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Abstract. GOMOS on ENVISAT (launched in February, = An overview is presented of a number of scientific results
2002) is the first space instrument dedicated to the studwlready published or found in more detail as companion
of the atmosphere of the Earth by the technique of stellapapers in the same ACP GOMOS special issue. This
occultations (Global Ozone Monitoring by Occultation of paper is particularly intended to provide an incentive for the
Stars). Its polar orbit makes good latitude coverage possibleexploitation of GOMOS data available to the whole scientific
Because it is self-calibrating, it is particularly well adapted community in the ESA data archive, and to help GOMOS
to long time trend monitoring of stratospheric species.data users to better understand the instrument, its capabilities
With 4 spectrometers, the wavelength coverage of 248 nnmand the quality of its measurements, thus leading to an
to 942 nm enables monitoring ozone;® NO,, NOs, air increase in the scientific return.
density, aerosol extinction, and>O Two additional fast
photometers (with 1 kHz sampling rate) enable the correction
of the effects of scintillations, as well as the study of the
structure of air density irregularities resulting from gravity 1 Introduction
waves and turbulence. A high vertical resolution profile of
the temperature may also be obtained from the time delayGOMOS (Global Ozone Monitoring by Occultation of
between the red and the blue photometer. Noctilucent cloudsitars) is the first space instrument specifically designed and
(Polar Mesospheric Clouds, PMC) are routinely observed indedicated to the study of the atmosphere of the Earth by
both polar summers and global observations of OCIO andhe technique of stellar occultation. It is placed on board
sodium are achieved. the European Space Agency’s (ESA) 8.2 ton ENVISAT
The instrument configuration, dictated by the scientific space platform (ENVIronmental SATellite) among eight
objectives’ rationale and technical constraints, is describedpther Earth Observation instruments. Together with two
together with the typical operations along one orbit, alongother instruments (MIPAS, Michelson Interferometer for
with the statistics from over 6 years of operation. Typical Passive Atmospheric Sounding, Fischer et al., 2008, and
atmospheric transmission spectra are presented and son8CIAMACHY, Scanning Imaging Absorption Spectrometer
retrieval difficulties are discussed, in particular fos @d  for Atmospheric Chartography, Bovensmann et al., 1999),
H>0. GOMOS forms a trio of European instruments fully
dedicated to the study of atmospheric chemistry. One role
of this trio is to collect the corpus of ozone data (and other
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— What is the time evolution of ozone in the stratosphere
(i.e. the trend) all over the world?

GOMOS 3
pointing direction =70

— What is the effect of release limitations on CFCs?

— Is the measured ozone trend equal to the trend predicted

by our best simulation model predictions? 5
Star direction

(Line of Sight)
— If not, is there anything in the data that can indicate

where are the shortcomings of our models and how can

they be improved for more reliable predictions?

elocity vector

Among the three instruments devoted to atmospheric

chemistry, the particular role of GOMOS is to establish Fig. 1. The GOMOS principle of measurement by occultation of
the 3-D distribution of ozone in the stratosphere and toa star. The spectrum of a star is first measured outside of the
monitor its trend as a function of altitude, thanks to the atmosphere, then through the atmosphere; the ratio of the two
particularly high absolute accuracy offered by the techniqueSPectra is the atmospheric transmission in this spherical geometry,
of occultation of stars, which is also rather immune to the at altitudez.

evolution of calibration parameters.

ENVISAT was launched from French Guiana (Kourou) on resuits with this technique (Yee et al., 2002), was not
28 February 2002, and placed in a circular orbit at 800 kmdesigned for this purpose, and required that the full 6t
altitude, almost polar (98.85nclination), with a period of spacecraft be oriented to the star, while GOMOS has a
100mn. The orbit is helio-synchronous with a descendingmoyving mirror that is oriented successively toward the
node (equator crossing) at 10:00a.m. Local Time. Theyarious stars to be occulted without perturbing the other
first stellar occultation with GOMOS was performed in Earth Observation instruments. The general principle of
March 2002, and since then GOMOS has worked almostne stellar occultation method is illustrated in Fig. 1 and is

continuously (with a few gaps that will be discussed later). described below with the particular case of GOMOS.
By June 2009, more than 600000 occultations had been ENvISAT is 3-axis stabilized, nadir pointing, with a
collected, obtaining the same number of vertical prof!les allyaw steering law to compensate for Earth rotation and
over the globe of ozone, NONOgz, H20, aerosol-extinction,  pysh-broom instruments. GOMOS is implemented on the
O2, temperature and turbulence parameters. nadir face of ENVISAT, looking backwards (opposite to the
GOMOS was first proposed by a group of Europeanyelocity vector), which makes it possible to track near the
scientists (Bertaux et al., 1988), in response to thengrizon the successive setting down of various stars while the
Announcement of Opportunity for the Polar Platform issued ENv|SAT platform is moving along its orbit. When the star
by ESA for earth observation instrumentation. After peerig high above the horizon (typically > 110 km), the light
review, GOMOS was selected together with MIPAS and spectrum of the star Sa.) is recorded by GOMOS, free of
SCIAMACHY, marking the European will to initiate a any atmospheric absorption. A few seconds later, the light
major effort in atmospheric research in the aftermath ofgpectrum of the same star seen through the atmosphere (just
the Antarctic ozone hole discovery. An industrial Phasegpgve the horizon) is again recorded. The spectsigi z)
A study was conducted by Matra Marconi Space forjs modified by the absorption of all atmospheric constituents

CNES (Centre National d’Etudes Spatiales) in 1989-1990jntegrated over the line of sight from ENVISAT to the star
Then it was decided at the ESA countries’ ministerial according to the Beer-Lambert law,

conference of Madrid in 1992 that GOMOS would fly on
the ENVISAT platform as an ESA-funded instrument. The S(*2) = S0(4)eXp(—0 N (2)) @)
GOMOS instrument was developed for ESA by an industrial\yherey is the wavelength; is the minimum altitude of the

consortium led by Astrium Toulouse (now a part of EADS |ine of sight above the horizon (tangent height, or tangent
Astrium). ESA formed a Scientific Advisory Group (SAG) altitude), N(z) (molcm2) is the integral of ozone density
composed of scientists from various European countriesiong the line of sight (slant density) angl the absorption

to provide advice on the performance requirements of thecross section of ozone. Here, only ozone absorption is
instrument and to develop the principles of the data inversiorconsidered for clarity.

and retrieval algorithms. From Eqg. (1) one derives:

GOMOS is the first space instrument specifically designed 1 SGh.2)
and built to perform atmospheric measurements by stellapy (;) = — —Log——>2 2
occultations: the UVISI instrument (Ultraviolet and Visible Ox So(2)

Imagers and Spectrometers) on the Midcourse Spac®uring one single occultation, a series of tangential column
Experiment (MSX), which already provided very interesting (slant, or line) densitiesV(z;) are obtained at various
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tangent altitudesz;. This series can be inverted (vertical T
inversion) to yield the vertical distribution of the local density 157 120"
n(z) of O3 (molcm™3), assuming that the atmosphere is ]
locally spherically symmetric. This vertical inversion is (in & 10 3
principle) straightforward with the so-called onion-peeling 2 . s |
technique. Some care must be taken during the vertica2 E
inversion, in order to avoid strong spurious oscillations in the & 0% —
vertical profilen(z), as described in Kyila et al. (2010a). ]

Besides the extreme simplicity of the retrieval algorithm ]
when compared to other methods, the occultation technique% 22 ]
has one enormous advantage readily seen from the matto ]
ematical form of Eq. (1): an absolute estimatengt) is 107 3

cmA2)
®

03 Huggins

] 03 Chappuis
-21 3
10 3

CROSS

obtained from the ratio Of two measurements taken with R R R R e R RS B L
th inst tataf ds of interval. Th 300 400 >00 600
e same instrument at a few seconds of interval. e WAVELENGTH (nm)

method is inherently self-calibrating, and even if the spectral

sensitivity of the instrument is changing with time, the ratio Fig. 2. Cross-sections of ozone (red), M(black) and NG (blue)

will be measured correctly and hence the slant denéity) at a temperature of 250K used in the GOMOS spectral inversion.

(sometimes called also line densities, in short for “densityCross-sections at other temperatures are also used. The Huggins

integrated along the Line of Sight, LOS”, or slant densities). bands are particularly sensitive to temperature.

This protection against long-term drift is of course ideal for

the study of trends of ozone and other constituents. The

primary measurement of GOMOS s this ratio, which is the Table 1), @, NO2, NOg, OCIO, air, @, H20, and aerosols

spectral transmission of the atmosphere as a function of thé1ay be measured as a function of altitude. Except for

tangent height of the line of sight. It is the main data in the aerosols (and Rayleigh extinction by air), each of these

Level 1 data product of GOMOS. chemical species absorbers has a well defined absorption
In princip|e, one could use a detector for on'y one Sing'e SpeCtral Signature, which facilitates disentang“ng it from the

wavelengthi, if ozone were the only absorbing species at combined spectrum of the atmospheric transmission (Figs. 2

this wavelength. This is not the case in the UV-Visible- and 12).

NIR region that can be accessed with CCD silicon detectors, Another important feature of stellar occultations is that

as shown on Fig. 2, which displays the cross-section of &he altitude of the measurement is entirely defined by the

number of atmospheric constituents. Therefore, in orderdirection of the star and by the position of the spacecraft.

to properly identify each of the atmospheric absorbersENVISAT position is known with an accuracy better than

separately, one has to measure in a wide wavelength domai#30 m, ensuring the same accuracy on the knowledge of

with a sufficient spectral resolution. Equation (1) is modified z. The altitude accuracy is important, because an error of

as follows: 100 m would result in a 2% error in ozone density estimate
in the altitude region above the peak of ozone, where there
S, 2) =So(A)exp(—Zoi (M) N; (z)) 3) is a strong vertical gradient. At variance with other limb

emission techniques, the altitude of the measurement does
where o; (1) and N; are the cross-section and the line not depend on the attitude of the spacecraft and instrument,
density of each constituent, respectively. Therefore, therefore avoiding effects from long term drift of the accurate
the first step of the Level 2 processing before the verticalattitude knowledge (1 arcsec is projected at the distance of
inversion will be the retrieval of each quantity;(z) for the limb,~ 3400 km, asAz =20 m). The vertical resolution
each measured altitude. One needs to measure at least issdetermined by the time of integration and the vertical
many different wavelengths as the number of constituentsyelocity of the tangent point, which for GOMOS are 0.5 s and
Since the quantum efficiency of Silicon matches nicely the3.4kmst (maximum), respectively, resulting in a typical
wavelength domain where ozone absorbs (a consideratiomertical sampling resolution of 1.7 km at most, and less for
which dictated the choice of these detectors for GOMOS),stars occulted away from the orbital plane. In addition, at
we decided to cover a large range of the UV-visible partlower altitudes where refraction is significant, the vertical
of the spectrum with a continuous coverage and manyvelocity is smaller (sampling is higher), but the light path
spectral pixels, and a least-square model fit to the measurei® the star is no longer a straight line, and the exact altitude
transmission at each altitude allows simultaneous retrieval oprobed by the ray path depends on the atmospheric air
all the N;(z) for this altitude; this is the so-callespectral  density profile.
inversion or separation of constituents (Kya et al., 2010a). The solar occultation technique shares in common with
Then the vertical inversion is performed separately for eachstellar occultations the fact that an absolute quantity is
constituent. Within the spectral range of GOMOS (Fig. 4, derived from a relative measurement. The Sage-ll and

www.atmos-chem-phys.net/10/12091/2010/ Atmos. Chem. Phys., 10, 1P2P48-2010
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POAM instruments have been very successful for researcicCDs’ at the lowest possible temperature of°*€3allowed
of the Earth’s atmosphere, and much of what we know atby the GOMOS thermal control system, and by collecting at
present about the ozone trend as a function of altitude comesach orbit a measurement of the DC of all pixels, with a deep
from the comparison of Sage-Il results on a long time scale space observation (no star, in the middle of the night, near
The many wavelengths that are used by GOMOS (instead oéquator crossing).
the 7 or 9 discrete channels for Sage-ll and POAM) allows a The other problem is related to scintillation of the star,
much safer identification of all absorbers. We note that thedue to small-scale vertical temperature fluctuations of the
more recent version SAGE-III, flying since February 2002 atmosphere, and associated turbulence. The proposing
(Thomason and Taha, 2003) contains many more spectrdeam (Bertaux et al., 1988) anticipated that the shape of
channels than its predecessors SAM I, SAGE and SAGE-IIthe spectrum of the star would be somewhat affected by
all dedicated to solar occultation probing of the atmospherescintillations due to the chromatic character of refraction,
The use of stars by GOMOS instead of the sun has soméut thought that this effect could be corrected with the
additional favourable features: signal of two fast photometers (1 kHz sampling) recorded
) ) simultaneously. It was discovered from GOMOS data that
— The altitude knowledge of the measurement is almostyjs s perfectly true when the star setting is observed
perfect, while for the solar disk extended source, thepear the orbital plane (because the line of sight stays in
pointing of the instrument must be known accurately, the same vertical plane, the orbital plane, and probes the
and preferably the same portion of the sun mustsame atmosphere at all wavelengths), but does not hold any
al‘.NayS be 9b59rved_ during the _occu_ltatlon (as the dISNonger with an oblique occultation, revealing the existence
brightness is not uniform, especially in the UV). of isotropic turbulence (Dalaudier et al., 2001; Sofieva

. . et al., 2009b). This new effect decreases somewhat the
— The solar occultation occurs at dawn or dusk local time,

when the photo-chemistry regime of the atmosphere iSozone retrieval accuracy mainly in the altitude region 20 to

changing rapidly (even along the LOS), while the LOS 40 km for the brightest stars, and forced us to modify the

ging rapidly 9 y . baseline spectral inversion scheme (which was defined pre-
to a star pertains generally to a well defined regime (daylaunch) in the direction of a modified DOAS (Differential
or night). '

Optical Absorption Spectroscopy) for NGnd NG (See

— From the sun-synchronous orbit of ENVISAT, only Sect.5.5.4). -
a limited range of latitudes (around high latitudes) In.sp|te of these unexpected d|ff|cult|gs, the excellent
are accessible for solar occultations, while stars allowduality of the GOMOS results makes us still believe that the

observation at all latitudes. stellar occultation technique is the best method to achieve
the high accuracy measurements necessary to detect small

There are some drawbacks with the use of stars: theyime variations of ozone. It should be mentioned that not
are weak sources, requiring more photon collecting areasonly ozone local densities may be monitored for trends, but
They have different brightness and spectra, which makes thalso the slant densitieé(z) of ozone (and other constituents)
error bars dependent on the magnitude of the star. Thewre archived and available for trend studies. Also, the
are not evenly distributed in the sky, and the samplingtransmission of the atmosphere can be monitored as such;
of the atmosphere is not as regular as the sampling o&nd after all, it is the UV transmission of the stratosphere
limb-looking or nadir-looking instruments (like MIPAS and that has the greatest impact on living matter on Earth.
SCIAMACHY, for example). Night-side measurements are The GOMOS data are made available by ESA to the
preferred, because on the day-side, the bright limb intensitywhole scientific community. The goal of this paper is to
is competing with the stellar flux. Nevertheless, the inherentprovide a rather detailed and comprehensive overview of the
advantages of the stellar occultation method overcome thesEOMOS capabilities and the scientific questions that may
drawbacks by a large margin for the study of trends. be addressed, based on the presentation and discussion of

During the commissioning phase of the instrument and thesome typical results obtained after 7 years of operation, and
development of data processing software, two unanticipatedome improvements in the retrieval algorithms. Another goal
problems were encountered that complicated somewhat this to encourage the community to extract interesting results
data retrieval scheme and the operations of GOMOS. Ondrom the GOMOS data, which are freely available through
is related to the CCDs’' Dark Current (DC) behaviour, the ESA distribution system.
which increased significantly under the influence of energetic In Appendix A a brief history is presented of the
protons and moreover showed a variable behaviour (knowrstellar occultation technique, with a possible explanation
as Random Telegraph Signal, RTS). This phenomenorfor some strange results that were found for ozone during
annihilated completely the advantages of the so-called MPRarly attempts with the astronomical satellites OAO-2 and
technology fostered by the CCD provider, EEV Ltd, which in Copernicus in the middle 70s.
principle should have made possible the use of CCDs atroom An early estimate of GOMOS ozone trend performance
temperature. Counter measures were taken by setting theay be found in Bertaux et al. (1991), while the previous

Atmos. Chem. Phys., 10, 120912148 2010 www.atmos-chem-phys.net/10/12091/2010/
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most comprehensive description of the GOMOS instrumentriving factor in the whole specification of GOMOS. The
and its science objectives may be found in the reportvery large variation of the ozone cross section over the
of the ESA-formed Scientific Advisory Group (SAG) for UV-visible domain (Fig. 2) offers then a huge dynamic
GOMOS, written before launch, and summarizing aboutrange for the measurement of the slant density of ozone,
10years of activity of this group for the preparation of the extending from the tropopause up to the lower thermosphere
GOMOS investigation (Bertaux et al., 2001, SAG Report at z > 100km. The large cross-section in the UV, and its
ESA SP-1244.). The present paper includes actual in-flighimoderate cross-section in the visible (Chappuis bands, quite
performances, observations and a brief overview of scientificextended in wavelength) matches very well the sensitivity
results. of silicon CCDs. This defined the spectral range of the
This paper is one of a series of 12 papers proposed tanain spectrometer A of GOMOS: the shortest wavelength
Atmospheric Chemistry and Physics for a GOMOS Specialat 248 nm is below the maximum cross section of ozone in
Issue of ACP. Other papers of this special issue cover varioughe UV (255 nm), and the longest wavelength goes as far as
subjects: the retrieval algorithms (Kila et al., 2010a), possible in the visible Chappuis band, still compatible with
the data characterization and error estimation (Tamminerthe design of a single spherical holographic grating. The
et al.,, 2010), the influence of scintillations on GOMOS longest wavelength is therefore at 690 nm. However, since
ozone retrieval (Sofieva et al., 2009), ozone, NDd NG the CCD sensitivity in the UV needs a special treatment
measurements in the stratosphere and mesospher@dlgtr  which does not favour the sensitivity in the visible, the whole
al., 2010b), the influence of QBO on tropical ozone, NO UV-visible domain was split in two parts, impinging on two
and NG as a function of altitude (Hauchecorne et al., 2010), different CCDs, one having the UV enhancement treatment
a climatology of the Tertiary Ozone Maximum (Sofieva et and covering the domain 248 to 389nm (CCD Al), while
al., 2009), Polar Mesospheric Clouds (PMCg&rd? et al.,  the visible CCD covers the range from 389nm to 690 nm
2010), aerosols (Vanhellemont et al., 2010), simultaneougCCD A2).
measurements of OCIO, NCand G in the Arctic polar The desired spectral resolution was dictated by two
vortex (Tetard et al., 2010), a climatology of mesospheric different considerations. On one hand, the Huggins bands
sodium (Fussen et al., 2010), and a comparison of GOMOSit 315-350 nm are highly structured and the cross section
ozone retrieval with some ground-based measurementthere depends strongly on the temperature (Fig. 3). If the
(Keckhut et al., 2010). spectral resolution would not permit resolving these bands,
The rest of the paper is organized as follows: The nextthen a minute (and undetected) long term temperature trend
section describes how the GOMOS science objectives wergvould affect the cross-section there, inducing a spurious
turned into Instrument Requirements. Section 3 contains ®zone trend. On the other hand, it was desirable to have a
description of the instrument, of the operations and coverageelatively good resolution in order to detect the trend of any
together with a sample of typical observations results: staiother absorber, known or unknown, with a distinct spectral
spectra, transmission spectra and scintillations. Section 4ignature somewhere in the ozone band that could also affect
describes some problems encountered during the GOMO®he trend of retrieved ozone. All in all, the sampling of
mission, while the retrieval algorithms and error estimatesspectrometer A is 0.312 nm per pixel, and the resolution is
are described in Sect. 5. Section 6 presents some validatiod.8 nm at FWHM.
results of GOMOS products. Section 7 contains an overview Within the sensitivity range of silicon CCDs, it was
of GOMOS results obtained up to now (0zone, N®Os, noticed that @ and HO have strong absorption bands and
OCIO, aerosols, gravity waves and isotropic turbulence their relevance to the ozone problem justified the inclusion
sodium, PMCs), and difficulties associated with&hd HO of Spectrometer B, also divided in CCD B1 fop@t 760 nm
observations. A short conclusion, calling for a continuationand CCD B2 at 936 nm (see later in this section), with a
of the GOMOS mission on smaller free flyers, is followed sampling of 0.047 (0.056) nm and a resolution of 0.13 nm
by an Appendix containing a short history of the stellar respectively for B1 and B2 (Table 1).

occultation technique for probing planetary atmospheres. When stellar light propagates through the atmosphere
it is affected by refraction and by extinction (pure

2 GOMOS science objectives and absorption + scattering). Normally these two effects can
instrument requirements be distinguished, since refraction will affect mainly the
direction of propagation and the global intensity, while
2.1 Overview extinction will mainly affect the shape of the remaining

spectrum (in addition to the intensity). Some authors have
In this section we describe the rationale for the instrumentclassified occultations asfractiveor absorptive(Smith and
configuration of GOMOS, which is a mixture of scientific Hunten, 1990; Yee et al., 2002). Unfortunately the two
reasons and considerations of technological constraints. Theffects are present together, because the index of refraction
main objective of long term monitoring of ozone calls depends on the wavelength and it was recognized right from
for the most accurate measurements of ozone and is ththe beginning by the GOMOS proposers that scintillations

www.atmos-chem-phys.net/10/12091/2010/ Atmos. Chem. Phys., 10, 1P2P48-2010
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(a refractive effect) would modify the spectrum of the star The study of time series and trendbiough models are
seen through the atmosphere, an effect detrimental to theredicting that it will take several tens of years for ozone to
accuracy of the ozone retrieval. Two fast photometers (1 kHzecover pre-CFCs values, it is important to monitor precisely
sampling) are included in GOMOS, which help to correct theits behaviour, as a function of altitude and latitude. An
effect of scintillations. estimate of the GOMOS ozone trend capabilities was made
Given this instrument setup measuring, @, and HO, (Bertaux et al., 1991) by analogy with an earlier computation
it was also clear right from the beginning that additional made by Frederick (1984). Frederick addressed the problem
measurements (besides ozone) could be made with GOMO®f the detection of ozone trend from one single ground
some directly relevant to the ozone problem, and some otherstation, performing measurements at regular intervals,
less directly related: the vertical distribution of N(NOs3, sufficiently large that two consecutive measurements are
aerosols, air, temperature, and turbulence parameters. Th®mpletely de-correlated. Annual, semi-annual and quasi-
theoretical interest of the various species is discussed beloviennal variations were assumed to be regressed.
while actual GOMOS results are briefly reviewed in Sect. 7. The actual GOMOS geographical coverage (see next
section) is such that, with a particular star covering a circle of
2.2 Ozone constant latitude, the measurement point comes back almost
to the same longitude after 3 days (the duration of orbit of
A transmission measurement is known to achieve its100min corresponds to 14 +11/35 orbit per day), which
best accuracy with an optical thickness around 1. Theis about the decorrelation time observed for ozone over a
large dynamic rage of the ozone absorption cross-sectioparticular ground station (2—3days). Therefore, we may
extending from the UV to the visible (Fig. 2) offers consider that all (or most) GOMOS ozone vertical profiles
the opportunity to probe the whole atmosphere from theare indeed de-correlated.
mesosphere down to the upper troposphere (where there is Considering the case of 9 latitudes bands of 2ach,
still enough signal, Fig. 13). Obviously, the mesosphericBertaux et al. (1991) found that the smallest ozone trend
ozone layer is probed around 250 nm, where the ozone crosstetectable by GOMOS would be 0.05% per year, assuming a
section is at its peak, while at lower altitudes there is noprecision of~5%, and a natural variability of 4% at a given
more UV light transmitted, and the Chappuis band is usedaltitude (say, between 20 and 40km). Indeed, the achieved
to determine the slant density of ozone. GOMOS providesprecision is better than 5% on most stars observed, but the
routinely hundreds of vertical profiles per day (Fig. 14) natural variability of ozone (at each altitude, season, latitude)
of unprecedented accuracy distributed all over the globewas not well documented and this is something that can be
providing data to construct 3-D maps of ozone from the achieved with GOMOS. Accurate determination of ozone
tropopause to the mesosphere. density requires that the accuracy on a single measurement
In Sect. 7 a short overview (including papers of the be smaller than the natural variability. The actual accuracy
GOMOS ACP special issue) is presented of what has beenachieved by GOMOS is discussed in a later section; bright
done on ozone with GOMOS to date. Here we discuss instars are preferred to do this exercise, which yield in principle
more general terms several lines of research on ozone thain accuracy better than 1-2%.
may be performed with GOMOS. It must be noted however that the above formulation for
Climatology of ozorne a study of all the data acquired deriving a linear trend assumes that all time variations are
in 2003 determined a new climatology of ozone (8  periodic and may be regressed. It is possibly not the case in
et al., 2006), supplementing the previous Fortuin andreality, if volcanoes, solar activity or other sporadic factors
Kelder (1998) climatology, with an average value, and alsoare also playing a role in the ozone budget. For instance,
an estimate of the natural variability of ozone as a functionthe influence of Quasi Biennal Oscillation (QBO) on ozone
of altitude, season and latitude. was shown to depend on altitude: Hauchecorne et al. (2010)
The understanding of photo-chemistryin the upper found three different regions with different influences. Also,
stratosphere region (say, 35-50 km), ozone is in photochemthe period of QBO is not fixed, and regression may be
ical equilibrium: the chemical lifetime of © (actually, inaccurate. Therefore, the very concept of linear trend must
Ox=0+Qy) is only 10*s (Brasseur and Solomon, 1984). be approached with caution. What remains true is that time
It is therefore an important region, where the comparisonvariations of ozone are monitored with an unprecedented
of actually measured ozone density may be compared to thaccuracy with GOMOS. In a companion paper of tA{SP
predictions of a Chemistry Transport Model (CTM), in order special issue, Kyila et al. (2010) show some examples of
to detect potential deficiencies in the chemistry prescribedime series of ozone at various altitudes. Above 20km
in the models. Marchand et al. (2004, 2007) have carriedn the stratosphere, the median variability is found to be
out such an exercise, as summarized in Sect. 7, resultin§.5%, while the median of the retrieval error is 0.6% (to be
in a suggestion of a significant revision of the temperaturecompared to the assumed above mean values of 4% and 5%,
dependence of one constant, namely the reaction betweemrespectively, to estimate the accuracy on the trend).
ozone and N@.
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Finally, it can be remarked that a higher precision on slantthemselves from the photo-dissociation of ity solar UV in
densities is obtained than on local densities, and all thes¢he day-side thermosphere. Ozone is destroyed by reactions
primary data are also available in Level 2 products for trendwith hydrogen radicals, i.e. H, OH, and HOIndeed, the
studies. high vertical resolution of GOMOS (Fig. 14) has enabled us

Ozone as a tracer of dynamicszone has a long lifetime to show that there is an enormous sink of ozone around 80 km
below 30 km, and geographical variations of ozone densityaltitude, where the ozone concentration almost vanishes:
can be used as a tracer of winds in the stratosphereanother type of “ozone hole”, that would deserve a dedicated
Therefore, there is an interest to assimilate ozone densitiesiodel study, in conjunction with GOMOS ozone profiles.
at altitudes below 30km in GCM meteorological models. The photochemical lifetimes of oxygen and hydrogen
Of course, Near Real Time products are needed for such gadicals in the mesosphere are only a few hours (Brasseur and
purpose; ESA is delivering GOMOS ozone data within 3 h Solomon, 2005), and the ozone concentration should reflect
of collection through the Ground Segment system. Howevera rapid photochemical equilibrium. In spite of this relatively
it is not yet assimilated routinely in GCM models. simple situation, there are some significant discrepancies

Day-side measurements of ozonefor a complete between observations (relatively scarce before GOMOS) and
description of the ozone field, it was felt necessary tothe prediction of current modeling. The numerous ozone
characterize accurately the diurnal variation of ozone. Itsprofiles obtained by GOMOS support further documentation
amplitude increases from a few percent at 50km to 80%of this discrepancy, which would help to improve the
at 70km, which reflects mainly variations in the diurnal modeling. At the time of the GOMOS proposal (1988)
equilibrium between @and O. Below about 65 km altitude, we thought that if we would not be able to reproduce
almost all the O is converted rapidly toz@fter sunset. A mesospheric ozone through modeling of the mesosphere
study of ozone trend would be incomplete if only night side where the ozone balance is relatively simple, it would
measurements would be collected, and some efforts wereast serious doubts about the modeling of ozone in lower
made in the design of GOMOS in order to collect at leastregions of the atmosphere, where the same reactions (among
a significant number of vertical profiles of ozone also on theothers) do occur also when oxygen and hydrogen radicals are
day-side. present. One powerful diagnostic to validate models is the

The day-side situation is quite challenging for the time variations of mesospheric ozone, and in particular the
stellar occultation technique: the star signal is competingday-to-night variation, and variations associated with solar
with the limb background radiance of the sun-illuminated activity. It turns out that there are still discrepancies between
atmosphere, due to Rayleigh and aerosol scattering. Thisnodel and observations (Sect. 7.2), and the mesospheric
requirement is a design driver: while the spectrometers needzone balance is certainly not as simple as once believed,
no narrow entrance slit for the star spectrum to be recordegbrobably due to atmospheric dynamic factors rather than
with a high resolution, and could have a large aperture, thechemical factors.
rejection of undesired limb radiance calls for a small solid Not expected during the design of GOMOS, was the
angle of the entrance aperture, which in turn calls for a goodTertiary Ozone Maximum (TOM, Fig. 28), first reported
tracking accuracy, in order to get the star image at the focuby Marsh et al. (2001); GOMOS observations of the TOM
of the telescope (which is also the entrance aperture of thevere reported by Sofieva et al. (2004, 2009), and are briefly
spectrometers) always fully in the aperture. Its width wasreviewed in Sect. 7.3.
taken as equivalent to 195 prad, or 10 spectrometer pixels. As a conclusion concerning the ozone objectives of
As we shall see, tracking performances of GOMOS are suctGOMOS, it is clear that not only must we measure as
that many stars can be tracked down to 25km on the daywell as possible the ozone 3-D field and its time variations
side. (to check the results of CFCs release limitations), but we

In addition, the entrance slit aperture is elongated inmust also understand the detailed underlying mechanisms
the vertical direction (perpendicular to the limb), which governing the ozone budget, in particular by comparison
enables simultaneous measurement of the spectrum of theith chemical models, or by assimilation into Chemistry
limb radiance above and below the star, in order to subtracfransport Models (CTM). In this respect measurements
it to obtain the pure star’s signal. Three bands of 7 CCDsof a number of other atmospheric parameters that are
lines each are therefore devoted to the measurements of thmportant for the ozone budget are also included in the
3 spectra. This is also useful in some nighttime conditions indesign of GOMOS, as seen further below. Needless to
order to subtract some natural atmospheric emissions. say, the measurements carried out simultaneously by MIPAS

Mesospheric ozonewith respect to PMCs, the chemistry and SCIAMACHY on ENVISAT are also useful for the
of the mesosphere is also addressed, because GOMOS imderstanding of mechanisms controlling ozone. Clearly, the
able to measure ozone concentration in the mesosphemegree of our understanding impacts directly our capability
by absorption at 250nm, where thes @ross-section is to predict accurately (through modeling) what will be the
maximum (Fig. 2). In this altitude range (80—100 km) ozone future behaviour of ozone on the long term (tens of years),
is produced by reaction of O withQatoms of O coming and this is our ultimate goal.
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2.3 Nitrogen gases N@and NO3 suffered from uncertainties on the LOS altitude retrieval,
associated with pointing uncertainties on the extended solar
Both gases participate in the NGamily, involved in a  disk. The GOMOS @results will be discussed in Sect. 7.
catalytic cycle that provides the major loss processes for
odd oxygen (@ and O) in the stratosphere (Crutzen, 1971; 2.5 Water vapor H,O
Brasseur and Solomon, 2005). Bkas an extended
absorption band in the visible, with conspicuous peaksWater vapor is injected into the stratosphere in tropical
at 430-450nm (Fig. 2), and its stratospheric quantity isregions, and is also created by the oxidation of methane in the
enough to be measured in the transmission spectrum of thepper stratosphere. Water vapour plays an important role in
atmosphere (Fig. 13). Ngs rapidly photo-dissociated and the photo-chemistry, and in particular is the major scavenger
does not exist during the day. It can be observed onlyof ozone (by HQ catalytic reaction cycle) at altitudes greater
during the night, thanks to its strong spectral signatureshan 40km (Brasseur and Solomon, 2005). The strongest
at 617 and 655nm. It has no emission in the IR, andabsorption band of O in the silicon CCD domain is in the
GOMOS is providing unigue routine observations of NO Near Infra Red (NIR), around 936 nm (Fig. 16). Although
SCIAMACHY has also measured NOoccasionally, by this wavelength region is in principle free of other (known)
performing moon occultations (Amekdudzi et al., 2009). stratospheric gaseous absorbers, we have adopted a relatively
Other gases interesting for the ozone budget have alsbigh resolution for spectrometer B2, because it was already
some absorption in the wavelength covered by GOMOS present of spectrometer B1 anyway.
like OCIO, and BrO. However, in view of the weak stellar  In principle MIPAS, looking at the far infra-red emission
signal, and the scarcity of these absorbers, one cannot hopef water vapour, is more sensitive than GOMOS for water
to measure them in one single occultation. There is morevapour. However, GOMOS may also provide usefylCH
hope when piling up many transmission measurements taneasurements for two reasons. In the far IR, an absolute
increase significantly the signal-to-noise ratio, as was doneadiometric calibration of the instrument is necessary to
successfully by Fussen et al. (2006) ar&tard et al. (2010) retrieve HBO from MIPAS, which may be detrimental

for OCIO and is summarized in Sect. 7.8. for minute trend detection. Also, around the Upper
Troposphere Lower Stratosphere (UTLS), the region of
2.4 Temperature and oxygen exchange of water vapour between the troposphere and

the stratosphere, the vertical gradient opf(H is very
There is an important wavelength domain (310-350 nm, thgarge, in which case the perfectly well determined altitude
Huggins bands) where thesz(ross-sections are strongly range of each GOMOS transmission measurements is a
dependent on the atmospheric temperature. Therefore, fery important asset. In particular, it is hoped that
long-term variation of absorption in the UV as measured byGomMOS could contribute to discriminating between various
GOMOS might be due to temperature variation and WrO”Q'Yproposed mechanisms to explain the paucity ofOHin
attributed to an ozone density variation. It was felt necessaryne stratosphere: injection only above tropical convective
to include a temperature measurement within GOMOS. Thissymulo-nimbus  clouds extending at high altitudes, and
is possible in principle with the A band ofCat 760nm  therefore very cold and trapping,® by condensation, or
(Fig. 15). Since Qs a perfectly mixed gas and the air is fyrther dessication in the lower stratosphere by a series
in hydrostatic equilibrium, its scale heightf, is directly  of cooling episodes (and condensation and sedimentation)
connected to the atmospheric temperatiteyhose vertical  ith formation of sub-visible clouds, possibly forced by
profile may be retrieved from integration of the hydrostatic grayity waves. These clouds are indeed observed in GOMOS
equation: aerosol data (Sect. 7, and Vanhellemont et al., 2005). The
1dT 1 d[Oy] mg 1 high verticql resolution aI'Iows meqsurgmentjust above thick
Tdz @ PR it (4) troposp_herlc clouds, while emission instruments would be
contaminated by the clouds in their FOV.

This measurement of Oalso allows relating all the At mid-latitudes, HO may be injected into the strato-
measurements of ozone density (and other species) to thgphere from lateral motions of air masses along isentropic
air density, thus yielding the mixing ratio fJJ[air], which trajectories.
is often a quantity used in atmospheric models: comparison A very important long term objective is also related to
of GOMOS measurements with models may be easier usin@Global Warming, which may result in a drastic change
mixing ratios than absolute densities. (increase or decrease) of water vapour injection in the

The ILAS-I and ILAS-II instruments flown on Japanese stratosphere, with a potential impact on ozone, in particular
missions ADEOS-1 and ADEQOS-2 has been performingin the upper stratosphere. Balloon-borne dew-point
similar measurements of 20in the A band by solar hygrometers flown near Boulder, Colorado, show a positive
occultation, with a somewhat similar spectral resolution, buttrend (increase) of +0.03 ppmvyr at 25 km over the period
a better signal-to-noise ratio. However, their interpretation1992—-2005, and no variation at 16 km, while HALOE solar
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Fig. 3. Absorption cross-sections of ozone at 200, 250 and 300K in
the Huggins bands. In principle, observations of actual transmission
spectra should enable retrieval of a temperature estimate.

occultation instrument on board UARS showed no variation
at 25 km and a negative trend 0.04 ppmvyr! at 16 km.
Thus, it is desirable to have other long time series from
instruments operating now, with some overlap with the
previous period 1992-2005, which is exactly what GOMOS
on ENVISAT may provide in the lower stratosphere (LT)
and upper troposphere (UT). In fact, due to the extreme
sensitivity of O abundance to atmospheric temperature at

the hygropause, GOMOS might be able to detect trends on —

this temperature based on a potentially observe@ Hend.
At any rate, since b0 and its derivative HQ radicals are
scavengers of ozone, the accurate monitoring #D lis also
important to understanding the future of ozone balance.

2.6 Temperature and air density, and ECMWF data

Besides the measurement of;, Overtical profile and
derivation of temperature, there are several other methods
which have been thought of to retrieve the vertical profile of
temperature from GOMOS data, each of them in a somewhat
limited range of altitude:

— The time delay between blue and red scintillations is
a totally new method, and allows determining a High
Resolution Temperature profile, HRTP (see Sect. 7.15,
and Dalaudier et al., 2006).

— Rayleigh extinction depends on the air density vertical
profile, which is retrieved from Spectrometer A (UV-
Vis), and then the temperature may be retrieved with the
hydrostatic equation, as in the case of Glowever, the

12099

(310-350 nm) (Fig. 3). GOMOS has enough spectral
resolution to make a fit of a temperature-dependent
model transmission, which should allow extraction of
an estimate of the temperature when absorption in this
range (310-350 nm) is moderate, which corresponds to
the 25-50 km altitude range with typical ozone profiles
(Fig. 12).

The dilution factor depends on the atmospheric profile,
and its measurement (by averaging scintillations) may
be inverted to yield a density and temperature profile.
However, absorption and scattering must also be known
precisely.

The bending angle of refraction is the angle between
the apparent direction of the star seen from ENVISAT
and the absolute direction in the sky. It may be
retrieved from the telemetered angular position of the
SFA (Steering Front Assembly) plane mirror, which
follows the apparent direction of the star, thanks to
GOMOS’ active tracking system. One must take into
account the actual attitude of ENVISAT as a function
of time during the occultation. This is similar to the
method used with the imager of MSX/UVISI (Yee et al.,
2002). However, some attempts to do this have shown
that the accuracy of the SFA angle measurements was
too coarse to contribute to temperature profile retrieval.

On the day-side, there is some Rayleigh scattering
emission of solar photons by air, which can also be
inverted to yield a vertical profile of air, as well
as another temperature profile. One difficulty is
that there is a contribution from the nadir brightness
to the scattered light. It is in principle possible
to discriminate the direct solar component from the
indirect nadir contribution in the scattered emission in
the stratosphere, because of some strong tropospheric
absorptions band imprinted on the light coming from
the nadir. The @band is not suitable because there is
also some emission around 760 nm and th®©Hband

at 936 nm is possibly the best indicator of the nadir
contribution. In fact, even if there is a constant error
factor in the determination of the air density because of
an incorrect estimate of the nadir contribution, it is the
vertical gradient that is used in the integration of the
hydrostatic equilibrium equation, and inasmuch as the
nadir intensity may be regarded as constant during on
day side occultation, it should not affect the temperature
retrieval.

accuracy actually achieved for air density is not good At the present time (2009), only the HRTP method,
enough to derive a useful air density and associated'Sing the time delay between the two fast photometers

temperature.

has been developed and validated. It will be implemented

in the next version of the operational software, resulting
— As noted previously, the ozone cross-section is sensitivan a GOMOS temperature profile in the Level 2 Product.
to temperature in the Huggins bands’ wavelength rangdt was found important to include also in the Level 2
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product the air density and temperature profiles derived fronmight measurements (extinction) and day side measurements

the ECMWF (European Centre for Medium-range Weather(scattering) for a better retrieval of physical properties of the

Forecasts) analysis, because it is more accurate than theerosols. This work is still to be done.

GOMOS temperature/air density profile on most occasions.

It also facilitates a systematic comparison of GOMOS 2.9 Polar Stratospheric Clouds (PSC)

temperature/density data with ECMWEF profiles serving as

a reference. The users of Level 2 GOMOS data should®SCsare high altitude clouds encountered during very cold

be cautious about the possible confusion of the ECMWFconditions in polar regions. They are of several types,

data, contained in the Level 2 GOMOS product, and theaccording to the nature of the condensate, besidgd.H

genuine GOMOS data. It should be noted that the Level 2Before launch, we thought that their horizontal optical

processing makes use of the ECMWF field of air density andthickness would be so large that the stellar signal would be

temperature (analysis) in order to compute an accurate rajost by the star tracker. In such a case the main information

tracing of the LOS through the atmosphere with refraction,would therefore be the altitude at which a very sudden loss

and also to prescribe the air line density for extinction in the of the star signal by the star tracker is observed. It turned out

spectral inversion of each transmission spectrum. that in many cases, the star may be seen through the PSC, as
Contained in the Level 2 GOMOS product, the, O discussed in Sect. 7, and in Vanhellemont et al. (2005, 2010).

line density and temperature retrieval suffered from earlier

incorrect cross sections from the HITRAN 2000 data base2.10 Polar Mesospheric Clouds (PMC)

(leading to up to 20% deviation from ECMWF data). Though

they were improved in the more recent HITRAN 2004 The polar summer mesosphere is characterized by extremely

release we do not feel confident enough yet to use the Olow temperatures (below 150K, the coldest region of the

measurements for a temperature retrieval in the Level 2entire planet), due to a strong upward motion and subsequent

product as discussed in Sect. 7. adiabatic cooling of air. In the altitude range betwees0
and 90 km, water vapour abundance becomes higher than the
2.7 Turbulence and scintillations local saturation vapor pressure, and icy particles condensate

around condensation nuclei, which could be either meteorite

The vertical transport of chemical species is of fundamentaldust particles or large water cluster ions. Very small ice
importance for monitoring ozone and other trace gases in th@articles are electrically charged and lead to measurable
stratosphere. In 1-D models, it is most often parameterizedignatures in the form of strong radar echoes, called Polar
by an eddy diffusion coefficientk.. associated with Mesosphere Summer Echoes (PMSE). Under favourable
turbulence. Therefore, the inclusion of fast photometers inconditions, these small icy particles grow and sediment.
the design of GOMOS was not only in order to correct the They sublimate when they reach warmer layers below the
spectra for scintillations, but also to study the “climatology” cloud. Therefore, smaller particles are found at the top and
of turbulence, and associated vertical transport. However, itarger particle towards the bottom. The largest of them can
should be recognized that global 3-D Chemistry Transporto€ observed by optical techniques and are then called Polar
Models ignore such a parameter and vertical transporiMesospheric Clouds (PMC) when observed from space, or
is calculated only by advection, with a vertical velocity Noctilucent Clouds (NLC) when observed from the ground at
resulting from the divergence of the horizontal flux in a cell. twilight. This part of the mesospheric ice layer is a thin layer
(~2km) of small ice particlesr(< 0.1 um) at 83—85 km of
2.8 Aerosols altitude, whose vertical optical thickness, is ~10~4, and
tangential optical thickness;,, around 10°2.
Stratospheric aerosols are mainly produced by volcanic These ice particles produce scattered sunlight which is
eruptions, and transformation of $0nto sulphuric acid detected by the GOMOS spectrometers and photometers
droplets. The content depends therefore on the history ofFig. 45). The actual brightness is about the same as Rayleigh
volcanic eruptions. Since these particles may participatescattering at 50 km of altitude and gives a significant signal
in heterogeneous chemistry processes, it is importanthat can be interpreted in terms of Mie theory and particle
to monitor their quantity and to try to determine their size and nature. In absorption, the 1% absorption over 2km
composition and size distribution. At the time of the of altitude is difficult to measure.
ENVISAT launch, the aerosol content at 20 km was possibly In his review of the subject, Thomas (1991) advocates
at a historical record low, with some increase at the endthat the appearance of PMC is a strong evidence of Global
of 2002 (Thomason and Taha, 2003). This is a situationChange. The explanation would be that methane has been
rather favourable for stellar occultation measurements ofincreasing steadily since 1850 (due to growing population
other species in the lower stratosphere. It can be noteénd associated development of agriculture and livestock),
that both the extinction by the aerosols and their scatteringvith a growth rate of 1% per year (this growth rate has
properties may be obtained with GOMOS, by combining declined almost to zero in more recent years). Indeed,
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oxidation of methane (ClJ is an important source of 4D dictated by the angular size of a planet, if smaller than the
above~50km, and therefore an increase of £&t ground  slit, or by the size of the slit (corresponding to 10 pixels) for
level will reflect some years later as an increase gOHat  the moon. If the disc is too large, then it is not possible to
mesopause level and a higher probability of encounteringrack it properly with the GOMOS star tracker, as we found
frost point temperature conditions. The saturation vapourout. This is the case for Jupiter and Venus, but for Mars it
pressure decreases by a factor of 5 for a decrease of onhworked very well. A particularly attractive opportunity was
4K for summer mesopause conditions. Therefore, everthe opposition of Mars around August 2002, when it was at
a moderate climatic temperature change (as induced foits shortest distance from the Earth since some time before
instance by increased GQ@ooling at these altitudes) could the beginning of the space age. Since the absolute calibration
result in a larger PMC coverage over the globe. With itsof GOMOS is achieved in flight with a high accuracy by
capability to detect the presence of PMCs at each occultationrgomparison with standard stars, the albedo of planets can
GOMOS will enable creation of a good corpus of data overbe measured also from space with a great accuracy over the
the whole globe. Of particular interest will be documenting entire UV-Vis-NIR range of the GOMOS spectrometers.

the North-South asymmetry, and to monitor the evolution of Using the moon is also in principle an attractive
PMC cloud cover and the location of its equator boundary.proposition, because of the high flux expected. However, it
GOMOS detects easily PMCs in the fast photometer signalcannot be tracked with the star tracker; therefore, GOMOS

as described in&ot et al. (2010) and in Sect. 7.12. would have to be operated in the “dummy” mode of
occultation, but then refraction will make the moon moving
2.11 Day-side limb scattering measurements in the FOV. Calculations show that one cannot keep the moon

always in the FOV with a fixed inertial direction of the LOS.
On the day-side, the limb radiance (background) due toMoon occultations have not been attempted up to now.
Rayleigh and aerosol scattering of solar light can also be
used to retrieve ozone and other gases, with a techniqu8 Instrument description, operations and coverage,
used by OSIRIS on ODIN (Tukiainen et al., 2008), and  typical observation results
SCIAMACHY on ENVISAT (Bovensmann, 1999). The
spectrum of the recorded light is influenced by ozone
absorption (and also other gases) and_ may bg analysed 91 1 Measurement principle and overall
terms of ozone (and other gases) vertical profile. Though instrument configuration
the retrieval algorithm is much more complex than the
occultation one, it will be useful to compare values of 0zoneGOMOS is an instrument designed to measure the atmo-
retrieved by the two techniques. Included in GOMOS designspheric transmission at the limb in the ultraviolet, visible
is the capability to perform a “dummy” occultation, in which and near infrared with a good spectral resolution, in order to
the tracking mirror is no longer piloted by the image of a identify by their spectral signatures atmospheric ozone and
star in the star tracker, but rather programmed to performother trace gases. It exploits a stellar occultation technique,
a motion as if there were a star to be occulted, sweepingvhose measurement principle is described in Fig. 1. The
the whole range of altitudes across the bright limb. In spectral flux of a pre-selected star is measured continuously
this case, there is no star signal, and only the bright limbduring the setting of the star behind the earth due to the
emission is present (with some stray light contamination).motion of the spacecraft on its orbit.
However, there is one advantage to analysing the limb When the LOS to the star is fully outside the atmosphere
radiance during a star occultation: the observed altitude igi.e. tangent height; of the LOS higher than 110km),
well known, while the altitude accuracy is less when therethe unattenuated star spectrum Sp(Eq. 1) is measured.
is no star. New algorithms are presently being developed tdypically the ten first spectra are averaged together to give
retrieve ozone and other constituents from GOMOS brightthe Reference star spectrum, $h (Then, during the whole
limb measurements, sponsored by ESA and led by Finnisloccultation, while the star sets behind the horizon (which

3.1 Instrument description

Meteorological Institute. last from 30 to 250 s) and the tangent heiglg decreasing,
the occulted spectrd(i,z) are measured every 0.5s with
2.12 Moon and planets no dead time. These spectra are divided by the reference

spectrum of the target star S9( enabling the acquisition

Like stars, planets may be used as targets for performingf spatially high-resolution atmospheric transmission spectra
occultations. The advantages are a somewhat larger intensit¥j,,(A,z). Using these measured horizontal transmission
and also less scintillation effects, due to the nature of arspectra,7;,(1,z), and the associated known cross-sections
extended source. The spectral resolution is degraded becaufm each chemical species, the horizontal and vertical density
the entrance slit of the spectrometer is much wider than therofiles are retrieved, as briefly described in the Introduction
image of the star. Therefore, with the moon or a planet,and in Sect. 5. Typical reference spectra for the various stars
which are extended objects, the actual spectral resolution iare shown on Fig. 11.
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ENVISAT is nadir oriented; a given star has a constantXZ plane maintained in the orbital plane (except for the
inertial direction, and therefore its direction in the ENVISAT yaw steering law to compensate for the Earth’s rotation for
mechanical frame of reference is changing. Thereforejmaging instruments). One particular pointing direction is
GOMOS needs a pointing system to track the stardefined by two angles: the azimuth, AZ (measured from the
continuously. Itis composed of one plane mirror, actuated byorbital plane, © looking opposite to the velocity vector), and
a Steering Front mechanism and piloted by a Star Acquisitiorthe elevation, EL, measured from the nadir direction. The
and Tracking system (SATU), as shown on Fig. 4. The stadimb is around 63, which is 27 below the horizontal plane.
light is sent to a Cassegrain mirror telescope, whose area is A Steering Front Mirror is used to orientate the LOS
divided into two parts coated differently, one devoted to thetowards pre-selected stars. This plane mirror enables
UV-Vis, the other to the near IR. Light is focused onto a slit, the detection and tracking of a star over a wide angular
separated by dichfo plates into various beams and sent to range (100 in azimuth, from—-10° to +9C°, and 8 in
the UV-Vis spectrometers Al and A2, spectrometers B1 ancklevation). The instrument line-of-sight geometry covers
B2, fast photometers and the SATUs (prime and redundant)both rearward (anti-flight direction) and sideways viewing

The two fast photometers (1kHz sampling rate) weredirections. However, when ENVISAT is near the South Pole,
implemented to correct the measured transmission spectre sun is in the rear hemisphere. A baffle protects the
for the adverse effect of scintillation, and also to determineentrance of GOMOS, but it occults most of the hemisphere
important atmospheric parameters describing the state opn one side of the orbital plane, limiting the azimuth range
turbulence of the stratosphere. on this side to-10°.

Given the constraints of the ENVISAT platform, and ~ The target star is detected by the Star Tracker, a CCD
the scientific specifications defined by the SAG group, thecovering a field of view of 0.8 with a focal length of 0.63 m.
Astrium company, with the help of a number of European After detection, the star image is moved to the centre of
companies, designed, developed, calibrated and delivereti® CCD and another algorithm performs the tracking with
(under the responsibility of ESA) the GOMOS instrument, @ Very high accuracy. The pointing application software
with a mass of 166kg, power consumption of 146w, and'ealizes the measurement of the position of the star on the
a constant data rate of 222kbls Although GOMOS is CCD with a background removal. It then commands the
specifically optimized for night observations, it performs also Stéering Mechanism in closed loop to keep the star image
measurements during the day (bright limb conditions). at the centre of the CCD during the occultation. Towards

By its principle, GOMOS is inherently a self-calibrating the end of an occultation sequence, the star light becomes
instrument.  This means that long-term drifts in the eventually so attenuated that the instrument can no longer

instrument’s radiometric response are in theory compensateabs_er"e and track it. The star is finally lost behind the
since only the ratio of measurements acquired in a relatively1°1Zon and the instrument continues by moving its pointing

short time interval (of the order of 1 min) are used to computediréction (i.e. the mirror) toward the next star according to a
transmission spectra. In such short intervals, changes hpre-defmed observation plan. In this way the instrument may

the instrument response are negligible. However, if the2Cduire up to 40stars per orbit, yielding typicatiy00 000

radiometric sensitivity is decreasing significantly, it will occultation peryear. o _ ,
hamper the quality of the data (due to increase of the error 10 achiéve this very high pointing accuracy, an innovative
bars). This has not happened with GOMOS up to now, InCONCEPt has been developed: telescope, focal plane

addition, some other long-term drifts may also introduce ©PticS and detection units are fixed with respect to the
larger error bars, and even a bias, if they are not takerr'OSt spacecraft structure; by moving the steering mirror
Implemented in front of the telescope entrance, the GOMOS

into account properly. This is the case, for instance, of the T X L
large increase of the Dark Charge of the detectors. It wadine of sight is aligned with the star direction. The GOMOS

supposed to be a negligible correction to the signal, but jipointing function actively controls the disturbances induced

turned out that the EEV CCD detectors have seen their dary e host spacecraft within a low bandwidth (4 Hz).
charge increase dramatically to such a point that the pclhis flne—.pomtmg. control loop also corrects for shorfn—term
subtraction algorithm must be accurate, and even in this cas@erturbations as induced by the atmospheric refraction and

the error is increasing for dim stars as discussed at the end ¢ Part of the scintillation effects.  Outside the control
Sect. 4.1, bandwidth, the LOS stability is guaranteed by the limitation

of structural amplification of micro-vibrations through the
Steering Front Mechanism on one side, and Telescope and
3.1.2 Pointing function description Optical Bench on the other side.
The Steering Front Mechanism (SFM, Fig. 5) design is
As seen from ENVISAT, stars are setting in the hemisphereoptimized with respect to the mission needs: wide angular
opposite to the velocity vector. Therefore, GOMOS is placedrange in rallying (when the pointing mechanism is moved
near one end of ENVISAT, to look backwards. A frame toward a new star to be occulted); high linearity (5%) and low
of reference is defined with +z-axis towards nadir, andnoise 20 uNm) actuator in acquisition/centring/tracking.
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Toward star

12103

To Envisat Down Link

Fig. 4. GOMOS Instrument block diagram.

Fig. 5. Steering Front Mechanism rear view. It moves the plane

mirror in order to keep the image of the star always in the entrance

slit of the spectrometers.

www.atmos-chem-phys.net/10/12091/2010/
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These requirements led to a two-stage concept: a two-axis
fine stage supported by a one-axis coarse stage (azimuth
only).

The micro dynamical behaviour of the SFM was
characterized on ground by tests performed on a fully
representative breadboard. A complete functional validation
of the pointing function (acquisition and tracking) has been
performed on equipment breadboards with laser simulation.
The number of coarse mechanism displacements is qualified
for a 7-year lifetime.

Once a given star is acquired by the SATU, the SFM
is given a nominal angular velocity corresponding to the
predicted motion of the star as seen from ENVISAT (sent
from ground by TC). The tracking system then computes
only small corrections to this motion. However, at low
altitudes when refraction bends the LOS to the star upward
(w.r.t. the horizon), the correction becomes more important.
With no correction, the star would go away from the CCD
nominal reading zone, an effect noted with MSX mission,
which was pointed inertially (Yee et al., 2002).

The pointing system is also able to track the star in spite
of the additional apparent motion due to scintillations, up
to a certain extent. In the case of strong scintillations, the
tracking may be lost before the obscuration of the star by
clouds at the limb.

It is to be noted that because of refraction, the apparent
angular velocity of the star decreases with decreasing
altitude. This is taken care of by the SATU; but an
obvious improvement of the GOMOS design would be to
pre-program a curve of angular velocity as a function of
elevation angle, to compensate for refraction in a typical
atmospheric profile.

Atmos. Chem. Phys., 10, 1P248-2010
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The final performances in flight are completely in line with by programming between the 4 spectrometers. The baseline
the expected. The minimum star already tracked is fainterconfiguration is as follows:
than magnitude 4 and the total number of stars which can )
be detected is more than 500. However, measurements were ~SPECtro Al : pixel 1 to 450 (248.14 to 389.18 nm),

performed routinely on about 150 stars only. The rallying tro A2 - pixel 451 to 1416 (389.52 to 690.49
accuracy is better than 0.23More than 97% of the targets SPEClro Az pixe ° (389.52 to A9nm),

are detected and tracked successfully. The noise in tracking  spectro B1 : pixel 1417 to 1836 (755.12 to 774.59 nm),
is less than 1 prad &) for the faint star in dark limb and

3prad in bright limb. The robustness of the pointing chain ~ Spectro B2 : pixel 1837 to 2336 (925.97 to 954.42 nm).
allows tracking stars sometimes down to 5km altitude; at
other times, clouds or strong scintillations stop the trackingb
at higher altitudes, as shown in the histograms of Fig. 10.

Three other modes, for which the integration time can
e changed or the individual pixel data can be retrieved,
are used for the calibration. The radiometric performance
of these CCDs in terms of noise and quantum efficiency
allows achieving a signal-to-noise ratio of the order of 20
in VIS and 6 in IR for stars of magnitude 3 (per pixel).
The instrument’s optical design is based on a 30cmHowever, an unexpected sensitivity of the CCD dark signal
telescope (1.05m focal length) that simultaneously feeds ao the protons of the South Atlantic Anomaly leads to a high
medium resolution UV-VIS spectrometer, a high resolution non-uniformity and instability (Radio Random Telegraphic
IR spectrometer, two fast photometers and two redundant stagignal effect, RTS) of the dark signal pattern. This is
trackers (see Fig. 4). The splitting of the entrance flux is donecorrected by a dark signal calibration on each orbit in order
by the Optical Beam Dispatcher, placed at the telescope focab be able to remove it as accurately as possible. The
plane. Since for stellar spectrometry there is no need for aperating temperature of the CCD has also been decreased
slit to limit the spectral resolution, a slitis placed in the OBD to —4°C in order to minimize the impact of the dark signal,
only to limit the background and stray light flux. But this but unfortunately this temperature is slowly increasing,
implies that the stability of the image on the spectrometerpecause of the evolution of thermal properties of insulating
has to be guaranteed by the tracking. Taking into accouniaterials.
the very good pointing performance, the spectral stability is
better than 0.1 pixel. 3.1.4 Photometers description

All the detection units are implemented on a thermally

controlled optical bench. This bench and the telescope ardWO fast photometers, operating at 1kHz, collect the star

mounted together and fixed on the instrument interface vid U In the blue and the red band. Their bandwidths are

carbon-fiber struts. The spectral dispersion is performed by 20 M. They share the same pupil as the IR spectrometer
175cnf). The flux is split via a dichriz that provides

two different gratings. The UVIS grating is an aberration- (
corrected holographic grating. It is used at its first order.ON€ SPOt on each detector. ~The detectors are a CCD
The light is then imaged on two CCDs (UV and VIS), matrix qf 14_1>< 14 pixels of 23 um. The nominal mode in
which enables partial compensation for the grating’s residuapccultaﬂoqmtegrate_f, the flux collected by a programmable
curvature. The IR grating is used in a Littrow configuration at 2762 (nominally 14lines 5columns, corresponding to a
high orders of diffraction (orders 13 and 16). After a dighro OV 0f 0.239x 0.671 mrad with a focal length of 0.48 m).
splitting, the light is then imaged on two CCDs (IR1 and Another calibration mode allows retrieving the individual

IR2). The unused orders of diffraction are rejected by narrowPx€l data. _ , _
band-pass filters located in front of the detectors. The radiometric performance of the CCD in terms of noise

. n ntum efficien llows i hieve signal-to noise-
The same type of detector is used for the 4 spectromete"?1 d quantum efficiency allows it to achieve signal-to noise

channels. The CCD (from EEV) is a 27 mm length matrix rlarizsinotLtTZti%rr?z:n(: 6 for stars of magnitude 3 during the
of 1353x 143 pixels. The pixel size is 2027 um. They are 9 '

thinned and back-side illuminated in order to improve their 5 1 g5 Special modes of operations

efficiency in the UV.

They can be used in different modes. In the normal modeSome secondary modes of observations and CCD reading
(Fig. 6), 3sets of lines are binned “on chip” to give 3values may be programmed, mainly for calibration purposes. In
per column. This gives 3 spectra. The central one is used tthe imaging mode, 33lines of the CCD are read every 6s.
collect all the star target flux. The 2 others (above and below)These 33 lines cover the three useful bands: the Central band
are used for the dark signal and background correctionin which the star signal is usually cumulated, and the Upper
Each of these spectra is the integration over 7lines (thisand Lower bands that contain the limb brightness (if any). It
parameter is programmable) equivalent to ©.0The total  allows checking to make sure that the star spectrum is well
number of spectral elements is 2336, which can be shareglaced within the selected bands. A linearity mode allows

3.1.3 Spectrometers description
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Table 1. GOMOS instrument parameters.

Optical Channel name Spectral range  Spectral sampling  Spectral resolution
performance parameters per pixel

Spectrometer A 2 hz UV(A1)-Vis (A2) 248-690.5nm  0.31nm 0.8nm
Spectrometer B 2 hz IR1 or B1 (@ 755-774.5nm  0.047nm 0.13nm
Spectrometer B 2 hz IR2 or B2 ¢gO) 926-954 nm 0.056nm 0.13nm

Photometer 1 (1khZ) Phot 1 (blue) 473-527 nm Broad band NA

Photometer 2 (1 khZz) Phot 2 (red) 646-698 nm Broad band NA

Altitude range Minimum: 5-18 km

(night), 15-25 km (day)
Maximum 250 km

Vertical 1-1.7km (0.5 s sample);
Resolution of 0.2km at low altitude
spectrometers (refraction)
I
X0
. ¢ Lpxy" pixels (x=AorB.y=10r2) g
re\‘ e
o 1338 UNUSED ZONE
z LOWER BACKGROUND SPECTRUM H1 useful lines
y . ISOLATION LINES H2 unused lines
r STAR SPECTRUM H3 useful lines
o " ISOLATION LINES H2 unused lines
;n UPPER BACKGROUND SPECTRUM H1 useful lines
Y 0 o' line  "So" pixel UNUSED ZONE
1 3 values pertolumn 1369
<]—| READ-OUT REGISTER (1369 pixels) I

Fig. 6. Spectrometer’s CCD reading for occultation mode. During the nominal mission of GOMOS, the interband region was fixed at H1 =3
CCD lines, and the three bands are with HL=H3 =7 lines.

measuring the same star with variable integration time from3.2 Operations and earth coverage

0.5supto 10s, in order to determine the non-linearity of the

output signal (a very minor effect). Acali.bratio.n campaign Owing to the combination of altitude (mean value:
called CALEX using these two modes is activated EVelY799.8 km), and inclination (98.8}h the precessing orbit is

month and the results are aut_omatically fe‘?' to a calibrationyintained at a constant local time with the descending node
data base, to be used as an input of the pipeline processquing ot 10:00 LF-5min. The latitude of the occultation

A dummy occultation may be made, in which the instrument ¢ 5 given star varies during the year, but repeats identically
is pointed to a particular celestial direction void of star, and each year. The occultation latitude is represented in Fig. 7
the tracking system deactivated. In such a mode, the lingq 5 fynction of date of year for the 70 brightest stars (up

of sight crosses the Iimb._ It is_used, either to recoro_l theyy visual magnitude mv=2.25) that can be occulted from
DC pattern of all CCDs (night side), or to record the limb ENVISAT on the night side. Of course, not all of them

brightness’ \_/erti_cal distribution on the day-side, without any may be observed in each orbit. For some stars, the latitude

star contamination. varies slowly, while for others (for example, the brightest star
Sirius, S001 in the GOMOS numbering convention), there
is a large range of sampled latitude over the seven months
during which this star can be observed with GOMOS on the
night side.
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Dark occultations Mvis <2.25 StarID-->70 SZA>97° Azim<75°
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Fig. 7. Each coloured curve represents the occultation point latitude as a function of the day of the year (DOY) from the ENVISAT orbhit.
The number is the GOMOS star identification number, ordered by increasing visual magnitude. Only occultations in dark limb conditions,
and with an azimuth angle 75° are represented. Scintillations have a greater effect on transmission spectra for larger azimuth angles. The
pattern repeats identically every year.

GOMOS global coveroge — 16 JAN 2004 —-> 18 JAN 2004
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Fig. 8. Each point represents the location of one occultation, performed during a period of 3days (16-18 January 2004). The pattern is
regular in longitude, but irregular in latitude, since it depends on the availability of stars. Because of the geometry of occultation, one
measurement is a horizontal average over a few hundred km, which adds somewhat to the coverage.

Still, from one orbit to the next, the occultation latitude constant latitude. As noted earlier, the decorrelation time of
does not change much. Therefore, the same star may bezone at a given point in the stratosphere is of the order of
observed at each orbit for some weeks. The orbital period of3 days.

ENVISAT at 100.6 min is maintained with 14 +.11/35.0rb|ts Along the polar orbit of ENVISAT the latitude is Changing
per day; therefore, after 3days, the occultation point of a5nigly~ Once an observed star is fully occulted, GOMOS
given star is almost at the same latitude and longitude, with rallying towards another star, which will be occulted at
43 points uniformly spread in longitude along a circle of 5 gigerent latitude. The latitude coverage depends on the

Atmos. Chem. Phys., 10, 120912148 2010 www.atmos-chem-phys.net/10/12091/2010/
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GOMOS DATA DISTRIBUTION (2002 —-> 2009) Minimum altitude
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Night side -
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Fig. 9. Latitude distribution of all night time occultations performed 500

by GOMOS (2002-2009). One arc represents many successive

occultations of the same star, moving in latitude from one orbit % 5 10 5 20 25 a0 2
to the next. The coverage was somewhat reduced after the 2005 Altitude (km)

malfunction of the Steering Mirror Mechanism. Polar latitudes are

reached only during winter time. Mi.mmum altitude

12000

- Day side
availability of bright stars, and is not regular. Figure 8
indicates a typical coverage of GOMOS occultations for a
period of 3days, while Fig. 9 indicates the coverage over
7years of GOMOS night-time occultations. The pattern 8000 -
repeats itself from one year to the next.

In Fig. 9 a continuous arc represents many occultations of
the same star on successive orbits, covering all longitudes
and slowly varying in latitude. Essentially, the Earth is
rotating rapidly inside the orbit plane/star system, while the 2000
orbit plane rotates by°lper day w.r.t. the star system.

There are some interruptions in time that were caused by 0, . m m . . . =
some malfunctions of the Steering Front Mirror assembly Alitude (km)
mechanisms, as described later. In particular, after the
malfunction of early 2005, the coverage is less dense becaudgg. 10. The distribution of the termination altitudes during all the
the change of azimuth from one star to the next was restricte@ccultations of 2004. Top: dark limb occultations only. Bottom:
for safety reasons. The average number of occultations pekpright limb occultations only. In dark limb the average is 15 km.
day decreased from 400 to 250-300 when operations were
resumed in 2005.

The observation of a particular sequence of star oc- Planets have also a number, along with a series-
cultations requires the uploading of a set of star-pointingdark regions in the sky (DSA, Dark Sky Area), void of stars,
parameters that control the initial pointing direction and Which can also be occulted during a dummy occultation,
the apparent angular velocity (due to the satellite motion)to measure the Dark Charge (at high altitude) and the limb
of individual target stars. The observing programme for brightness or to characterize stray-light contamination.
GOMOS is established on the ground at ESRIN with the help Altitude coverage once a star is acquired at an altitude
of Starsel software that optimizes by picking up the brightest>120km, it is tracked by the SATU as long as possible by
stars available, knowing the occultation time and duration foracting on the plane mirror, keeping the image of the star
one star, and the time to rally to another star. At pre-launchin the centre of the slit. It is lost either because of the
a list of 1000 stars had been defined, named for GOMOSresence of clouds, or due to strong scintillations, which
purposes from S001 (Sirius) to S1000, ordered by increasingnove the star vertically and modulate strongly the signal,
magnitude (i.e., decreasing order of brightness at 550 nm)both ways (brightening and dimming). The star is declared
Actually, the dimmest star that was useful for providing a “lost” when the star tracker does not find the star during more
decent ozone accuracy is S185, at magnitude mv=3.08. than 0.1 s (10 samplings). Figure 10 shows a histogram of the

8000 |

4000 +
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altitudes at which a star was lost during all occultations of Reference star spectra

2004 (separately for day and night). The stars can typically ~_~~ omu2iss
be tracked from the top of the atmosphere (120-150 km) E AP 505 003 11000K
down to 5-20 km tangent altitude for night occultations, and | \(N §§§ ?%%E%EK

15-25km on the day side. It seems that when no clouds  .su,f
are present, stars can be followed as low as 5km altitude g
(especially bright stars). The presence of clouds in the
field-of-view leads to losing the signal. The lowest altitude
reached in occultations of bright stars can potentially provide ool ! [ |
valuable information about cloud top height (Tamminen et g /MM |

al., 2010). Its geographical distribution is informative. For 5000 | sy 'HWW
instance, in the South Polar night measurements are often : R

terminated at 15-18 km, most probably because of frequent
occurrence of polar stratospheric clouds. In the tropics, there
is a concentration over the continents and East Pacific of higtfig. 11. Spectra of different stars observed by GOMOS. Hot stars

altitude clouds (cirrus and convective clouds, Tamminen etcontain more UV light than cool stars and are more suitable to
al., 2010) the measurement of mesospheric ozone. Just below 400 nm, the

low signal is due to the separation of the spectrum on two CCDs.
The GOMOS ID number of the star is indicated, with its visual
magnitude and temperature.

Measured signal (¢)

20000
L \\‘
15000 [¢ . S OO I I 1A \

/

olua

w
=3
<}
I
3
w
o]
=]
2
<]
=
=1
=}

Wavelength (nm)

3.3 Typical results

3.3.1 Stellar spectra

At each occultation, when the star is acquired and tracked 4. " A
by the SATU (Star Acquisition and Tracking Unit), at high
altitude, (usually around 120km) the ten first spectra are
averaged together to give the Reference Star Spect§ym,
outside the atmosphere. Figure 11 represents spectra fo:

various stars, illustrating two features of GOMOS. The first I WWW a1
feature is that the signal is dimmer when the star magnitude® 04 0sHartley a4

is larger (the magnitude of a star is defined according to its / / /M,\\j /
flux at 550 nm). Of course, brighter stars are favoured in 02 i M Nt -
the selection of stars, but in order to get a good latitude ! NM“
coverage, one has to select quite often dimmer stars (up  *° - - e T

to magnitude 3), due to a lack of bright stars at a given wavelength (nm)

latltuqe' O.bVIOUS|y’ the accuracy of .ozone (and OtherFi . 12. Atmospheric transmission spectra along the line of sight
species) retrieval depends on the star brightness. The SeCOI’ﬁLfm GOMOS to the star Sirius, for different tangent altitudes.
feature is the fact that hot stars have much more UV flux

than cool stars of equal magnitude, allowing ozone retrieval

with the Hartley’s absorption continuum, peaking at 255 nm

(the shortest wavelength of GOMOS is 248nm). Each3.3.2 Atmospheric transmissions

spectrum is measured for 0.5s, and the signal per pixel in

electrons gives the indication of the shot noise, the mainFigure 12 shows the spectral transmissidfys, measured at
source of error for the spectral transmission: 1% for a signaly humber of tangent altitudes, during one occultation of
of 10000electrons. The pixel spectral size (sampling) iSthe star Sirius (the brightest in the skyJ;, (z) is obtained
given in Table 1. ~ by ratioing S, (z)/So, whereS,,(z) is the measurement of
Note in Fig. 11 the strong Fraunhofer Hydrogen lines in the spectrum through the atmosphere obtained at altitude
the spectrum of star S005 (GOMOS identification number; - quring 0.5s (altitude integration over 1.7km at most,
of the star Vega, the 5th brightest in the sky), allowing a gepending of the distance of the star from the orbital plane).
good in-flight wavelength calibration of the spectrometer, | this particular case, the minimum altitude was less than
and a relative lack of signal around 380 nm, which is anqg km, while for dimmer stars, the tracker may lose the
instrumental effect: this is where the spectrum of the stargiar petween 20 and 10km. From UV to 700 nm, one can
produced by a holographic grating is divided in two parts, recognize on the transmission spectra:
reaching two different CCDs (UV and Visible) with some
resulting vignetting.

ission

O, Chappuis

transm

T

T

— the strong Hartley’s absorption continuum at 250-—
280 nm, allowing measurement of ozone up to 100 km,
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Fig. 13. Forward simulation of the atmospheric transmission. The contribution of various absorbers at a tangent altitude of 20 km are
indicated as well as the total transmission. The dilution factor is due to atmospheric refraction, and is about 0.4 at 20 km altitude.
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Fig. 14. Vertical profiles and their error bars for ozone, N@nd  Fig. 15. Spectral transmission measured in thel@nd (called “A

NOj3 retrieved from one single occultation of the star Sirius. band”, around 760 nm), compared with a HITRAN model (adjusted
to the baseline). The level @t,oq was adjusted to the level of the
measured transmission, which is well below 1, mainly because of

— the Huggins bands of ozone at 300-340 nm (visibler(afractlon effects.

from 29 to 52 km),

There are also some irregularities (conspicuous on the 37 km
transmission around 400 nm), which are due to imperfect
orrections of the scintillation effects, as is explained further

elow.

— small spectral features around 440 nm due toNO

— the broad absorption Chappuis band of ozone, from 48(&
to 700 nm, with pronounced spectral features,

Figure 14 displays the vertical profile of ozone, NO
— a small feature at 656 nm due to NO and NG retrieved from one occultation of the star Sirius.
For ozone the retrieval extends from 16 to 106 km (lower
— asmall @ band at 670 nm, stratosphere to mesosphere), with a range of concentration

covering six orders of magnitude. This exceptional dynamic
— the Rayleigh extinction of air, giving the slope around range is possible because of a corresponding large range
400 nm (visible essentially below 30 km). of absorption cross section over the GOMOS wavelength
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Fig. 16. GOMOS transmission obtained with the star Alpha Orionis

(S0014 is the GOMOS ID number) at a tangent altitude of 9.27 kmFig. 17. Example of real scintillation recorded at 1 kHz by Gomos.
just below the tropopause (red curve, right scale), and the modelangent altitude is shown on a non-linear scale at the top of
transmission at 9km (black curve, left scale). There are featureshe graph. The zoom shows the signals from “blue” and “red”
in the measured spectra that do not come fropOHabsorption, photometers (see the text for details).

but rather from an imperfect correction of the severe pixel-to-pixel-

non-uniformity affecting the CCD of spectrometer B2 in the range

940 nm. This was taken on ENVISAT orbit A600. have a much lower sampling rate of 2Hz. However,
the photometer signal averaged down to 2 Hz still exhibits
fluctuations (not shown here). The amplitude of these
fluctuations range from-4% up to~20% at altitudes below
30km. This modulation of the transmittances caused by
acintillation significantly exceeds the instrumental noise,
especially in case of very bright stars. Therefore, the
dsignals from the two photometers are used to correct the
geformations of transmission spectra as much as possible

domain. GOMOS is the first instrument providing systematic
NOs profiles. This species exists only at night, being rapidly
photo-dissociated by sunlight.

Figures 15 and 16 show the spectral transmission obtaine
respectively in the Oxygen ©Oband (called the A band)
around 760nm, and in the water vapour band aroun
936nm. Measured transmission spectra are compare

; . : . efore the spectral inversion.
with a simulation of the model transmissiofingg. It In addii he bh ' g b loited
is obtained with HITRAN line-by-line calculations at the n addition, the photometers” data may be exploited to

highest possible spectral resolution, then convoluted to th&haracterize the turbulent state of the atmosphere (Sofieva

actual resolution of the instrument, considering only theseSt a_I., 2007?’ b, 2009a; Gurvich Et_ aI.,_2007), an_d derive a
rtical profile of the temperature with high resolution, from

gases. The high degree of resemblance should be note\ge .
between the data and the model fos, emonstrating the the measured.tlme delay between the blue peaks and the
high spectral quality of the data, considering the Weakneséed peaks, which are produced by the same air temperature
of the stellar source. For D, all absorption features irregularity: the blue rays are more refracted than the red

predicted by the model are present in the observed spectr@.‘;‘ys' and are therefore encountered later by GOMOS during

However, there are also other features in the measure e occultation (insert of Fig. 17).
spectra that do not come from,8 absorption, but rather
from an imperfect correction of the severe pixel-to-pixel non-
uniformity affecting the CCD of spectrometer B2 in the range 4
940 nm.

Problems encountered during the GOMOS mission

During the 8 first years of the GOMOS mission (2002—
3.3.3 Scintillations observed from fast photometers 2009), some difficulties and problems were encountered

that deserve to be described in some detail, as well as
Scintillations are one aspect of refraction. They are due tarelated mitigation schemes. These include: an unexpected
small irregularities in the air density vertical profile (and increase of the Dark Charge (DC) of the CCD detectors,
therefore, temperature). Figure 17 shows an example ofhe scintillations produced by the isotropic component
scintillation measurements by the GOMOS fast photometersof temperature fluctuations, some malfunctions of the
The rms variation of relative fluctuations of intensity orientation mechanisms, a component of stray light on the
recorded by the photometer rapidly grows with decreasingday side, and the “cosmic hits” produced by energetic
altitude (roughly proportional to air density) until it saturates particles encountered when ENVISAT is in the South
at values~ 1 at an altitude of~ 30km. The spectrometers Atlantic Anomaly (SAA).
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4.1 Dark charge of the CCDs Evolution of mean OC spectro A2 central band
G 1 ) B | B L

The CCDs used as detectors in the GOMOS spectrometer
were procured from EEV, Ltd. They are back-side
illuminated, ensuring a good quantum efficiency for the
whole wavelength range of the spectrometers. They were g
advertised as having a very low Dark Charge (DC), using
the MMPP technology, which should have precluded the
usual practice of cooling the CCDs te40°C. The thermal [
concept of the instrument was therefore simplified, and _ri oot Fl
a good thermo-mechanic stability was ensured (especially vf“ L .M
important for avoiding spectral shifts). /.c "

Unfortunately, some pixels soon showed a different » /
behavior, which affected all of them after 2—-3years in ﬂé‘ ne norfalizatian -
orbit. The DC increased by more than a factor of 10, nofmalized whth| TP=—8% -~
and also showed variations of mean level much greater oLl e b L
than expected from Poisson statistics, on scale times of 5000 1°§g?t nur:,i’ffu 20000 25000
tens of minutes. This phenomenon is referred as RTS in
the literature (RadioRandom Telegraph Signal), caused byFig. 18. Mean Dark .Charge for spectromgt_erAZ. The black curve
radiation belt energetic particles changing the structure of theshows seasonal variations due to the position of the sun and thus to
silicon in the pixel. Instead of being uniform along the CCD, the change of the temperature of the CCD. The red curve has been

- . obtained by normalizing the black curve at a reference temperature
the DC presented a highly structured pattern: the DCNUof —5°C. Therefore, the red curve shows that an increase of Dark

(Dark Charge Non-Uniformity). _ _ Charge independent of the temperature still exists, due to radiation
The situation was mitigated by devoting at each orbit onedamage.

full dummy occultation, pointing at a Dark Sky area and
recording the exact pattern of the DCNU. This occultation
occurs near the ascending node (crossing the equator), in th~ 4 A T
depth of the night-side to avoid any light contamination. This
recorded pattern is then used to correct by subtraction all the

2002 2003 2004 2005 2006
.J‘::':t., '

cond

200D

per

Electrons per bond

j=]

occultations of the following orbit. w34 SID—_Azoos L
Nevertheless, the mean DC increases as a function o% g

time, as shown on Fig. 18 for a combination of two causes:s 2006

the increase of temperature of the instrument, becausyg 2- :58857; B

of the degradation of the thermo-optical properties of theg —— 2009

insulation layers, and the increase of the RTS. Itis possibleé

to disentangle the two effects, since the law of DC changed 1
with temperature is well known. Figure 19 shows the
histograms of the number of pixels showing a certain dark
charge in electrons per 0.5 s, separately for the various year 0 T T ' — —
of operation. In 2003, some pixels were still showing low 0 5000 10000 15000
dark charges, while larger and larger values are seen in th. Dark Charge (electrons)

following years. It clearly affects the accuracy of the various _ _

gases’ retrieval, mainly for the dimmest stars, whose signaf9- 19- Histograms of Dark Charge of Spectrometer A CCD
is competing with the dark charge, as shown in Keckhut etdetectors. The bins are 100electrons; the vertical scale is the
al. (2010) by comparison with microwave- and lidar ground-
based instruments.

Log 10 of the number of pixels having the specific dark charge
of the bin. They are collected around the 1st of January, during
20 Dark Sky Area observations dedicated to the measurement of

) o Dark Charge. The Dark Charge is increasing from year to year, due
42 Pr0b|emS W|th SC'nt'”at'onS to accumu|ated radiation damage_

Scintillations are the result of interaction of light waves with

air density irregularities (Gurvich and Brekhovskikh, 2001;

Dalaudier et al., 2001). It is known that there are two isotropic irregularities (turbulence), which appear as a result
types of air density irregularities in the Earth stratosphere:of gravity wave breaking and due to different instabilities.
anisotropic irregularities, which are stretched along the EarthThese irregularities produce scintillations at the observation
surface (generated mainly by internal gravity waves), andsite.
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Before the launch of ENVISAT, the isotropic component Farzentaqe of costnie ray hits per profile

was thought to be small in the stratosphere. However, thezﬂﬁ- 100.2
analysis of the fast photometers, and of the wavelengthiss
transmissions measured by the spectrometers showed that|; AOLOD

was more important than expected. As a result, the schem|s
that was designed to correct the spectrometer transmissia
did not achieve a complete correction.
When a star lies in the orbital plane (Az20GOMOS

will observe exactlythe same density vertical structure at
all wavelengths (but various times); in such a case, the
scintillation correction will be perfect, even in the presence|!
of isotropic fluctuation. For a star which is not in the vertical |
plane (the usual situation), the occultation point will have an
oblique trajectory at the limb (Fig. 50). If the fluctuations |*
are purely anisotropic (the vertical structure is conservea

hor'zoma!ly)’ the scmt'lllatlon p".’mem W'"_be exactly the Fig. 20. Each point of the world map is the position of ENVISAT at
same as if the occultation were in the vertical plane. It wasihe time of one occultation recorded by GOMOS during the month
found that this is not the case: there is always an isotropicf November 2004. The color coding describes the percentage of
component to the fluctuations, which results in an imperfecto.5 s samples of CCD spectrometers that have at least one cosmic
correction of the transmission spectra, becoming worse as thiit. Both North and South auroral zones are visible, but the region
obliquity increases. most affected is the South Atlantic Anomaly.

The impact on the accuracy of ozone retrieval of such an
effect has been studied (Sofieva et al., 2009). The effect is

significant between 20 and 40 km, increasing the error OMyiven in the flag stored in the Level 1b product (PCD ILUM).

ozone local density from<1% up to 2% for a bright star, Tpjs index may be also used as a guide for the stray light
and up to 4-8% for dim and cool stars of magnitug2.5,  contamination.

T <6000K (Tamminen et al., 2010).

ED.OC

40,00

20.00

—5U R 0,000

4.3 Stray light 4.4 Cosmic hits

The internal straylight is the light contained in the FOv They are generated by high energy particles trapped in the
(Field Of View) limited by the slit, but whose photons are radiation belts, and manifest themselves by a much larger
mainly light scattered by the grating and it is most manifestcontent of electrons in a pixel, or a few adjacent pixels

as light from the star collected in the background bands (upldepending on the angle of the trajectory to the plane of
to 1.5% of the light collected in the Star Central band in theth® CCD). They are tracked and flagged by the pipeline
UV). At present time, no correction of the internal stray light Sftware of Level 1b. They affect the measurements mainly
is implemented. when ENVISAT is in the South Atlantic Anomaly, or at high

External stray light is light that makes its way through latitudes in the aur_oral zones, as can t_)e seen on Fig. 20.
the slit, although its origin is outside the nominal FOv ©Only the flagged pixels are ignored during the retrieval of
defined by the slit at the focal plane of the telescope. Therdonstituents, and the occultation as a whole is still valid.
are mainly two sources of external stray light. One is the
solar light scattered by some ENVISAT hardware into the4.5 Orientation mechanism malfunctions
baffle and optics of GOMOS. The other comes from the sun-
illuminated limb or the nadir. It bears a strong tropospheric Figure 9 shows some interruptions of the data, all of which
signature of HHO and Q absorption. The external stray were caused by some malfunction of the Steering Front
light of solar origin does not go through the ozone layer Mechanism (SFM). In May and July 2003, a malfunction
and therefore contains some UV even at maximum ozonef the “voice coil” commanding the azimuth motion forced
absorption wavelengths (255 nm). At the present time, noESA to switch GOMOS to a redundant system, Side B. In
correction of the external stray light is implemented, because€2005, a similar problem affected the elevation mechanism,
most of it is the same in the three bands, and is subtracte@hich could not track the star completely. It was found
at the same time as the bright limb contribution (see below) through thorough investigation that the problem occurred
Still, geometrical computations are performed to characterizenainly when a large excursion in azimuth was scheduled
the illumination conditions of GOMOS, ENVISAT and the between two consecutive stars. Therefore, GOMOS was then
tangent point of occultation at the limb at a reference altitudeoperated in a limited range of azimuth, a window of 30
(the nominal value is 50 km). The illumination condition is which limits were optimized by one of us (Hauchecorne) in
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order to still get a good sky coverage. It is obvious from — separation of stellar light from limb background light
Fig. 9 that the overall sampling is coarser after this second  and calculation of total transmission,

failure, and GOMOS is still operated in this mode at the time .
being (December 2009). — geolocation of each measurement.

The data processing requires good orbit knowledge and
good knowledge of instrument characteristics (dark charge,
wavelength calibration, wavelength resolution, etc.), based
on ground calibration and in-flight additional measurements
(with special monitoring modes of GOMOS). In addition, an

In this section we describe briefly the algorithms used to@tmospheric vertical profile is needed, in order to account

retrieve vertical profiles of atmospheric parameters fromfor atmospheric refraction of the ray path for a more precise

GOMOS raw measurements (Level 0 data). A more 9eolocation of the transmission measurement.

complete description may be found in K¥a et al. (2010a) The Level 1b data processing is identical for both

as a part of this GOMOS ACP special issue. spectrometers A (UV-Vis) and B (for £760 and HO
The species covered by GOMOS arg 80;, NOg, H,0, 936 nm).

O, as well as aerosols and temperature: which together

constitute the so-called Level 2 GOMOS data products. The-€vel 1b data products

Level 2 product contains also the line densities of measure . . .
species, and the ECMWEF data for air (both local density an(;jrhe Level 1b data products are listed below, with their

temperature, and integrated line density). The measuremen?sampllng rate. They are grouped occultation-by-occultation

cover altitudes of 5-150 km. The vertical range of valid data abgut ~30 ﬁ)_er gr;)'tl)' Sﬁ_rln € d cor_r|1menths gn these da_ta
is somewhat variable, in particular with the star type andpro L.thS are listed below, while detalls on the data processing
brightness: for ozone, 10-100 km; for N@nd NG, 20— are given later. T
50 km; aerosols, 15-40km. In special occurrences; IO Rgference star sP ectrum (onpe ber occultatlp  is
seem; t0 70 krr,1 ' obtained by averaging the 10 first spectra obtained above
P ’ . 120 km during the occultation to minimize the noise.
In a very natural way, the data processing of GOMOS

. : : - Reference atmospheric profile (2 Hzhis density profile
includes the extraction of the atmospheric transmission as th|es extracted from a meteorological field analysis (ECMWF)

intermediate product, defining the output of the prOcessmgcombined with a climatological model at higher altitudes
that proceeds from raw measurements (Level 0) to Level 1b(MSISE-90 Hedin, 1991). It is used during Level 1b

atmospheric transmission). Quite obviously also, the data . )
glow oprOMOS is divided) in(t?o individual d};ta sets each processing to compute the refraction of the LOS, by full ray-

covering one occultation, since each of them can be anal ZeHacing computation. Itis also used in Level 2 processing to
) 9 ' alyZeHy air density (Rayleigh extinction) and is contained in the
independently from the others. The data processing i

somewhat different, according to the illumination conditionsﬁ'evel 2 produc?t. . . :
: ) . Full transmission spectra and covariance (2 Hzbhis
at the tangent point as defined earlier.

: . . . rum i in ividin h rum in on
The algorithms discussed here are used in the Envisa pectrum is obtained by dividing each spectru one

. ccultation by the reference star spectrum. It is called
vt been developed under a contact between ESA and tn{l" because 1t is the actually measured wransmission,
company ACRI France in Sophia-Antipolis, France. The not corrgcted for. refraction effec_ts (dilution, sc_|nt|IIat|on,
scientific institutes, the Finnish Meteorolc;gical Ins:titute chromatic refraction) nor for variable PSF (Point Spread

. } C .. " Function). The covariance (here, in fact, the variance of each
the Service d’&ronomie (now LATMOS) and the Institut ixel signal) is computed from analysis of tBéNratio
d’Aéronorr}ieASCpl):{a}tia;le d? BelgiqUﬁ, ha;:e tggrl\l/ltgg Sé:ientifié) Central Background estimate (2 Hzis is the esti.mated
partners o , forming together the xpert I . .

Support Laboratory coalition (ESL) in charge of the background contribution to the total signal in the central

: band, which is subtracted to yield the pure stellar signal.
algorithm development. The GOMOS Level 1b and Level 2 . .
algorithms are described in great detail in the GOMOS Photometers data (1 kHzgorrection to raw data includes

Detailed Processing Model document (GOMOS ESL, 1998).21ne dutﬂf!sdulg?rggir(])i tzl)?tg;\:\l/(hce:rﬁ:geg suffer from an overflow)

SATU data (100 Hz)this is the position of the centroid of
star image in the SATU CCD (Stellar Tracking Unit), which
enables calculation of the wavelength assignment.

The data processing to reach Level 1b spectrometers’ Wavelength assignment (2Fiz)his is the wavelength

5 Retrieval algorithms

5.1 Overview

5.2 Level 0to Level 1b processing overview and
Level 1b data products

products consists basically of: of the center of each pixel, for the given measurement of
transmission (it may change during one occultation owing
— correction of instrumental effects, to imperfect tracking).
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Geolocation (2 Hz)this includes both the position of the to detect these cosmic rays. The pixel data are flagged and
ENVISAT spacecraft and the position of the tangent point of not used in the further processing. In bright limb condition
the LOS. cosmic ray processing is disabled.

Limb products (2 Hz) this product includes the back-
ground actually measured with the two external bands ofMlodulation correction
CCD spectrometers, uncorrected and corrected for stray light

and other factors. This product is found in separate dedicated "€ ffset level of the ADC (Analog to Digital Converter)
was found to vary by 0.5 to 1.5ADU (Analog to Digital

files.
Unit), according to a very regular pattern. This pattern was
] ) determined, and a correction is now systematically applied
5.3 Level 0to Level 1b processing details for spectrometers Al and A2.
Geolocation of the LOS Conversion of ADU to measured electrons

In principle, the tangent altitude of one line of sight is Each ADU value is converted to a number of measured
defined only by the position of ENVISAT and the direction electrons, for which Poisson statistics apply. A linearity
of the star. Several effects must be taken into account. Theorrection is applied, which is verified at each CALEX
direction of the stars depends on the date because of thgonthly operation, by using a mode in which the same star
proper motion of the star and the aberration of light. Also, thejs observed with various integration times from 0.25 to 10s.
LOS is not a straight line, because of atmospheric refractionThe correction depends on the CCD, but is quite small (less
Afull refraction computation is performed, assuming that the than 1%).

atmosphere is well represented by ECMWF predictions (for

Near Real Time processing) or ECMWF analysis (for off-line Dark charge correction

processing, and re-processing).

Even in the absence of light some electrons are generated in
a pixel, the so-called Dark Charge, and must be subtracted to
get the number of electrons generated by light. As described

In this operation each pixel is assigned a wavelength.ear"er' the CCDs have aged rapidly on this respect, and

The assignment relies on regular calibration observation ave increased their DC g_ene_rat|on._ As ? result, the D.C
of stellar features, supplemented for Spectrometer B b as increased constantly with time (Fig. 18); furthermore, it

the use of the @ band atmospheric absorption, very well changes from one pix_el to .the.next, an.d the DC.NU pattern
defined. Since the entrance slit is rather wide, equivalen{Dark Charge Non-Uniformity) is changing over time scales

to ~10 spectral pixels, the mean position of the star duringOf tens of minutes. The DCNU pattern is measured on

one 0.5s sample in the horizontal direction translates into aeach orbit, while observing a sky dark area, around the

small wavelength shift that is taken into account. The Starascending node of ENVISAT (in the deep night). These

moves by a few microradians because of scintillations andneasuret:qentihare USTS t|9 c<t:)_rrec;t altl ot?el:_ocgulttatlons n :he
imperfections of the tracking. Data from the SATU are usedsr?mce:glg It, with a mudlp |cac|{on ac (f)rh_a g](g; ":IO accounh.
to correct the wavelength of each spectral pixel (spectel) b)} € temperature dependence of this DC. However, this

a small amount, since the image of the star is much Sma“el;emperature is digitized by sfteps of 6@, rather large to'
than the width of the entrance slit of the spectrometer. make a very accurate correction. In the future reprocessing,
we will use the pixels in the UV range below 280 nm at

_ _ _ low altitude, where we know that ozone blocks all the light,
Bad pixels and cosmic ray processing to determine the mean value of the DC, and the accurate

_ _ _ _variation of temperature between the DC calibration near the
Alist of bad pixels is regularly updated from a GOMOS in- gquator and the current measurement.

flight calibration process called CALEX, which includes the

use of a Uniformity monitoring mode. Only a few pixels, Correction of the SFA mirror reflectivity

out of 2336, are out of order after 7years in flight. The

CCD detectors are sensitive to high energy particles arrivingThe plane mirror of the SFA (Steering Front Assembly) is
mainly from the Earth’s radiation belts, at high latitude, and oriented in such a way that the line of sight is reflected in
in the South Atlantic Anomaly. A cosmic ray produces an a fixed direction, along the telescope axis. The reflectivity
additional charge in a single pixel or in several pixels if the of the mirror varies with wavelength and the angle of
angle of incidence with respect to the surface of the CCD isincidence, which is> 25°. The incidence angle depends
small. This phenomenon is seen in all space-flying CCDs.on the elevation and azimuth angles, defined in a frame of
A pseudo-image is built from the succession of all spectrareference attached to ENVISAT. Since the incidence angle
in one single occultation, on which a median filter is applied varies by a few degrees during one occultation, it is important

Wavelength assignment for spectrometers
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to correct for the effect. Otherwise the transmission ratioCorrection of limb background

of two star spectra measured with different incidence angles

would be biased. A look-up-table has been built from Sirius!n bright limb occultations the background radiation falling
observations with various azimuth and incidence angles. Th@n the central band needs to be subtracted from the
variation of reflectivity is assumed to be a linear function of measured central signal in order to get the star signal
the angle of incidence, different for each wavelength. Thisalone. — This background is estimated by a linear or
effect was detected in flight, while monitoring the minute €xponential interpolation (the latter is currently activated
variations of star intensities: the influence of azimuth andin the processing) between the measurements of the

elevation was obvious. background made in the upper (U) and lower (L) bands.
The central background estimate is stored in the Level 1b
Internal and external stray light correction product. The estimates of the upper and lower background

_ _ _ are stored in the GOMOS Limb Products, which may be
At present time, no correction of the internal stray analyzed to retrieve also ozone and other gases, as done for

light (leakage of star light in the background bands) is SCIAMACHY (Bovensmann et al., 1999) and OSIRIS on
implemented to correct the background bands. HoweveropiN (Tukiainen et al., 2008).

in full dark limb conditions, there is no subtraction of the  Before the estimates, a flat field correction is applied.
background bands from the Central band where the starhe sensitivity of each pixel is retrieved from a PRNU

spectrum is recorded. map (Pixel-to-pixel Response Non-Uniformity). The PRNU
In some illumination conditions, there is some externalygjyes of all pixels have been determined in-flight, and for
stray light, either directly coming from the sun (and reflectedthe PRNU band correction an average is made over the 7
on some part of ENVISAT and scattered to the mirror of |ines of the upper (U), central (C) and lower (L) bands.
GOMOS), or coming from the bright scene illuminated.  The subtraction of the background estimate is not per-
Each occultation is qualified with an indicator (PCD ILLUM) ' formed in the full dark limb conditions for Spectrometer A
defining the illumination conditions at the tangent point. hecause it is negligible and subtracting it would add the
One main parameter is the Solar Zenith Angle (SZA) at thengjse of the Dark Charge of the two background bands. For
tangent point. The data analysis may be slightly different forspectrometer B (IR), it is not negligible, not even during the

the VaI’iOUS Conditions. They are defined as fO"OWS: n|ght There are indeed anz@mission around 760 nm and

PCD ILUM =0: full dark OH emissions near 940 nm. '

Not in bright limb nor twilight nor stray light conditions. On the day-side, the limb brightness is large. It saturates
_ . the spectrometers usually at altitudes lower than 26 km so

PCD ILUM =1: bright limb that the background correction is no longer feasible. When

SZA attangent poink97° for at least one measurement any of the upper, central or lower band is saturated, the

with altitude at tangent point50 km. corresponding column is flagged and not used in the ensuing

PCD ILUM =2: twilight processing.

Not in bright limb and SZA at tangent poirt11(® for ~ Star signal and transmission
at least one measurement with altitude at tangent point

<100 km. The stellar signal created by the background subtraction must
be corrected for flat-fielding in order to get a valid estimate of
PCD ILUM =3: stray light the star spectrum. The nominal location of the star signal on
Not in bright limb and SZA of ENVISAT<120 forat  the CCD, the SATU output data, the photometer engineering
least one measurement. data and the PRNU full maps are used in flat-fielding. The
PCD ILUM =4: twilight + stray light flat-fielding is most important for spectrometers B1 and B2

Not in bright limb and both conditions for twilight and (UP 10 £20% for B2, due to an optical interference in the
for stray light are verified. The index (PCD ILUM) may coating of the CCD, gpd of the order #fl—2% fpr Al and
be also used as a guide for the stray light contaminationAz)' The exac_t position of the sta}r communlcat(_ad by the
SATU is taken into account. In spite of these refinements,

we found that the PRNU effect was not corrected perfectly
Vignetting correction for the B2 spectrometer, dedicated te® measurements

at 936 nm. We suspect that this is because the star light
The azimuth of the star may go from10° to +9C°, where is extremely well focused on the CCD, and that the pixel
the origin O is taken in the orbital plane. For negative response is not uniform over one pixel. For the next version
azimuth ranging from-5 to —10°, a part of the telescope of the processing, a new sub-pixel PRNU map will be used,
area dedicated to feeding Spectrometer B is occulted by thevhich could be established when the plane mirror made
plane mirror. A vignetting correction factor is applied for unwanted excursions over the SATU detector (Bertaux et al.,
such cases. 2009).

www.atmos-chem-phys.net/10/12091/2010/ Atmos. Chem. Phys., 10, 1P2P48-2010



12116 J. L. Bertaux et al.: Global ozone monitoring by occultation of star

Once the star signal is corrected as described above to — The local densities (or concentrations in Tih of
obtain Sops, the 10 first spectra (obtained above 120 km) ozone, N@, NOz, OCIO, &, H>0 and their error bars.
are averaged together to form the reference spectfigm
, and the atmospheric transmissidg,s for each sample is
calculated on a fixed reference wavelength grid (one value
per spectral element, or “spectel”) as the ratio:

— The line densities (also called slant densities; énof
the same species and their error bars, which are the
concentrations integrated along the line of sight.

Tobs= Sobs/ Sref (5) — The aerosol extinction and its wavelength dependence.

This is the actually measured transmission, not corrected for — The temperature with a high vertical resolution (avail-
dilution nor scintillations. Therefore, in some extreme cases ~ able in the next re-processing).
of scintillatiorjs, it may be Iarger' than 1. These corrections The geolocation of these data.
are done during Level 2 processing.

— The air density given in the ECMWF/MSISE-90 model,
Error bar on the transmission and the corresponding integrated line density along
the LOS. This product obviously does not come from
GOMOS data, but is recommended for use when one
wants to compute a mixing ratio from GOMOS density
products.

All Level 1b products are accompanied by error estimates.
These estimates are calculated assuming that there is no
modeling error and normal Gaussian error statistics. The
pixelwise data are assumed to be independent of each other.
The error is estimated from Poisson statistics for the numbeEach of these products gives one vertical profile for each
of electrons, the CCD read-out noise, the digitization stepstellar occultation, with about 30—40 occultations per orbit.
(one ADU corresponds to different numbers of electrons for The processing is divided into two sequential steps:

the various CCDs and operating modes) and the error of
the background subtraction, as described in more details in
Kyrola et al. (2009). All these error estimation formulas
have been validated by simulations and by in-flight statistical 2 The vertical inversion, which provides the local

analysis of measurements. densities from the line densities.

1. The spectral inversion, which gives the line densities for
a given transmission measurement.

Photometer data processing to reach Level 1b This second step assumes that the distribution of species
has a locally spherical symmetry, while the extraction
The photometer data (red and blue channels) are measure} |ine densities are independent of such an assumption.
with a sampling rate of 1kHz and each sample correspondg, addition, the local density data are noisier than the
to a time integration of 1 ms. The detectors are CCDs ofjine densities, because the vertical inversion introduces
16x 16 pixels, but only 14lines are binned together, and fivesome oscillations that are smoothed out by a Tikhonov
central columns only are read separately to procure a signaeqularization, decreasing somewhat the vertical resolution.
in ADU and added together digitally. Therefore, the time variations and long term trends may be
Because of the Mits capacity of the on-board adder stydied, not only on the local densities, but also directly with
included in the photometer electronic chain, only the 12 leaskhe |ine densities.
significant bits are written in the GOMOS packets. In  The spectral inversion is quite different for spectrometer
case of overflow, the analysis of the temporal series usuallyy and B, and they are treated almost fully separated. The
allows rebuilding the original signal by continuity (unfolding reason is that in the UV-VIS domain of spectrometer A,
algorithm). This algorithm may fail for Sirius (strongest the forward modeling of the transmission is rather fast, and
signal) and in a case of strong scintillations. is used in a best fit approach with Levenberg-Marquardt
There is also a Dark Charge correction and the total Ofscheme; while for @ and KO absorption calculations,
ADUs after unfolding is converted into electrons in the forward modeling requires a line-by-line computation with

processing with the appropriate gain. _ the HITRAN data base, with a prohibitive computing time if
A strong sub-pixel response is present in these smallone on-line.
CCDs, as was discovered recently. The GOMOS Level 2 data processing assumes that a

measured transmissiorfpps, (produced by the GOMOS
Level 1b processing) can be taken as a product of two
transmissions:

Starting from the Level 1b products, the Level 2 processingTObs_ TretTex ©
aims at computing the following Level 2 products for each The transmissionTies is due to refractive effects and
tangent altitude measurement: the transmissiorley; is due to absorption and scattering

5.4 Level 1b to Level 2 processing

5.4.1 Level 2 products and processing overview
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processes in the atmosphere. The Level 2 processing airr
first at estimating the refractive part using the fast photomete ] 01
data and the geolocation data, and then to remove it from thi
measured transmission. The remaining transmisgigrcan

then be connected to the atmospheric constituent densitie:*®
the retrieval of which is the main mission objective of the
GOMOS instrument. This transmission can be written as: ..

Transmisgion
T

corrected from dilution and scintiliation

Texi=e o (7)

where the optical thicknesg)) is given by an integral along
the line of sights:

0.2

0.0 3
o

3
23 km meaosurement carrected from dilut]
23

W)=Y / o) (A, r(5)) pj (r(s))ds ®)
J

[ P

in which p; is the density of species j, with absorption cross =» o0 00t (my 20 70
sectiono; (1) andr(s) is the altitude of the running point
with curvilinear abscissa along the line of sight. The Fig. 21. Examples of transmissions measured at 23 and 30km.
simplifications discussed in Kgta et al. (2010a) lead to The Level 1b measurements are in yellow and violet for 23 and
some inaccuracies of the modeling but they are counteracte80 km, respectively. They are shown in red and blue after correction
by performing iteration loops. After performing spectral and for dilution and scintillations, while the best fit models of the
vertical inversion we perform the sequence again and so orfransmission are shown in black.
Usually one iteration is enough to converge.

In the forward model that computes the model transmis-

;lqn to be compared_ Wext, One must take into a.CCOUm the determined, the observed transmissiggsis divided byTyes,
finite measurement time (0.5 s) of GOMOS. During this time . L L
to obtain the transmission due only to the extinction spectrum

the tangent point altitude can change by up to 1.7 km, for .

occultations in the orbital plane. For occultations outside™ *_. .

the orbit plane this movement is smaller, leading to a better, Slncg t.he refraction depends_ on thg wavelength, one

vertical sampling resolution. transm!ssmn spectrum.probes s_hght]y different altitudes. A
Also, because of the finite spectral resolution of thecorrectlon for chromatic refraction is made by means of

. . . linear interpolation ween tw n iV isition
instrument, we cannot simply use the cross-sections as SuCz]nd tehai‘s C(:?repc?t;(; f[)ranbser;iseseizontis(:h((:e(zl f?te SU; f?)ri\?e(\qucjj ?ntoodesi
in the inversion. One solution often chosen is to convolute y

the cross-sections by the instrumental profile, which iSof the transmission that depends on all the species that we

mathematically incorrect. Rather, we convolute the modelWant to determine.
transmission by the instrument profile.

(Y v 0 o L Ty

sight, integrating over~300km. OnceTy; and Tsc are

5.5 Spectral inversion of spectrometer A (UVIS)

5.4.2 Refraction corrections 551 Cross sections

The scintillation and dilution correction process is based on

the assumption that the modulation due to refraction may bé'S desc::bed mt more ('dettag n ;g:a ?tkal._ (t2010a), t
split into two independent terms: some refinements are introduced to take into accoun

the finite integration time of the instrument, the finite
Tret = Tl Tsci 9) spectral resolution of the imaging system (as well as
the combined of effects of these two processes) and the
where Tgj represents the dilution component afdci  temperature-dependent value of the cross-section (important
representS the effeCt Of SCinti"ation. The dilution iS due to thefor uv absorption Of ozone)_ The Cross_sections and their

fact that refraction bends the star light rays more and more agemperature dependence are taken from the GOMOS data
the impact parameter decreases. It depends on the derivatigyse (Figs. 2 and 3).

of the refractive index with altitude, and on the distance of
the observer to the limb. This is one reason why the stellas.5.2 Aerosols
occultation is not very appealing from a geostationary orbit.

The scintillation is derived from the fast fluctuations Unlike the other trace gases retrieved by the spectral
of the photometers, assuming that the fluctuations due tanversion of GOMOS transmission data, the slant path optical
extinction by species are negligible at these small verticalthickness,ta(A), of the aerosols and of the stratospheric
scales, which is justified by the geometry of the line of or mesospheric clouds is not characterized by a well
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defined extinction cross-section that can be measured imscillations in the vertical profiles of the line densities
the lab. Instead, the spectral dependencergh) is of NO, and NG. The scintillation correction step is

a product of the inversion, not data. In the UV- unable to remove these scintillations from the transmission
visible range, the extinction of light results from the Mie data. In order to improve the retrieval, a variant of
scattering by a population of particles whose size distributionDOAS (Differential Optical Absorption Spectrum) named
is a priori unknown. Important diffractive effects are GDI (Global DOAS lterative) is applied for N£and NGs.
expected when the wavelength matches the characteristic |n the GDI a species is artificially separated into two
particle size. However, these effects are smoothed oufirtual species, % and Xp, with their respective cross-
when integrated over an extended particle size distributiongections, one which has a cross-section varying smoothly
allowing expression ofra(d) as a smooth (polynomial) with wavelength, the other having a rapidly varying cross-

wavelength dependence as: section, the sum of the two cross section being equal to the
total cross section of N&(or NOg).
N =79+ O = Aren) + ... T (= Arep)? 10 A .
) =t A1 (A —hre) T2 (1~ hre) (10) The spectral inversion is performed in two phases. The
and the spectral inversion consists of retrieving the quantitiedirst Levenberg-Marquardt fit is applied withe¥ 0 and X
r(!101’ Talll], _._Ta[lp]‘ as a free parameter together with all other species that we

The present stratospheric transparency is very high due t§/antto retrieve. The fit gives a first value X¢1)The second
the quasi-unperturbed relaxation of the Pinatubo aerosol loafit 1S applied with %= X(1)p. A second value X(3 is
since 1991, which makes the measurement of stratospheri%bta'”ed- The process is iterated until the maximum number
aerosols a difficult task. Therefore we restricted theOf iterations is performed or until a given convergence
description of the aerosol slant path optical thickness tocfiterion is reached.
a form with og/A wavelength dependence in the current
operational version of the algorithms, GOPR 6 (also called5.6 Spectral inversion of IR spectrometer B
IPF 5). (02 and H,0)

During volcanic periods like the aftermath of the Mount
Pinatubo eruption (Fussen et al., 2001) large stratospherighe |R spectrometer measures the densities of two different
particle formation has been observed up to radii of 0.5—Constituents @ and HO in two bands: 756—774nm
0.7um that induced a broad maximum in the optical (spectro B1) and 926-954 nm (spectro B2), respectively. Due
wavelength dependence. The wavelength dependence wag the physics of the problem, the individual absorption
modified for the new version GOPR 7 (or IPF 6), by taking |ines are very narrow and saturated, the apparent cross-
a quadratic form to describgy(1). The arbitrary reference  sections change with the integrated densities, and they can
wavelength has been fixed’ats =500 nm after an empirical  no longer be considered as only wavelength dependent. The
optimization of the covariance matrix elements. Tamminencajculation of the transmission function is computationally
etal. (2010) have studied the influence on ozone line denSity/ery demanding_ Therefore, it is difficult to use the
retrieval of taking various forms of the aerosols wavelengthsame direct inversion method as for the UVIS spectrometer
dependence. There are some significant differences beloyata.

20km. A new algorithm has been developed. The method

uses reference transmission specfaoq(A, N), that are
calculated for different integrated line densitieg, of O,
Before launch we thought that the air density could pe@nd HO. These reference tra.nsmissions dep_end on pressure
retrieved from its Rayleigh extinction. However, because@nd temperature. To take into account this dependency,
of coupling with aerosol extinction and NQross-section, ~ calculations of transmission are performed by using a
the achieved accuracy was not satisfactory. We decided tgirect model with a standard atmospheric profile. Several
fix the neutral density to the value given by ECMWF for such calculations are done for different atmospheric models
altitudes below 1hPa and to MSISE-90 model above. [t(US Standard 76) in order to get the response for 5
should be emphasized that ECMWF outputs are based oflifferent conditions such as tropical, mid-latitude (winter
actual measurements made all over the planet, updated eveff'd Summer) and subarctic atmospheric profiles. ~ The
6h through data assimilation, therefore providing a goodc@lculations were made in steps of 1km altitude from 0

5.5.3 Air density

representation of reality. to 100 km, with the highest possible wavelength reso.lut_ion
allowed by the HITRAN data base, and the radiative
5.5.4 NGO and NO3 transfer code LBLRTM [fttp://rtweb.aer.com/Iblrtm.htrl

Then, they are convoluted with the spectral function of
In the 20-40km altitude range, chromatic scintillations the instrument and integrated over each spectel wavelength
caused by isotropic turbulence create perturbations ininterval (0.046 nm for B1 and 0.056 for B2). They constitute
GOMOS transmission spectra. These lead to unrealisticransmission model tables, or LUT (Look Up Tables).
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For each measured transmissidg,s, at an altitudez, and  Abel’s integral are smoothed by a special type of Tikhonov
for the climatic table appropriate to latitude and season, aegularization (Sofieva et al., 2004). The parameters of such
scatter plot offyps as a function offineg(2, N) is made for  a regularization were selected to provide a constant vertical
all the pixels of B1 (or B2) separately in log coordinates, for resolution over some range of altitudes: 20 to 30, 30 to 40
a number of altitudes; (and corresponding/;), around the  and above 40 km. The resolution sought is different for each
altitude of measurement. A best-fit linear fit yields a value species and each altitude region. They are indicated below
of the slopeg;; in the series ofi;, two consecutive values for each species, in the 3 above-defined altitude regions
bracket the value 1. A linear interpolation foee=1 is then  (separated by commas, in order of increasing altitude:
done in the series;, N;, yielding the retrieved best-fit line
densiteret. Os: 2, 2-3, 3km,

I_n or_der to ta_ke into fﬂccounta possible residual continl_Jo_us Aerosols, NQ, NOs, OCIO: 4, 4, 4km,
extinction and its possible wavelength dependence, the fitting
function of the scatter plot is of the form: 0O,: 3,3-5,5km,

IN(Tobe) = aln (Tmod(h, N)) +b /5 +c (11) H,0: 2, 4, 4km.

and the parameter$ and ¢ are also retrieved in the Once the vertical inversion is done, the spectral inversion
process. Actually, for the Pband at 760 nm, there is a is performed once more in order to take into account the
small absorption by ozone in the Wulf bands. Therefore,temperature dependence of the cross sections. This loop is
the observed transmissioffiyps is first corrected from  necessary because temperature-dependent cross sections in
the extinction of ozone, as determined from the spectralthe extinction line-of-sight integrals (Beer-Lambert formula)
inversion of spectrometer A. In addition, the Rayleigh couple the spectral and vertical inversion problems.

extinction by air (fixed with ECMWF and MSISE-90), and

the aerosol extinction extrapolated at the wavelength of5.8 Error estimate

spectrometers B1 and B2 are also computed for a further . o
correction ofTops before the comparison with the tables of With GOMOS we measure atmospheric transmissions, from

Trog. which are derived optical thicknesses from the Beer-
The values ofs and ¢ are not used at present. They Lambert law. Optical thicknesses are absolute quantities;

may represent a deviation of the wavelength dependence cﬁonsequently all errors affecting the measurements translate

aerosol extinction far away from the reference wavelength'mo absolute errors in line densities, then in local densities
(500nm). However, one should be cautious, since thefter vertical inversion. Relative errors are then computed by

dilution and scintillations may change quite severely thethe ratio o_f_absolute errors to_r_etrieved absolute qu_antities
level of the continuum, and though the processing does tnflin€ densities, or local densities as shown on Figs. 14
to correct for it, the value of may not represent only the and 22). The absolute error estimate is based on the

aerosol extinction. At any rate, the value of a is independenPropagation of all Level 1b errors, the largest contributors
of ¢. Due to its nature. this method has been calledi® Which are dark current and photon noise, through the

“comparative method”. spectral and vertical inversions. An additional error source
in Level 2 is the step where intensity fluctuations from
5.7 Vertical inversion scintillations are removed using photometer data. In the

currently available GOMOS data (IPF 5, GOPR 6), this

The GOMOS vertical inversion seeks finding a vertical additional error is estimated empirically from large numbers
profile that, when integrated along the various lines of sightof equatorial measurements with varying azimuth angle. The
during one occultation, gives the measured line densities, underlying assumption is that the ozone distribution around
This is the inversion of Abel’'s integral. The number of layers the equator is relatively constant and the variability of ozone
is given by the number of measurements in the occultatiorprofiles comes from scintillations. In the new version of the
processed. The resulting problem is a readily solvable lineaprocessing, GOPR 7.0, this is replaced by the use of a full
inversion problem. By the triangular nature of the kernel co-variance matrix between spectral pixels: scintillations are
matrix the inversion can be done using the so-called oniorperturbing the spectrum, with a strong covariance between
peeling method. While in its standard version, the onionadjacent pixels. The retrieved quantities are not different
peeling technique yields layers with constant density in eactfrom the previous version GOPR 6, but the error bars are
layer, for GOMOS we approximate the local densities to somewhat reduced, and are much better estimated. Relative
be linear as a function of altitude between two successiveerrors are computed as the ratio of absolute errors to the
GOMOS measurements. derived absolute quantity.

The fact that line densities are an average over the Figure 22 (from Tamminen et al.,, 2010) shows the
integration time is dealt with a Taylor expansion. Unphysical new error estimate for ozone and PCfor various stars
oscillations attached to the classical problem of inversion of(brightness and temperature), and for vertical or oblique
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Fig. 22. GOMOS error estimates for{Xtop row), and NQ (second row) for representative cases: bright star (left column), typical star
(middle column) and dim star (right column). The dashed lines correspond to oblique occultations and the solid lines to occultations in the
orbital plane. Stellar temperature is indicated with the line color: hot stars (red), medium stars (green) and cool stars (blue). These values
correspond to the most recent version of data processing (GOPR 7.0), which is the baseline for the reprocessing in 2010 (from Tamminen et
al., 2010).

occultations (the latter being more sensitive to scintillationin time delay between the signals of the two photometers.
errors). For ozone the retrieval error of the night-time Due to the variation of the index of refraction of air with
measurements is typically 1-5% in the stratosphere, andavavelength, the light beam of an occulted star is more bent in
better than 8% up to 100km, except for cool stars abovethe blue part of the spectrum than in the red part. For a given
40km. The precision between 20 and 40km is around l-tangent altitude, the red beam reaches GOMOS before the
3% and below 20km it degrades to 10% at 15km. With blue beam (see Fig. 17). The computation of the time delay
reasonably bright stars NGcan be measured at 20-50 km gives information on the bending angle, which is related to
altitude range with 10-20% precision. N©an be measured the density and temperature profiles in the atmosphere. This
in the 25-45km altitude range with a precision of 20— method enables derivation of a high resolution temperature
40% with bright and medium brightness stars. Aerosolsprofile with a vertical resolution of 100—200 m, in the altitude
can be measured up to 30 km with about 5-10% precisionrange~20-40 km, where scintillations are most pronounced
Below 15km the accuracy degrades to 30%. Tamminen efsee paragraph 7.15).

al. (2010) have also shown that the increasing CCD dark

charge (Fig. 18) degrades the ozone accuracy from 1.5% to

2.8% (2008) for a dim star (ri.24), while the degradationis 6 Validation of GOMOS products

weak or negligible for bright stars.
In principle, the star occultation method is self-calibrating,

5.9 High resolution temperature profile and does need to be validated, since an absolute quantity
is derived from a relative measurement. The reality is
Besides the scintillation correction, the photometers’ signalsnore complex (in a large part due to scintillations) and the
provide a way to study small scale structures in thecomparison with other sources of similar data (validation
atmosphere. A high resolution temperature profile can beexercises) makes it possible to adjust the processing, or even
derived from the time delay between the two photometersto detect errors. One good example is the retrieval #DH
This is one of the GOMOS Level 2 products for IPF 6. which showed a systematic maximum-e® ppmv at 29 km,
The algorithm is based on the computation of the differencewhile other instruments never showed such a behaviour. This

Atmos. Chem. Phys., 10, 120912148 2010 www.atmos-chem-phys.net/10/12091/2010/



J. L. Bertaux et al.: Global ozone monitoring by occultation of star 12121

NO> mixing ratios observed in the winter polar regions, the
differences were within 35%. In the vast majority of cases,
the differences were smaller than the combined systematic
error of the measurements, giving great confidence in the
data quality.

One way to check the internal consistency of the GOMOS
data and retrieval scheme is to compare the vertical profile
of ozone obtained at the same geographical location, but
at two different (successive) orbits, and using two different
stars (at 2 consecutive orbits, the same star is occulted at
the same latitude, but at longitudes differing by aboift)25
This is shown in Fig. 23a, where the tangent points of
two consecutive orbits differed by only 25km. The two
vertical profiles are in excellent agreement and show also
the unique capability of GOMOS to measure mesospheric
ozone at night. It should be noted that while it is assumed,

Fig. 23a. Two vertical profiles of ozone obtained at the same . th tical i . that th distributi .
geographical location, but on two successive orbits and using wd" the vertical inversion, tha € ozone daistribution 1S

different stars with the tangent points differing by only 25 km. locally spherically symmetric, in reality there are horizontal
variations of the local density. As a result, the line density

integrated at a given tangent altitude may depend on the angle
of the line of sight (with the meridian circle, for example).
bias could be traced back to an unexpected strong sub-pixeta|culations have shown that there may be 4% variation in a
PRNU of spectrometer B2 (Bertaux et al., 2009). modeled ozone 3-D field, and this may account for some of
The GOMOS data validation activity has been carried outthe small differences seen in the two profiles of Fig. 23a.
since the summer of 2002. The most useful comparison for Another way to check the GOMOS internal consistency

ozone was made by Meijer et al. (2004), with balloon-borneis to examine a series of profiles in a region where natural
ozone sondes, lidars and microwave instruments, which alj;ariapility is in principle small. This is the case for low

produce vertical profiles like GOMOS. The results show that|atitudes, as illustrated in Fig. 23b, showing (left) a series
in dark limb the GOMOS data agree very well with the of 10 profiles obtained with the star Sirius, gathered within a
other data: between 14 and 64 km altitude their differencesday (therefore, at a constant latitude 6f\ and sampling

show only a small (2.5-7.5%) insignificant negative bias g|| |ongitudes). While above 30 km, all measurements are
with a standard deviation of 11-16% (19-63km). This gimost identical, below 30 km there are longitude variations
conclusion was demonstrated to be independent of the stajf the detailed vertical structure; daily mean profiles may be
temperature and magnitude and the latitudinal region of the:onstructed, and superimposed together as in Fig. 23b (right)

GOMOS observation, with the exception of a slightly larger showing 19 of such daily mean profiles. During this span
bias in the pOlar regions at altitudes between 35 and 45 kmtime, the point of star occultation varied from 0 to° 1,

GOMOS, MIPAS and SCIAMACHY measurements 0 O which may be a factor for the small internal dispersion of the

and NG have been compared by Bracher et al. (2005). Indaily profiles.

the mesosphere and lower thermosphere only satellite data

are available for validation purposes. GOMOS ozone results

have been compared with MIPAS by Verronen et al. (2005a).7 QOverview of GOMOS results

A general agreement between these two instruments has been

found, but at that time too few coincident measurements7.1 Ozone climatology in the stratosphere

were available for a definitive comparison. Another ozone

profiles comparison was made in the tropics with SAOZ Before GOMOS on ENVISAT, the most commonly used

long-duration balloon measurements (with solar occultationozone climatology with vertical profiles (based on mea-

measurements) in 2003 and 2004 (Borchi and Pommereawsurements) was produced by Fortuin and Kelder (1998)

2007), together with other instruments. A good agreemenihereafter, F-K), primarily based on ozone sondes up to

was found between 22 and 26 km showing a small negative30 km, and satellite data above 30km from SBUV and

bias (1 to—2.5%) and 6% dispersion on individual profiles. SBUV-2, using nadir back-scattered solar UV, which have an
In the case of GOMOS N§ validation against MIPAS inherently coarse vertical resolution, and stopping at 0.3 hPa

has indicated a good night-time agreement between the twé~ 55 km).

instruments (Verronen et al.,, 2009). In the middle and GOMOS was able to provide the first climatology of ozone

upper stratosphere the statistical differences were found textending up to 100 km, thus covering the mesospheric ozone

be within 5 and 15%, respectively. For high mesosphericlayer, and with a good vertical resolution. It was produced

Altitude, km

10° 10° 10" 10" 10"
Number density, cm™
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Fig. 23b. Left: ozone vertical profiles obtained with the occultation of Sirius’atl@nd 10 different longitudes, obtained in a single day (9
October 2003). Right: 19 daily mean profiles obtained with Sirius during the month of October 2003.
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. 0zone mixing ratio and the F-K climatology in 2003. The contours
summer and only the region 58 to 50 N are sampled over the

whole vear are separated by 5%. The horizontal axis is latitude in degrees, and
year. the vertical axis is altitude in km (from Kgjta et al., 2006).

from all night-time star occultations recorded during the yearat night, while SBUV data are day-side. At low altitudes
2003 (Kymla et al., 2006). The night-time limit was set at (15-25km) near the equator, GOMOS finds less ozone than
a solar zenith angle of 108and 43000 occultations were F-K (upto 20% less). The GOMOS results are not so reliable
kept in the analysis, binned by month and latitude zone ofbelow 18 km, but the discrepancy in the region 18-23km is
1% (zonal average). The quality was controlled by checkingprobably real, with an unclear reason up to now. Finally,
the retrieved ozone profiles for each star individually. Thethere is a conspicuous deficit in both polar regions, very
altitude range covered from 10 to 100 km, covering the wholemuch more prominent in the South. This is the signature of
stratosphere and the mesosphere lower thermosphere (MLThe ozone hole, greater in 2003 than the earlier times of F-K
at the same time. For the cool stars (with no UV flux), the data. However, the time evolution of this relative difference
maximum valid altitude was 35 to 45 km. Mixing ratios were GOMOS versus F-K indicates that the deficit appears already
computed with air densities from ECMWF below 50 km, and in March, and grows during the South polar night (&l et
MSISE-90 model above, included in the GOMOS products,al., 2006). Both deficits are probably linked to an increase
and the yearly mean is represented on Fig. 24. of NOs in the polar winters of 2003, w.r.t. the period around
This 2003 climatology is compared (Fig. 25) to the earlier 1985 pertinent to the F-K climatology.
F-K stratospheric climatology, using the yearly average. In A more recent analysis provides ozone time series analysis
the upper stratosphere above 45km, GOMOS shows morér the period covering the six years period 2003-2008
ozone by 5-10% (increasing with altitude), explained by the(Kyrola et al., 2010b). The average of ozone vertical profiles
diurnal cycle of ozone at these altitudes: GOMOS measuresre displayed on Fig. 26 for various latitude bins.
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Fig. 26. Average vertical profiles of ozone in the period 2003-2008. The left panel shows vertical profiles at different latitudes3(in cm
The upper right panel shows the same profiles in the mesospheré@mt§) and the lower right panel in the stratosphere (iA2dm—3)
(from Kyrola et al., 2010b).
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The ozone density in the stratosphere has a (well-known) 1
seasonal behavior, with a maximum appearing during winter- 100
spring months. The ozone column in the range 15-100 km is ]
calculated to be 244 Dobson at the equator, 264 Dobson in 1
south mid-latitudes and 271 Dobson in North mid-latitudes ]
for the period 2003—2008. There are two possible reasons -
for more ozone in the North mid-latitudes than in the South. ] $—¢., Tertiary ozone
We believe that the main reason is the greater activity of = % e
planetary waves in the Northern Hemisphere (due to thex
contrast between oceans and continents), leading to a faste§ -
Brewer-Dobson circulation and enhanced transport of ozones ]
from equatorial region to mid- and high-latitudes (see for ® :
instance Tie et al., 1999). The second reason is the more 40
severe anthropogenic depletion in the Southern Hemisphere ]
(—5.5%) than in the North-{3%), as a result of air masses g
migrating from polar vortex toward lower latitudes in spring ]
(Fioletov and Shepherd, 2005; WMO, Scientific Assessment
of Ozone Depletion, 2007); this accounts for a 6.7 Dobson
difference between North and South mid-latitudes, that is
most of the GOMOS measured 7 Dobson difference. There
would be no need for asymmetric transport. However, there
!S some ozone bglow 15km, Whost_a column_mlght be IargerFig. 28. \Vertical profile of ozone mixing ratio measured by
in the North than in the South, not included in the GOMOS goMos with star S001 on orbit 4638, at oM latitude on

80

ozone mixing ratio (ppmv)

15-100 km columns. 30 January 2003. It displays the Tertiary Ozone Maximum, peaking
] ) at 3.6 ppmv on this particular profile. The air density is found in the
7.2 Ozone climatology in the Mesosphere-Lower Level 2 GOMOS product, derived from ECMWF and the MSISE 90
Thermosphere (MLT) model.

The night-time occultations of hot stars, whose spectra

are UV-rich (highest cross section of ozone), enables

measurement of ozone in the MLT with unprecedented In the mesosphere, ozone is destroyed by catalytic
refinement and coverage. In the MLT (Fig. 27) ozone reactions involving odd hydrogen (H@H+OH +HQ,),
exhibits a bi-annual oscillation (Kgia et al., 2010b), as discovered by Bates and Nicolet (1950). As a result,
with maxima at equinoxes and minima at solstices. Thisozone is almost fully absent at an altitude 80 km.
behavior has been explained by Garcia and Solomon (1985]he tertiary ozone maximum (TOM) is explained by low
by invoking the effect of enhancement of gravity waves concentrations of odd-hydrogen and the subsequent decrease
breaking at both solstices. They transport mogg®©Hrom  in the destruction rate of £ as modeled by Marsh et
below, a source of H, OH and HQadicals that initiate a al. (2001). The reason is the decrease gDHphotolysis
catalytic cycle of ozone destruction in this region. It may beby a lack of solar UV radiation at high latitudes in
noted that at 40N, the summer maximum lower boundary Wwinter. However, the predicted peak amplitude-ig ppmv,

of the mesospheric ozone layer (at 85-87 km) is lower by 2-while MLS and CRISTA observations were rather showing
3km than the winter maximum lower boundary. This might ~3ppmv. It was suggested that the observed peak was
be related to vertical eddy diffusion in this region, which has underestimated by the instrumental FOV extent (Marsh et al.,
been shown through modeling to have a strong influence 02001).

the detailed vertical distribution of ozone (Smith, 2004). GOMOS measurements, with their very good vertical
resolution, are not affected by this problem (Fig. 28). Sofieva
7.3 The tertiary 0zone maximum et al. (2004, 2009) have reported the analysis of 4 years of

GOMOS data in the night (131500 occultations), yielding
The vertical profile of ozone mixing ratio usually shows two the first spatial-temporal distributions of tertiary ozone
pronounced maxima (Fig. 28), one in the stratosphere arounghaxima (Fig. 29). This experimental TOM distribution was
~25-30 km and the other in the mesosphere areu®@km,  compared with that simulated by the WACCM model (The
corresponding to the two regions of production. A third ywhole Atmosphere Community Climate Model) developed
ozone peak (mixing ratio) was reported first by Marsh etynder the leadership of NCAR. WACCM is a global
al. (2001), observed at 72km altitude near the polar nightyodel that extends from the ground to54 1076 hPa,
terminator. approximately 145 km.
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Fig. 29. Ozone mixing ratio at 72km. Top: from GOMOS measurements (zonal mean), bottom: from WACCM simulations (mean over
three ensemble simulations fo? Gngitude, midnight). Temporal and latitudinal averaging is nearly the same for both experimental and

model data (from Sofieva et al., 2009b).

We may summarize the findings of Sofieva et al. (2009b)
on Tertiary Ozone Maximum as follows:

— The modeling of Hartogh et al. (2004) predicting large

for the January 2004 event, and by energetic particles
precipitation such as Solar Proton events (SPE), as
discussed in Segta et al. (2006) for the January 2005
SPE event.

ozone values around the pole at upper altitudes (down

to 75km), as a result of strong downward transport of
atomic oxygen from the thermosphere, is not confirmed
by the GOMOS data.

The observed tertiary ozone maximum is not clearly
isolated from the high latitudes, which is at variance
with the model prediction in Hartogh et al. (2004).

7.4 Ozone depletion during solar proton events

Coronal mass ejections from the Sun can emit large amounts
of high-energy protons into space, sometimes toward the
Earth. Guided by the Earth’s magnetic field, the protons

can penetrate into the middle atmosphere in the polar
regions and cause changes in the neutral composition.

www.atmos-chem-phys.net/10/12091/2010/

The overall evolution of the latitudinal distribution of For example, following the ionization due to proton

o0zone mixing ratio at-72 km (Fig. 29, bottom) is well ~ Precipitation, substantial amounts of odd hydrogen and odd
reproduced by the WACCM model. The only difference Nitrogen NQ are produced which can then decrease the
is that WACCM predicts slightly larger ozone mixing amount of ozone by tens of percent through catalytic reaction
ratios (up to 5 ppmv) than those observed by GOMOSCcYcles. Increase in HOdecreases ozone in the mesosphere

(not exceeding 4 ppmv, Fig. 28). typically during the solar proton event (SPE) only, while
NOx can have more lasting effects in the upper stratosphere

The TOM is sometimes fully destroyed by two types of due to its long chemical lifetime. Although infrequent,

events: by sudden stratospheric warmings, followed bySPEs provide great possibilities to test our understanding
a strong downward transport of upper mesospheric airof ozone chemistry of the middle atmosphere. Before the
rich in NO, another scavenger of ozone (throughNO launch of GOMOS, the atmospheric effects of SPEs had
as discussed, for example, by Hauchecorne et al. (20073lready been observed by rocket and satellite instruments

Atmos. Chem. Phys., 10, 1P248-2010
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Fig. 30. Latitude-altitude maps of NOmixing ratio in ppbv for each month in 2003. A malfunction of the pointing mechanism occurred in
May 2003. There are strong increases ofN@July 2003 in the south polar region, and in November 2003 in the north polar region, caused
by the descent of air carrying NO molecules in the polar night (from Hauchecorne et al., 2005a).

since 1970s. However, these observations were typicallyseveral months was seen in the upper stratosphere, and
limited in time and space such that, e.g., the data coverethese were attributed to the substantial increases of HO
sunlit atmosphere only. Thanks to its unique night-time and NQ, respectively. In a study of the January 2005
capabilities, GOMOS was the first satellite instrument to SPE, GOMOS observations of ozone, together with OH
provide measurements of SPE effects onyN@d ozone in  observations from the MLS/Aura instrument, were used in
the winter polar regions. For example, Safdpet al. (2004) confirming the theoretically expected connection between
and Verronen et al. (2005b) studied the SPE of Octobemesospheric HQincrease and ozone depletion (Verronen et
2003, both the short-term and long-term effects. Short-al., 2006). It was found that an order-of-magnitude increase
term ozone depletion larger than 60% was observed in th@bserved in the OH concentration led to short-term ozone
mesosphere (65-80 km) while a decrease-dD% lasting  depletion by 90% at 70-80 km altitude. These results were
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found to be in good agreement with the predictions from October 2003. Such NOenhancement after strong solar
the Sodankyd lon and Neutral Chemistry model. Overall, proton events have been observed and simulated in the past
GOMOS observations have advanced our understanding gfJackman et al., 2000, 2001; Verronen et al., 2002). A
SPE effects considerably, and have been especially importarery high mixing ratio (up to 36 ppbv at 50km) is also

in studies of the winter polar regions. detected in July at southern high latitude. In this case it is
probably due to the strong diabatic descent of mesospheric
7.5 Climatology of NO, and special events of N@ and thermospheric air with high NOmixing ratio in the
enhancements in the polar night southern winter polar vortex.

Indeed another N@descent event in 2004 was clearly not
Since NQ is a catalytic scavenger of ozone, it is important associated with particle precipitation, but rather was due to
to monitor it at the same time. The main source of 3 gynamical cause (Hauchecorne et al., 2007). A layer of
NO; is the oxidation of NO by atomic oxygen. Other gtrongly enhanced NOwas detected by GOMOS/ENVISAT
significant potential sources are the upward transport of NO starting on 15 January 2004 at 65km in the north polar
produced by lightning in the tropical upper troposphere andstratosphere with mixing ratios up to 1000 ppbv (Fig. 31).
the downward transport of NO from the thermosphere or therhe descent of the layer can be followed until 10 March
mesosphere in the winter polar vortex. down to 45km. The simultaneous destruction af i® the
Partitioning of odd nitrogen family, defined as NO + |ayer is clearly detected. An intense warming was observed
NOz + NOz + N20s, is controlled in the stratosphere by in the north polar middle mesosphere at the time of formation
the fast photochemical equilibrium between NO andoNO of the NGy layer by SABER/TIMED. This warming is an
and the slow photo-dissociation of>8s during daytime indication of a strong air descent in the polar vortex, bringing
and the slow conversion of NOinto NOs and then into 3 |arge quantity of NO from the lower thermosphere. When
N20s during nighttime. Owing to these photochemical sych a descent occurs in the polar night, NO cannot be photo-
reactions, the N@ concentration is never constant. It is dissociated before reaching an altitude where it is stable and
slowly decreasing by night and increasing by day and rapidlycan be transformed into NCby reaction with Q (at ~60—
increasing at sunset and decreasing at sunrise. It is therefogs km). Large enhancements of N@n the polar winter
very important to take into account the local time when ypper stratosphere/lower mesosphere have been observed in
comparing measurements made by different instrumentsthe past. They were attributed to the production of NO
In the case of GOMOS, nighttime observations are madeyy |arge energetic particle precipitations (solar proton or
during the ascending path of Envisat and the local time isenergetic electron precipitations). These events are relatively
approximately equal to the local hour of the ascending nodeyare.  In the present 2004 case no significant particle
22:00LT. precipitation was reported and we attribute the event to a
Hauchecorne et al. (2005) have established a firspure atmospheric dynamical phenomenon: the breaking of
climatology of night time N@ from GOMOS occultations, atmospheric waves in the upper mesosphere, inducing a
represented on Fig. 30 in the form of monthly maps of mixing strong descent of thermospheric NO into the polar vortex.
ratios in latitude-altitude (zonal average). If the proposed mechanism appears to be frequent, it will
At mid- and low-latitudes, a maximum in the vertical be necessary to re-evaluate the contribution of stratosphere-
profile is observed around 40 km in both hemispheres. Thenesosphere-lower thermosphere dynamical coupling in the
peak value ranges from 14 to 16 ppbv, depending on theyolar stratospheric ozone budget.
month, and its latitude location varies betweer? 30and Further NGQ and NG results for the years 2002 to 2008
20° N with a shift toward the summer/autumn hemisphere, are discussed in Kiita et al. (2010b).
to the south from February to April and to the north from
August to November. This value is slightly smaller than the 7.6  The influence of the QBO on tropical stratospheric
results of Reburn et al. (1996) who found a 17 ppbv peak of ozone, NG@ and NO3
night-time NG around 3 hPa{40 km) in ISAMS and LIMS
(limb infra red emission) January data at equatorial and soutlin a companion paper of this GOMOS ACP issue,
tropical latitudes. At high latitude, lower values are observedHauchecorne et al. (2010) have investigated the impact of
in general, except when a strong descent of air enriched inhe Quasi-Biennial Oscillation (QBO) of the equatorial wind
NOy (NO+NO,) of mesospheric or thermospheric origin on the inter-annual variations of ozone and N@ six years
occurs inside the winter polar vortex. period of GOMOS data from August 2002 to December 2008
It is interesting to note the strong peak of N@bove recorded between 2% and 15N was analysed, first by
38km, with up to 38 ppbv at 50km, in the northern high establishing a seasonal mean, and then dividing all data by
latitude upper stratosphere in November. This peak hashis seasonal mean. Itis found that the QBO of the equatorial
been attributed by Sepfa et al. (2004) and Hauchecorne wind induces variations in the local concentration larger than
et al. (2006) to the formation of a large amount of NO 10% for G; and larger than 25% for NO The NG and
during the very intense solar proton event at the end ofQBO signals are out of phase below 36 km and in phase
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(25-50km) in 183cm=2 in 2003, derived from GOMOS vertical
profiles (from Hauchecorne et al., 2005).

above 36 km. The correlation between the excess of NO

and those of @, dO3/dNOy, is displayed in Fig. 32. It has

a strong vertical structure. Below 28 km, the correlation isthe QBO) will cool adiabatically the atmosphere, and will
the sign of dynamical control of these species, while aboveincrease ozone because the destructionpbpO3 + O—2
28km, there is an anti-correlation that is due to chemicalO, reaction is strongly temperature dependent. It will not
control, through the catalytic destruction of Oy NOy. This bring more NQ, because the maximum mixing ratio of NO
transition was already observed in the data of SAGE Il andis around 40 km. Rather, this air ascent will increase the
explained as described above by comparison with modelsmount of NO concentration available for NGormation.

by Chipperfield et al. (1994) and Tian et al. (2007). The The oxidation of NO (coming from the troposphere) is the
GOMOS results (Fig. 32) show a new transition at 38 km, main source of NQ in this altitude region. Furthermore,
previously undetected: in the range 38-50km, a differentbecause the destruction of3Cby NO, decreases with
regime is found with @ and NG correlated with each temperature (see Reaction R1 in the next section), both
other and anti-correlated with temperature, for which a newspecies would increase with decreasing temperature, but this
explanation is now proposed (Hauchecorne et al., 2010): ais a minor effect in the overall budget ok@nd NQ in this
enhancement of the ascending motion (during one phase akgion.

Atmos. Chem. Phys., 10, 120912148 2010 www.atmos-chem-phys.net/10/12091/2010/



J. L. Bertaux et al.: Global ozone monitoring by occultation of star 12129

1 1 I 1 < 280 . w . e
350 B < STAR 16 3257
o L oy
300 . .' B ¢ 9gg[ Slope: 1.01 (+/-0.01) e ]
> * g 2 [ Bios: 2.17 K (+/- 4.68) .
& 550 - ool o £ 3
e o i g 240 1
. * £ r
£ 200 . P - 8 S 1
= 'g.. e * @ 0 220 .a#” | - Iineur}regressiocﬁt
<t 150 * o ™ — s L 52" . — 1=1line
© o e 8 20022 . ‘ .
e 100 — | I ] L4 —
@) o . 200 220 240 260 280
Z 5 . n ECMWF temperatures {K)
L I T I I T | - Fig. 36. Temperature retrieved from NOCand @ GOMOS data
210 220 230 240 250 260 270 (star number 16, Antares Alpha Scorpio) as a function of the
Temperature at 3 hPa (K) corresponding ECMWF temperature. The slope 811 0.01.

GOMOS-retrieved temperatures are warmer by about 2K than
ECMWF temperatures. When more stars are included in the study,

Fig. 34. NO3 mixing ratio at 40km versus European Centre e
he bias is found to be 2.67 K (from Marchand et al., 2007).

for Medium-Range Weather Forecasts’ (ECMWF) temperature at!
3 hPa (~40 km), a result of the temperature-dependent reaction rate
producing N@Q (from Hauchecorne et al., 2005).

A climatology of NO; has been established for the

O5E ' P2 first time from 2003 night-time GOMOS measurements
2 L E (Hauchecorne et al., 2005), using the same occultations that
0.4y /./ E produced a N@climatology. The chemistry of Ngis rather
= &7 simple, being associated to3ONO, and NOs, with the
> 5l Frr- NOZ < 0% following three reactions:
4 “E December : ¢ | 3
5 . f donuary s @) 3 NOz+03— NOz+O2 (R1)
© 0.2} E
B Linear Regressor 3 NO3 +NO2+M — N2O5 +M (R2)
=z Total __ |
01 e — 3 N205+M — NOg+NO2+M (R3)
0.0 : : . NOjs is produced by reaction of Nwith O3 (Reaction R1).
0.0 0.1 0.2 0.3 C.4 0.5

This reaction, whose rate constant is strongly temperature
dependent, affects the nighttime decay rate ofpNO'he

Fig. 35. GOMOS NG; measurement as a function of analyzed NO3 sink in the stratosphere is its reaction with NO
NO3 for cases when N@error measurements are less than 30%. (Reaction R2), which produces,;Ns. Finally, the other
NO3 error measurements are indicated with vertical lines. Thesource of NQ@ is the thermal decomposition of 505
linear regressions for the different periods are represented witfReaction R3). The N@concentrations are close to zero
dashed lines. The 1-to-1 line is represented with a thin black line.gn the day-side.

The two periods of GOMOS ©and NG assimilated data are 5 The main features found for N climatology are

to 6 December 2002, and 30 January 2003,with occultations Ofas follows: a peak mixing ratio of up to 320pptv is

the star Beta Carinae (GOMOS star S029, visual magnitude 1.67

temperature 10 200 K) in a latitude band @-NLfor the first period, reaclhed betwe_en 4.1 and 45 kf"' At low Iatltud.e, a
and 16-17 N for the second period (from Marchand et al., 2004). semiannual variation is observed in fi@eak concentration

and stratospheric column with a maximum at equinoxes
(Fig. 33). At middle and high latitudes, the variation
7.7 Climatology of NOz and temperature retrieval of NOg is annual with a maximum in summer. The

peak concentration is linked to the total column 25-
The measurement of the nitrate radical N@y the  50km, plotted in zonal average (latitude/season) on Fig. 33.
GOMOS instrument on board the ENVISAT platform is The NO; mixing ratio in the upper stratosphere is also
the first satellite measurement of this species (Fig. 14)correlated with temperature through the thermal dependence
NO3 exists only at night, being photo-dissociated very of Reaction (R1): N@+ O3 —NO3 + Oy, and consequently
quickly. Therefore, it is not possible to measure it with solar the maximum NQ@ column follows more or less the latitude
occultations, and it has no strong infra-red emission. of the sub-solar point.

NO3 analysis (ppb)

www.atmos-chem-phys.net/10/12091/2010/ Atmos. Chem. Phys., 10, 1P2P48-2010
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Indeed, from their N@ climatology GOMOS data 7.8 GOMOS observations of OCIO
Hauchecorne et al. (2005) have correlated thes Miixing
ratio measured by GOMOS to the ECMWF temperatureGOMOS has detected the presence of a global OCIO layer
analysis at the point of occultation (Fig. 34). There is a clearin the upper stratosphere that had not been reported before
dependence of N§on temperature. (Fussen et al., 2006) AIthough OCIO is not directly
In an interesting exercise, Marchand et al. (2004) have'esponsible for the ozone destruction, it plays a fundamental
compared some GOMOS N@ensities with those predicted role in the inorganic chlorine (Cly) chemistry, responsible for
by a chemistry model in which the GOMOS ozone and,NO the Cl-based catalytic destruction cycle of ozone, particularly
densities were assimilated. Restricting the data to the begtctive inthe polar regions. Itis indeed produced by a reaction
NO, measurements (less than 30% error, 20-45 km) the plotvolving CIO and BrO, another ozone catalytic scavenger:
of measured values versus model prediction may be fitte
by a linear regression (Fig. 35) with a slope o8&+ 0.04. %:IO+BrO—> OCIO-+Br
The fact that linear regression slopes are so close to unitand therefore OCIO is a proxy of ozone Cl- and Br-based
indicates that there is no substantial bias in GOMOS3NO scavengers. The correct modeling of its abundance is a
data. It also suggests that3ONO, and NG GOMOS  crucial test for our understanding of the stratospheric halogen
measurements are self consistent chemically and that thehemistry. The major sink for OCIO is its rapid photolysis
nighttime NG chemistry is well understood. by the solar radiation due to a large absorption cross section
In this exercise, Marchand et al. (2004) have assumedvell characterized by a strong differential structure in the UV
that the stratospheric temperature was the one given bwavelength range. This feature has allowed the measurement
ECMWF analysis. However, it is possible to build a reverseof OCIO, a species that is only present at very small
approach: the local temperature may be determined frontoncentrations.

the simultaneous measurements of )NMO3z and G from Since the first detection of atmospheric OCIO in
GOMOS by using the temperature dependence of reactiontarctica (Solomon et al., 1987), total column densities
rates in (R1) and assuming steady state equilibrium. were retrieved from ground-based, airborne and satellite

This was done by Marchand et al. (2007) in an attempt,measurements. So far, the measurement of the vertical
never demonstrated before, to determine the temperaturprofile of the OCIO number density has been performed in
from chemical measurements. Figure 36 indicates thea very limited number of experiments, and only in polar
GOMOS retrieved temperature for a number of occultationsregions, as, for example, the balloon experiments reported by
of the star Antares (GOMOS star number 16) as a functionPommereau and Piquard (1994), and Renard et al. (1997a).
of ECMWF temperature. The GOMOS temperatures are In this context, Fussen et al. (2006) have reported the first
warmer by about 2 K. When increasing the sample to 4938ylobal determination of the stratospheric OCIO distribution
occultations of 4 bright stars (for which the temperature measured during the year 2003 by the stellar occultation
is retrieved with a precision better than 3.5K), betweenspectrometer GOMOS. The analysis was restricted to about
50° S and 50N, and 30 to 40km of altitude, the bias and 4500 occultations of the five brightest stars in the range
dispersion are found to be 2.67 K and 3.01 K, respectively. 335-390 nm, where OCIO absorption spectral features can

What is the source of the bias? Assuming that ECMWFbe detected using the DOAS method, and distinguished
temperature represents the true temperature (i.e. no biasfrom NO, spectral features. Fussen et al. (2006) had to
Marchand et al. (2004) have determined how the rateaverage the transmission spectra in latitude bing ¢z8nal
constants of Reactions (R1) and (R2) should be modifiecand time average) in order to identify the small spectral
from their current JPL recommended values, which arefeatures (below 0.01 differential transmittance). This was
known for stratospheric temperatures with a 30% error barthe first latitude-altitude map of OCIO slant path densities,
They found that the temperature bias could be eliminatedepresented on Fig. 37, and was compared to the prediction
by changing only the activation energy of Reaction (R1): of BASCOE model (Errera and Fonteyn, 2006).
instead of the JPL-recommended value k12 1013 The strong enhancements in both polar nights were
exp(—-2450I), they propose a new temperature dependenceknown; they are reproduced by the model, with however, a
k1==12x 1013 exp(—2400/), which changes k1 by only much larger extension outside the polar vortex in the data
23%, within the uncertainty bar. This work is similar to the of the north polar region. In addition, the data show the
one of Renard et al. (2005), with somewhat different results.presence of a global OCIO layer in the upper stratosphere that
However, the work of Renard et al. (2005) relied on only a had not been reported before. For more details on the spectral
very limited number of balloon observations, while here the detection of OCIO with GOMOS, the reader is referred to
statistic sample is much larger. Fussen et al. (2006).

It illustrates how the stratosphere itself may be used as a Tétard et al. (2009) made a further study of OCIO
gigantic laboratory to determine fundamental reaction ratesGOMOS data, correlated with simultaneoug &hd NG
provided that simultaneous measurements are performetheasurements, and during several winters of the Northern
under a known temperature and pressure environment. Polar regions. In January 2008, the center of the polar

Atmos. Chem. Phys., 10, 120912148 2010 www.atmos-chem-phys.net/10/12091/2010/



J. L. Bertaux et al.: Global ozone monitoring by occultation of star 12131

GOMOS chw(N

fem™) BASCOE Log, (N
E 16 45 —

=
0‘3\0[“.m D

15.5

F 145 F 145

14

135 2 135

13

40
LN 4[]

Fig. 37.Isocontours (latitude-altitude) of the OCIO slant column densities measured by GOMOS and modeled by the BASCOE model at the
same geolocation and time for the measurement periods (14 January—9 February 2003) and (20 July—30 December 2003). Both polar region
are probed during polar night (from Fussen et al., 2006).

50x10° e

40" B
E
[}

3 30 B
2

20 -

K ';.,“-'f;} et
10_| 'I-“."'z‘. '"3_
10° : 10° 10°

H20 mixing J:?tio H20 mixing ratio

Fig. 38. Comparison of the blO mixing ratios found with the official algorithm V6.0 (left) and the new Level 1B algorithm V7.0 (right). This
series of occultations of star Canopus over one month covered latitudes ffdnt@% S. The bump at 30 km has completely disappeared
(right) with the new version of the algorithm (from Bertaux et al., 2009).

vortex was strongly offset from the pole. As a result, along7.9 Water vapor measurements at 936 nm

a constant latitude circle of 72strong variations of these

species were observed to be correlated (as a function o6OMOS is the first instrument to measure water vapour
longitude) in the lower stratosphere. Inside the polar vortex,by the technique of stellar occultation. The status of
NO; was weak, while OCIO was strong, with a reversed GOMOS HO analysis was reported recently by Bertaux et
situation outside of the polar vortex. This was a sign of al. (2009). Nine stars are sufficiently bright to provide useful
NO, trapping on PSC particles in the vortex (under the measurements for stratospherio® with a reasonable
form of HNO;3, denoxification) and halogen activation, since latitude/season coverage. Figure 16 shows a comparison
OCIO is a good qualitative indicator of chlorine activation, of a modeled transmission with one actual measurement.
and a good quantitative indicator of CIO presence (Sessler eBased on the b results obtained with version GOPR 6
al., 1995). of the software, Montoux (2008) has compared thgOH
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GOMOS average measurements with the IR solar occultation In Fig. 39 are compared the statistical distribution of
HALOE on UARS, and the microwave limb sensor MLS on GOMOS profiles (median, rather than average, to avoid the
AURA. In the upper troposphere, GOMOS is thought to beinfluence of bad data, and upper and lower quartiles) with

correct, slightly higher than MLS data, while HALOE shows ;5| o average for similar latitude and season. GOMOS
a significant dry bias. In the stratosphere, neither HALOE.

h he b L th q 45 drier than HALOE above 40 km. However, the absorption
nor MLS show the bump present in the GOMOS data aroungg e of HO at these altitudes are very weak in the 936 nm

30km (Fig. 38, left), while all 3sets of measurements aréy g and the GOMOS values are more uncertain above
similar around 40 km, at-5ppmv (oxidation of methane 0 km.

produces HO at this altitude). This exercise of validation These new results are very encouraging. When GOMOS
(in _fact,_ invalid_ation in this case) led _the GOMOS team 10 ya15 gre reprocessed with this new algorithm and sub-
review in detail the HO data processing. A problem was ixel PRNU response, it will open the way to a better
identified: the CCD dedicated to 926 nm radiation present nderstanding of the #D trend and possibly of the

a severe pixel-to-pixel non-uniformity of the CCD detector, 1,0 -hanisms of injection in the stratosphere, two subjects of

while the star image (smaller than one pixel) on the CCDcontroversy at this time.

is moving because of refraction/scintillation. The PRNU is

about~20%, while absorption features are of the order of 7 190 Measurements of @

a few % in the lower stratosphere. This was calibrated on

ground, and in principle the Level 1b software takes care ofMeasurements of £are made in the A band of Qaround

the motion of the star on the particular pixels (at most, two760 nm (Fig. 15). The basis of the GOMOS retrieval is to

pixels in the vertical direction). However, it was discovered compare the transmission spectra to a series of pre-calculated

in flight serendipitously that there is also a rather large sub-model spectra, computed with the HITRAN data base, and

pixel non-uniformity. Some episodes of malfunction of five typical US standard profiles. In the version GOPR 5

the front steering mechanism occurring in 2008 could beof the GOMOS software, we used the 1996 HITRAN data

used to reconstruct a much better PRNU including sub-pixebase, while in the version GOPR 6 (the present one) we used

response. a later version, HITRAN 2000. In Fig. 40 the line densities
A test with a new Level 1b algorithm taking into account for 6 occultations of Sirius obtained in 2003 are represented,

the sub-pixel response was performed on a limited set ofetrieved for the two versions of the data base. There is

occultations. Figure 38 compares the@densities found a decrease of the Lline density, especially large at the
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retrieved quantities to a serious reference. In Fig. 41 are
plotted, for several tens of Sirius occultations of 2003, the
ratio N(O2)/Ngjr of the retrieved line density (O) from
GOMOS to the line densityVyj, contained in ECMWF
(obtained by proper integration along the line of sight of
the local density). In some sense, it is the mixing ratio of
] oxygen measured by GOMOS, when averaged along the line
] of sight. The value of the ©mixing ratio in air is in principle
] 20.946%, while we find much lower values below 15km,
1 and a large dispersion above 35 km; in the range 15-35km,
1 the 1o dispersion of GOMOS measurements is abelbo,
. while the bias is +2%. The study of all measurements (15—
1 20 km) on the 9 brightest stars over the year 2003, 2006 and
2008 showed us that the bias was variable with season and
latitude, the pattern being somewhat similar from year to year
(not shown here). The bias may go up to 6%, and may be
Fig. 41. A number of occultations of Sirius are considered during f”"so negative. Therefore’ Itis dlmcu“.to invoke ‘f"ga'” "."”
2003. Each point is the rati&/(O2)/Ngj of the retrieved line |nCereCt spectrpscoplc data pase, which would I.|ker glvg
density N(O5) from GOMOS to the line densitwa;, computed & bias always with the same sign at a constant altitude. This

from ECMWF. A vertical bar is placed at the value 0.20946, the Systematic difference with the ECMWF may be explained by
normal G mixing ratio. There is an unexplained bias where the three possibilities: (i) the ECMWF reference is biased itself;

measurements are better. (ii) the retrieval algorithm of @ line density (as described

in Sect. 5.6) is incorrect or (iii) the choice of a small number
of pre-calculated model transmissions (5 typical US standard
profiles) is insufficient to represent all possible transmission

R0O4600—S0014 (Alp Ori)
1

60 F \ -
g . i V6 e | spectra.
ok o . ; In order to test hypothesis (iii), a new software was devel-
g | . 1 oped at LATMOS. Instead of comparing all occultations to
. | o° . 3 a limited number of typical US standard profiles, the table
é 40F H E of modeled transmissions is computed for the very ECMWF
PR . o* ] profile that corresponds to the time and place of occultation.
£ sl o E It is certainly a good approximation of reality, better than
° 1.:' E using the US standard profiles. However, this procedure is
g ' 1 computer-time consuming, and only limited samples could
208 E be run up to now. Figure 42 shows an example of compared
E . 1 retrieved mixing ratios of line density profiles (with ECMWF
ok . . . . ee®® |

being the reference) with the standard method (GOPR 6)

and the new method. Both profiles are normalized to 1 for

the mixing ratio 20.946%. The bias of the new method

Fig. 42. Comparison of the retrieved line densities with the present'S V€Ty Similar below 28km (also checked on 10 other

version GOPR 6 of the algorithm, and a new version, where thedccultations), but much lower above 28 km: this new method

modeled transmissions are adapted from ECMWF to the time andnay improve the retrieval accuracy above 28km. Further

location of the occultation. This is one occultation of Alpha Orionis studies are needed in this field. It is probably useful to

during orbit 4600. perform a systematic comparison with ECMWF line density
profiles (with both method, GOPR 6 and new); perhaps,
the variations of bias as a function of altitude, latitude,

lowest altitude £ —50%) with HITRAN 2000. In fact, when  |ongitude, season, may be then analyzed, to disentangle

compared to ECMWEF data, the GOPR 5 values were muchhe respective contributions of the three possible sources of

too high. Spectroscopic data fop @ere wrong in HITRAN biases mentioned above.

1996.

The current Level 2 GOMOS product (GOPR 6) includes 7.11  Aerosols and Polar Stratospheric Clouds (PSCs)

the retrieved line and local densities of,,Oas well as

the line and local densities of air delivered by ECMWF At the time of the ENVISAT launch, the lower stratosphere

from analysis, for the time and location of the occultation. content was probably at a historical low, making rather chal-

This gives us the opportunity to compare the GOMOS-lenging the retrieval of aerosols. Nevertheless, Vanhellemont

0.0 0.5 1.0 1.5
line densities 02/line densities 02 (ECMWF)
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In(8_) . at 500 nm [km'1] theq he_ads back so_uthwards at the epd of the year. .This
a motion is in phase with the seasonal shift of the Intertropical
Convergence Zone (ITCZ).

The PSCs revealed themselves in the elevated levels of the
aerosol extinction in the Antarctic region, found confined to
the polar vortex. On the contrary, no elevated extinction
levels are observed in the Arctic region from January to
March 2003 (and do not show in the yearly average). This
may be explained by the much lower occurrence of PSCs,
due to the weaker polar vortex. It should be noted that in this
period there were some Sudden Stratospheric Warmings that
weaken the polar vortex significantly.

A larger study, covering several years of GOMOS data
(2002-2008), is presented in a companion paper of the ACP
‘ ‘ . GOMOS Special Issue (Vanhellemont et al., 2010). In this
-50 0 50 case, based on a later version GOPR 6 of the GOMOS

Latitude [degrees] processing software, the wavelength dependence of the
aerosol extinction is assumed to be of a quadratic foran-n
Fig. 43. The natural logarithm of the 500 nm aerosol extinction Aref, Aref =500 nm (Sect. 5.5.2). Four types of aerosols could
median values for the year 2003 (k. The isolated feature at be distinguished (from season, altitude and volcanic history,
the equator (15-17 km) is due to sub-visible equatorial cirrus, whilerather than from the spectral signature): PSCs, tropical sub-
PSCs are mostly seen in the South polar vortex, and barely visibleisual cirrus, background aerosol, and volcanic stratospheric
in the North polar vortex (from Vanhellemont et al., 2005). aerosols. Their typical vertical profiles are shown in Fig. 44,
taken from Vanhellemont et al. (2010). The smoothness of
these individual profiles is somewhat exaggerated, as a result
. i i of Tikhonov smoothing, yielding a 4km target resolution.
et al. (2005) established a first GOMOS climatology Of ¢ effect of moderate volcanism is clearly seen in GOMOS
a_eroso_ls and PSC_S' base‘?' on the a”a'YS'S of about 5_0 00%ta (Vanhellemont et al., 2010), and the dispersion of
night-time occultations during 2003, which allow probing H,SQy droplets made from volcanic SOreaching the

at lower altitudes and with less noise due to bright-mb g 4tnsphere (18-20 km) could be followed, in particular the
background contamination. In the fit of transmission SpeCtraeruption of the Souféire Hills volcano (167N, 62.2 W,

it was decided to describe the aerosol extinctigtih) with Montserrat, West Indies), on 20 May 2006.
one parameter only: ' '

50

40|

30}

20t

Altitude [km]

10t

Ba(h) = N% (12) 7.12 Noctilucent clouds (Polar Mesospheric Clouds)

with the fixed scaling factotgo =3 x 10" cm? nm andN Polar Mesospheric Clouds (PMCs) are thin clouds of
(unit: cm~3) the parameter to be retrieved. ice particles condensing around 80-85km, which can be
The climatology grid was composed of monthly bins, with observed from the ground after sunset, while they are still
18 latitude bins with a width of 10 degrees, and an altitudeilluminated by the sun: their first name was accordingly
grid with 1 km bins from 0 to 60 km. No variations along Noctilucent clouds.  During a large number of star
longitude are considered (zonal mean). Finally, the mediarpccultations, GOMOS has seen some extra signal coming
value in each bin was retained for establishing a climatologyfrom PMCs. In Fig. 45 is shown an example of GOMOS
and the variability was also studied. Figure 43 displays thephotometers’ observation of a noctilucent cloud (or Polar
median value for the whole year 2003 (all monthly bins Mesospheric Cloud), detected as a sharp increase of light.
averaged together) of the extinctigg(1) at 500 nm. In addition to the star signal, and Rayleigh scattering by
Clearly visible is the umbrella-shaped aerosol layer,air molecules, there is some solar light scattered by the icy
having the largest altitude above the equator and graduallparticles of the cloud.
sloping downwards when moving to the poles. The A statistical analysis of PMC occurrence has been
conspicuous isolated maximum in the tropics at an altitudeestablished (ot et al., 2010) over 4 years of data (bright
of 15 to 17km has been observed by other instrumentdimb only), from 2002 to 2006. In order to condense,
as well and is caused by the presence of high sub-visiblghe icy particles need some water vapour and a very cold
cirrus clouds in the tropics. As shown in Vanhellemont at temperature, conditions found only in the high latitude
al. (2005), this equatorial feature has a seasonal motionsummer mesosphere. The GOMOS data set consists of
along the year, it gradually moves towards the North, andapproximately 10 000 cloud observations over the eight PMC
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Fig. 44. Individual GOMOS particle extinction profiles: a Polar Stratospheric Cloud (30 July 2003 °7/.2718 W), a tropical sub-visual
cirrus cloud (7 October 2002, 0.53, 78.69 E), background stratospheric aerosols (12 September 2003°43.387.36 W) and volcanic
stratospheric aerosols (9 January 2007, 4%227.15 E). All plots have the same scale, in order to facilitate comparisons of magnitude
(from Vanhellemont et al., 2010).

seasons studied. An example of cloud detection (or non- The PMC altitude distribution was also calculated, and
detection) is presented in Fig. 46 for the whole year 2004 the obtained median values are 82.7 km in the North and
for all day-side occultations. They are presented under83.2km in the South. It will be interesting to compare with
the form of maps in Erot et al.,, 2010. It is found that the results of the Aeronomy of Ice in the Mesosphere (AIM)
GOMOS photometers allow a very sensitive PMC detection.mission, recently launched (2007) by NASA, first satellite
According to this first GOMOS climatology of PMCs, they mission entirely dedicated to the study of polar mesospheric
seem to be more frequent in the Northern Hemisphere tharlouds (Russell 11l et al., 2009). It would allow extending
in the Southern Hemisphere, confirming other observationsthe climatology of AIM with the years 2003-2006, before
The number of stars for GOMOS available during the PMC the launch of AIM, for a better study of long term trends. It
season is about twice greater in the North than in the Soutthas been suggested (Thomas and Olivero, 2001) that PMCs
in the latitude band 6575. The frequency of PMC could be a potential indicator of global atmospheric changes:
occurrence, normalized by the number of observations, ighe increase of COwill decrease the temperature at these
50% in the South and 80% in the North at the peak seasoraltitudes (by IR radiative cooling), while at the same time
(Péerot et al., 2010, Fig. 7). there might be an increase of water vapour injection in the
stratosphere. There was indeed a magnificent PMC over
Paris on Bastille Day (14 July) 2009, probably not sufficient
to claim a climatic change indicator!
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1o SOI6B-R12493 20-UL-2004 lot = 752° lon =~163.8° scottering ongle = 142.9° the sodium doublet imprinted on the stellar spectrum during a
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 2 e standard star occultation. Many transmittance spectra have to
] be binned together in order to provide a sufficient accuracy.
~ The bins are 1km altitude, 10n latitude, and one month
————————————————————————————————————— BX time. Figure 47 represent such a transmittance, the median
S ] of 1121 occultations in a particular bin. The two components
of the Na doublet are well separated, but the line profile
(~0.5nm) is the instrumental one, because the natural lines
] at mesospheric temperatures200 K) are much narrower.

E Fitting such a transmittance spectrum, one may retrieve
”””””””””””””””””””””””””””””” E an optical thickness averaged over the sampled wavelength
P interval and the slant (line) density of Na atoms as a function

of altitude (Fig. 48, left). This vertical profile may be fitted

Fig. 45. Example of GOMOS photometers’ observation of a by a layer of Sodium atoms described by the peak .al_titUde’
noctilucent cloud (or Polar Mesospheric Cloud), detected as arf® peak concentration, and two parameters describing the
increase of solar light scattered by the particles of the clouds, invertical width and some asymmetry w.r.t. the peak altitude.
addition to the Rayleigh scattering by air molecules around 85km. The first analysis was based on about 100000 star
The dashed lines indicate, from top, the region with no cloud (signaloccultations recorded during the year 2003 (Fussen et al.,
from the star), the peak intensity of the cloud and the region below2004). It was found later that, in some cases, the absorption
the cloud, where the Rayleigh scattering dominates the bright limblines were saturated, yielding an underestimate of the slant
intensity (from Rerot et al., 2010). density of Na atoms. Once this effect was corrected for,
Fussen et al. (2010) extended the GOMOS analysis to the
whole period 2003—-2009. The main findings are summarized
The GOMOS spectrometers have also seen this PMC solae|ow. For more details, see Fussen et al. (2010).
scattered ||ght The Scattering effiCiency as a function of The peak Concentration iS Variab'e, in the rang,e_zsx
wavelength will allow determination of the characteristics (at 103 atoms cm3.  The integrated vertical column is in the
least the mean radius, and possibly the standard deviatiopange 1- —7 x 10° atoms cni2.  The peak altitude varies

of the size distribution width, assuming, for instance, ain the range 90-93km, and the vertical extent is typically

TANGENT ALTITUDE (km)

50

I
0 5.0x10*

Gaussian distribution) of these icy particles. ~15km. GOMOS data in the latitude bins 30240 and
40-50 N were compared to a series of lidar measurements
7.13 Detection and climatology of the natural acquired at Fort Collins (latitude 2N) (She et al., 2000).
sodium layer The results are generally consistent, but not fully identical.

GOMOS average climatology shows a strong enhance-

Alayer of sodium atoms is present in the mesosphere, mainlynent of sodium at both polar winter solstices, with strong
as a result of ablation of meteorite material impacting theminima in between. At tropical latitudes, a semi-annual
upper atmosphere. When illuminated by the sun, resonanceariation of the total column is present in the data, which
scattering at the 589nm doublet makes it the source okvolves progressively at higher latitudes into an annual
one of the most conspicuous natural aeronomic emissions;ariation, a time-space distribution pattern unreported so far.
particularly for twilight observations (e.g., Bricard and The peak altitude demonstrates an annual variation with two
Kastler 1944), and as such has been studied by a varietgeaks at mid-latitude, confirming earlier lidar results.
of methods (ground based spectrometers, lidarsgiil and During polar winter the sodium layer peak altitude is
Blamont, 1977), space borne photometers on OGO-6 inower, a sign that the layer is influenced by the mesospheric
1969, etc.). It has recently attracted a renewed interestglobal circulation, ascending at the summer pole and
because, besides the scientific questions related to the origilescending at the winter pole around solstices.
and the vertical distribution of the layer, the mesospheric |t should be noted that, during summer polar solstices,
sodium is of major importance in astronomy, where it is usedthe frequent presence of Polar Mesospheric Clouds (Perot
to produce an artificial star on which to base guidance foret al., 2010) adds a strong signal at the limb, making more
adaptive optics with a lidar illumination. delicate the GOMOS retrieval of sodium. Future GOMOS

Although extensive data exist about the mesosphericstudies will use also the bright limb emission of the Na
sodium layer measured from particular sites, very little is doublet, in a fashion similar to the ODIN/OSIRIS bright limb
known about the geographical distribution (Plane, 2004).observations (Gumbel et al., 2007).
GOMOS has demonstrated a new method of studying the
sodium layer, and has provided the first global mesospheric
sodium climatology made so far (Fussen et al., 2004). The
new method is to detect and measure the tiny absorption of
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Fig. 46. Latitude-time plot of all day-side occultation points during the year 2004. In red are marked the points where no PMC is seen, while
in blue are the points with a PMC detected. The seasonal behavior is well marked. The coverage is somewhat poorer in the south, but still
PMCs are less frequent in the South than in the North.

1.0005 allows a statistical study of this field of irregularities with

unprecedented refinement, and a global coverage for the first
time.

As an example of the variability of observations, we show
in Fig. 49 the signals of the red photometer as a function of
tangent altitude, recorded during two different occultations.
The signal is normalized to unity at high altitude. Both
show increasing fluctuations with decreasing altitude, but
the high latitude occultation (85, black) displays much
stronger fluctuations than the other recorded &t8{red).
The intensity of fluctuations may be quantified by one main
parameter, the variancg?, of relative fluctuations of the
measured signal;8 is defined as the scintillation index

; ‘ ‘ ‘ ; ‘ ; ; ‘ ; (Sofieva et al., 2007), and is displayed at bottom of Fig. 49.
ososg————— L @i Athigh altitudes, the fluctuations are due to the noise, while
+ond at low altitudes, the fluctuations are saturated to unity in
both occultations. The curves @f(z) are otherwise very

1
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Fig. 47.Diamonds: the median transmittance (of 1121 OCCUItationS)diﬁerent between 30 and 70 km. opening a prospect for case
measured between 7081 and 80 N during January 2003. Thin full » 0P g aprosp

lines: individual D2 and D1 absorptions, assumed to have the samétu_dies and clir_natology studies of density irre_gu_larif[ies. The
instrumental line spread function. Thick line: best fit for the total Various analysis performed from GOMOS scintillation data
transmittance (with baseline removed) (from Fussen et al., 2010). are briefly reviewed below.

Gurvich and colleagues have proposed a model of the
atmospheric density irregularities (i.e., Gurvich et al., 2005,
and references therein) that is fully confirmed by the
study of the signal of the two photometers (1kHz). In
this theoretical forward model (going from the field of

T . _irregularities to a prediction of scintillations), the field of
The scmt|llat.|on of stars observed through th? Earths.irregularities is the sum of two independent fields with
atmosphere is generated by random irregularities of airy; o
; o ifferent characteristics:
density (and, consequently, of refractive index). The two
fast photometers of GOMOS (with red and blue filters),

7.14 Scintillations and the study of air density
irregularities: internal gravity waves
and turbulence
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Ma slant path optical thickness Na concentration profile
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Fig. 48. Left panel: retrieved Na slant path optical thickness (full circles) versus the tangent altitude with associated errors (grey band).
The full line is a best fit model. Right panel: corresponding Na concentration profile and optimal parameters. The grey band represents the
estimated random error on the transmittance (Fussen et al., 2004).

— The anisotropic component represents mainly the(in the plane of the orbit), the two signals are probing
Internal Gravity Waves (IGW). It is characterized by a the same irregularities (for both components), with a time
spectrum (amplitude vs. size) with a large spectral slopedelay between the two photometer signals increasing towards
(—3) and a large aspect ratio (horizontal/verticdl00). lower altitude. When the occultation is oblique with an angle

. ) ) ) . a with the local vertical (Fig. 50, bottom), there is also

— The isotropic component is characterized by its 5 nqrizontal separation of the two trajectories of the LOS:
Kolmogorov (-5/3 slope) isotropic spectrum. These g anisotropic component field will be similarly probed by
density fluctuations are mainly representative of tur-y,e 1o photometers, because of the large horizontal extent
bulence, which appear as a result of the breaking ofy¢ the jrregularities, while the isotropic component will be
gravity waves (but also from other mechanisms). It ;ompietely different. Therefore, the correlation of the two
leads to effective turbulent mixing of chemicals in the gjgnais will be much smaller for the isotropic component
stratosphere and to dissipation of kinetic energy int0y,an for the anisotropic component. These photometers
heat at the final step of this process, two key elements;ignais are displayed in Fig. 51 as a function of altitude in the
of stratospheric physics and chemistry. case of a vertical occultation and for an oblique occultation,

Due to the exponential decrease of air density with altitude for @ Small slice of altitude of the tangent point (250 m). The
the irregularities at the lowest altitude along the LOS correlation between the two signals is much larger for the
produce the main contribution to the observed scintillations.Vertical occultation. Gurvich et al. (2005) have calculated a
Figure 50 is a sketch of such a field of irregularities with coherency” index which quantifies the correlation between
the two components, and the effect that it will have on the two signals.

the signal of the two fast photometers (FP). Blue rays are The analysis of coherency was performed for 15 stellar
more refracted than red rays (since the index of refractionoccultations, in the range 20-50km. Below 20km, the
is larger), and therefore, from the observer at a givensignal is too low, and strong scintillations (multiple paths)
time, the blue ray is probing higher altitudes than the may occur. Above~50km, the scintillations are generally
red ray. In the case of a perfectly vertical occultation too small. The analysis allowed the detection of layers
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Fig. 49. Top: photometer signals by the GOMOS red photometers
in occultations R07741/S001 (63, 7 E, 23 August 2003,
23:51UTC) and R02908/S001 (3%, 106 W, 20 September
2002, 07:01 UTC). (bottom) Scintillation inde) for these two
occultations (from Sofieva et al., 2007).

Fig. 50. Observation scheme of the two-wavelength scintillation.

. . . . Top: a cut of the atmosphere by the plane containing B (blue)
with prevailing isotropic ‘component. They are located 4 R (red) rays (thick solid lines), which are received at the same
generally between the altitudes of about 30 and 40 km. Thejme, t0, by the GOMOS fast photometers (FP). The ray curvature
thickness of the layers and their altitude distribution dependand the refraction angle are largely exaggerated. Thick dashed
on observation location. line denotes a blue ray having the same ray perigee altitude as

Overall, the model with the two components, IGW the red one, but coming to GOMOS FP with a refractive time
producing anisotropic structures (elongated horizontally)d€lay dt. Bottom: a cut of the atmosphere by the atmospheric

: . X . reen. Solid lin n raj ri f the inter ion points of
and smaller scale isotropic turbulence is validated by the>Cree Solid lines denote trajectories of the intersection points o

. . . . the rays with this plane. Shading illustrates chromatic “thickness”
observations |n_tW0 colou_rs. Once Va“qamd' Sofieva EtAR and AB of the rays, due to the filters optical bandwidth.
al. (2007) established algorithms to determine the parametergne photometers simultaneously register the rays with the same
of IGW and turbulence from the time-frequency spectral coordinate y. Sketched contours illustrate anisotropic and isotropic
analysis of the GOMOS red photometer (preferred becaus@regularities of air density (from Gurvich et al., 2005).
of higher signal, more “focused” in refraction index, and
less affected by absorption and scattering). Two retrieved
parameters areCy and Ck, the structure characteristic of C% (less sensitive to outliers) was kept. Large variations
defining the power of the anisotropic air density irregularities of C% are observed (Fig. 52): the range of derived values
and the isotropic irregularities, respectively. The two otherpf C% covers more than two orders of magnitude, from
retrieved parameters are the inner and outer scales of thg . 1675 to 6x 103K2m~2/3. The value Ofc% has a
anisotropic component, found to increase with altitude fromg|ear physical meaning. It is equal to the variance of the
~5m at 25km to 15-25 m at 45km (inner scale) and temperature difference at two points at a distance of one
from ~0.2-0.5km at 25km to 0.5-3km at 45km (Outer meter from one another. The larget values are observed
scale). The value olCx is found to increase rapidly apove 40-45 km in polar winter in both hemispheres, but they
from 25 to 35km, and more slowly above. The structure gre especially large in the Southern Hemisphere. Based on a
characteristic of turbulent temperature fluctuatiaf® is  simplified spectral analysis, Sofieva et al. (2007) suggested
related toCx :C2 = (T')Ck. from a dedicated study of GOMOS scintillations that the
Based on about 8000 night-time occultations of the 30strong turbulence observed at winter polar stratosphere might
brightest stars in 2003, Gurvich et al. (2007) have publishedoe related to breaking IGW in the polar night jet.
the first global and seasonal distribution of the structure At low latitudes, a rather low turbulence is observed,
characteristicC2 of isotropic turbulence at altitudes 30— Wwith minimal values ofCZ less than 10*K?m~2/3, Most
50km. In each season and latitude bin, the median valuénteresting is the geographical distribution ©£ displayed

www.atmos-chem-phys.net/10/12091/2010/ Atmos. Chem. Phys., 10, 1P2P48-2010



12140 J. L. Bertaux et al.: Global ozone monitoring by occultation of star

of the local enhancements are over continents (except for the
one over Western Pacific in June—September). Mar1§1$of
enhancements seen in Fig. 53 correspond well to the typical
regions of deep convection, e.g., Africa, South America
and Indonesia in December, January—March, regions of
Indian and American monsoons and of North African dry
convection in June—-September.

No systematic increase OT% over large mountain ranges
such as the Himalaya, Andes and Sierra Nevada are seen:
turbulence enhancements in tropical regions are not related
to orography. Probably mountain wave wavelengths are
too long for transformation into the small scale turbulence
observed by scintillation at 42km (Gurvich et al., 2007).

4 1 Various hypothesis for the origin of the observed pattern
Red, Blue were discussed (Gurvich et al., 2007) such as the general
circulation, forced by solar heating, or a remote consequence
Fig. 51. Comparison of two records of two-wavelength Of the deep convection. A similar structure was also reported
scintillations ((left) vertical, (right) oblique at 45 Abscissa is  (Jiang et al., 2004) for the temperature variance around
red (672 nm, dashed line) and blue (499 nm, solid line) intensities38 km as observed by MLS, suggesting a relation with
normalized on the corresponding mean. Ordinates are altitude ofjravity wave breaking.
ray perigee. The correlation is poorer for oblique occultation, More recently, Sofieva et al. (2009) have refined the
because of the effect of isotropic turbulence (from Gurvich et al., fgrward model and retrieved additional information about
2005). gravity waves: their potential energy per unit maSg
(Joule kg1), which depends on the outer scale of the GW.
The new algorithms are implemented at FMI and in the
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- September, October,l November ety GPOD (Grid Processing-On-Demand) environment at the
. e European Space Agency). In Fig. 54 are shown the lati-
-28 tude/altitude distribution of, zonal mean for two 4-month
sor--- Ly periods in 2003: January—March plus December (2002), and
£ 5 June-September. The potential enerfjy, increases with
X 45 altitude. Enhancements in equatorial regions are clearly
g - observed, analogous to those found in global analysis of
2 0! ki radio-occultation data and caused by large values of GW
© -a8 outer scale at these locations. Enhanggdn the SH winter
. ; : _4 high latitude stratosphere is observed, but no symmetric
BRI m enhancement of,, at high latitudes in winter is observed
: ; : 4'4 in Northern Hemisphere. Sofieva et al. (2009) suggested
e that it is probably caused by the fact that occultations at NH

latitude winter high latitudes were carried out in January 2003 and in

December 2003, when some sudden stratospheric warmings
Fig. 52. Zonal averagedj% (K2m=2/3) in one season, which (SSW) lasted a significant part of the observational period.
covers the end of southern winter pole (September) and thdt coincides with previous lidar observations (Whiteway and
beginning of Northern winter pole (November) logarithmic color Carswell, 1994), showing reduced GW activity during SSW.

scale. It shows the large increase ©f in both winter poles, Future multi-year analysis of GOMOS scintillation
connected to the polar night jet. The four seasons are displayegheasurements will refine the observations and will provide
in Gurvich etal. (2007). information about spatial and inter-annual variability of GW

and turbulence spectra parameters in the stratosphere.

on Fig. 53, in a layer about 3km thick, centered around7.15 High-resolution density and temperature profiling
~42 km, between 35N and 35 S. Turbulence intensity is using bi-chromatic scintillation

smaller in this zone than in polar regions and, in average,

it has a pronounced zonal structure. The plots of Fig. 53As explained above, density irregularities produce scintil-
show that the average values O’f% follow the sub-solar lations that are observed with the two photometers in two
latitude, as do the main features of the general circulationcolors. The two photometers were implemented in the
of the middle atmosphere (Holton, 2004). Also, almost all design of GOMOS for a better correction of the stellar
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Fig. 53. CZ (K2m~2/3) at 42 km for January-March (top), Dec and for June-September (bottom), logarithmic color scale. The data are
averaged in 5x 10° latitude-longitude bins and a three-point smoothing is applied to the obtained fields. In order to make these maps more
contrasting, the color scale covers one decade only (from Gurvich et al., 2007).
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Fig. 54. Zonal mean values of the potential enefgyy(Joule kg 1) of gravity waves as determined from GOMOS scintillation measurements
during two 4 months periods of year 2003: January—March plus December (left), and June—September (right). See text for discussion (from
Sofieva et al., 2009).

spectra distorted by refraction. However, it turned outshows a sample of the two photometers signals over 200 m.
that another use of the two photometers was possibleThe bending refraction angle may be determined from the
not anticipated before launch: the retrieval of density andtime delay, which is related to refractivity, therefore density
temperature profiles with a high vertical resolution, from the at the tangent point. Then the inversion method is similar
measured time delay between red and blue scintillation peakto a classical radio occultation involving the inversion of an
corresponding to the same density irregularity. DalaudierAbel’s integral, the hydrostatic equilibrium and the ideal gas
et al. (2006) have developed the so-called HRTP (Highlaw.

Resolution Temperature Profile) method and algorithms to Figure 56 shows the result of such an inversion, selected
determine density and temperature profiles between 20 antecause it was not far from a lidar measurement at Mauna
30km with a vertical resolution of 200m. In this altitude Loa, for comparison purposes. Both lidar and GOMOS show
range the lower stratosphere is not sufficiently sampled bysimilar, and significant departures from the ECMWEF profile
in situ measurements while meteorological satellites cannothat is inherently smooth (up to 6 K), while the difference
provide vertical resolution better than2km. Figure 55 GOMOS HRTP — Lidar does not exceed® K above 22 km.
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This new HRTP method will be implemented in the
20.0 20.2 km GOMOS data processing chain in the next release (produced
with IPF 6), providing a new product of great interest.
It should be emphasized that not only the fluctuations
of temperature are recorded with unprecedented vertical
resolution from space, but also the absolute value of the
temperature is retrieved with a good accuracy, making
this product a good candidate for future assimilation in
meteorological analysis like ECMWF-.

T T T I I
35.98 36.00 36.02 30.04 36.06s

8 Conclusions
Fig. 55. Sample of blue and red photometer records (103

milliseconds only). The tangent altitude is in the range 20.2-\p/e have presented the rationale of GOMOS design, the
20.0km (200m vertical range). Note the time delay and the; gy \ment description, some “raw” observations, and an
addltlo!wal smoothln_g of the blge s_lgnal due to larger refrgctlwty overview of results obtained up to now. A large number
bandwidth. Absorption of blue light is stronger due to Rayleigh and S o . -
aerosol scattering (Dalaudier et al., 2006). of scientific resear(_:h activities may still be done with
the GOMOS data, in the UTLS, the stratosphere and the
mesosphere.
I As said earlier, the example of the study of NEupled
with temperature, N@and Q3 (Sect. 7.7) illustrates how the

32 32

HRTP error estimate (meas)
HRTP

HRTP in lidar resolution

% ol e S stratosphere itself may be used as a gigantic laboratory to
L 7] ' S determine chemical reaction rates.

20F K In a similar way, the rate constants of many other reactions

I of stratospheric pertinence could be adjusted, by comparing

asl | P o N GOMOS measurements (or others) to a prediction of a

altitude, km

chemistry transport model where the dynamics are forced
by a meteorological field like ECMWF, and where the
| GOMOS measurements would be assimilated. A systematic
! bias between Observed and Forecast would be the sign that
 FosE741S045 ve DIAL Idar af Vauna Loa : | something has to be changed in the description of the model,
g e WSSk medfi= A0 Asdtlm=3 | IHRTR,, < dar which relies on somewhat uncertain reaction rates. Unknown
S e e L dynamical effects could also be detected.
The 4 years nominal lifetime of ENVISAT has now been
Fig. 56. A sample HRTP temperature profile (in red) obtained from exceeded ,at 7 years. St'l!' it may be a little bit short for
two-color scintillation data. The uncertainty (in pink) distinguishes trend studies. The collection of several years of GOMOS
contribution from random errors (colored area) and total errormeasurements, because of their absolute character, will
including initialization bias (dashed). From Dalaudier et al. (2006). provide a unique benchmark of data, to be compared to
previous measurements sharing also this absolute character,
and most over, to future measurements collected by the same
We do expect such differences, because the two measurenethod of stellar occultations, for long term monitoring. In
ments do not coincide exactly in time and space, while thethis respect we hope that GOMOS is the first of a series of
characteristics of gravity waves are such that ideally the twaostellar occultations monitoring instruments.
measurements should be separated by less than 20 km andThe actual size and complexity of GOMOS is in large part
less than 2 to 3 h. due to a number of precautions and redundancies that were
While validation with precisely collocated measurementsincluded in its design, because of its exploratory character of
is difficult, as shown by Sofieva et al. (2008) (i.e., the a new technique. That which has been learned from this first
balloon-borne radiosonde take4 h to explore up to 30 km), large-scale investigation of the stellar occultation technique
it is possible to validate HRTP results by comparing the will allow a significant simplification of the design of future
power spectra of temperature fluctuations vs size, as donmstruments, with a smaller mass and complexity. For
by Sofieva et al. (2009d). These authors have compared gstance, the use of a dedicated micro-satellite would be quite
subset of GOMOS spectra to radiosonde spectra, where thadapted to such an investigation. The whole spacecraft might
requirements on space and time collocation are much lesbe oriented to each successive star, as is done for SPICAM
stringent. Overall, the HRTP results were validated and itand SPICAV instruments, respectively around Mars and
was found that the altitude resolution was 2200 m. Venus at present (Bertaux et al., 2006, 2007). It would be

24}
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recommended to cool the CCD detector to at lea40°C, True of date(with the origin of RA at its position at the

in order to make the dark charge negligible, even aftertime considered). This is because satellite tracking stations

radiation damage. Also, a polar orbit is recommended forare fixed to the Earth, and need to know the coordinates of

latitude coverage, but the altitude could be lower, avoidingthe spacecraft in a system linked to the Earth. Of course,

the problem of radiation contamination in the South Atlantic it is trivial to include the correction of equinox precession

Anomaly. in the calculation of the retrieved altitude of occultation
measurements, but it has been sometimes overlooked in the
past (for example, during the first light of Hubble Space

Appendix A Telescope), or even applied wrongly twice to the calculations
(e.g. the SOLSTICE instrument on UARS and SORCE,
A short history of the stellar occultation technique G. Rottman, personal communication, 2003). An error

in the position of the star will translate in an error of

The use from space of the stellar occultation techniqueretrieved altitude which depends on the star position, the
has been reviewed by Smith and Hunten (1989). It wasorbit altitude, and the particular geometry of occultation. For
first discussed in details by Hays and Roble (1968) in ameasurements made in 1975, the precession is at maximum
seminal paper, and used to measure terrestrial ozone from.r.t. J1950 or J2000, and amounts to 0,3fanslating in an
the astronomical satellites OAO-2 and Copernicus (OAO-3).altitude error (both ways) of up to 16 km depending on the
Using OAO-2 in 1970 and 1971, Hays and Roble (1973)particular orientation of the occultation geometry.
detected directly for the first time the mesospheric ozone All these early attempts of stellar occultations suffered
maximum (from UV absorption of the stellar light) which from the fact that only one wavelength was monitored
had been previously inferred by Evans and Llewellyn (1970)during the occultation, giving room for confusion on the
from rockets sounding of the &'A) (1.27um) and exact nature of the absorbing species. One great progress
02(*A) (760 nm) airglow emission, produced from photo- for the occultation technique w.r.t. the description of Hays
dissociation of ozone. Later, in 1975 and 1976 the Orbitingand Roble was the use of multi-pixel detectors. The
Astronomical Observatory:® 3 (OAO-3, soon renamed advent of CCDs (or other multi-pixels detectors), enabling
Copernicus) was also used to measure successfully terrestrisleasurement of the whole transmission spectrum at once,
ozone above 45km form UV absorption in a wavelengthincreased dramatically the capability of stellar occultation
region similar to OAO-2 (Riegler et al., 1976, 1977). The versus the use of filters, or scanning spectrometers. The first
problem is that Copernicus retrieved ozone densities in theanulti-pixel occultation (to our knowledge) was inaugurated
stratosphere (say, at 50 km) that were found to be in seriousvith the ultraviolet spectrometer UVS placed on board the
discrepancy with model predictions and, more important,\oyager 1 and 2 missions: in 1979, an occultation of the
with OAO-2 results. Copernicus 0densities were 2 to  star alfa Leonis by the atmosphere of Jupiter was observed
3times larger than model predictions, and about 25timesrom a distance of 14 millions km by Voyager 1 in the full
larger than the OAO-2 results. This enormous discrepancyrange 110-170 nm allowing one to probe theddd methane
which is unresolved up to now (Atreya et al., 1981), did not vertical profiles (Festou et al., 1981). Since then, this
help to promote the validity of stellar occultation technique technique was fostered at Service dianomie, in particular
as a reliable method for ozone measurements, and this ifor the study of the atmosphere of the planet Mars with
perhaps the reason for which it was not pursued further inthe SPICAM instrument. A first instrument dedicated to
the USA, in spite of its inherent merits. multi-wavelength stellar occultations was destroyed with the

After careful re-reading of the scientific papers, and with launch failure of the Russian mission Mars 96 (in November
the experience accumulated with GOMOS analysis, we mayl996), while a smaller version, SPICAM Light, is now
here suggest a new explanation of this discrepancy. Clearlyflying on board Mars Express ESA mission (Bertaux et al.,
both OAO-2 and Copernicus results could be reconciled2006), and around Venus (SPICAV) with Venus Express ESA
with each other, and with models, by a shift in altitude mission (Bertaux et al., 2007).
of the ozone retrieved profiles: about 10km upwards Before GOMOS and its-600 000 occultations up to 2009,
for OAO-2, and 5km downwards for Copernicus. Such a big step forward was made with MSX mission, with
errors are in principle incompatible with orbital knowledge about 200 occultations recorded around the Earth (Yee et al.,
accuracy, but there is another source of error in the retrieve@002). The Cassini mission should also be mentioned, with
measurement altitude: the direction of the star in the skyvery successful star occultations by the atmosphere of Titan
Indeed, astronomical directions of stars are described in @erformed at each encounter with UVIS spectrometer. With
conventional system with the origin of RA (right ascension) its extended atmosphere, Titan is the ideal planet for the
as it was in a given year (so-called J1950 or now, J2000)technique of stellar occultation, where 6 organic molecules
which rotates with the precession of equinoxes by°380  were identified from their UV absorption spectral signature
26 000 years, while orbital computations of Earth satellites(Shemansky et al., 2005).
are most often using the inertial Earth equatorial system
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In the past, a number of stellar occultations have been also and assessments of chemistry-climate models of the stratosphere,

performed successfully from a balloon platform, allowing in
particular the first observation of NGrom a balloon, and
the retrieval of its vertical distribution (Naudet et al., 1989;

Atmos. Chem. Phys., 3, 1-27, doi:10.5194/acp-3-1-2003, 2003.

Bates, D. R. and Nicolet, M.: Atmospheric hydrogen, Publ. Astron

Soc Pacific, 62, 106—-110, 1950.

and more recently for N© Renard et al., 1997b). It should Bertaux, J. L. GOMOS Mission objectives, in: ESAMS99,

be mentioned that stars may be used also from the ground, as
in the instrument developed for Antarctic measurements byB

Roscoe et al. (1997).
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