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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
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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
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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
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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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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.
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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

c