts of precipitable water vapor by millimeter wave spectroscopy:
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1. Introduction

[2] Water vapor is a critical component of the atmosphere,
plays a key role in the Earth’s radiative balance and it is the
most important atmospheric greenhouse gas because of its
intense absorption of both shortwave and longwave radiation
[e.g., Raval and Ramanathan, 1989; Held and Soden, 2000;

Marsden and Valero, 2004]. Accurate measurements of the
atmospheric water distribution are therefore essential to
adequately model Earth’s radiation budget, with the column
amount of water vapor (precipitable water vapor, or PWV)
being one of the most important input parameters for atmo-
spheric models [e.g., Clough et al., 1992].
[3] Of particular interest are regions characterized by very

low atmospheric water vapor contents, such as polar regions.
These regions are extremely vulnerable to present and
projected climate changes and at the same time are the
regions with the greatest potential to affect global climate
[Solomon et al., 2007]. Obtaining accurate measurements of
low amounts of PWV is especially important, for example,
for modeling longwave radiative fluxes during polar winter
months. Substantial variations in longwave emission caused
by fluctuations in low amounts of water vapor directly affect
the climate of polar regions through both greenhouse trap-
ping of radiation and cloud formation processes. Yet, meas-
urements of the low amounts of PWVobserved during polar
winters are difficult to achieve because of the required high
instrumental sensitivity to water vapor [Cimini et al., 2007].
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[4] Although in the last few years new humidity sensors
mounted on radiosondes have proven to be a reliable tool
for measuring atmospheric humidity in cold and dry con-
ditions [Miloshevich et al., 2006; Vömel et al., 2007],
radiosonde observations are limited in daily temporal cover-
age because of the economic and personnel efforts required
for each launch. Moreover, the sonde ascent time limits the
time resolution of PWVmeasurements to no less than 30min,
whereas water vapor content in the troposphere can vary
significantly on a shorter time scale. Measurements of low
amounts of PWV carried out regularly during the day and
with a higher time resolution than balloon sondes can provide
are necessary, for example, in monitoring upper tropospheric
water vapor, its transport and rate of variation, or at sites
devoted to atmospheric and astronomic observations within
spectral regions (infrared, millimetric and submillimetric
wavelengths) where water vapor is the dominant source of
atmospheric opacity [e.g., Calisse et al., 2004].
[5] In this study we present a technique for measuring

precipitable water vapor using a Ground-Based Millimeter
wave Spectrometer (GBMS) and compare its results with in
situ and ground-based remote sensing correlative measure-
ments. Although the technique is not new [see de Zafra et al.,
1983], the primary field campaign of the ECOWAR (Earth
Cooling by Water vapor Radiation) project [Bhawar et al.,
2008] provided a unique opportunity for an intercomparison
of accuracy against several other data sets. The ECOWAR
campaign took place at Breuil-Cervinia (45.9�N, 7.6�E,
elevation 1990 m) and Plateau Rosa (also known as Testa
Grigia; 45.9�N, 7.7�E, elevation 3490 m, less than 7 km apart
from Breuil-Cervinia), Italy, from 3 to 16 March 2007. It is
part of an experimental program aimed at studying spectral
properties of water vapor in its rotational band (17–50 mm),
with particular attention to the water vapor continuum and
line absorption parameters. Observations of spectrally
resolved radiances between 100 and 1100 cm�1 were
realized using two Fourier transform spectrometers: the
REFIR-PAD (Radiation Explorer in the Far Infrared–
Prototype for Applications and Development) [Palchetti
et al., 2006] installed at Plateau Rosa and the Fourier
transform infrared (FTIR)/ABB Bomem [Esposito et al.,
2007] installed only a few km away at Breuil-Cervinia.
Ancillary measurements of temperature and relative humid-
ity were performed by the University of Basilicata Raman
lidar system (BASIL) [Di Girolamo et al., 2004] based at
Breuil-Cervinia, and by Vaisala RS92k radiosondes launched
from the same location. The GBMS provided water vapor
column measurements and stratospheric ozone profiles from
Plateau Rosa. In the next section we describe the GBMS
observing technique used to measure atmospheric opacity at
millimeter wavelengths, in section 3 the conversion from
GBMS opacity measurements to PWV is discussed, while in
section 4 a description of the various correlative water vapor
measurements is provided. Sections 5 and 6 are dedicated to
illustrate results obtained comparing the various data sets and
to summarize our work.

2. GBMS Observing Technique

[6] The Ground-Based Millimeter wave Spectrometer
(GBMS) measures rotational emission spectra of atmo-
spheric chemical species such as O3, N2O, CO and

HNO3, as well as the H2O continuum, with a spectral
window of 600 MHz tunable between approximately
230 and 280 GHz (or 7.7 and 9.3 cm�1). It was designed
and built at the Physics and Astronomy Department of the
State University of New York at Stony Brook and comprises
a front end receiver employing a cryogenically cooled
SIS (Superconductor-Insulator-Superconductor) double
sideband mixer with an intermediate frequency (IF) of
1.4 GHz. The back end is composed of an Acousto-
Optical Spectrometer (AOS) with a spectral band pass of 600
MHz and a maximum resolution of 65 kHz [de Zafra, 1995].
The combination of the front and back ends results in the
GBMS observation of two superimposed 600 MHz spectral
windows whose center frequencies are separated by 2.8 GHz
(two times the IF). At the AOS, the full 600 MHz spectrum is
read in 40 ms and integrated over time at a computer. Each
spectral file is saved after a total time integration of 5 to
15 min. In general, observed emission lines are too weak
to display a good signal-to-noise ratio (S/N) within these
short time integrations, and spectral files are usually added
together off-line to reach a satisfactory S/N ratio. The GBMS
observes the emission line of one chemical species at a time,
usually for 1 to 5 h (depending on S/N). Its 600 MHz
window must then be tuned to a different frequency interval
(in the 230–280 GHz range) in order to observe the emission
line of another chemical species.
[7] Given the physical parameters of a specific rotational

transition, its spectral line shape depends strongly on
the vertical concentration profile of the observed species
(typically unknown) and on the atmospheric pressure
profile (typically known). Therefore, by means of the
observed line shape together with pressure and tempera-
ture vertical profiles, a mathematical deconvolution pro-
cess allows finding the emitting molecule’s concentration
as a function of altitude. The overall spectral band pass
and resolution of the GBMS are key elements to deter-
mine the 17–75 km altitude range where trace gases
concentration can be measured [e.g., see Muscari et al.,
2007, and references therein]. For water vapor, we do not
observe an H2O emission line (e.g., at 183 or 325 GHz)
but rather the emission from the H2O continuum existing
between emission lines. Therefore, only the integrated
column contents can be obtained from GBMS observa-
tions of water vapor.
[8] During normal data taking operations the GBMS

observes radiation from two different directions 75� to 80�
apart, switched by a rotating reflective semicircular chopper
wheel at ’1 Hz frequency (see Figure 1). One observing
direction is near the zenith (reference beam, or R) while the
other points between 10� and 15� above the horizon (signal
beam, or S). A dielectric sheet (made of Plexiglas) mounted
in the R beam acts as a local partially transparent (and
weakly emitting) ‘‘grey body’’ source of broadband radia-
tion to compensate for the lower total power received from
atmospheric emission near the zenith (with a shorter geo-
metrical path length with respect to the S-beam), and allows
a power balance to be achieved between the S and R beam
directions. Different dielectric sheets are used, depending on
atmospheric conditions, with their opacity ranging from
�0.2 to 0.8 Nepers at 275 GHz. This power balance is
sensed by a phase-sensitive detector synchronized to the
rotation of the beam-switching chopper wheel, and main-
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tained by a servo system which adjusts the elevation angle
of the S beam if the (S-R) power level deviates from zero.
As atmospheric opacity increases or decreases (causing
thermal emission from the atmosphere to increase or
decrease), the servo mechanism, seeking to maintain
power balance in the two beams, will drive the S-beam angle
upward or downward. The opacity of the dielectric sheet,
dependent on its composition and thickness, will determine
the equilibrium angles for a given range of atmospheric
opacity. Atmospheric radiation from both beam directions
enters through a window made of type PP-2 Eccofoam (see
Figure 1) characterized by a very small opacity at millimeter
wavelengths (�0.007 Nepers).
[9] As long as the emitting layer is optically thin, the

signal intensity in S or R will be proportional to the
geometrical path length (hereafter referred to as path length)
through the layer. We define the air mass factor Ax as the
dimensionless ratio of the path length along the x direction
divided by the path length in the zenith direction z. For a
spherical atmosphere one obtains

Ax ¼
dx

dz
¼ r þ zHð Þ

�
r þ zHð Þ2� r þ z0ð Þ2 cos2 qx

h i1=2
; ð1Þ

where r is the Earth’s radius, zH the mean height of a thin
layer above the Earth’s surface, z0 the altitude of the
observer and qx is the angle of the observed path along
the x direction measured from the horizontal. For zH < <r,
Ax ’ 1/sin qx, i.e., the relationship for a plane parallel
atmosphere. In the present case, where the major contribu-
tion to atmospheric opacity arises from water vapor not
bound in ice crystals, confined to a layer of mean height z
at most few kilometers above the 3.5 km altitude of Plateau
Rosa, the approximation Ax ’ 1/sin qx is within 2% of the
full expression for qx = 10� and less than 2% for larger
values of qx.

[10] The following analysis determines the relationship
between opacity and S-beam angle [e.g., de Zafra, 1995].
The total power (expressed in temperature units) observed
in the S direction at the frequency n is:

Ts nð Þ ¼ T*z nð ÞAs exp �Astz � twð Þ þ 2TCB exp �Astz� twð Þ
þ 2Tw 1�exp �twð Þ½ 	þ 2Tatm 1�exp �Astzð Þ½ 	 exp �twð Þ
þ Trec nð Þ; ð2Þ

where AS is the air mass factor in the S direction, T*z(n) is
the integrated signal intensity due to stratospheric and
mesospheric molecular emission in the zenith direction
(which we assume can be transformed to the molecular
emission along any other line of sight by multiplying by Ax,
i.e., we assume the atmospheric homogeneity), tz is the
opacity of the atmosphere in the zenith direction (which,
again, we assume can be transformed to the opacity along
any other line of sight by multiplying by Ax). TCB

represents the emission due to the cosmic background,
Trec(n) is the receiver noise, and Tw and tw are the physical
temperature and opacity of the window material, respec-
tively. Tatm is the mean physical temperature of the noise-
radiating atmosphere, typically that of the first few km
within the troposphere containing most of the water vapor.
It gives rise to a broadband signal (no spectral features) with
the properties of a uniform noise source over the 600 MHz
spectral window. Tatm is obtained using local averaged
temperature and water vapor lapse rates which determine a
relationship between Tatm and the temperature monitored at
the ground (there is no requirement of high accuracy on Tatm
estimates). In equation (2), the frequency dependence is
indicated only for those parameters which can vary
significantly within the 600 MHz GBMS band pass. The
remaining parameters (e.g., tz) are essentially constant over
the band pass although they can vary over the 230–280 GHz
range. Factors of 2 in equation (2) take into account the use
of a double sideband receiver, with equal gain in each
sideband. A factor of 2 is already hidden in the definition for
Trec(n) for a double sideband receiver. Terms involving
exp[–tx] represent attenuation of signal by some entity
along the path whose total opacity is tx, while terms
involving Tx(1 � exp[�tx]) represent emission by the same
entity, assumed to be at a mean physical temperature Tx. An
expression similar to equation (2) gives the output power
from the R direction:

TR nð Þ ¼ T*z nð ÞAR exp �ARtz � tp � tw
� �

þ 2TCB exp �ARtz � tp � tw
� �

þ 2Tatm 1� exp �ARtzð Þ½ 	 exp �tp � tw
� �

þ 2Tp 1� exp �tp
� �� �

þ 2Tw 1� exp �twð Þ½ 	 exp �tp
� �

þ Trec nð Þ; ð3Þ

where terms have been added to represent signal attenuation
by the compensating sheet and its broadband emission for a
given opacity tp and physical temperature Tp.
[11] During normal data taking operations the S and R

output powers averaged over the two 600 MHz sideband
spectral windows (whose center frequencies are 2.8 GHz
apart) are balanced. Terms due to emission from the

Figure 1. Schematic diagram of the GBMS front end. The
inclination angle of the servo mirror is adjusted in order to
keep the S and R powers balanced. The chopper wheel is a
reflective half circle rotating with a ’1 Hz frequency in
order to let through to the receiver the S and R beams,
alternatively. See text for details.
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Eccofoam window (those in Tw), the cosmic background
(TCB) and, when considering spectral averages over the
600 MHz band pass, terms due to molecular emission
from stratospheric and mesospheric trace gases (those
involving T*z) are negligible compared to other terms
and we have:

Tatm 1� exp �Astzð Þ½ 	 exp �twð Þ
’ Tatm 1� exp �ARtzð Þ½ 	 exp �tp � tw

� �
þ Tp 1� exp �tp

� �� �
:

ð4Þ

[12] In the above equation, all terms but tz can be derived
from independent measurements so that the opacity in the
zenith direction remains the only unknown quantity. In fact,
all terms but AS (directly derivable from a measure of qS)
and tz are typically constant over a few hours and
equation (4) shows that tz can be continuously derived
from the record of the angle qS at which S and R powers are
balanced during observation. Equation (4) can be solved for
tz by means of an iterative procedure. The accuracy for the
resulting tz values is estimated at 4.5% by adding in
quadrature the uncertainties on qS (2.2%), Tatm (3.3%) and
tp (2.2%). Tp is monitored by means of a temperature
sensor placed next to the compensating sheet and averaged
over 15-min periods. The resulting uncertainty has a neg-
ligible effect on tz.
[13] There is a second method to measure the opacity in

the zenith direction, tz, and this involves measuring the sky
brightness temperature in the S direction averaged over the
600 MHz band pass, TSsky. This is obtained by considering
the total power of equation (2) (averaged over both side-
bands) without the receiver noise temperature Trec and the
Eccofoam window terms. Again, neglecting very small
contributions from stratospheric molecular line emission
and from the cosmic background, TSsky is given by the
expression:

TSsky ¼ Tatm 1� exp �tzASð Þ½ 	: ð5Þ

Considering that the portion of the air mass factor affecting
atmospheric opacity lies within a few km of the observer,
where a plane parallel approximation for path length is quite
accurate, we may take AS � 1/sinqS. Then, solving for the
zenith opacity tz leads to

tz ¼ � sin qS 
 ln 1� TSsky=Tatm

� 	
; ð6Þ

where TSsky can be evaluated from locally measurable
quantities by means of the GBMS calibrating procedure
which is periodically carried out by the operator [de Zafra,
1995; Parrish et al., 1988].
[14] This second procedure for the evaluation of tz is

carried out by interrupting the normal data taking operations
and performing a so-called ‘‘sky dip’’ [see, e.g., Han and
Westwater, 2000]. The operation consists of manually
moving the mirror which determines the S direction of
observation within the range allowed by the window open-
ing (�10–15� above the horizontal) at �0.5� steps, mea-

suring the output power at each step by means of the
GBMS, and estimating tz at each step using equation (6).
If water vapor density is independent of viewing direction
(atmospheric homogeneity) and Tatm has been estimated
correctly, the derived values of tz will be in good agreement
with one another and their average value will result in an
estimate of zenith opacity. A further check on the horizontal
homogeneity of the water vapor field is performed by
measuring tz also at the zenith (after removing the com-
pensating sheet normally placed in the R beam direction)
and verifying its consistency with sky dip measurements.
Using this technique, the uncertainty on each single mea-
surement of tz (i.e., equation (6) applied to each single
0.5� mirror step) is estimated at 15%, with the largest
relative error contribution of 14% coming from the uncer-
tainty on the measurement of TSsky by means of the GBMS
calibrating procedure. However, taking the mean of the
�11 tz measurements from the same sky dip results in a
relative uncertainty on the mean tz of 5.1%. Although SIS
mixers are sensitive to the polarization of the incident
radiation, potential spurious changes of polarization (e.g.,
those caused by changing the orientation of the S beam
mirror [e.g., Renbarger et al., 1998]) are negligible com-
pared to the unpolarized tropospheric signal observed by the
GBMS between 230 and 280 GHz.
[15] Results from the two different methods described

above are compared in the next section (see Figure 4), after
discussing their conversion to PWV. Overall, the method
based on balancing S and R output powers is preferred over
the sky dip mainly because the former gives continuous
measurements of opacity during normal observing of rota-
tional emission lines. This means that tz measurements do
not require the presence of an operator and each measure-
ment can in principle be obtained with �1-min temporal
resolution (allowing for the average of a large number of
chopper rotations at 1 Hz frequency). The sky dip technique
is instead carried out manually by the operator in about
15 min. Although the sky dip method takes somewhat into
account potential spatial nonhomogeneity by averaging over
a range of directions (albeit limited), at the same time it can
be more affected by water vapor temporal variations with
respect to the power balance method.
[16] The double sideband design of the GBMS is the

limiting factor for the spectral resolution of tz measurements.
Emission terms present in equations (4) and (6) are averages
over two superimposed 600 MHz spectral windows (the
upper and lower sidebands) whose center frequencies are
separated by 2.8 GHz, giving rise to an overall 4 GHz
resolution.

3. From GBMS Opacity Measurements to
Precipitable Water Vapor

[17] In the 230–280 GHz spectral region the atmospher-
ic emission arises almost entirely from water vapor con-
tinuum in cloud-free skies, with second-order contributions
from molecular nitrogen and oxygen [e.g., see Klein and
Gasieweski, 2000, Figure 1], and rotational spectra of trace
gases contribute a negligible amount to the total brightness
temperature observed by the GBMS, except for a few of the
strongest O3 emission lines. The conversion from the atmo-
spheric opacity tz (measured at the various frequencies
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where the GBMS is operated) to water vapor column content
can hence be obtained by means of the linear relation:

PWV ¼ tz �ð Þ�tdry �ð Þ
� �

� �ð Þ: ð7Þ

[18] Factors a(l), which convert to PWV the opacity due
to H2O only, have been obtained from measurements carried
out by Zammit and Ade [1981], while tdry(l) values at
Plateau Rosa are obtained using the radiative transfer (RT)
model discussed by Liljegren et al. [2005]. Although we
use the model scheme of Liljegren et al. [2005] only to
estimate tdry(l), we note that a(l) and tdry(l) values can
differ significantly depending on the RT model considered.
However, while differences on tdry(l) have a limited effect
on estimates of PWV, differences in modeled a(l) factors
can have a much larger impact. Hence our choice of
relying on a(l) values from the experimental data set of
Zammit and Ade [1981] rather than adopting results from
any of the RT models discussed in the literature (see
below).
[19] Zammit and Ade [1981] derived experimental rela-

tionships to correlate tz with PWV at selected frequencies
between 212 and 408 GHz, with a spectral resolution of
9.6 GHz. In order to derive a(l) values at the GBMS
frequencies of observation, a linear interpolation between
the two closest frequencies investigated by Zammit and Ade
[1981] was performed, as shown in Figure 2. We imple-
mented these interpolations also using higher degree poly-
nomials but obtained no substantial difference in the
comparisons results shown in section 5. Furthermore,
matching values of PWV are obtained from GBMS opacity
measurements at different frequencies when they are carried
out within a short time span (less than 15 min), suggesting
that the conversion factors used are at least consistent with
one another. This check can be performed when the GBMS

is retuned in frequency in order to carry out daily measure-
ments of different molecular species. Often, for example,
the GBMS is first set to observe the CO line at 230.5 GHz
and then moved in frequency to O3 at 276.9 GHz, therefore
measuring tz and PWV at frequencies ’46 GHz apart
within a short time span.
[20] The choice of using tdry(l) values from Liljegren et

al. [2005] originated from comparing factors a(l) from
Zammit and Ade [1981] with results from 5 different RT
models [Liebe and Layton, 1987; Liebe et al., 1993;
Rosenkranz, 1998, 1999, 2003; Liljegren et al., 2005].
We found that modeled a(l)’s from Liljegren et al. [2005]
had the closest match to the Zammit and Ade [1981]
experimental data (the former values being smaller by
6–9% at the GBMS observing frequencies) and chose
their modeled tdry(l) values for consistency. In Figure 3,
tdry(l) results from the 5 different RT models are plotted.
Their 1s standard deviation at each frequency (�0.003 mm,
see Figure 3) is used as estimated uncertainty on the corre-
spondent tdry(l) value from Liljegren et al. [2005].
[21] As discussed by Hewison et al. [2006], Liljegren et

al. [2005] proposed few modifications to previous millime-
ter wave propagation models (e.g., those discussed by Liebe
and Layton [1987] and Rosenkranz [1998, 1999]) following
recent results obtained from spectral atmospheric measure-
ments. These modifications can be summarized in the use of
parameters from the HITRAN database [Rothman et al.,
2003] and the MT_CKD continuum [Clough et al., 2005].
[22] Uncertainties on GBMS PWV values are estimated

by propagating the uncertainties on tz (see previous sec-
tion), on tdry(l), and the ’1.9% error on a(l)’s [see
Zammit and Ade, 1981]. This results in PWV uncertainties
that vary from �5% (for large PWV) to �10% (for the
smallest PWVobserved), with very little dependence on the
specific technique used to measure tz (i.e., sky dip or power
balance).

Figure 2. Opacity due to water vapor absorption only
measured by Zammit and Ade [1981] at selected frequencies
between 212 and 300 GHz (solid squares) and used in this
work at the GBMS operating frequencies (open triangles).
Plotted opacity values are for 1 mm of PWV.

Figure 3. Opacity in the zenith direction due to a dry
atmosphere as calculated by five different radiative transfer
models (see text and legend) at the GBMS operating
frequencies. The modeled opacity values assume a ground
station at 3500 m altitude. Error bars indicate the 1s
standard deviation at each frequency calculated from the
corresponding 5 tdry values.
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[23] In Figure 4, PWV values obtained from GBMS
opacity measurements carried out using the two different
techniques at the same frequency within a short time span
(less than 15 min) are compared. Figure 4 shows that a very

good agreement between the two sets of GBMS PWV
values exists, with a percentage value of the root mean
square of the difference (RMSD%) between the two data
sets of 6.6%. Here we indicate with RMSD% the quantity

RMSD% =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i

1
N

xi�yið Þ
xi

100
h i2s

, with xi and yi indicating

the two sets of measurements being compared. The
RMSD% represents a measure of the averaged discrepancy
between two data sets, with the squared differences between
pairs of data points insuring that positive and negative
differences do not partly cancel out. Its comparison with
data sets uncertainties indicates the level of agreement
between the two sets of measurements.
[24] In Figure 5 the time series of precipitable water vapor

values estimated by GBMS during the ECOWAR field
campaign is shown. All values are obtained using the power
balance method (see section 2). Measurements were carried
out during the entire period of the ECOWAR campaign
except in cases of poor weather conditions or occasional
equipment malfunctioning. Although measurements from
instruments participating to the ECOWAR campaign are
used to characterize the environmental conditions occurring
during GBMS operations, GBMS PWV values do not
depend on data from the other PWV sets of measurements
presented in this intercomparison study.
[25] Lidar and radiosonde measurements did provide the

necessary information for evaluating potential influences of
ice clouds on radiances measured at millimeter waves [e.g.,
Evans and Stephens, 1995; Liu and Curry, 1998]. Lidar
measurements were used to detect the presence of clouds
and, together with radiosonde relative humidity data, pro-
vided information on the cloud particles phase, which is

Figure 4. Scatterplot of PWV values obtained by balan-
cing the S and R powers (x axis) versus PWV measured
using a sky dip procedure (y axis, see text for details). The
linear fit to the data points (y = q + mx) is represented with a
solid line, and the 1:1 bisector is represented with a dash-
dotted line. The percentage root mean square of the
difference (RMSD%, see text) between the two sets of
observations is also reported in the legend together with the
total number of correlation points N, the parameters q and m
of the linear fit, and the correlation coefficient R2.

Figure 5. Time series of GBMS PWV during the ECOWAR field campaign at Plateau Rosa. Plotted
values are those obtained from the power balance technique only.
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indicated to be always solid at the time of the GBMS
observations discussed here. Lidar measurements of cirrus
clouds optical depth at 532 nm (t532) provided a means for
estimating an upper limit on ice water path (IWP) [Liou,
1992]. On the basis of lidar measurements of t532 less than
1 (IWP at most �0.04 mm) at the time of GBMS observa-
tions, we find that the occasional presence of cirrus clouds
in the GBMS field of view can affect the observed Tatm by
amounts that are well within its 3.3% uncertainty [e.g., see
Cimini et al., 2007, Figure 8].

4. Correlative Water Vapor Measurements

4.1. RS92k Sonde

[26] During the 14-day-long ECOWAR field campaign,
34 Vaisala RS92k radiosonde units were launched from
Cervinia and measured vertical profiles of atmospheric
temperature and water vapor. Two to 4 sondes were
launched each day from 4 to 15 March, except on 6 March
when meteorological conditions prevented any data-taking
from ground-based instruments. Data from 27 sondes were
used in this study, with only 7 sondes launched during
daytime (SZA < 85�). The sonde ascending time from the
Cervinia field station (1990 m altitude) to ’10 km altitude
was approximately 20–25 min.
[27] The Vaisala RS92k radiosonde is equipped with

temperature, pressure and humidity sensors (see technical
data in Table 1 [Jauhiainen and Lehmuskero, 2005]), while
altitude information is obtained from the application of the
hypsometric equation. Type k of the Vaisala radiosonde
RS92 family is not equipped with a wind sensor. The
advanced HUMICAP humidity sensor is composed of two
thin-film capacitors that are alternatively heated in order to
avoid ice formation on them at low temperatures and con-
densation of water vapor during sounding. The advanced
HUMICAP sensor works on the principle of absorption of
water molecules into the thin-film surface. Absorption of
other molecules can contaminate the sensor and produce a
bias in humidity measurements. In order to reduce this
potential bias, a reconditioning procedure was performed
on the radiosondes by heating the humidity sensor just before
sounding therefore removing the contaminants from the
sensor surface [Hirvensalo et al., 2002; Währn et al.,
2004]. The reconditioning procedure was performed by using
the Vaisala Ground Check Set GC25 that reads the original
calibration coefficients automatically to assure that chemical
contaminants have been removed.
[28] The RS92 radiosondes are commercially available

since October 2003. Their operational characterizations
took place in November 2003, during the Atmospheric

Infrared Sounder (AIRS) Water Vapor Experiment–Ground
(AWEX-G) [Miloshevich et al., 2006], and in July 2005,
during the observation campaign Ticosonde 2005 [Vömel et
al., 2007]. During these campaigns, water vapor measure-
ments by sondes RS92 were compared to simultaneous
measurements carried out using the Cryogenic Frostpoint
Hygrometer and, only during AIRS/AWEX-G, also using
different radiosonde types. These studies pointed out that
the humidity sensor mounted on RS92 sondes is the most
accurate among those installed in four types of radiosonde
currently produced by Vaisala (RS80-A, RS80-H, RS90,
RS92). The RS92 model uses the same polymer humidity
sensor employed in the older RS80-H but the size and
thickness of the polymer layer is smaller, improving the
sensor response time at low temperature [Miloshevich et al.,
2004, 2006]. Moreover, the calibration process is more
accurate than in previous models [Paukkunen et al.,
2001]. The main problem for RS92 sondes lies in the lack
of a radiation shield (present in RS80-H), which makes the
RS92 sensor more susceptible to solar heating and produces
a strong solar radiation dry bias [Vömel et al., 2007].
However, the magnitude of this radiation dry bias and its
dependence on SZA is not yet well established [e.g.,
Miloshevich et al., 2004, 2006; Vömel et al., 2007; Rowe
et al., 2008]. In their Figure 10, Rowe et al. [2008] plot
several estimates of the radiation dry bias obtained in recent
studies. From their Figure 10, we deduce that an 8% dry
bias could be affecting the 7 daytime RS92k sondes used in
this study and therefore applied this correction to the
corresponding PWV values. Following the results depicted
by Vömel et al. [2007] in their Figure 9, we assign an
accuracy of 5% to PWV measurements obtained using
RS92 sondes.
[29] In performing the comparison between GBMS and

RS92k sonde PWV measurements (see section 5), radio-
sonde values were calculated by integrating water vapor
concentrations from the pressure level of Plateau Rosa up to
10 km altitude. Integrating sonde measurements up to 15 km
produces negligible differences. The corresponding GBMS
PWV value is obtained from GBMS measurements carried
out while radiosondes ascent from 3.5 km to 10 km altitude.

4.2. Raman Lidar BASIL

[30] Lidar measurements were performed by the Univer-
sity of Basilicata Raman lidar system (BASIL). The system
was substantially upgraded prior the ECOWAR measure-
ment campaign with the implementation of an additional
receiver (developed at the University of Roma ‘‘La Sapi-
enza’’) dedicated to the detection of echoes from the lowest
altitude levels. The major feature of BASIL is represented
by its capability to perform high-resolution and accurate
measurements of atmospheric temperature, both in daytime
and nighttime, based on the application of the rotational
Raman lidar technique in the UV [Di Girolamo et al.,
2004]. Besides temperature, BASIL is capable of providing
measurements of particle backscatter at 355, 532 and
1064 nm, particle extinction and depolarization at 355 and
532 nm, and water vapor mixing ratio vertical profiles both
in daytime and nighttime. This wide range of measured
parameters makes this system particularly suited for the
study of meteorological processes and the characterization
of aerosol and cloud microphysical properties.

Table 1. Vaisala RS92k Sensor Technical Dataa

Range Resolution
Total Uncertainty

in Sounding

Temperature �90�C to +60�C 0.1�C 0.5�C
Humidity 0% to 100% 1% 5%
Pressure 3–1080 hPa 0.1 hPa 0.6–1 hPa

aThe accuracy is the 2-sigma confidence level (95.5%), including
repeatability, long-term stability, measurement conditions effects, and
response time [Jauhiainen and Lehmuskero, 2005; Währn et al., 2004].
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[31] Vertical and temporal resolutions of raw data are
30 m and 1 min, respectively. However, in order to reduce
signal statistical fluctuations, time integration together with
vertical profile smoothing are applied to the data. For a time
resolution of 5 min and a vertical resolution of 150 m,
daytime measurements uncertainties at 2 km altitude are
typically 5% for the particle backscattering coefficient (at all
wavelengths), 20% for the particle extinction coefficient,
10% for water vapor mixing ratio values and 2 K for
temperature values. Relative uncertainties for nighttime
measurements at 2 km are half as much as daytime measure-
ments for all parameters.
[32] BASIL calibration for water vapor measurements

was achieved using simultaneous and colocated radiosonde
observations. Once calibrated, BASIL water vapor meas-
urements represented a key contribution to the field cam-
paign by providing continuous vertical profiles of water
vapor. The calibration constant was determined comparing
BASIL and radiosondes water vapor mixing ratio values
in the lowermost kilometer above Cervinia using all
34 launches performed during ECOWAR. The selection
of the lowermost kilometer ensures that both instruments
were sampling the same air mass during the calibration
procedure. The consideration of all available radiosondes
for the determination of the calibration constant used in
this intercomparison effort prevents the dependence of a
single lidar vertical profile from the simultaneous radio-
sonde profile.
[33] The use of a very compact optical design reduces

significantly the differences between the overlap functions
of the H2O and N2 Raman signals used to estimate water
vapor mixing ratio. Nevertheless, differences in the lower
1500 m between the two overlap functions may, in principle,

be quantified through the application of the ‘‘N2 calibration
procedure’’ [Whiteman et al., 1992], consisting in the use of
N2 Raman filters in both the H2O and N2 channels. This
calibration procedure was applied during ECOWAR at the
beginning and end of each measurement session. However,
small discrepancies have been revealed between overlap-
corrected lidar and colocated radiosonde measurements,
probably resulting from polarization effects originated in
the dichroic beamsplitters used for the partitioning of the
signals. Hence, an independent estimate of the overlap
function ratio was obtained from the comparison of lidar
and colocated radiosonde measurements. This procedure
was applied to all radiosonde launches available during each
measurement session and a mean overlap function ratio was
determined for each measurement session. Variability of the
overlap function during each measurement session was
found to be very limited, with a very reduced impact on
the PWV uncertainty (estimated to not exceed 3–5%).
[34] Water vapor lidar measurements used in this work

are integrated over 10 min and have a vertical resolution of
150 m from the ground (’2 km altitude) to 5 km and of
300 m above 5 km altitude. BASIL PWV values compared
to GBMS values in the next section are obtained using only
nighttime measurements. BASIL water vapor vertical pro-
files were integrated in the altitude region 3.5–10 km
altitude. Although a 50% maximum uncertainty in mixing
ratio values is reached at the uppermost altitude levels, this
has little impact on total PWV estimates. The resulting
BASIL PWV values have an estimated relative uncertainty
of only 5%.
[35] In Figure 6, a comparison between values of PWV

obtained from simultaneous radiosonde and lidar measure-
ments is shown. Both sets of PWV values are computed
integrating the water vapor content from 3.5 to 10 km
altitude, as previously described, for consistency with
comparisons discussed in section 5. Since BASIL calibra-
tion is based on RS92k humidity measurements between
2 and 3 km altitude, while all PWV values refer to the 3.5–
10 km altitude range, concurrent lidar and sonde PWV
measurements can, in practice, differ. Setting the upper
limit for the PWV integration at an altitude of 10 km
reduced the number of concurrent measurements that
could be used for this comparison, since not all of the
34 radiosondes launched or the corresponding lidar pro-
files reached 10 km altitude. Figure 6 shows that a good
agreement between the two sets of PWV values exists,
with a RMSD% of 8.5%.
[36] Moreover, we quantified how many concurrent lidar

and sondes measurements are consistent within their uncer-
tainties. In other words, defining Wi =Dxi +Dyi � jxi � yij,
being xi, yi a pair of concurrent measurements from the two
data sets and Dxi, Dyi the corresponding 1s uncertainties,
we find that in 87.5% of the cases (15 out of 17) Wi is
positive; that is, the two measured PWV values are consis-
tent within their uncertainties.

4.3. REFIR-PAD

[37] REFIR-PAD (Radiation Explorer in the Far Infrared–
Prototype for Applications and Development) is a Fourier
transform spectroradiometer measuring the spectrum of the
downward longwave radiation (DLR) emitted from the
atmosphere in the wide spectral range from 100 to

Figure 6. Scatterplot of BASIL versus Vaisala RS92k
PWV measurements. Both lidar and sonde PWV amounts
are obtained by integrating humidity measurements from
the Plateau Rosa pressure level to 10 km altitude. The linear
fit to the data points (y = q + mx) is represented with a solid
line, and the 1:1 bisector is represented with a dash-dotted
line. The RMSD% (see text) is also reported in the legend
together with the total number of correlation points N, the
parameters q and m of the linear fit, and the correlation
coefficient R2.
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1400 cm�1 with a maximum resolution of 0.25 cm�1. It is a
prototype developed as a field demonstrator of a spaceborne
instrument designed for the characterization of the Earth’s
radiation budget in the far infrared region [Palchetti et al.,
2005; Bianchini et al., 2006]. REFIR-PAD was specifically
designed with the requirements of reliability, light weight
(55 kg) and low power consumption (about 50 W average)
to fly on board stratospheric balloons [Palchetti et al.,
2006], but its extremely flexible design makes it suitable
also for ground-based observations with only minor changes
required [Bianchini et al., 2007].
[38] The instrument uses an innovative optical design

[Carli et al., 1999] with two input ports and two output
channels. One input port is used for looking at the unknown
scene to be measured and the second one for looking at a
reference blackbody source, which allows the access and the
control of the instrument self-emission. At the output ports,
signals are acquired with two room temperature DLATGS
(deuterated L-alanine-doped triglycene sulfate) pyroelectric
detectors.
[39] During the ECOWAR campaign, REFIR-PAD was

operated in the 100–1100 cm�1 spectral range with
0.5 cm�1 spectral resolution and an acquisition time of
64 s for a single scan [Bhawar et al., 2008]. Measurements
contain the spectral signature of the pure rotational water
vapor band and can be used for the characterization of the
water vapor content in the atmosphere and in particular for
the measurement of PWV.
[40] Measured DLR spectra are analyzed through a

retrieval code based on the ARTS forward model [Buehler
et al., 2005] and a c2 minimization algorithm based on the
MINUIT function minimization routines supplied by
CERN [James, 1994]. The number of degrees of freedom
(DOF) in the acquired data is determined through the
analysis of the Jacobian of water vapor and temperature
observations [Bianchini et al., 2007]. To this purpose, first
of all the Jacobian matrix is calculated as a function of
wave number and altitude. Calculations are performed for
zenith sounding, operating conditions at Plateau Rosa, and
with a midlatitude winter standard atmosphere. The spec-
tral range used for analysis is 305–650 cm�1, the altitude
range is from the ground to 18 km altitude.
[41] Singular values decomposition (SVD) is then applied

to the Jacobian matrix. The relative magnitude of the
resulting eigenvalues is used as a criterion to choose
fitted parameters. The highest value is obtained for the
first water vapor eigenvector, the second and third eigen-
values of water vapor are �3.5% and �0.4%, respectively,
of the first eigenvalue. For the atmospheric temperature,
the first and second eigenvalues are 2.7% and 0.1%,
respectively, of the first water vapor eigenvalue. As
expected, the far-infrared spectral range shows a high
sensitivity to water vapor atmospheric content. Given the
�1% average uncertainty on the measured radiance, we
deduce a DOF = 3, with two DOF for water vapor and one
for temperature.
[42] The chosen parameter set includes two points from the

water vapor profile, about 1 km and 2 km above the
measuring station of Plateau Rosa, and the temperature
corresponding to the lowest water vapor fitted point. While
the two values of the water vapor vertical profile are being

adjusted by the minimization algorithm, the rest of the profile
is assumed to have the shape of the midlatitude winter
standard water vapor profile and is rescaled accordingly.
[43] Practically, these two points represent two partial

water vapor column contents that added together give the
PWV. The midlatitude winter standard atmosphere temper-
ature profile is instead rescaled according to the fitted
temperature value and to the tropopause temperature of the
standard profile. A very simple cloud model, based on the
Rayleigh scattering approximation, is used to run retrievals
in the presence of a thin cloud cover. The cloud geometry
(layer altitude and thickness, cloud particles phase) is
inferred from meteorological data, while the ice or liquid
water content is fitted as an additional parameter. It is
worth mentioning that REFIR-PAD measurements are
always carried out when no visible clouds are present,
so clouds affecting REFIR-PAD spectral measurements
can only be subvisible cirrus clouds. Furthermore, water
vapor and cirrus clouds have different effects on REFIR-
PAD measurements: while clouds produce the effect of a
reduced transparency in the windows between water vapor
lines, leaving absorption lines unaffected, water vapor
variations show up in absorption lines. These two different
effects are not correlated and are adjusted independently
(using different parameters) in the REFIR-PAD PWV
retrieval procedure. Only two REFIR-PAD PWV data
points used in this study are obtained in the presence of
subvisible cirrus clouds, and they are relative to measure-
ments carried out on 4 and 9 March.
[44] Since the first water vapor eigenvalue is more than

one order of magnitude larger than the second water vapor
and temperature eigenvalues, and the first water vapor
eigenvector accounts for most of the total integrated water
column, it follows that PWV is the physical parameter to
which REFIR-PAD zenith-looking spectra show the largest
sensitivity. This is taken into account in the estimation of
the uncertainty on PWV values. Since most of the uncer-
tainty on the two retrieved water vapor mixing ratio values
comes from the correlation between them, which does not
affect the total water vapor column, a second data analysis
run is performed with only one fitted water vapor parameter.
As expected from the SVD analysis described above, this
procedure gives total column values that are overestimated
or underestimated by up to a few percent (depending on
atmospheric conditions), but their relative error does not
have any contribution from the correlation between the two
water vapor levels.
[45] Following the analysis described above, a 5% aver-

age relative uncertainty is assigned to measured PWV
values. This 5% value encompasses more than 90% of the
measurement errors obtained, with no visible dependence
on PWV values.
[46] In this work, we use REFIR-PAD spectral measure-

ments integrated over ’5 min and retrieve a PWV value
from each 5-min integration. In particular, REFIR-PAD
PWV values reported in the following section are averages
of 3 PWV retrievals obtained from 3 successive 5 min
spectral integrations carried out concurrently with a sonde’s
ascent from 3.5 to 10 km altitude. The estimated uncertainty
of 5% assigned to REFIR-PAD PWV values does not take
into account the averaging procedure over 3 successive
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PWV retrievals and is therefore to be considered a rather
conservative accuracy assessment.

5. Comparisons Results

[47] In this section we compare precipitable water vapor
values estimated using the GBMS with those obtained from
the three additional sets of data described in the previous

section and obtained during the March 2007 ECOWAR
field campaign. Comparisons are shown in three different
scatterplots (Figures 7a–7c). GBMS estimates are those
obtained using the power balance method (see section 2).
Although this technique can in principle provide opacity
measurements with a temporal resolution of ’1 min, in
practice GBMS raw measurements are integrated over
15 min during regular data taking. During the ECOWAR
campaign we also carried out 5 min integrations at frequen-
cies where no emission line of stratospheric and mesospheric
chemical species could be detected and observations were
devoted to opacity (and therefore PWV) measurements only.
[48] GBMS PWV measurements are in good agreement

with the other three data sets displaying RMSD% values
ranging from 9% to 9.6%. Furthermore, Wi values (see
section 4.2) are positive in 78.5% of the cases for GBMS/
lidar, 75% of the cases for GBMS/REFIR comparisons and
in 86.9% of the cases for the GBMS/sonde comparison. The
statistics reported in Figure 7 provide details for each
comparison. In particular, the comparison between GBMS
and BASIL data (Figure 7b) is based on a considerable
number of correlation points and allows an interpretation of
slope and intercept values of the linear fit to the scatterplot.
A slope of 0.99 (±0.02) indicates that the sensitivity of the
two instruments to variations of PWV is within 1% (±2%)
of one another. Alternatively, we can indicate slope and
intercept values of the linear fit as measures of percentage
and absolute systematic differences between GBMS and
BASIL PWV measurements. This would lead to an estima-
tion of percentage and absolute systematic differences of
1% (±2%) and 0.03 (±0.02) mm, respectively.
[49] Although the same analysis can in principle be

applied also to the comparisons illustrated in Figures 6, 7a,
and 7c, a much smaller number of data points is available in
these cases. For these correlation plots, we restrain from
drawing any conclusion on the basis of the characteristics of
the linear fits and consider RMSD% values the most accurate
measure of the agreement between the data sets.
[50] The four comparisons illustrated in Figures 6 and 7

are not based on measurements all carried out at the same
time. Each comparison relies, in principle, on separate pairs
of measurements (i.e., each pair carried out at different
times with respect to the other comparisons). In particular,
the GBMS/lidar correlation is based on many points (31 out
of 42) unique to the GBMS/lidar correlation and not
available to the other three. This explains the apparent
inconsistency among the slopes that characterize the lidar/
sonde, GBMS/lidar, and GBMS/sonde correlations (see
Figure 7).
[51] A systematic GBMS high bias appears to be present

for measurements carried out on 13 March and marked in

Figure 7. Scatterplot of (a) GBMS versus Vaisala RS92k,
(b) GBMS versus BASIL, and (c) GBMS versus REFIR-PAD
PWV amounts. Linear fits to the data points (y = q + mx)
are represented in each panel with a solid line, and the 1:1
bisectors are represented with dash-dotted lines. The
RMSD% (see text) for each comparison is also reported in
the corresponding panel together with the associated total
number of correlation points N, the parameters q and m of the
corresponding linear fit, and the correlation coefficient R2.
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Figure 7. During this day only, GBMS PWV are consis-
tently larger than values from all other data sets by up to
16%. Although a large unaccounted inaccuracy in GBMS
opacity observations for 13 March cannot be ruled out, this
result, unique for 13 March, suggests that a peculiar
meteorological condition possibly occurred on this day.
Particle backscatter lidar measurements (not shown) indi-
cate that a large amount of Saharan dust particles arrived
over Cervinia on 12 March, reaching altitudes as high as
8 km. Concurrently, the GBMS PWV time series displayed
in Figure 5 shows a rapid increase of the PWV (day 71,
12 March) from 0.6 mm at 0930 local time to 1.7 mm at
1900 local time, suggesting that the advection of lower
tropospheric air from the Saharan region brought both
desert aerosols and a large concentration of water vapor to
the Western Alps. On 13 March, the Saharan aerosol layer
slowly faded away and its top altitude was observed by
BASIL at 4.5 km in the morning, lowering to ’3 km in the
late evening/night, while the GBMS PWV from Plateau Rosa
stayed stable between 1.7 and 2 mm (see Figure 5). Since the
GBMS opacity measurements from Plateau Rosa are based
on observations at 10–15� above the horizon looking almost
directly north, while Cervinia is southwest of Plateau Rosa,
during the particular transitional conditions of 13 March the
GBMS might have sampled air masses with a different water
vapor content relative to BASIL and the RS92k sondes, based
at Cervinia, and even with respect to REFIR-PAD observing
in the zenith direction from Plateau Rosa.

6. Summary

[52] Low amounts of PWV are difficult to measure
accurately because of the necessary high instrumental
sensitivity to water vapor, but are important for climate
studies, in particular for correctly modeling longwave fluxes
in polar regions, for increasing our basic knowledge about
concentration and transport of water vapor in the upper
troposphere and in polar regions, and for providing ancillary
information to atmospheric and astronomy observations
performed at infrared, millimetric and submillimetric wave-
lengths. In this study we describe a technique for measuring
very low column contents of water vapor (below 4 mm of
PWV) using observations of atmospheric opacity at fre-
quencies between 230 and 280 GHz. Although the tech-
nique was developed by de Zafra et al. [1983], here we
present the first accurate intercomparison of these measure-
ments with in situ and ground-based correlative measure-
ments. Furthermore, we use the state of the art radiative
transfer model in the millimeter wavelength range by
Liljegren et al. [2005] in order to take into account the
opacity due solely to the dry atmosphere (not negligible
under very low PWV conditions) with a resulting improve-
ment with respect to the qualitative PWV estimates dis-
played by de Zafra et al. [1983] and Parrish et al. [1987].
[53] We discuss the two methods used to measure atmo-

spheric opacity using the GBMS, the beam balancing and
the sky dip procedures, and the scatterplot displayed in
Figure 4 shows that the two methods produce the same
results with similar accuracies. In order to obtain PWV
amounts, we have first removed the component due to the
dry atmosphere from the GBMS atmospheric opacity meas-
urements and then applied a scale factor obtained from

measurements reported by Zammit and Ade [1981] to
convert to PWV the opacity due to H2O only.
[54] The intercomparison between the GBMS data set and

simultaneous PWV observations obtained with Vaisala
RS92k radiosondes, a Raman lidar, and an IR Fourier
transform spectrometer is presented in section 5. These sets
of concurrent measurements were carried out during the
primary field campaign of the ECOWAR project which took
place on the Western Italian Alps from 3 to 16 March 2007.
[55] GBMS PWV measurements are in good agreement

with the other three data sets displaying percentage values
for the root mean square of the difference between obser-
vations ranging from 9% to 9.6% (see Figure 7). Given the
considerable number of data points available for the com-
parison between GBMS and lidar measurements, for this
case we can provide an interpretation of slope and intercept
values of the linear fit to the scatterplot (Figure 7b) which
suggests very small, if any, systematic differences between
the two data sets. The slope indicates a percentage system-
atic difference of 1% (±2%), while the intercept suggests an
absolute systematic difference of 0.03 (±0.02) mm.
[56] Only on 13 March were GBMS PWV values con-

sistently larger than those from all other data sets by up to
16%. Although a large unaccounted inaccuracy in GBMS
opacity observations carried out on 13 March cannot be
ruled out, we discuss the possibility that a peculiar meteo-
rological condition has taken place on this day.
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