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Abstract. This chapter reviews the current capabilities for ultraviolet and 
visible spectroscopic measurements of the Earth’s troposphere, and discusses 
what remains to be achieved in the short term to enable global, continuous 
measurements of atmospheric pollution from space to be undertaken. 
Challenges in instrumentation, spectroscopy, radiative transfer modeling, and 
retrievals are discussed. Current and planned satellite instruments with the 
capability to make tropospheric measurements in the ultraviolet and visible, 
with their measurement properties, spectral coverage, and target molecules, are 
presented. Measurement examples are taken from recent work done at the 
Harvard-Smithsonian Center for Astrophysics, together with our colleagues at a 
number of institutions. The examples include global tropospheric ozone (O3) 
measurements from the nadir geometry; global tropospheric nitrogen dioxide 
(NO2); bromine oxide (BrO) in the polar spring, and from salt lakes and 
volcanoes; global tropospheric formaldehyde (HCHO); and preliminary 
measurements of glyoxal (CHOCHO). Except for a few remaining 
developments, the field is shown to be sufficiently mature that global 
measurements of atmospheric pollution from space may be undertaken. 
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1. Introduction 

Since the Scanning Imaging Absorption Spectrometer for Atmospheric 
Chartography (SCIAMACHY) instrument was proposed1,2 the capability to 
measure tropospheric pollutants other than ozone (cf. Refs. 3,4) and volcanic 
sulfur dioxide (SO2; cf. ref. 5) from space using ultraviolet and visible 
spectroscopy has gradually become established. 

It is now possible to make tropospheric measurements of a number of 
chemical constituents, and to study their sources, sinks, transport, and 
transformation. This provides critical information on tropospheric oxidation 
chemistry and pollution of the lower atmosphere, and contributes to process 
studies, including intercontinental transport of pollution. In addition to O3 and 
volcanic SO2, there are limited measurements of anthropogenic SO2,6 as well as 
the examples cited in the abstract, which are discussed in more detail below. 
Aerosol and cloud measurements in the ultraviolet and visible are not included 
here although they are, of course, also of primary importance. In particular, 
cloud measurements may now be made using spectroscopic methods.7 

This chapter provides an overview of current results and capabilities which 
show how ultraviolet and visible spectroscopy is used to elucidate important 
properties about the Earth’s troposphere. This is now a sizable field of research, 
with some dozen Earth satellites now performing measurements or being 
planned or prepared for launch. This review uses examples from research done 
at the Harvard-Smithsonian Center for Astrophysics (CfA), http://cfa-
www.harvard.edu/atmosphere/, along with our collaborators. It is not fully 
inclusive of techniques, groups, and results, due to space limitations. It is 
intended to summarize many of the technical issues involved in data analysis, 
show by example the power of this type of measurement, and provide a 
convenient starting place for further inquiries. There are a number of other 
active groups performing similar and related work whose websites should be 
consulted for a broader view.8 

An overview of the UV/visible atmosphere and the basic measurement 
techniques is presented, followed by a discussion of issues in algorithm physics, 
a survey of current and planned instruments, and illustrative examples of the 
application of UV/visible measurements to tropospheric process studies. The 
paper will conclude with a brief synopsis of the current state of measurements 
with respect to requirements for global pollution monitoring from satellites in 
geostationary orbits. 

A distinction is made here between a spectrometer, which makes 
spectroscopic measurements over a substantial wavelength range at moderate to 
high spectral resolution, normally of multiple species when being used as an 
atmospheric instrument, and an instrument measuring at several wavelength 
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bands to measure (normally) one species. Instruments at both extremes have 
contributed historically and continue to do so, although there is a marked 
tendency in the UV/visible to now employ spectrometers with array-type 
detectors to cover large portions of the spectrum at 0.2-1.0 nm spectral 
resolution. These measurements are emphasized here. 

2. The UV/Visible Atmosphere 

The solar spectrum can be roughly approximated as a blackbody at 5900 K. The 
reality, for detailed spectroscopic measurements, is much more complicated. 
Figure 1 (top) shows a low resolution extraterrestrial solar spectrum (the 
Fraunhofer spectrum) over much of the UV/visible region;9-11 Figure 1 (bottom) 
shows a detailed section of the solar spectrum in a region where NO2 is 
commonly measured from space.9 The source spectrum is seen to be quite 
complex. To the extent that measurements correspond to simple Bouguet (or 
Lambert-Beer) absorption this would not present a particular difficulty. In 
practice, because of the Ring effect (discussed below in Algorithm Physics), a 
detailed knowledge of the solar spectrum is required, particularly for some of 
the molecules with small absorption: These molecules (including NO2, BrO, 
HCHO, CHOCHO, SO2, and, in parts of the spectrum, O3) are the most 
important tropospheric species to be measured from space in this spectral 
region. 
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Figure 1. The low resolution extraterrestrial solar spectrum over much of the UV/visible region 
(top); a detailed section of the solar spectrum in a region where NO2 is commonly measured from 
space (bottom). 

Figure 2 shows an overview of the absorptions due to molecules that are 
now commonly measured from space in the nadir geometry. Absorptions are for 
typical measurement geometry and atmospheric concentrations and, for 
tropospheric gases, under conditions of moderate enhancement, except that SO2 
is increased to an amount typical for a volcanic source and ClO and OClO 
(stratospheric species) are increased to amounts typically seen in the Antarctic 
polar vortex. The effects of clouds and of Rayleigh scattering can be gauged 
from Figure 3, which shows back scattered albedo spectra (≡ πR/µ0I0, where R 
is the radiance, µ0 the cosine of the solar zenith angle, and I0 the irradiance) 
from Global Ozone Monitoring Experiment (GOME) measurements12 for two 
extreme examples. The highest albedo scene, corresponding to full coverage by 
high clouds, is white and quite bright, due to the cloud reflectance; the lowest 
albedo case is a cloud-free scene over the ocean illustrating the low reflectance 
by water (less than 2% at the infrared end) and the increasing contribution from 
Rayleigh scattering at shorter wavelengths, as the radiation penetrates to lower 
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altitudes for this cloud-free scene. The inverted Fraunhofer structure in these 
spectra, most visible below 400 nm, is due to the incomplete cancellation of the 
structure cause by the Ring effect, discussed below. 

Figure 2. Typical absorptions due to molecules that are now commonly measured from space in 
the nadir geometry. 

 

3. Measurement Techniques 

UV/visible measurements of the atmosphere are made in one of three basic 
measurement geometries: 1. Nadir - the back scattered light is measured in a 
geometry where the line of sight intersects the Earth’s surface. The light source 
is solar radiation back scattered from a combination of surface reflectance and 
cloud, aerosol and Rayleigh 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. Information from occultation and limb scattering measurements is 
generally limited to the stratosphere and upper troposphere. Most of the 
information on tropospheric composition, particularly for lower tropospheric 
pollution studies, comes from nadir measurements although, for O3 and NO2, 
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the use of limb-nadir subtraction has been investigated for use in improving 
tropospheric retrievals.13 
 

 

Figure 3. Back scattered albedo spectra from GOME measurements for two extreme examples. 
The highest albedo scene, corresponding to full coverage by high clouds, is white and quite 
bright, due to the cloud reflectance; the lowest albedo case is a cloud-free scene over the ocean. 

 
Analysis of nadir measurements is most commonly made using either fitting 

to determine a total slant column (SC) abundance, followed by adjustment to 
determine the vertical column (VC) abundance, or by directly fitting to details 
in the spectrum 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 radiance14 to fitting of a low-pass 
filtered version of ln(R/I0) (i.e., DOAS15). Vertical column abundances are then 
determined by division of the SC by an Air Mass Factor (AMF), which is 
simply the ratio of the slant to vertical column, determined from knowledge of 
the vertical distribution, either from climatology or from assimilation of data 
into chemistry and transport modeling,16,17 and radiative transfer calculation to 
take into account Rayleigh and other scattering as well as the spherical 



UV/VISIBLE ATMOSPHERIC MEASUREMENTS FROM SPACE 7 

atmospheric geometry (cf. Refs. 15,16). There may be further correction to 
account for the (sometimes strong) variation of the AMF over the spectral 
fitting window. It is also possible to obtain vertical column abundances directly, 
by including the radiative transfer modeling inside of the fitting procedure.18 

It was discovered by Singer and Wentworth19 that Rayleigh scattering, 
which often complicates retrieval due to its strong (≈1/λ4) dependence on 
wavelength, could also serve as a source of information. In the strong Hartley 
band of ozone at wavelengths <300 nm, back scattered radiation from nadir 
measurements has not penetrated to the Earth’s surface. The source of 
illumination is Rayleigh scattering. Light of different wavelengths penetrates to 
different atmospheric depths, depending on the measurement geometry, the 
strength of the scattering, and the wavelength dependence of the O3 absorption: 
The spectrum can be inverted to give a stratospheric ozone profile. This is the 
basis for BUV/SBUV measurements of ozone profiles.20 The greater 
wavelength coverage and higher spectral resolution of more modern 
spectrometers can improve the situation further. During the sensitivity analyses 
performed when the SCIAMACHY instrument was being proposed, it was 
discovered that adding detailed measurements of the strongly temperature-
dependent Huggins bands of ozone to the BUV information makes it possible to 
determine the full atmospheric profile, which includes the tropospheric ozone 
abundance, directly.2,21 This has been the basis of retrievals now successfully 
made using spectra from the GOME and SCIAMACHY satellite instruments, 
discussed below in Examples. 

4. Algorithm Physics 

A number of the technical challenges have had to be addressed in order to 
successfully analyze UV/visible atmospheric spectra from satellites to the fine 
level of agreement (as low as several times 10-4 of measured radiances in 
favorable cases14) needed for use in atmospheric process studies, and to permit 
retrievals of ozone profiles and tropospheric ozone to the maximum altitude 
resolution that the physics in the spectroscopy and radiative transfer permits. 

4.1. SOLAR REFERENCE SPECTRA 

An extraterrestrial high resolution solar spectrum would be invaluable for the 
spaceborne measurements. Such a spectrum is needed for wavelength 
calibration,22 Ring effect determination,23-25 determination of the instrument 
transfer function from flight data, and correction for spectral undersampling.14,26 
Since an appropriate extraterrestrial spectrum does not exist (the extensive 
SOLSTICE/SUSIM measurements of Ref. 10 are very good in absolute 
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intensity calibration, but have much too low spectral resolution to be used for 
these purposes), ground-based FTS spectra, in particular a solar spectrum from 
Kurucz et al. at the National Solar Observatory (NSO)9 has been used 
extensively, supplemented at wavelengths <305 nm by balloon-based spectra 
from Hall and Anderson.27 

4.2. RAYLEIGH SCATTERING AND THE RING EFFECT 

Rayleigh scattering is a major contributor, sometimes the predominant 
contributor, to back scattered light measured in the nadir, depending on 
wavelength and detailed measurement geometry. For limb measurements, it is 
the source of the measured light, except for aerosol contributions at lower 
altitudes. Highly accurate formulations of the wavelength dependences of the 
cross sections and scattering phase function for Rayleigh scattering by air are 
available.24,28,29 

The Ring effect was first noted by Grainger and Ring30 as a broadening and 
reduction in depth of solar Fraunhofer lines when viewed from the ground in 
scattered sunlight. It has now been firmly demonstrated to be the effect of the 
fraction of Rayleigh scattering by air that is inelastic, i.e., Raman scattering. 
The Raman scattering is predominantly rotational Raman; it constitutes 4% of 
the Rayleigh scattering in the UV/visible. Ring effect corrections may now be 
performed using the molecular physics of the Raman scattering coupled with a 
suitable solar reference spectrum,24 in some cases coupled with radiative 
transfer calculations,23,25 to the level that negligible uncertainties remain in the 
spectral fitting from this source of spectral structure. 

Vibrational Raman scattering in ocean water can be readily sensed in the 
UV/visible (it must be corrected for in the spectral 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.31 

4.3. WAVELENGTH ISSUES 

Ground-based wavelength calibration is insufficient for detailed spectrum 
fitting of satellite data for several reasons. First, calibration can shift 
substantially due to launch stresses; second, calibration in flight can vary by 
substantial amounts, compared to the spectral fitting needs, due to thermal and 
other in-flight perturbations and instrumental effects (e.g., partial filling of the 
field-of-view); third, solar irradiances and radiances are often obtained 
(especially for nadir observations) at substantially different Doppler shifts (up 
to 0.01 nm at 400 nm). For these reasons, methods were developed first for 
GOME in-flight spectral calibration, using nonlinear least-squares (NLLS) 
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minimization or spectral cross correlation, where the comparison spectrum in 
both cases is derived from the NSO spectrum described above.22 The NLLS 
method is now used extensively in scientific analyses, and has been 
implemented in operational algorithms for GOME, SCIAMACHY, the Ozone 
Monitoring Instrument (OMI), and the Ozone Mapping and Profiler Suite 
(OMPS). 

4.4. REFERENCE SPECTRA 

Reference spectra for UV/visible measurements are now included in the 
HITRAN database,32,33 and regularly updated. Reference spectra are published 
sometimes with vacuum wavelengths and sometimes with air wavelengths 
(often with insufficient detail of laboratory conditions to allow accurate 
conversion to vacuum). It is highly recommended that vacuum wavelengths be 
the standard, and that accurate conversion be made when necessary. Highly 
accurate conversion formulae are available.29 As UV/visible reference spectra 
are increasingly determined using Fourier transform spectrometers, this 
becomes less of an issue, since they measure frequencies, usually in 
wavenumbers (cm-1), and these are intrinsically in vacuum. 

4.5. INSTRUMENT FUNCTION AND SAMPLING ISSUES 

Slit functions (instrument transfer functions, ITFs) in flight may differ from 
those determined in ground calibration. It is often useful to re-determine them 
in flight. The normal procedure is to combine this fitting with the wavelength 
calibration using NLLS, where the reference spectrum is a high-resolution solar 
spectrum.14 Spectral undersampling occurs in array-based instruments (or 
indeed any spectrometer) when spectral measurements are not made at fine 
enough spacing to Nyquist sample the ITF,34 and thus provide full knowledge 
of the spectrum up to the band limit (Nyquist sampling requires sampling to at 
least twice the highest spatial (i.e., wavelength) frequency admitted by the 
resolution limit of the instrument). It can be a major source of fitting error in the 
current generation of satellite-borne spectrometers, particularly as solar 
irradiance spectra must be resampled in order to be compared to radiances in 
the spectral fitting process.14 Where the trace gas absorptions are optically thin, 
it is possible to effectively correct for most of the undersampling error.14,35 It is 
now possible to quantitatively determine the amount a spectrum will be 
undersampled (or, how close it is to being fully-sampled) for a given instrument 
configuration during the design phase.26 
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4.6. RADIATIVE TRANSFER MODELING AND CHEMISTRY AND 
TRANSPORT MODELING 

Radiative transfer calculations, usually requiring multiple scattering treatment, 
and often needing spherical correction or inclusion of polarization, are 
fundamental to the analysis of UV/visible measurements in nadir and limb 
geometries. Radiative transfer models are now available for most UV/visible 
measurement situations.36-43 

Primarily because of the interference by Rayleigh scattering with 
geometrical scattering paths in nadir measurements, particularly for 
tropospheric measurements, it is often necessary to couple radiative transfer 
calculations with chemistry and transport modeling in order to determine 
AMFs: The contribution of molecular absorption to backscattered radiance 
depends significantly on the absorber altitude. Generally, absorbers at lower 
altitudes contribute less to the observed signal (cf. Ref. 16). The GEOS-CHEM 
and MOZART 3-D tropospheric chemistry and transport models44-46 are in 
common use for this purpose. 

5. Current and planned instruments 

A series of satellite instruments which measured in discrete (sometimes 
scannable) spectral bands formed the foundation for the present generation of 
satellite spectrometers which are capable of making extensive tropospheric 
measurements. The BUV/SBUV instruments, 1970-present (cf. Ref. 47) and the 
TOMS instruments, 1978-present (cf. Ref. 48) are predecessors of current 
spectroscopic UV/visible nadir instruments. Current and planned instruments 
are summarized in Table1. 
 
TABLE 1. Current and planned UV/visible satellite spectrometers for tropospheric measurements 

Instrument Nadir 
Wavelength 
Range (nm) 

Tropospheric Gases Launch 
year 

GOME/ERS-2; 
GOME-2 (×3)/MetOp 

240-790 O3, NO2, BrO, SO2, HCHO, 
CHOCHO, H2O, 

1995; 
2006+ 

SCIAMACHY/Envisat 240-2340 O3, NO2, BrO, SO2, HCHO, 
CHOCHO, H2O (plus infrared 
gases) 

2002 

OMI/EOS-Aura 270-500 O3, NO2, BrO, SO2, HCHO, 
CHOCHO 

2004 

OPUS/GCOM 306-420 O3, NO2, BrO, OClO, SO2, 
HCHO 

2007 

OMPS/NPP-NPOESS 250-380 O3, NO2, BrO, OClO, SO2, 2008+ 
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(×4) HCHO, H2O 
 

6. Application of UV/Visible Measurements to Tropospheric Process 
Studies 

6.1. GLOBAL TROPOSPHERIC OZONE MEASUREMENTS FROM THE NADIR 
GEOMETRY 

Initial sensitivity studies for GOME and SCIAMACHY indicated that 
tropospheric ozone could be measurable globally.2,21 This was first 
demonstrated with GOME flight data by the Rutherford Appleton Laboratory,49 
and has since been implemented by several other groups, including our work at 
the CfA50,51, the University of Bremen, the Space Research of the Netherlands, 
and the Royal Dutch Meteorological Institute.8 Research at the CfA includes 
full profiles of ozone from nadir measurements by GOME and SCIAMACHY, 
as well as integrated tropospheric column ozone, and the capability to sample 
the ozone profiles at selected pressures or altitudes. The application of ozone 
profiling and tropospheric ozone algorithms to measurements from the OMI 
instrument is expected to begin in the near future. Figure 4 shows ozone 
profiles for a full orbit of GOME data on October 22, 1997 (an ozone hole 
orbit). The stratospheric ozone hole is clearly visible below ∼70oS. Significant 
tropospheric ozone enhancements are visible over the Southern Indian Ocean 
and Indonesia, due in both cases to biomass burning.50 Figure 5 shows monthly 
mean global tropospheric column ozone from the GOME instrument for 
October, 1997, where the columns are integrated to the NCEP tropopause 
height. The ozone distribution shows the well-known wave-1 pattern in the 
tropics, enhanced in the southern tropics particularly by biomass burning, and a 
strong band of ozone near 30oS, associated with the Hadley circulation. For a 
more detailed discussion see Ref. 51. (Figures 4 and 5 courtesy of X. Liu.) 
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Figure 4. Ozone profiles for an orbit of GOME measurements on October 22, 1997 showing the 
Antarctic ozone hole and significant tropospheric enhancements over the Southern Indian Ocean 
and Indonesia. 

6.2. GLOBAL TROPOSPHERIC NO2 

Nitrogen dioxide is the primary measurable proxy for NOx, the reactive 
nitrogen pollutants.8,17,52,53 Satellite measurements are used to track pollution 
and to improve global NOx emission inventories,54-56 and for other detailed 
process studies, such as the release of NOx from soils,57 and to investigate 
evidence of lightning NOx and convective transport of pollutants.58 
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Figure 5. Monthly mean global tropospheric column ozone from the GOME instrument for 
October, 1997, where the columns are integrated to the NCEP tropopause height. 

Figure 6 shows global and North American tropospheric NO2 derived from 
SCIAMACHY measurements for May-October 2004, during the 2004 
International Consortium for Atmospheric Research on Transport and 
Transformation (ICARTT) campaign. Intense sources reflect human activity: 
Urban areas to quite modest size are readily measurable. (Figure courtesy of 
R.V. Martin and C.E. Sioris.) 
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Figure 6. Global and North American tropospheric NO2 from SCIAMACHY during the 2004 
ICARTT campaign. 
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6.3. BRO IN THE POLAR SPRING, AND FROM SALT LAKES AND 
VOLCANOES 

Initial sensitivity studies for GOME and SCIAMACHY indicated that 
stratospheric BrO could be measurable globally.2 It was later discovered from 
ground-based measurements,59 and then confirmed by GOME measurements,8,14 
that BrO is released copiously from the ice pack in polar spring, in both 
hemispheres, with implications for ozone depletion in the polar boundary layer 
(cf. Ref. 60). More recently, BrO has been measured using ground-based 
spectroscopy from halogen emission over the Dead Sea and the Great Salt 
Lake,61,62 and from a volcanic plume.63 Figure 7 shows BrO derived from OMI 
spectra over the shelf ice in Antarctica in the Southern Hemisphere spring (left) 
and for a partial orbit over Hudson Bay, Canada during the Northern 
Hemisphere Spring (right). Figure 8 shows BrO from OMI over the Dead Sea 
(left) and the Great Salt Lake (right). Figure 9 shows BrO from OMI from 
February 2005 during the eruption of the Ambrym Volcano, Vanuatu (16.25oS, 
168.12oE). The striping in the images, most obvious in the Figure 7 (right) is an 
artifact due to incomplete calibration in the Level 1 (i.e., spectral) data 
products. It should be absent in future versions of the data products. (Figures 7-
9 courtesy of T.P. Kurosu.) 
 
 

 
Figure 7. BrO from OMI over the shelf ice in Antarctica in the Southern Hemisphere spring (left) 
and for a partial orbit over Hudson Bay, Canada during the Northern Hemisphere Spring (right). 

 



UV/VISIBLE ATMOSPHERIC MEASUREMENTS FROM SPACE 16 

 

Figure 8. BrO from OMI over the Dead Sea (left) and the Great Salt Lake (right). 

 

 
Figure 9. BrO from OMI from February 2005 during the eruption of the Ambrym Volcano, 
Vanuatu. 
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6.4. GLOBAL TROPOSPHERIC HCHO 

Formaldehyde is currently the primary measurable proxy for volatile organic 
compounds, VOCs. Tropospheric HCHO measurements derived from GOME 
have been used to improve VOC emission inventories.16,52,55,64-67 OMI 
measurements, which have much higher spatial resolution, show promise for 
substantially improving the knowledge of VOC emission sources. Figure 10 
(left) shows tropospheric HCHO measurements from OMI for summertime 
(July 2005) over the U.S., where isoprene from trees is the major source, and 
(right) for Southeast Asia in October 2005, where sources include vegetation, 
biomass burning, and human activity (agriculture, fossil-fuel use). As with BrO, 
the Southeast Asia image still contains some residual striping. (Figure courtesy 
of T.P. Kurosu.) 

 
Figure 10. Tropospheric HCHO measurements from OMI for summertime (July 2005) over the 
U.S., where isoprene from trees is the major source (left), and for Southeast Asia in October 
2005, where sources include vegetation, biomass burning, and human activity (right). 

6.5. PRELIMINARY MEASUREMENTS OF CHOCHO 

CHOCHO is another high-yield product of VOC oxidation, although it has 
significantly difference source chemistry and a significantly shorter 
atmospheric lifetime than HCHO. As such, it can provide a probe for VOC 
emissions with different characteristics than HCHO. CHOCHO has recently 
been measured in Mexico City using ground-based spectroscopy.68 Research at 
the CfA has now shown that CHOCHO can be successfully measured from 
space, although measurements are preliminary as the algorithm is still 
undergoing optimization. Figure 11 shows elevated CHOCHO over the 
Guangzhou, China area in July, 2005. As with BrO and HCHO, some residual 
striping is evident. (Figure courtesy of T. Kurosu.) 
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Figure 11. Elevated CHOCHO over the Guangzhou, China area in July, 2005. 

7. Requirements for Global Pollution Monitoring 

The currently-orbiting satellite instruments which measure the troposphere in 
the UV/visible from nadir geometry, GOME, SCIAMACHY, and OMI (and 
design of the OMPS series of instruments), have done much to prepare the way 
for eventual global and continuous pollution monitoring from space. Robust 
algorithms for measurement of ozone profiles and tropospheric ozone, NO2, 
HCHO, and volcanic SO2 have been developed, with anthropogenic SO2 
measurement capability under development. Initial measurements of CHOCHO 
have been made; they should become robust measurement products in the near 
future. BrO, which has been of primarily stratospheric, and more recently upper 
tropospheric, interest nonetheless has shown scientifically interesting and 
readily measurable lower tropospheric features, including BrO from the ice 
pack and from volcanoes and salt lakes. Global pollution monitoring would 
almost certainly include infrared measurements as well, particularly of carbon 
monoxide (CO) and, perhaps, additional ozone measurements. 

The following discussion assumes that measurements would be made from 
geostationary orbit (35,800 km) or, possibly, from inclined 24-hour orbits, 
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which could make measurements to higher latitudes feasible. At least three 
instruments would be required for global coverage (six if inclined orbits are 
used). Spatial resolution requirements will depend upon detailed scientific 
requirement studies, but they will likely be 10×10 km2 or smaller. The major 
tradeoffs are in orbit selection, detector format (linear versus 2-D) and type 
(CMOS-Si versus CCD), and in scanning mode: even instruments using 2-D 
detectors would need to raster in order to obtain the required spatial coverage. 

The spatial resolution requirement assumed here is: at least 1000 resolution 
elements in the East-West and North-South directions (i.e., a grid of 1000×1000 
elements) for a satellite covering 1/3 of the Earth to latitude limits of ∼±60o. 
Any final selection will likely approximate this. 

7.1. INSTRUMENT DESIGN 

7.1.1. Scanner 

It is generally desirable to limit the number of mechanisms on a space-based 
instrument. It is partially for this reason that the OMPS and OMI designs 
selected the pushbroom technique, employing 2-D detectors (CCDs in both 
cases), where one CCD dimension is spectral and the other spatial (across-
track). The satellite movement then gives the along track variation.69,70 GOME 
and SCIAMACHY both employ across-track scanners to achieve spatial 
coverage. Both scanners are currently working as of this writing: the GOME 
single-axis scanner for almost 11 years and the SCIAMACHY two-axis scanner 
for almost 4 years. Thus, the use of a scanning mechanism has been 
demonstrated to be suitable for use in this application. OMPS will 
simultaneously measure spectra for 35 across-track ground pixels; OMI 
measures 60 across-track ground pixels. Neither value is close to what will 
reasonably be required for geostationary measurement (if they were, a single-
axis scanner would still be required). Two-axis scanning will thus be required 
for successful measurements from geostationary orbit. 

7.1.2. Detectors 

The current generation of satellite spectrometers (summarized above in Table 1) 
utilizes either 1-dimensional silicon diode array detectors (1024-element 
Reticon® detectors for GOME and SCIAMACHY) or 2-dimensional CCD 
devices (OMI and OMPS). Of the two choices, the diode array detectors offer 
the best performance on a per-pixel basis, having large charge capacities and 
generally lower dark current. In the most favorable cases, it has been possible to 
fit GOME spectra, for example, to an RMS of <3×10-4 of the full scale 
radiance.14 CCD detectors at present achieve lower performance on a per-pixel 
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basis but enable multiple spectra to be obtained simultaneously, i.e., spectrum 
in one dimension and across-track ground pixel position in the other. For low-
Earth-orbit measurements they have disadvantages in that the pixel size 
increases substantial with off-track (i.e., away from nadir) position, and the 
instrument line shape varies substantially in both the spectral and spatial 
dimensions. This will be less of a problem for geostationary measurements, 
assuming that the “across-track” (i.e., spatial, or swath) dimension will cover a 
relatively small fraction of the Earth disk instantaneously, and thus the angular 
field-of-view of the instrument will be smaller. CCDs are sensitive to 
degradation from radiation damage. Future instruments employing 2-D 
detectors may well benefit from the use of 2-D silicon diode array technology 
which has recently become available in sufficiently large formats, and combines 
the advantages of both previous types: large 2-D format, high charge capacity 
(for potentially higher achievable signal-to-noise ratios), and good radiation 
tolerance. The primary current example is the Rockwell HyViSI® series of 
CMOS-Si detectors (CMOS-HgCdTe versions are also available for infrared 
applications). For a recent comparison of CCDs and CMOS detectors see Ref. 
71. Linear silicon detectors are now available in larger formats (up to 2048 
pixels) with improved performance (e.g., Hamamatsu S3904-2048Q). The 
larger number of pixels allows for extensive wavelength coverage while 
avoiding spectral undersampling.26 

7.1.3. Spectrometer 

The major aspect of spectrometer design that requires improvement applies 
in the case where 2-D detectors are used. In this case, improved optical design 
is required to reduce “smile” on the detector arrays, where the spatial and 
spectral dimensions are not fully orthogonal (and may alias onto one another if 
the sampling is insufficient), and to reduce the variation of instrument line 
shape across the spatial dimension. 

It would also be useful to consider alternate configurations, for example, 
where multiple 1-D detectors are used to obtain spectra of different scenes 
simultaneously. This would improve the characteristics of individual spectra 
while maintaining at least part of the multiplex advantage of 2-D detectors. 

7.2. ORBIT CONSIDERATIONS 

A constellation of three satellites in geostationary orbits is commonly 
considered to be a standard configuration to achieve global coverage up to 
latitudes limited by viewing angles and physics. Measurements to high latitudes 
become difficult due to the high viewing zenith angle: The viewing zenith angle 
for 60o looking directly North or South is already quite high (68o). It increases 
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to more than 84o for views 60o East or West. This makes tropospheric 
measurements, especially in the UV, quite challenging even under high Sun 
conditions due to the large contribution of Rayleigh scattering to the measured 
radiances. 

The use of inclined 24-hour orbits could improve this situation, at the cost 
of more instruments or reduced temporal coverage. For example, a satellite in 
geostationary orbit at 100oW would effectively cover the U.S. (except for most 
of Alaska), southern Canada, and South America. Northern Canada would be 
problematic (as would much of northern Europe for a European member of the 
constellation). Inclining the orbits to 50o, with maximum latitude at solar noon, 
would permit the Northern Hemisphere to be well-covered during most of the 
day lit parts of the orbits, but would sacrifice coverage of much of the Southern 
Hemisphere. A second set of satellites with opposite phase would recover this. 

8. Conclusions 

Issues of instrument requirements (signal-to-noise ratio and spectral resolution) 
and algorithm physics have largely been addressed in the development of data 
products for GOME, SCIAMACHY, and OMI. The exact choices for 
geostationary instruments would need to be made considering the tradeoffs 
among technical capability, scientific requirements, and cost. 

Several algorithm issues remain. These include development of the 
capability to measure anthropogenic SO2 and improvements for CHOCHO. The 
advent (and cost!) of geostationary measurements would also provide an 
appropriate occasion to revisit some details of fitting algorithms. For example, 
there remains a degree of arbitrariness among choices of fitting functions for 
slant column measurements employed for both scientific and operational data 
products. Choices include directly fitting the radiance R, fitting R/I0, fitting 
ln(R/I0), or fitting a high-pass filtered version of ln(R/I0) (“DOAS”). All choices 
are in current use and few data products have benefited from a systematic 
comparison of choices. A comprehensive review of algorithm physics and 
reference spectra would also be appropriate to a new program for global 
measurements. 

The major needs for development have been presented in Section 7. The 
most critical point is that choice of detector type and geometry should proceed 
together with spectrometer design studies so that the choice is not made 
prematurely. An alternate orbit choice (inclined 24-hour orbits) has been 
presented although it may be that it is not seriously considered due to cost. 
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