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Abstract. During different periods of time between 1991 and 1996 we have
achieved ground-based observations of rotational lines of atmospheric ozone using
two different ground-based radio telescopes located in southern Europe: the 30
meters IRAM radio telescope at Pico Veleta (latitude 37:04:05.60°N, longitude
3:23:58.10°W, altitude 2850 m) and POM-2 at Plateau de Bure, (Hautes Alpes,
France, latitude 44:38:02.00°N, longitude 5:54:28.50°E, altitude 2550 m). A total
of eight different ozone lines have been observed with frequencies in the range
142-359 GHz. Several back-end spectrometers were able to analyze the incoming
signal with very different frequency resolutions and total spectral coverage. This
has allowed us to retrieve information about the vertical profile of ozone over a
relatively wide range of altitudes. The retrieval itself has been achieved by means

of a nonlinear least squares fit of the observed line profile, taking into account
the spectroscopic, observational, and instrumental parameters of the different
observations. A comparison between the ozone amounts retrieved from observations
of different ozone lines in winter and summertime is given separately. Ozone
amounts obtained from the different instruments and ozone lines are consistent.

1. Introduction

The importance of ozone on the absorption of solar
UV radiation which governs the temperature profile of
the stratosphere is well known. This profile depends
on a very complicated dynamical and chemical system
that is presently under study. The monitoring of Os
and other minor (chemically related) gases is now of
great interest for problems like the depletion of ozone
on a global scale and the destruction of ozone in the
lower stratosphere over Antarctica.

Ground-based spectroscopic observations of minor at-
mospheric gases at millimeter wavelengths have been
carried out by different groups during the last years

1Also at DEMIRM, URA336 du CNRS, Observatoire de
Paris-Meudon, Paris, and Observatorio Astronémico Na-
cional, Madrid.
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(for O3, see, for example, Lobsiger and Kiinzi [1986],
Zommerfelds et al. [1989], Ricaud et al. [1991], Con-
nor et al. [1994], and Tsou et al. [1995]; for strato-
spheric/mesospheric HyO, see Bevilacqua et al. [1987],
Tsou et al. [1988], Nedoluha et al. [1995], and Pardo et
al. [1996]; for ClO, see de Zafra et al. [1995]). Ground-
based spectroscopic measurements at millimeter wave-
lengths have been shown as a useful technique because
they do not depend on sunlight and are not significantly
affected by aerosols. They also help to validate satellite
data sets. Such an observation technique has also the
advantages of a relative wide range of altitude coverage
and a low cost compared with satellite observations.
Some disadvantages of the technique are the restricted
local meaning of the data and a vertical resolution lim-
ited to about the value of the pressure scale height (~10
km or so; see explanation below). At some frequencies
there is also the problem (specially out of the polar re-
gions) of absorption of the stratospheric signal by tro-
pospheric water vapor, partially solvable by placing the
detectors in high mountain sites. The limited vertical
resolution comes from the fact of the ill-posed nature
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Figure 1. Integrated ozone opacity from 2.9 km to
100 km as a function of frequency caiculated by the
Atmospheric Transmission at Microwaves (ATM) model
for the standard vertical profile of ozone given in the
U.S. Standard, 1976, midlatitude winter atmosphere.

of the inversion problem. It means that only a few
altitude-averaged values of the mixing ratio correspond-
ing to the observed gas can be retrieved.

Retrieval algorithms of atmospheric parameters from
this kind of observation usually involve a linear ap-
proach (as, for example, the Backus-Gilbert method [see
Bevilacqua and Olivero, 1988; and Backus and Gilbert,
1970], the optimal estimation linear constrained method
[Rodgers, 1990], and the method by Chahine-Twomey
[Twomey, 1997]). They are also usually developed for
a particular instrument and a particular resonance. In
this work we use a general nonlinear least squares fit
algorithm for spectroscopic observations (ground based
as well as satellite) of minor atmospheric gases in the
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frequency region 10-1000 GHz. The retrieval is based on

Lo Lo b ncn b nnla wa Aiadicrn wanafar Anda
the forward atmospheric radiative transfer code ATM

[Cernicharo, 1988; see also Pardo, 1996] which is actu-
ally used in a large number of European millimeter wave
radio telescopes to estimate the atmospheric opacity for
astrophysical observations.

Ozone has a very rich rotational spectrum in its fun-
damenta] vibrational state [see Gordy and Cook, 1984]
(Figure 1 of this paper) because it is an asymmet-
ric rotor. In the frequency range 10-1000 GHz, Oz is
the third-most important molecule contributing to the
Earth’s atmospheric line spectrum (after O, and H20;
see Pardo [1996]). Observed from the ground, bright-
ness temperatures of some Oj lines are as high as a few
tens of Kelvin degrees under clear sky conditions and ~1
to 2 mm of integrated water vapor above the site. These
lines appear above a continuum whose level fluctuation
depends almost exclusively on the tropospheric HoO
The lines we

(the amount of O, is much more stahlp)_

(the amount of Qg is much more stable
have observed are located between strong atmospheric
lines of HyO (centered at 183, 325, and 380 GHz) and
0, (at 119 and 368.5 GHz). Table 1 shows spectroscopic
parameters [from Rosenkranz, 1992; Pardo, 1996] of the
eight O3 lines reported in this paper.

Most ground-based Os observation campaigns have
selected ozone resonances below 150 GHz (i.e., Tsou et
al. [1995], and Ricaud et al. [1991] used the 6; 5 —606
ozone transition centered at 110.836 GHz, whereas Lob-
siger and Kiinzi [1986] and Zommerfelds et al. [1989],
observed the 515 —404 line at 142.175 GHz). The
main reason for this is the increase of tropospheric water
vapor absorption with frequency. On the other hand,
ozone lines appear stronger with increasing frequencies.

The intent of this work has been to demonstrate the
possibility of obtaining useful ozone data with the ra-
dio telescopes POM-2 (Plateau de Bure, French Alps)
and IRAM-30 m (Sierra Nevada, Spain) at higher fre-
quencies than have been used to date. The paper gives

Table 1. Spectroscopic Parameters of O3 Rotational Resonances Reported in This
Work

v, Line Elower, Avg, Temperature
Jk, K, Tk K, GHz Strength® K MHz/mbar Exponent, x
10; ¢ 100 10 142.17510 8.27 66.1 2.50 0.70
51 5 40 4 208.64242 3.07 12.1 2.41 0.76
161 15 160 16 231.28151 9.02 161.9 2.30 0.76
142 12 141 13 237.14613 10.9 134.8 2.30 0.76
182 16 181 17 239.09326 14.9 216.1 2.28 0.76
1232 10 127 11 242.31869 8.77 101.4 2.31 0.76
303 27 302 28 358.19981 24.0 591.5 2.30 0.76
160 16 151 15 358.85334 11.2 144.7 2.25 0.76

These lines are placed in the tropospheric windows accessible from the ground
between the 119 and 368 GHz O, resonances and the 183 and 325 GHz HyO reso-

nances.

2The line strength is a nondimensional number related to the transition dipole matrix
element [e.g., Gordy and Cook, 1984] which gives, together with the energy of the lower
level of the transition (Ejower), an-indication of the relative line intensities. J, Ka Kp are
rotational quantum numbers used to describe the rotational energy levels of an asymmetric
top molecule [see also Gordy and Cook, 1984]. Avg and x were introduced in equation (6).
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information on Os lines never used to date to monitor
O3 and could help in planning future ozone monitor-
ing campaigns. It is our intention in the future to keep
the POM-2 instrument devoted to O3 monitoring above
200 GHz and to create an automatic procedure for at-
mospheric data acquisition on the IRAM-30 m telescope
running simultaneously with the astrophysical observa-
tions.

We present in section 2 a description of the instru-
ments and of the observations. Section 3 is devoted
to a brief review of the theory involved in the atmo-
spheric inverse radiative transfer problem for millimeter
ground-based measurements and a presentation of the
inversion code. Section 4 is devoted to the analysis of
our measurements. A general discussion of the results
is given in section 5, paying special attention to some
particular cases. Summary and conclusions are given in
section 6.

2. Instrumentation and Observations

The whole set of observations we present in this paper
were taken between 1991 and 1996 using two ground-
based radio telescopes. The main characteristics of
these instruments appear in Table 2. A more detailed
description follows.

The IRAM millimetric telescope (30 m of diameter)
is located at Sierra Nevada, Spain, 2850 m above sea
level. A summary of the characteristics of this telescope
is given by Cernicharo [1988]. The observations carried
out with this instrument, at different epochs, made use
of two Supraconductor-Isolator-Supraconductor (SIS)

receivers working at a wavelength of around 2 mm and
1.3 mm. An open structure SIS receiver at 350 GHz
was also tuned at the frequencies of two ozone lines
around 358 GHz. The receiver intermediate frequency
in the IRAM-30 m system is 3.932 GHz. The spec-
trometers consisted of two (512 x 1 MHz and 256 x
100 kHz) filter banks. Taking into account the typical
values of the collisional broadening parameters of mil-
limetric O3 lines (2 to 3 MHz/hPa [Rosenkranz, 1992;
Bouazza et al. 1993]) and the atmospheric pressure pro-
file, the 512 x 1 MHz spectrometer gives a frequency
coverage wide enough to study Oz abundances in rel-
atively low atmospheric layers (above ~25 km), while
the 256 x 100 kHz spectrometer gives a better frequency
resolution in the central region of the line to study Os
abundances in upper layers. Two reference absorbers
at different temperatures (liquid No and ambient) were
used for calibration of the raw data in order to convert
them to brightness temperature (total power observa-
tions). Most observations were carried out pointing the
antenna close to the zenith. However, in a few cases,
other elevation angles were used. This instrument has
a half-power beam width (HPBW) of a few arcsec (de-
pending on the frequency), so the effect of variation
of the elevation along the beam can be completely ne-
glected. It has been shown by de Zafra [1995] that this
assumption can be kept for Gaussian beams up to 2° of
half width at half maximum when the observing angle
is larger than 5° or 6° from the horizon.

The POM-2 instrument is a 2.5 m telescope located
at Plateau de Bure in the French Alps, 2550 m above
sea level [Castets et al., 1988]. It is equipped with a

Table 2. General Information About Instruments Used During the Observational
Work of Atmospheric Ozone Rotational Resonances

Instrument
Information IRAM-30 m POM-2

Latitude 37:04:05.60°N 44:38:02.00°N
Longitude 3:23:58.10°W 5:54:28.50°E
Altitude 2850 m 2550 m
Diameter 30 m 2.5 m
Operational 82-116 GHz
frequencies 129-190 GHz 195-250 GHz

204-280 GHz

345-365 GHz
HPBW (230 GHz) ~12” ~2
forward sky efficiency (n) 0.9 0.82
signal-image 4 for the 2 mm 1.3
sideband ratio, and 1.3 mm receivers
Gs/Gr 1 for the 355 GHz
n & Ggs uncertainty +3% +5%
available 512 x 1 MHz 232 x 156 kHz
spectrometers 256 x 100 kHz 232 x 39 kHz

1024 x 39 kHz
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Figure 2. Examples of different O3 atmospheric lines observed with the IRAM-30m telescope
with the corresponding fit residual below. Derived O3 mixing ratios with error bars from these

and other observations can be found in Figure 5.

SIS. receiver exhibiting a double-sideband (DSB) noise
temperature Treceiver Of 65 & 10 K. It operates in the
frequency region from 195 to 250 GHz. Intermediate
frequency ranges from 1.4 to 1.8 GHz and was selected
for each observation individually in order to avoid the
presence of atmospheric lines in the image sideband.
The observations at POM-2 were always carried out at
an elevation angle of 85° (air mass = 1.004), with a
half-power beam width (HPBW) of ~2’. A frequency
switching procedure like the one described by Pardo et
al. [1995] was used. The back-end spectrometer consists
of an autocorrelator able to work at different resolutions
from 156 kHz (total band of 36.25 MHz) to 39 kHz.
Figure 2 shows observations carried out at IRAM-
30m and Figure 3 shows spectra obtained at POM-2.
The residuals of the corresponding fits are given below
each spectrum. They show that the instruments and

the retrieval algorithm are working well at the different
frequencies. We have to point out, however, that the
residual of the 231.3 GHz spectrum in Figure 2 shows a
sinusoidal behavior (probably due to standing waves),
but it does not strongly affect the information about
ozone retrieved from that particular spectrum. This
work illustrates how the time devoted to calibration in
astrophysical millimeter telescopes like the IRAM-30 m
can be used to get interesting atmospheric data, the
main intent of this work.

3. Inverse Radiative Transfer Algorithm

In the millimeter-wave range the solution of the ra-
diative transfer equation, under the assumption of local
thermodynamic equilibrium (LTE) and the Rayleigh-
Jeans (R-J) approximation, can be written in terms of
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Figure 3. Examples of different O3 atmospheric lines observed with the POM-2 telescope with
the corresponding fit residual below. As for Figure 2, the derived O3 mixing ratios with error

bars from POM-2 observations are in Figure 5.

a brightness temperature [Chandrasekhar, 1960]:

TBV(S) = TBV(O)e_T_"(O’s)“/ +/
p

T(s")e ™)k, (s')ds'
(1)

where s and s’ are coordinates along the propagation
path -y, and s=0 represents the initial boundary for ~.
In the case of downward propagation to a ground-based
detector, Tp,(0) is essentially the cosmic background
brightness temperature (if the telescope is pointing to a
region of the sky without other external sources at fre-
quency v). The R-J expression at a given temperature
loses validity with increasing frequencies, and in our
case, it gives problems in treating the measurements we
performed above 350 GHz (note that this approxima-
tion is based upon the fact hv/kT —0 but for ¥=300
GHz and T=200 K, we get hv/kT=0.06). The more
general equation is

hv

— _TV(Ols)
kTg(s) = /KT —1 16 +
8 hv ’
—7u(s,s) !
/0 g —1e " R(s)ds’ (2)

where the R-J approximation to the Planck function
(we are measuring thermal emission) has no longer been
applied.

In the vicinity of a resonance frequency of a mi-
nor gas we can write almost exactly for the opacity

Ty = 7, (02)+7, (H30)+7, (minor), and for the absorp-
tion coefficient x, = k,(02)+ £, (Hy0)+&, (minor).
In principle, we need HoO and temperature and pres-
sure profiles as a priori information in order to perform
the inversion. The inversion methods of Rodgers [1990]
and Chahine-Twomey [Twomey, 1997] are based on a
linearization of the problem. For example, in the R-J
approximation those methods try to perform the inver-
sion of

Tg(v) =T*(v) +/

o]

ground

W (v, 8) Nminor(s)ds  (3)
where Tg(v) are the measurements, 7*(v) includes the
preevaluated contribution of the cosmic background and
the emission due to HyO and O3, W (v, s) is called the
minor constituent weighting function (this, in princi-
ple, can be also evaluated from a given a priori vertical
profile of the constituent), and Ny,inor is the number
density of the minor gas (the quantity searched for).
From a set of measurements at n different frequencies,
the atmosphere could be divided in m layers to obtain
(from equation (3))

(TB - T*)i = WiJ-Nminor,j (4)
where i is associated to frequencies and j to layers.
Thus the problem written in this manner appears lin-
ear in Nyinor,j. Indeed, the strong correlation between
the information coming from neighboring layers (cor-
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Figure 4. Examples of O3 averaging kernels calculated during the pre-analysis described in the
text and presented in Table 3. To the left we show the ones corresponding to the observation of
the O3 line centered at 142.17510 GHz using a 350 x 1 MHz spectrometer. To the right we show
the same but for the 231.28151 GHz O3 line observed with 350x1MHz (solid line), 116x312kHz

(dashed line), and 232x39kHz (dotted line).

relation that appears in the rows of W?) breaks down
the uniqueness of the solution. Therefore the idea is
to find a set of adjacent atmospheric layers from which
information with low cross-correlation can be retrieved.

Our procedure for analyzing the data is as follows:
we use the Backus-Gilbert method (cited in section 1)
to set the location and vertical extent of the layers from
which almost uncorrelated ozone mixing ratios can be
retrieved, depending on the frequency coverage and res-
olution of the observation. We calculate for this goal a
set of the so-called “averaging kernels” (see definition in
references [Bevilacqua and Olivero, 1988; Pardo, 1996)).
Examples of these calculations can be found in Figure 4.
Second, we make radiative transfer calculations (using
equation (1) or (2) and taking into account instrumen-
tal parameters; see below) and use a nonlinear least
squares algorithm to fit the observation using as free
parameters the ozone mixing ratios at the chosen lay-
ers as well as the integrated tropospheric water vapor
amount. We take into account the ozone self-absorption
near the line center. The a priori T-P profile is selected
corresponding to the appropriate season and latitude of
the observations (from the several profiles available on
the U.S. Standard Atmosphere, 1976).

3.1. Adaptations for Instruments Used in This
Work

The receivers on both radio telescopes were double
sideband. Let Tpsp and Tysp be the brightness tem-
peratures for the frequencies in the lower and upper
sidebands, respectively (at frequencies where R-J is a
good approximation). Then, the measured sky antenna
temperature is [Cernicharo, 1988]:

Tsky,meas = Tenv - (1 - 77) + n[GLTLSB + GUTUSB] (5)

where 7 is the coupling coefficient between the antenna
and the external sources (related to its radiation dia-
gram n < 1); Gy, and Gy are the relative gains of the
lower and upper bands (Gp+Gy=1); and T.p, is the
ambient temperature. Our code takes into account the
values of these instrumental parameters in order to fi-
nally give a synthetic spectrum to be compared with
the measurements. In the following, the fit is achieved
by means of a least square procedure which uses as free
parameters ozone amounts in the layers selected by the
Backus-Gilbert method cited above.

H>O and O, absorption coefficients are taken from
the model of Liebe et al. [1993]. For minor atmo-
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Table 3. Preanalysis for Choosing Layers Where O3 Mixing Ratios Will Be Relatively
Uncorrelated During The Spectra Deconvolution Process

ve,(GHz) Spectrometer Real Layers  Air Mass Mixing Ratio Esti-
(Date/Telescope) Coverage km mated Error, £%?*
142.17510 512 x 1 MHz 350 x 1 MHz  23.9-33.9 1.000 10.2
(July 1991/TRAM-30 m) 33.9-46.2 11.3
142.17510 1024 x 39 kHz 944 x 39 kHz 31.6-43.0 5.8
(July 1991/TRAM-30 m) 43.0-54.8  1.000 10.7
54.8-70.0 11.5
208.64242 512 x 1 MHz 252 x 1 MHz 25.8-36.3 1.050 10.1
(July 1993/IRAM-30 m) 36.3-48.6 7.9
231.28151+ 239.09326° 512 x 1 MHz 350 x 1 MHz 23.3-33.6 1.000 5.6
(July 1991/IRAM-30 m) 33.6-46.3 3.7
231.28151 256 x 156 kHz 116 x 312 kHz 31.2-43.2 1.004 1.3
(Jan. 1995/POM-2) 43.2-57.0 3.6
231.28151 256 x 100 kHz 256 x 100 kHz 39.2-50.2 1.000 9.7
(July 1991/IRAM-30 m) 50.2-62.7 -10.6
231.28151 256 x 39 kHz 232 x 39 kHz 42.4-57.5 1.004 4.0
(Jan. 1995/POM-2) 57.5-73.0 5.0
237.14613 512 x 1 MHz 256 x 2 MHz 23.9-33.9 1.773 4.1
(July 1996/IRAM-30 m) 33.9-44.2 4.9
239.09326 256 x 156 kHz 116 x 312 kHz 31.5-41.8 1.004 2.6
(Jan. 1995/POM-2) 41.8-56.5 3.8
242.31870 256 x 156 kHz 116 x 312 kHz 31.4-42.8 1.004 1.7
(Jan. 1995/POM-2) 42.8-55.5 3.2
358.19981 512 x 1 MHz 251 x 1 MHz 28.0-38.0 1.238 5.6
(Jan. 1993/IRAM-30 m) 38.0-48.5 ‘ 5.0
358.85334 512 x 1 MHz 256 x 2 MHz  25.7-33.5 1.495 6.2
(Jan. 1993/IRAM-30 m) 33.5-42.9 5.0

Total frequency coverage and frequency resolution are the key points for this choice.

>Estimated uncertainties for O3 mixing ratios are given for 0.1 K Gaussian noise spectra (under the
configuration given in the third column). A trade-off coefficient is used to weight the desired vertical

resolution and the associated errors.

PThis line appears in the spectrum via the image sideband.

spheric gases the line shape function we use is the Van
Vleck-Weisskopf profile modified by Rosenkranz [1988]
[see also Liebe, 1992; Liebe et al., 1993]. This line
shape is widely used to represent the pressure broaden-
ing mechanism that is completely dominant for minor
atmospheric molecules in layers below ~60 km. From
the references above, the pressure width parameter at
ambient pressure P and temperature T' can be written
as .

AI/C = AI/O (P/PO)(TO/T)Z (6)

with respect to standard conditions P, and Tp (usu-
ally 1013 hPa and 296 K). The typical values for Avg

and z of ~2-3 MHz/hPa and 0.5-1.2, respectively, for
O3 [see Gamache et al., 1985; Rothman et al., 1992;
Rosenkranz, 1992; Bouazza et al., 1993]. Since pres-
sure varies much more quickly with the altitude than
temperature, the effect of pressure is much more im-
portant in determining the line width. Doppler broad-
ening, described by a Gaussian profile of the line shape,
becomes important only for heights above ~ 60 km,
where density is low enough. This broadening mech-
anism has been taken into account in order to carry
out the inversion of high-resolution spectra (up to ~
75 km). The Doppler broadening parameter for ozone
is given by Avp = 4.30z10~"v,(T/M)®> [Rosenkranz,
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Figure 5. O3 mixing ratios derived from ground-based observations of different rotational emis-
sion lines carried out with the IRAM-30 m and POM-2 radio telescopes. For the IRAM-30 m
observations we have separated results from observations below 358 GHz which were all achieved
in summertime (July) and from the first-time observed lines above 358 GHz in January 1993.
Standard midlatitude summertime and wintertime O3 mixing ratio vertical profiles are also plot-

ted for comparisons.

1992], where M is the molecular weight of ozone. In
the intermediate region (~40 to 65 km) where the two
broadening mechanisms are competitive, the analysis
has taken into account a convolution of both line shapes
resulting in a Voigt line profile. We use the pressure-
broadening coefficient and temperature exponent given
by Rosenkranz (1992) from laboratory experiments of
collisions between O3-Ny and O3-O2. They can also be
found in Table 1.

Here we present analysis of only O3 spectroscopic ob-
servations, but the first ground-based observations of
middle atmospheric water vapor from the ground using
the 183.31 GHz resonance have been analyzed similarly
in a preceding paper [Pardo et al., 1996].

4. Analysis of O3 Observations

Table 3 shows the layers where the O3 mixing ratios
are considered as free parameters for deconvolution of
the different observations. These layers have been se-
lected after a pre-analysis based on the Backus-Gilbert
method [see Pardo et al., 1996]. The instrumental pa-
rameters taken into account for the inversion process
can be found in Table 2.

Figures 2 and 3 show some observations and their
corresponding fits achieved by our inversion code. The
retrieved O3 mixing ratios for those and other obser-
vations are given in Figure 5, where they are compared
with standard O3 vertical profiles for the season and the

latitude zone of the observations (as given in the U.S.
Standard Atmosphere, 1976).

Uncertainties in the retrieved mixing ratios come
from data noise (including baseline quality), assumed a
priori information (both atmospheric information and
spectroscopic data such as line strength and broaden-
ing parameters) and instrumental parameters. We have
checked and estimated the errors coming from each one
of these possible sources.

4.1. Errors From Temperature and Pressure a
Priori Information

In the present case, we do not have simultanecus Os
spectroscopic measurements and 7' — P vertical profiles
measurements. Therefore we take a standard T — P pro-
file according to the place and season of the observation
(from the U.S. Standard Atmosphere, 1976) in order to
analyze the O3 data. To check the uncertainties that
this assumption introduces, we use T' — P profiles as a
priori information which are different with respect to a
T — P reference profile. For example, for an observation
carried out at Pico Veleta during the winter season, we
use as reference the U.S. Standard Atmosphere, 1976,
type 3 (midlatitude winter), and we compare the re-
sults with those obtained when using a different T — P
information, for example, U.S. Standard Atmosphere
1976, types 2 and 4 (midlatitude summer and subarctic
summer). Since the difference between the real T' — P
profile during the observations and the reference is ex-
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Table 4. Relative Errors (in percent) on Calculated O3 Mixing Ratios From Observations

Reported in This Paper.

Relative Errors, +%

Ve, Spectrometer Layers A Priori Data® Instrumental Root Sum
GHz (Real Coverage) km Atm. Profile  Noise n Gs Square Error

142.17510 512x1MHz 23.9-33.9 4 11 1 3.5 12
(350x1MHz) 33.9-46.2 10 13 1 3.5 17

142.17510 1024x39kHz 31.6-43.0 8 9 1 4 13
(944x39kHz) 43.0-54.8 10 17 1 3 20

54.8-70.0 8 18 1 4 20

208.64242 512x1MHz 25.8-36.3 5 11 0.5 5 13
(252x1MHz) 36.3-48.6 7 8 0.5 3 11

231.28151 512x1MHz 23.3-33.6 4 11 1 2 12
+ 239.09326 (350x1MHz) 33.6-46.6 8 7 1 6 12
231.28151 256x156kHz 31.2-43.2 6 4 7 10
(116x312kHz) 43.2-57.0 9 12 8 17

231.28151 256x100kHz 39.2-50.2 10 10 1 6 15
(256x100kHz) 50.2-62.7 8 17 1 2 19

231.28151 256x39kHz 42.4-57.5 13 7 8 17
(232x39kHz) 57.5-73.0 6 9 7 13

237.14613 512x1MHz 23.9-33.9 10 11 1 3.5 15
(256x2MHz) 33.9-44.2 12 12 1 3.5 17

239.09326 256x156kHz 31.5-41.8 5 10 8 14
(116x312kHz) 41.8-56.5 9 15 8 19

242.31870 256x156kHz 31.4-42.8 8 6 9 13
(116x312kHz)  42.8-55.5 8 12 8 16

358.19981 512x1MHz 28.0-38.0 4 8 2 5 10
(251x1MHz) 38.0-48.5 3 7 2 4 9

358.85334 512x1MHz 25.7-33.5 6 16 4 6 19
(256x2MHz) 33.5-42.9 4 13 3 5 15

aThe estimations given in this column come from the analysis presented on Table 3 taking into account

the mean value of the spectra noise.

pected to much smaller than the difference between U.S.
Standard Atmosphere, 1976, types 2 and 4 to the ref-
erence, we multiply the obtained partial error-bar by
0.5. Detailed values of the derived uncertainties can be
found in Table 4. The shape of the tropospheric water
vapor distribution (assumed exponentially decreasing)
is a less important source of uncertainty because the in-
tegrated tropospheric contribution to the absorption of
the stratospheric signal is very smooth in the frequency
range of the obtained spectra (the observed lines are far
from H2O resonances). Using different distributions of
the tropospheric water vapor for the same total amount,
we estimate the uncertainty on the tropospheric trans-
mission through the passbands used in the observations
to be less than 4%. Thus to determine the emission

level above which the Oz line appears, we only use the
integrated tropospheric water vapor amount as a free
parameter of the least squares procedure (assuming a
scale height of 2 km), rather than its detailed vertical
distribution.

4.2. Errors From Data Noise

Data noise introduces an error in these kinds O3 mix-
ing ratios derived from this kind of spectroscopic obser-
vation. In fact, there is a trade-off between the impor-
tance of these errors and the vertical resolution desired
from the deconvolution algorithms. The Backus-Gilbert
method quantifies this trade-off. For a particular choice
of layers in the deconvolution process it is possible to
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estimate these errors (for a given data noise). In Table
4 we give the corresponding estimated values of these
errors for the observations we present in this paper (typ-
ical noise level between 0.1 and 0.3 K) taking into ac-
count our choice of layers for individual deconvolution,
based on the preanalysis presented in section 3.

4.3. Errors From the Instrumental Parameters

These errors are known as ”calibration errors.” As-
suming that the two absorbers used as blackbodies for
this purpose have enough temperature stability, the er-
ror will mainly come from the uncertainties in the cou-
pling coefficient n and the sideband gain ratio (see equa-
tion (5)). Uncertainty in the knowledge of these param-
eters is estimated to be ~ £3% for the IRAM-30 m tele-
scope and ~ +5% for POM-2. In order to check their
effect on the retrieved O3 amounts we have carried out
the inversion for a set of values of n and Gg within the
uncertainty range around the assumed values (given in
Table 2). The errors given in the corresponding column
of Table 4 are the mean of several tests on the range
limits. Assuming no systematic error sources, we deter-
mine the total error bars given in Table 4 and shown
in Figure 5 by root-sum-square of errors coming from
individual sources.

5. Discussion: Some Particular Results

The whole set of spectra (examples in Figures 2 and
3) gives information on the ozone abundance over a wide
altitude range (from 25 to 72.5 km as extreme values,
corresponding to the best frequency coverage and to the
best frequency resolution respectively) for winter and
summer in southern Europe over several years. This is
a limited data set because it does not belong to a sys-
tematic O3-monitoring program, but the data are inter-
esting in order to show the feasibility of these kinds of

Tg (K) Tp (K)
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measurements using different Og lines. The data from
observations of different lines show good consistency.
Our careful analysis has allowed us to compare the re-
sults coming from different frequencies and telescopes.

Most of our observations have been achieved above
200 GHz, whereas most ground-based radiometers for
O3 monitoring work at frequencies below 150 GHz.
Avoiding the problem of higher tropospheric opacity in
the region 200-300 GHz by placing the receiver at high
mountain sites, some of the ozone lines in this range are
better suited to study ozone profiles than those below
150 GHz due to their intrinsic stronger intensity (some
of them, on the other hand, have the drawback of be-
ing weaker or relatively more temperature sensitive; see
below the case of the 358.2 GHz resonance). We have
made radiative transfer calculations to compare the ex-
pected brightness temperatures at Pico Veleta (zenith
view) for the frequencies of the eight O3 lines presented
in this work using the same atmospheric profile: U.S.
Standard, 1976, midlatitude winter with 1.8 mm of pre-
cipitable water vapor above 2.9 km (typical winter time
conditions on the site). The results of such calculations
are shown in Figure 6 to give an idea of expected rela-
tive intensities. The atmospheric conditions used in the
simulations give an atmospheric opacity at 225 GHz of
0.131. Opacities equal or lower than that happen during
an important part of the winter season in Pico Veleta
[see Pardo, 1996]. The calculations show that the dif-
ference between the Tg at the peak and the continuum
is around twice larger for the 231, 237, 239, 242, and
358.8 GHz lines with regard to the 142, 208, and 358.2
GHz lines.

Three to five receivers can be used simultaneously at
the IRAM-30 m telescope. We want to point out the
possibility of simultaneous observations of several Oj
lines. This could allow a simultaneous inversion with
the code presented here, improving the reliability of the
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Radiative transfer simulations of the eight O3z lines we have observed in order to

compare their expected Ts (according to equation (2)) under the same atmospheric conditions:
U.S. Standard, 1976 midlatitude winter, 1.8 mm precipitable water, observing point at 2.9 km
above sea level and zenith view (a typical during winter at the site of the IRAM-30 m telescope).
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Figure 7. Data (histogram) on the atmospheric trans-
mission taken with an FTS spectrometer on the CSO
telescope (4.1 km above sea level on Mauna Kea,
Hawaii). The data actually extend from 170 to 980
GHz. We show here the region 356-361 GHz with the
two ozone lines above 358 GHz we observed at Pico
Veleta. The dashed line is the fit achieved on the basis of
our ATM forward model. Observations were performed
in clear sky conditions with 0.7 mm of estimated water
amount above the telescope and air mass = 1 for the top
part of the figure and 0.95 mm and air mass = 1.4 for
the bottom part (~3 times less frequency resolution).
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results due to a lesser dependence upon the instrumen-
tal errors.

From the observational point of view, one of the orig-
inal reasons for our work has been the good quality
spectra obtained above 358 GHz at Pico Veleta in Jan-
uary 1993. Of the two observed lines (358.2 and 358.85
GHz), the one at higher frequency is expected to present
stronger emission due to its much lower excitation tem-
perature (despite a weaker line strength). Confirma-
tion of this point is given by our model calculations
and also from the good data (despite an overestimation
of the line width due to instrumental effects) obtained
by Serabyn et al. [1997] (see Figure 7). As a result,
it is possible to start at lower altitudes and to retrieve
better O3 information from the 358.85 GHz line than
from the 358.2 GHz transition when using the same fre-
quency coverage (see Table 3). The Og retrievals using
the second line (higher excitation temperature) have,
in addition, an important additional uncertainty due
to the lack of information about the true stratospheric
temperature. In fact, this is on the ground of the poor
agreement, between the 358.2 GHz data and the 358.8
GHz data in Figure 5.

5.1. Diurnal [O3] Variation Above ~55 km

Although the data described in this paper do not rep-
resent an extensive Oz-monitoring campaign, we per-
formed, during a week in January 1995, repeated obser-
vations of the central region of the 231.281 GHz ozone
line. Observations were carried out twice per 24 hours
(once at nighttime and once at daytime) using a fre-
quency resolution of 39 KHz. Significant differences
between nighttime and daytime ozone abundances are

AT,(K) h(km)
_I UL I T T 17T I L B | | T T 7T | L r
. time: ightti ] r
Int. time nighttime | 80 —
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Figure 8. Comparison of two O3 observations at 231.282 GHz carried out at the same ele-

vation during nighttime and daytime. We show also the mean ratio between the retrieved O3
amounts during nighttime and daytime, in the layers considered, corresponding to the whole set
of observations carried out in January 1995 at Plateau de Bure. At the central frequencies, most
of the signal comes from layers where the Doppler broadening mechanism becomes comparable
or even dominant with respect to the pressure broadening (we take this into account in the anal-
ysis by introducing a convolution of the Van Vleck-Weisskopf line shape and the Doppler line
shape resulting in a Voigt profile). The O3 amounts in the layer 32.5-42.5 km were derived from
complementary observations carried out with the 232 x 156 kHz mode of the autocorrelator.
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expected for stratomesospheric altitudes (above 50 km)
from models [Vaughan,1984; Prather, 1981] and pre-
vious measurements: Wilson and Schwartz [1981], the
first people to report on this effect, Lobsiger and Kiinzi
[1986], and Zommerfelds et al. (1989], who used a set of
31 filter channels with a frequency resolution increasing
from the line wings (30 MHz) to the line center (0.2
MHz) to observe the 142.175 ozone resonance; Ricaud
et al. [1991] reported on measurements of the 110.836
O3 line with a 256 x 100 kHz filter bank; Tsou et al.
[1995] had a frequency resolution of 50 kHz near the
110.836 GHz O3 resonance. We report in this paper the
measurements of daytime-nighttime O3 number density
ratios over Plateau de Bure with a high-frequency reso-
lution (39 kHz) and the highest observing frequency to
spectral resolution ratio.

Figure 8 shows the comparison between a nighttime
and a daytime observation carried out at the same ele-
vation with the same integration time. The increase of
mesospheric ozone emission at nighttime is clearly seen.
Relative values of ozone abundances at nighttime and
daytime in the layers given in Table 3 are also shown
in the same figure. Results show an abundance ~2.5
times higher during nighttime than during daytime in
the layer 56.5-72.5 km. These results are in agreement
with the recent measurements by Kawabata et al. [1997]
and also with results by Ricaud et al. [1991], Connor et
al. [1994], and Tsou et al. [1995], and with previous 0-
D models [e.g., Ricaud et al., 1994]. No clear differences
above the retrieval uncertainty are seen in the lower lay-
ers, as expected also from model calculations [Ricaud et
al., 1994] and confirmed by the measurements cited just
above. We point out that our results seem to confirm
a ratio (nighttime/daytime) of O3 abundances below 1
for the layer 32.5-42.5 km, a tentative result found by
Kawabata et al. [1997] and Connor et al. [1994] at 3.2
hPa (~40 km of altitude).
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5.2. Ozone in the Lower Stratosphere Ozone
Over Pico Veleta

For some of our observations we used a wide spec-
trometer (0.512 GHz of frequency coverage) in order to
take high-quality spectra of some Oz millimeter lines
(Figures 2 and 3). As we show in Table 3, such a fre-
quency coverage allows us to obtain information about
ozone above ~25 km, thereby probing the layers where
the bulk of atmospheric ozone is located. Other ground-
based millimeter-wave measurements have reported ozone
data below 30 km (see Tsou et al. [1995], Peter and
Ké&mpfer [1995] who have measured down to 15 km with
1.2 GHz bandwidth using the 142.175 GHz ozone line
[Cheng et al., 1996, 1997]).

Table 5 gives O3 concentrations measured in the lower
stratosphere over Pico Veleta in the summer of 1991 and
1993. The vertical extent of the layer depends on the
effective frequency coverage retained for the inversion,
as we said in section 4. The measurements at 142 and
231 GHz carried out on the same date show a good
consistency within the error bars. We infer from these
observations O3 amounts close to standard values over
this site.

6. Summary and Conclusions

We have good-quality ground-based spectroscopic ob-
servations of several rotational lines of atmospheric O3
in the frequency range 142 to 359 GHz. Two different
ground-based radio telescopes in Southern Europe have
been used for this work in several periods from 1991
to 1996. The observations have been fitted by means
of a generalized least squares procedure based on the
forward radiative transfer model (ATM), described by
Pardo [1996], in order to retrieve O3 mixing ratios at
different altitudes.

Table 5. O3 Amounts in the Lower Stratosphere in Southern Spain Derived From Observations
Carried Out With the IRAM-30 m Telescope Using a 512 x 1 MHz Spectrometer

Ve, PO (cm™?)
GHz Date Layer, km -Error Bar-
(stand. atm.)
142.17510 July 11, 1991. 23.9-33.9 km 3.8-5.0 x 102
(3.07 x 10'2)
231.28151 July 11, 1991. 23.3-33.6 km 3.0-3.9 x 10'?
(3.10 x 10'?)
358.19981 Jan. 27, 1993. 28.0-38.0 km 1.2-1.6 x 102
(1.82 x 10'?)
358.85334 Jan. 27, 1993. 25.7-33.5 km 3.0-6.0 x 10*2
(2.67 x 10'?)
208.64242 July 26, 1993. 25.8-36.3 km 1.9-2.8 x 10*2
(2.77 x 10'2)
237.14613 July 7, 1996. 23.9-33.9 2.8-3.9 x 102

(2.97 x 10*?)
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This work is a good test for our retrieval algorithm
because it has been applied to observations coming from
different telescopes, using different backends and over a
wide range of frequencies (142 to 359 GHz). The al-
gorithm worked well in all cases, and the results were
consistent (within the error bars) for different O3 lines
observed the same day with the same instrument. An
analysis of the errors coming from the usual sources in
these kinds of retrievals (e.g., data noise, instrumen-
tal parameter uncertainties, T-P information) has been
performed. The results of this analysis show that the
uncertainties on the retrieved Oz mixing ratios do not
exceed +20% in any case and are less than +16% in
most of them.

Among the data presented in this paper some are
of special interest: first, the observations at 142, 208,
231, and 358 GHz with a wide frequency coverage (a
512 x 1 MHz spectrometer was used) which allow the
study of ozone in relatively low layers (above ~ 25 km).
On the other hand, we have done observations at high-
frequency resolution (39 kHz) of the central region (4
MHz of frequency coverage) of the 231.282 GHz ozone
line (Figure 3). These observations allow retrieval of
ozone abundances up to ~72 km and clearly show the
diurnal cycle of ozone abundance in the mesosphere.
Finally, in this work we have reported O3 mixing ratio
retrievals for the first time on ground-based measure-
ments of two Og lines located above 358 GHz which pro-
vide material for planning of future stratospheric ozone
monitoring.
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