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Abstract

Current capabilities for ultraviolet and visible spectroscopic measurements of the Earth’s stratosphere and tropos
reviewed. Atmospheric spectral properties are described. The major measurement geometries and types are presen
mental, spectroscopic, and radiative transfer modeling challenges are discussed. Current and planned satellite instr
this field, with their measurement properties, spectral coverage, and target molecules are presented. Measuremen
include stratospheric and tropospheric NO2, tropospheric BrO in the polar spring, global tropospheric HCHO, and troposp
ozone measurements from the nadir geometry. The field is shown to be sufficiently mature that global measureme
mospheric pollution from space may be undertaken.To cite this article: K. Chance, C. R. Physique 6 (2005).
Published by Elsevier SAS on behalf of Académie des sciences.

Résumé

Spectroscopie dans l’ultraviolet et le visible et télédétection spatiale de l’atmosphère terrestre.Les possibilités actuelle
de mesure spectroscopique de la stratosphère et de la troposphère terrestres sont passées en revue avec les ca
spectrales de l’atmosphère. Nous présentons également les principaux types et géométries de mesure et discuton
qu’ils soient instrumentaux, spectroscopiques, ou concernant les modèles de transfert radiatif. Sont également prés
cet article les instruments satellitaires actuels et prévus, en détaillant leurs caractéristiques instrumentales, leurs c
spectrales et les molécules qui sont leurs cibles. Nous donnons des exemples d’observations au nadir dans les c2
stratosphérique et troposphérique, du BrO troposphérique au printemps polaire, du HCHO troposphérique total, et d
troposphérique. Nous montrons que le domaine est aujourd’hui suffisamment mur pour que des mesures globales de l
atmosphériques à partir de l’espace soit possibles.Pour citer cet article : K. Chance, C. R. Physique 6 (2005).
Published by Elsevier SAS on behalf of Académie des sciences.

Keywords: Ultraviolet spectroscopy; Visible spectroscopy; Atmospheric remote sensing; Stratospheric composition; Tropospheric
composition; Radiative transfer modeling; Chemistry and transport modeling

Mots-clés : Spectroscopie ultraviolet ; Spectroscopie visible ; Télédétection atmosphérique ; Composition de la stratosphère ; Compo
la troposphère ; Transfert radiatif ; Modélisation du transport et de la chimie

E-mail address: kchance@cfa.harvard.edu (K. Chance).
1631-0705/$ – see front matter Published by Elsevier SAS on behalf of Académie des sciences.
doi:10.1016/j.crhy.2005.07.010



K. Chance / C. R. Physique 6 (2005) 836–847 837

roscopy
eld of re-
atospheric
ne itself,

tical infor-
ts in the

present
l issues
primarily
nd from
es. After
f the most

pic mea-
g at several
d continue
ver large

enetration
bsorption
stitution
mithsonian
urements

ion. Lan-
s analysis
spectra
ying the

Hartley’s
the ozone
1. Introduction

This article provides an overview of current results and capabilities which show how ultraviolet and visible spect
is used to elucidate important properties about the Earth’s stratosphere and troposphere. This is now a sizable fi
search, with some dozen Earth satellites now performing measurements or being planned or prepared for launch. Str
measurements are largely those having to do with the photochemistry of the ozone layer, particularly including ozo
but also molecules involved in the catalytic cycles which modulate the ozone concentration, including NO2, BrO, and OClO.
Tropospheric measurements of chemical constituents, their sources, sinks, transport, and transformation, provide cri
mation on tropospheric oxidation chemistry and pollution of the lower atmosphere. Aerosol and cloud measuremen
ultraviolet and visible are not included in this review although they are, of course, also of primary importance.

This review is necessarily too limited by space to be fully inclusive of techniques, groups, and results, and to
a full bibliography. It is rather intended to give the flavor of research in the field, summarize many of the technica
involved in data analysis, and provide a convenient starting place for further inquiries. The examples presented are
taken from research done at the Harvard-Smithsonian Center for Astrophysics (CfA), along with our collaborators, a
a comprehensive survey of colleagues who are currently active in the field to help determine important current issu
a brief historical background, instrumental approaches and data analysis issues will be discussed and then several o
timely uses, with current examples, will be presented.

There is not usually a clear distinction between what is properly a spectrometer, making multi-species spectrosco
surements over a substantial range of wavelength at moderate to high spectral resolution, and an instrument measurin
wavelength bands to measure (normally) one species. Instruments at both extremes have contributed historically an
to do so, although there is a marked tendency in the UV/visible to employ spectrometers with array-type detectors to co
portions of the spectrum at 0.2–1.0 nm spectral resolution. These measurements are emphasized here.

2. Historical background

In a series of papers beginning in 1879, Cornu presented evidence that a terrestrial absorber substantially blocked p
of solar radiation to the Earth’s surface shortward of about 300 nm [1–3]. Hartley demonstrated that this was due to a
by ozone [4]. The basic techniques were developed early: By the 1890s Langley and Abbot of the Smithsonian In
had undertaken an extensive program of ground-based measurements of the solar spectrum at the newly-founded S
Astrophysical Observatory [5]. These measurements employed Langley’s recently invented bolometer to make meas
from the infrared through the near ultraviolet in order to determine the mean value of the solar constant and its variat
gley and Abbot also developed substantial new experimental techniques (such as an early chart recorder) and variou
techniques (e.g., the ‘Langley plot’), including photographic techniques for high and low pass filtering to produce line
from ‘bolographs’ (spectra), illustrated in Fig. 1, foreshadowing the low pass filtering used today by researchers emplo
DOAS technique for analyzing atmospheric spectra [6].

Early ground-based measurements continued through the work of Fabry and Buisson [7] who confirmed Cornu and
demonstration that ozone is located primarily well above the ground level. Systematic spectroscopic measurements of

Fig. 1. Photographic production of line spectra from bolographs [5].
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layer and its variability began under Dobson in the 1920s [8]. A particularly important example of ground-based measu
are those of NO2 by Noxon, whose extensive studies determined the existence of the so-calledNoxon cliff, wherein the HNO3
sink substantially depletes active nitrogen at higher latitudes in the winter and early spring, contributing to the formatio
ozone hole [9,10].

Ground based spectroscopic measurements in the UV/visible continue to play a fundamental role in atmosphere
ments. These have been supplemented and extended by balloon- and aircraft-based measurements, not presented
as the satellite measurements that are the subject of this article.

3. The UV/visible atmosphere

The solar spectrum can be roughly approximated as a blackbody at 5900 K. The reality, for detailed spectrosco
surements, is much more complicated. Fig. 2 (upper) shows a low resolution extraterrestrial solar spectrum over mu
UV/visible region [11–13]; Fig. 2 (lower) shows a detailed section of the solar spectrum (theFraunhofer spectrum) in a region
where NO2 is commonly measured from space [11]. The source spectrum is seen to be quite complex. To the extent
surements correspond to simpleBouguet (or Lambert-Beer) absorption this would not present a particular difficulty. In pract
because of theRing effect (discussed below inTechnical Challenges), a detailed knowledge of the solar spectrum is commo
required, particularly for some of the molecules with small absorption: These molecules (including NO2, BrO, HCHO, OClO,
SO2, and, in parts of the spectrum, O3) turn out to be often the most important species to be measured from space.

Fig. 3 shows an overview of the absorptions due to molecules that are now commonly measured from space in
geometry. Absorptions are for typical measurement geometry and atmospheric concentrations, except that SO2 is increased to
an amount typical for a volcanic source and OClO is increased to an amount typically seen in the Antarctic polar vor
effects of clouds and of Rayleigh scattering can be gauged from Fig. 4, which shows back scattered albedo spectra (≡ πR/µ0I0,
whereR is the radiance,µ0 the secant of the solar zenith angle, andI0 the irradiance) from GOME measurements [14] for t
extreme examples. The highest albedo scene, corresponding to full coverage by high clouds, is white and quite brig
the cloud reflectance; the lowest albedo case is a cloud-free scene over the ocean illustrating the low reflectance by w
than 2% at the infrared end) and the increasing contribution from Rayleigh scattering at shorter wavelengths.

4. Techniques

UV/visible measurements of the atmosphere are made in one of three basic measurement geometries:

Fig. 2. The low resolution extraterrestrial solar spectrum over much of the UV/visible region (top); a detailed section of the solar spec
region where NO2 is commonly measured from space (bottom).



K. Chance / C. R. Physique 6 (2005) 836–847 839

ents
ond-
ue
-free

ace. The
Rayleigh

nerally

um

adiance,
ned
ed

igh and
nt for the
dances

s strong
at wave-

Rayleigh
ent geom-
ive
velength
ensitivity

measure-
etermine
retrievals
Fig. 3. Typical absorptions due to molecules that are now commonly
measured from space in the nadir geometry.

Fig. 4. Back scattered albedo spectra from GOME measurem
for two extreme examples. The highest albedo scene, corresp
ing to full coverage by high clouds, is white and quite bright, d
to the cloud reflectance; the lowest albedo case is a cloud
scene over the ocean.

1. Nadir—the back scattered light is measured in a geometry where the line of sight intersects the Earth’s surf
light source is solar radiation back scattered from a combination of surface reflectance and cloud, aerosol and
scattering.

2. Occultation—the light source is direct illumination by the Sun (or, less frequently, the Moon or stars).
3. Limb scattering—the light source is Rayleigh scattering of solar light in the limb geometry. This technique is ge

limited to measurements in the stratosphere and upper troposphere.

4.1. Nadir measurements

Analysis of nadir measurements is most commonly made using either fitting to determine a totalslant column (SC) abun-
dance, followed by adjustment to determine thevertical column (VC) abundance, or by directly fitting to details in the spectr
to determine a vertical column amount or profile.

For slant column measurements, spectra may be fitted by a variety of methods, ranging from directly fitting to the r
cf. [15] to fitting of a low-pass filtered version of ln(R/I0) (i.e.,DOAS, cf. [6]). Vertical column abundances are then determi
by division of the SC by anAir Mass Factor (AMF), which is simply the ratio of the slant to vertical column, determin
from climatological knowledge of the vertical distribution and radiative transfer calculation to take into account Rayle
other scattering as well as the spherical atmospheric geometry (cf. [6,16]). There may be further correction to accou
(sometimes strong) variation of the AMF over the spectral fitting window. It is also possible to fit to vertical column abun
directly, by including the radiative transfer modeling inside of the fitting procedure [17].

It was discovered by Singer and Wentworth [18] that Rayleigh scattering, which often complicates retrieval due to it
(≈ 1/λ4) dependence on wavelength, could also serve as a source of information. In the strong Hartley band of ozone
lengths< 300 nm, back scattered radiation has not penetrated to the Earth’s surface. The source of illumination is
scattering, and light of different wavelengths penetrates to different atmospheric depths, depending on the measurem
etry, the strength of the scattering and the wavelength dependence of the O3 absorption: The spectrum can be inverted to g
a stratospheric ozone profile. This is the basis for BUV/SBUV measurements of ozone profiles [19]. The greater wa
coverage and higher spectral resolution of more modern spectrometers can improve the situation further. During the s
analyses performed when the SCIAMACHY instrument was being proposed, it was discovered that adding detailed
ments of the strongly temperature-dependent Huggins bands of ozone to the BUV information makes it possible to d
the full atmospheric profile, which includes the tropospheric ozone abundance, directly [20]. This has been the basis of
now successfully made on GOME satellite measurements, discussed below inExamples.
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4.2. Occultation measurements

Solar occultation measurements from space now have a long and successful heritage. The technique is deceptiv
requiring pointing to the Sun and inversion of sets of slant column measurements using ephemeris data and corr
atmospheric refraction. The reality is more complex: The SAGE instruments, for example, raster vertically over the
order to be able to take into account variations of intensity over the solar disk as well as distortion of the solar im
refraction at lower altitudes [21]. Stellar occultation is now used by the GOMOS instrument to extend the ability to m
NO2 and O3 globally, to avoid the limitations in geographic coverage inherent in solar occultation measurements from
(http://envisat.esa.int/instruments/gomos). Lunar occultation measurements are rarer, but are now performed by SCIA
with the intention of extending the coverage to (limited) nighttime measurements [20,22].

4.3. Limb scattering measurements

Analysis of limb scattered light is more complex than analysis of occultations. First, the light source (principally Ra
scattering) is more diffuse and requires careful modeling of the Rayleigh source function and its variation along the mea
path. Detailed knowledge of the instrument field-of-view, and of multiple scattering from lower atmospheric layers, part
over bright scenes, are required. These complications make inversion of slant column abundances to vertical con
profiles particularly challenging. Second, the limb pointing cannot necessarily be reliably determined from spacecraft
and ephemeris data but must, in the general case, be determinable from the data themselves. Fortunately, for in
which include the Hartley-Huggins ozone spectral range, there is a ‘knee’ in the brightness versus tangent altitude, c
competition between increased scattering and increase O3 absorption, that may be used to determine the pointing to se
hundred meters under favorable circumstances [23,24].

5. Technical challenges

This section summarizes a number of the technical challenges that have had to be addressed in order to successfu
UV/visible atmospheric spectra from satellites to the fine level of agreement (as low as several times 10−4 of measured radiance
in favorable cases) needed for use in atmospheric process studies.

5.1. Detectors

The current generation of satellite spectrometers (summarized below inInstruments) utilize either 1-dimensional silicon
diode array detectors (usually Reticon® detectors) or 2-dimensional CCD devices. Of the two choices, the diode array de
offer the best performance on a per-pixel basis, having large well depths and generally lower dark current. In the most
cases, it has been possible to fit GOME spectra, for example, to an RMS of< 3 × 10−4 of the full scale radiance [15]. CCD
detectors at present achieve lower performance on a per-pixel basis but enable multiple spectra to be obtained simu
i.e., spectrum in one dimension and across-track ground pixel position in the other. Future instruments will likely bene
the use of 2-D silicon diode array technology which has recently become available in sufficiently large formats, and c
the advantages of both previous types.

5.2. Solar reference spectra

An extraterrestrial high resolution solar spectrum would be invaluable for the spaceborne measurements. Such a
is needed for wavelength calibration [25], Ring effect determination [26–28], determination of the instrument transfer
from flight data, and correction for spectral undersampling [29]. Since an appropriate extraterrestrial spectrum does
(the extensive SOLSTICE/SUSIM measurements of [12] are very good in absolute intensity calibration, but have much
spectral resolution to be used for these purposes), ground-based FTS spectra, in particular a solar spectrum from Kuru
the National Solar Observatory (NSO) [11] has been used extensively, supplemented at wavelengths<305 nm by balloon-base
spectra from Hall and Anderson [30].

5.3. Rayleigh scattering and the Ring effect

Rayleigh scattering is a major contributor, sometimes the predominant contributor, to back scattered light measur
nadir, depending on wavelength and detailed measurement geometry. For limb measurements, it is the source of the
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light, except for aerosol contributions at lower altitudes. Highly accurate formulations of the wavelength dependenc
cross sections and scattering phase function for Rayleigh scattering by air are available [26,31,32].

The Ring effect was first noted by Grainger and Ring [33] as a broadening and reduction in depth of solar Fraunho
when viewed from the ground in scattered sunlight. It has now been firmly demonstrated to be the effect of the fra
Rayleigh scattering by air that is inelastic, i.e., Raman scattering. The Raman scattering is predominantly rotationa
it constitutes 4% of the Rayleigh scattering in the UV/visible. Ring effect corrections may be performed using the m
physics of the Raman scattering coupled with a suitable solar reference spectrum [27], in some cases coupled with
transfer calculations [26,28], to the level that negligible uncertainties remain in the spectral fitting from this source of
structure.

Vibrational Raman scattering in ocean water can be readily sensed in the UV/visible (it must be corrected for in the
analysis for some gases) and it has been suggested that it may be used to “estimate chlorophyll and dissolved organic matter
contents” of ocean water [34].

5.4. Wavelength issues

Ground-based wavelength calibration is insufficient for detailed spectrum fitting of satellite data for several reaso
calibration can shift substantially due to launch stresses; second, calibration in flight can vary by substantial amounts,
to the spectral fitting needs, due to thermal and other in-flight perturbations and instrumental effects (e.g., partial
the field-of-view); third, solar irradiances and radiances are often obtained (especially for nadir observations) at sub
different Doppler shifts (up to 0.01 nm at 400 nm). For these reasons, methods were developed first for GOME in-flight
calibration, using nonlinear least-squares (NLLS) minimization or spectral cross correlation, where the comparison
in both cases is derived from the NSO spectrum described above [25]. The NLLS method is now used extensively in
analyses, and has been implemented in operational algorithms for GOME, SCIAMACHY, OMI, and OMPS.

5.5. Reference spectra

Reference spectra for UV/visible measurements are now included in the HITRAN database [35,36], and regularly
Reference spectra are published sometimes with vacuum wavelengths and sometimes with air wavelengths (ofte
sufficient detail of laboratory conditions to allow accurate conversion to vacuum). It is highly recommended that
wavelengths be the standard, and that accurate conversion be made when necessary. Highly accurate conversion fo
available [32]. As UV/visible reference spectra are increasingly determined using Fourier transform spectrometers, this
less of an issue, since wavenumbers (cm−1) are intrinsically in vacuum.

5.6. Instrument function and sampling issues

Slit functions (instrument transfer functions, ITFs) in flight may differ from those determined in ground calibration
often useful to re-determine them in flight. The normal procedure is to combine this fitting with the wavelength cali
using NLLS, where the reference spectrum is a high-resolution solar spectrum. Spectral undersampling occurs in ar
instruments (or indeed any spectrometer) when spectral measurements are not made at fine enough spacing toNyquist sample
the ITF [37], and thus provide full knowledge of the spectrum up to the band limit (Nyquist sampling requires samplin
least twice the highest spatial (i.e., wavelength) frequency admitted by the resolution limit of the instrument). It can be
source of fitting error in the current generation of satellite-borne spectrometers, particularly as solar irradiance spectr
resampled in order to be compared to radiances in the spectral fitting process [15]. Where the trace gas absorptions a
thin, it is possible to effectively correct for most of the undersampling error [15,38]. It is now possible to quantitatively det
the amount a spectrum will be undersampled (or, how close it is to being fully-sampled) for a given instrument config
during the design phase [29].

5.7. Radiative transfer modeling and chemistry and transport modeling

Radiative transfer calculations, usually requiring multiple scattering treatment, and often needing spherical corre
inclusion of polarization, are fundamental to the analysis of UV/visible measurements in nadir and limb geometries. R
transfer models are now available for most UV/visible measurement situations [39–46].

Primarily because of the interference by Rayleigh scattering with geometrical scattering paths in nadir measuremen
ularly for tropospheric measurements, it is often necessary to couple radiative transfer calculations with chemistry and
modeling in order to determine AMFs: The contribution of molecular absorption to back scattered radiance depend
icantly on the absorber altitude. Generally, absorbers at lower altitudes contribute less to the observed signal (cf. [
GEOS-CHEM and MOZART 3-D tropospheric chemistry and transport models [47–49] are in common use for this pu
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6. Instruments

A series of satellite instruments which measured in discrete (sometimes scannable) spectral bands formed the foun
present satellite spectrometers. The BUV/SBUV instruments, 1970-present (cf. [50]) and the TOMS instruments, 197
(cf. [51]) are predecessors of current spectroscopic UV/visible nadir instruments. The SAGE I and II instruments [
the Solar Mesosphere Explorer [52] are predecessors for current occultation instruments. Current and planned instru
summarized in Table 1.

Table 1
Current and planned UV/visible satellite spectrometers

Instrument/Platform Wavelength Viewing Primary gases Lau
range (nm) geometry year

GOME/ERS-2; 240–790 Nadir O3, NO2, BrO, OClO, 1995+
GOME-2/MetOp (×3) SO2, HCHO, H2O
OSIRIS/Odin 280–800 Limb O3, NO2, BrO, OClO, SO2, HCHO 2001
SAGE III/Meteor-3M 280–1040 Occultation (limb) O3, NO2, NO3, BrO, OClO, H2O 2001
(2 additional planned)
GOMOS/Envisat 250–952 Stellar occultation O3, NO2, NO3, H2O 2002
SCIAMACHY/Envisat 240–2340 Nadir/limb/ occultation O3, NO2, BrO, OClO, SO2, HCHO, H2O, NO3 2002

(plus infrared gases)
MAESTRO/ACE 285–1030 Occultation O3, NO2, BrO, OClO, SO2, HCHO, H2O 2003
OMI/EOS-Aura 270–500 Nadir O3, NO2, BrO, OClO, SO2, HCHO 2004
OPUS/GCOM 306–420 Nadir O3, NO2, BrO, OClO, SO2, HCHO 2007
OMPS/NPP-NPOESS (×4) 259–1000 Nadir/limb O3, NO2, BrO, OClO, SO2, HCHO, H2O 2008+

Fig. 5. Meridional cross-section of the NO2 volume mixing ratio (ppbv) from an orbit of OSIRIS on the morning of April 8, 2004 [24]. Exc
NO2 from earlier solar storms descends into the upper stratosphere at high northern latitudes.
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7. Scientific examples

7.1. Stratospheric and tropospheric NO2

Stratospheric NO2 is measured globally by several instruments, using occultations, limb scattering and nadir measur
Fig. 5 shows the meridional cross-section of the NO2 volume mixing ratio (ppbv) from an orbit of OSIRIS on the morni
of 8 April 2004 [24] (courtesy of C.E. Sioris). Excess NO2 from earlier solar storms descends into the upper stratosphe
high northern latitudes. The GOMOS instrument employs stellar occultation to obtain global maps of NO2 and several othe
molecules throughout the diurnal cycle. Fig. 6 shows latitude-altitude maps of nighttime NO2 mixing ratios for the months
October–December 2003. The strong maximum in the upper stratosphere at high north latitudes is due to the strong p
of NOx during the 28 October solar proton event (courtesy of A. Hauchecorne and J.-L. Bertaux).

Nitrogen dioxide is the primary measurable proxy for NOx , the reactive nitrogen pollutants. Satellite measurements
used to track pollution and to improve global NOx emission inventories [53], and for other detailed process studies, su
the release of NOx from soils [54]. Fig. 7 shows global tropospheric NO2 derived from SCIAMACHY measurements for Ma
October 2004, during the 2004 International Consortium for Atmospheric Research on Transport and Transformation (I
campaign (courtesy of R.V. Martin and C.E. Sioris).

Fig. 6. Latitude-altitude maps of nighttime NO2 mixing ratios for the months Oct.–Dec. 2003 The strong maximum in upper stratosph
high north latitudes is due to the strong production of NOx during the 28 October solar proton event.

Fig. 7. Tropospheric NO2 from SCIAMACHY during the 2004 ICARTT campaign. Pollution on urban scales is readily measured glob
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7.2. BrO in polar spring conditions

Initial sensitivity studies for GOME and SCIAMACHY indicated that stratospheric BrO would be measurable gl
[20]. It was later discovered, from ground-based measurements [55] and then confirmed by GOME measurements th
released copiously from the ice pack in polar spring, in both hemispheres. Fig. 8 shows northern hemisphere BrO der
GOME measurements for 30 April – 2 May 1997, illustrating the large enhancements over the ice pack.

7.3. Global HCHO measurements

Formaldehyde is the primary measurable proxy for volatile organic compounds, VOCs. Tropospheric HCHO measu
derived from GOME are used to improve VOC emission inventories [56]. Fig. 9 shows our tropospheric formaldehyde (
measurements from GOME for July 1996. High HCHO regions reflect VOC emissions from fires, the biosphere (e.g.,
emissions from stressed vegetation), and human activity (courtesy of P.I. Palmer).

Fig. 8. Northern hemisphere BrO derived from GOME measurements for 30 April – 2 May 1997, illustrating the large enhancements
ice pack.

Fig. 9. Tropospheric formaldehyde (HCHO) measurements from GOME for July 1996. High HCHO regions reflect VOC emissions fr
the biosphere and human activity.
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Fig. 10. Surface level ozone density derived by the Rutherford Appleton Laboratory from 25–27 June, 2000 GOME measureme

7.4. Tropospheric ozone

Initial sensitivity studies for GOME and SCIAMACHY indicated that tropospheric ozone would be measurable g
[20]. This was first demonstrated with GOME flight data by the Rutherford Appleton Laboratory [57], and has sinc
implemented by several other groups, including the CfA. Fig. 10 shows the surface level ozone density derived from
June 2000 GOME measurements (courtesy of R. Siddans).

8. Conclusions

Spaceborne remote sensing of the Earth’s atmosphere utilizing ultraviolet and visible spectroscopy is a field that
reaching maturity. Measurement techniques, instrumentation, and data analysis algorithms have been developed to th
most of the potential applications have now been solidly demonstrated. Stratospheric measurements determine the de
photochemistry of the ozone layer, including ozone itself, and several primary gases involved in ozone photochemis2,
BrO, and (in the polar vortex) OClO. Measurements of the tropospheric pollutants O3, NO2, and HCHO quantify importan
aspects of oxidation chemistry and pollution transport, and are now being used to improve global emission inventoriex
and VOCs.

Measurements from satellite instruments now planned will continue for at least the next 20 years, and should
basis for improved environmental monitoring systems to monitor atmospheric pollution globally and continuously from
Employing capabilities that have now been demonstrated from geostationary orbit is an obvious approach to accompli
goal.
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