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ABSTRACT

The recent literature on satellite remote sensing of air
quality is reviewed. 2009 is the 50th anniversary of the
first satellite atmospheric observations. For the first 40 of
those years, atmospheric composition measurements,
meteorology, and atmospheric structure and dynamics
dominated the missions launched. Since 1995, 42 instru-
ments relevant to air quality measurements have been put
into orbit. Trace gases such as ozone, nitric oxide, nitro-
gen dioxide, water, oxygen/tetraoxygen, bromine oxide,
sulfur dioxide, formaldehyde, glyoxal, chlorine dioxide,
chlorine monoxide, and nitrate radical have been mea-
sured in the stratosphere and troposphere in column mea-
surements. Aerosol optical depth (AOD) is a focus of this
review and a significant body of literature exists that
shows that ground-level fine particulate matter (PM, s)
can be estimated from columnar AOD. Precision of the
measurement of AOD is =20% and the prediction of
PM, < from AOD is order =30% in the most careful stud-
ies. The air quality needs that can use such predictions are
examined. Satellite measurements are important to event
detection, transport and model prediction, and emission
estimation. It is suggested that ground-based measure-
ments, models, and satellite measurements should be
viewed as a system, each component of which is necessary
to better understand air quality.

IMPLICATIONS

Satellite measurements are going to be an integral part of
the Global Earth Observing System of Systems. Satellite
measurements by themselves have a role in air quality
studies but cannot stand alone as an observing system.
Data assimilation of satellite and ground-based measure-
ments into forecast models has synergy that aids all of
these air quality tools.
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BACKGROUND

On Explorer VII, which was launched October 13, 1959,!
Suomi? assessed infrared (IR) radiative heat balance mea-
sured from an orbiting satellite as a forcing agent for
atmospheric circulation. This year marks one-half century
of space-borne observations of the Earth’s atmosphere. In
1961, meteorologists were first presented iconic images of
the Earth from the first TIROS satellites.? By showing
clouds and weather systems that visually identified fea-
tures only seen on synoptic weather charts, satellite me-
teorology was born and developed as a natural tool to
identify present and future weather.

This critical review discusses the measurement of air-
quality-related gases and aerosols from monitors orbiting
above the atmosphere. The National Academy of Sciences
(NAS) National Research Council “Decadal Survey”4 iden-
tifies a need to further involve satellite measurements in
decision-making and applications for societal benefit. The
NAS expectation of such observations to be integrated
into routine monitoring and assessment for tropospheric
pollution deserves a critical examination of the quality
and utility of such measurements. There are several im-
portant constraints on the ability of satellite instruments
to measure atmospheric composition. Orbit, atmospheric
transparency, wavelength of observation, molecular spec-
troscopy, scattering, and absorption are among the vari-
ables that define whether a measurement can be made.
This review begins with the physical principles underly-
ing satellite observations.

SATELLITE ORBITS

The promise of space-borne atmospheric measurements
has encouraged the launch of thousands of Earth-
observing sensors in low (<2000 km, LEO [note that
unfamiliar terms and abbreviations are listed in the
glossary]; Table 1), medium (2000-25,000 km, MEO)
and geosynchronous (35,786 km, GEO) orbits. Approx-
imately 900 satellites are currently being tracked by the
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Figure 3. Weighting functions (W) for (a) temperature (T), (b) water (WV), (c) CO, and (d) CH, from the AIRS satellite. A representative, but
not complete, set of weighting functions are shown. Numbers in the inset are the wavenumbers (cm~") for the AIRS channels. For the U.S.
standard atmosphere, 100 mb is ~16.2 km, 10 mb = 31.2 km, and 1 mb = 48.2 km. Figure courtesy of S. DeSousa-Machado, UMBC.
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where the first term in eq 6 is the source radiance from the
surface and the first term in eq 7 is the source radiance
from the TOA (can be ignored except in the near-IR or
microwave region). The second term in each is the ther-
mal emission from the atmosphere. T is the transmittance
of the atmosphere and its derivative with respect to opti-
cal depth is called the weighting function, W. Examples
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of weighting functions for temperature, water vapor,
methane, carbon monoxide (CO), and carbon dioxide
(CO,) are shown in Figure 3. Although temperature and
water vapor have channels that see down to the surface,
signals from other gases may be dominated by thermal
radiance from higher in the atmosphere.

Table 2 lists satellite measurements relevant to air
quality. There were early users of satellite imagery in the
air quality community.10-14 There is not space here to
describe all of these historical measurements, but tutorials
on remote sensing from space and the history of satellite
measurements is available on NASA Web sites.15.16 Here
we describe measurements from the most recent instru-
ments (a list of satellite acronyms is given in Table 3).
Two types of satellite instruments are used in the IR:
imagers and sounders. An imager uses the entire col-
umn of radiance to retrieve information on the atmo-
spheric path. The imager gives high (e.g., 1 X 1 km)
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Tahle 2. Satellites and instruments relevant to air quality and composition224-226 (see Table 3 for acronyms).

Satellite Orbit Instrument Years Species
TIROS 1-10 Polar Vidicon (TV) 1959-1965 Cloud imagery
TIROSN (NOAA 6-15) Polar TOVS 1978—present H,0, cloud imagery
Nimbus-1 Polar IR radiometer 1964-1964 H,0, cloud imagery
Nimbus-3 Polar IRIS 1969-1970 T, H,0, 04
HRIR, MRIR 1969-1970 Imagery
SIRS 1969-1970 IR radiation
MUSE 1969-1970 UV radiation
Nimbus-4 Polar SIRS 1970-1971 T, H,0, 0,4
BUV 1970-1977 0,
FWS 1970-1971 Solar radiation
IDCS 1970-1971 Clouds
THIR 1970-1971 T, H,0
Nimbus-5 Polar ESMR 1973-1976 Cloud imagery
ITPR 1975-1976 T
NEMS 1972-1973 T, H,0
THIR 1972-1974 T, H,0
Nimbus-6 Polar ERB 1975-1976 IR radiation
HIRS 1975-1976 T, H,0
LRIR 1975-1976 T, H,0, geostrophic winds
SCAMS 1975-1976 T, H,0
Nimbus-7 Polar CZCS 1978-1986 Ocean chlorophyll, aerosol correction
ERB 1978-1993 IR radiation
SMMR 1978-1987 T, H,0, ocean winds from reflectivity
SBUV/TOMS 1978-1991 0,
SAM-II 1978-1991 Stratospheric aerosols
SAMS 1978-1983 H,0, N,0, CH,, CO, and NO in the stratosphere
THIR 1978-1985 T, H,0
ESSA1-9 PS FPR 1966-1970 Cloud imagery, radiance
SMS-1 G15.5E VISSR 1974-1975 Visible/IR imagery
SMS-2 G12E VISSR 1975-1979 Visible/IR imagery
GOES 1-3 G135W, 75W VISSR 1975-1979 Visible/IR imagery
GOES 4-7 G135W, 75W VAS 1979-1994 T profiles
GOES 8-12 (I/M) G135W, 75W I/M imager 1994—present Visible/IR imagery
I/M sounder T profiles
ERBS 156.9 ERBE 1984-1991 Radiances
SAGE-II 1984-1993 NO,, Og, aerosol extinction (horizontal path), H,0
ERS-1 PS ATSR 1991-1992 Cloud properties, T
ERS-2 PS GOME 1995—present NO, NO,, H,0, 0,/0,, BrO, SO,, HCHO, 0CIO, CIO, and NO,
UARS L56.9 HRDI 1991-2005 Upper atmospheric winds
CLAES 1991-1993 T, H,0, N,0, NO, NO,, N,05, HNO5, CFC-12, CFC-11, HCI, CIONO,,
04, and CH,
SUSIM 1991-2005 0, 04
HALOE 1991-2005 Profiles of H,0, 0, HCI, HF, NO, CH,, HNO5, and CO.,.
ISAMS 1991-1992 Profiles of CO,, H,0, CO, NO, N,0, 05, HNO,, N,O5, NO,, and CH,
MLS 1991-2005 Profiles of 05, ClO, H,0,, 0,
WINDII 1991-2005 Upper atmospheric winds
TOMS-EP PS TOMS-EP 1996-1996 0, S0,
ADEOS PS TOMS 1996-1997 05, S0,
ILAS 1996-1997 05, CH,, N,0, HNO4, H,0, NO,, CFC-11
POLDER 1996-1997 Aerosol properties by polarimetry
AVNIR 1996-1997 Visible/IR imagery
AMSR 1996-1997 H,0, winds
IMG 1996-1997 CH,, C0,, NO,
SeaStar 190.7 SEAWIFS 1997—-present
TRMM L35.0 TRMM radar 1997—present Precipitation
Landsat 7 PS ETM+ 1999-present Surface, aerosols
Terra PS MISR 1999-present Aerosols
MODIS 1999-present H,0, clouds, aerosols
ASTER 1999-present Visible/IR imagery
CERES 1999-present Visible/IR radiance
MOPITT 1999-present CO, CH,
EO-1 PS Hyperion 2000—present Hyperspectral imagery
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Tahle 2. Cont.
Satellite Orbit Instrument Years Species
SAGE-III L99.7 SAGE-III 2002-2006 Aerosols, 0, H,0, NO,
Agua PS, A-Train AIRS 2002—present H,0, T, CH,, CO, CO,
MODIS 2002—present H,0, clouds, aerosols
AMSU 2002—present H,0
AMSR/E 2002—present H,0
CERES 2002—present Visible/IR radiance
ICESAT L94.0 GLAS 2003-2006 Aerosols
Aura PS, A-Train HRDLS 2003—-present 05, H,0, CO,, CH,, NO,, HNO,, aerosols, and CFC
MLS 2003—present T, P, H,0, HNO5, O, CO, HNO,, HCI, ClO, Br0, SO,, OH
omI 2003-present 05, SO,, NO,, aerosols, CHOCHO
TES 2003—-present CH,, CO, H,0, HDO, HNO3, 05, T
CALIPSO PS, A-Train CALIOP 2006—present Lidar profiles of aerosols
IIP 2006—present IR clouds
CloudSat PS, A-Train Cloudsat 2006—present Cloud radar
Envisat PS MERIS 2007—present AOD
MWR 2007—present H,0
AATSR 2007—present Surface T
GOMOS 2007-2009 05, 0,, NO,, NO5, UV AQD in occultation
SCIAMACHY 2007-present 05, NO,, H,0, N,0, CO, CH,, CHOCHO, 0CIO, H,CO, SO,, aerosols,
P, T
MIPAS 2007—present Trace gases
METOP PS IASI 2007—present H,0, CO,, CH, T, NO,
GOME-2 2007—present 05, aerosols, NO, Br0, 0CIO, CIO
AVHRR 2007—present AOD
GOSAT Polar Ibuki 2009—present C0,, GHGs
0COo NA 0COo 2009 failed to achieve orbit €0,
Upcoming missions
GLORY PS 2009? Aerosols
ADM/AEOLOS PS Aladin 20107 Lidar profiles of aerosols
GCOM-W1 PS SGGI 2013? Aerosols
NPP PS 2010? Aerosols
LDCM Polar 20107 Aerosols
METOP-B PS 2013?
NPOESS PS 2013? Aerosols
GPM 2 + PS and L39 2013-2014 Precipitation
EARTHCARE Polar ATLid 2013? Aerosols
MSI 2013? Aerosols
METOP-C PS 2016?
CLARREOQ Polar 2016? Radiance

Notes: G12° = geostationary at 12°E longitude, PS = polar sun-synchonous, L39° = low earth orbit with a 39° inclination angle, /M = GOES sequence of satellites from | to
M, N,O5; = dinitrogen pentoxide, T = temperature, P = pressure, H,0 = water, N,O = nitrous oxide, 0, = tetraoxygen, OCIO = chlorine dioxide, CIO = chlorine monoxide,
NO, = nitrate radical, HF = hydrogen fluoride, H,0,, hydrogen peroxide, CIONO, = chlorine nitrate, HCl = hydrogen chloride, GHGs = greenhouse gases, OH = hydroxyl species,
CFC = chlorofluorocarbon, HNO; = nitric acid, HNO, = nitrous acid, HDO = deuterated water, NA = not applicable.

horizontal spatial information but little unambiguous
vertical information.
A particular application in the IR comes where the

atmosphere is transparent because there are no absorbing
gases or aerosols in the scene (second term in eq 6 is zero).
The radiance seen arises from the surface temperature. IR
sea surface temperature (SST) instruments (AVHRR, POES,
ASTER, ERS-2, AIRS) operate on this principle. Over water,
the surface emissivity is approximately 0.98; however,
over land the IR emissivity of the surface is a complicated
function of the mineral and vegetative cover and can vary
from 0.7 to 0.98.17-19 Deriving land surface temperatures
is complicated. ASTER was designed to examine retrieval
of temperature over land.'® ASTER, launched in 1998, has
relatively coarse spectral resolution in the IR, but was
designed to give surface temperatures with a precision of
+1.5 Kand *0.015 in emissivity. Launched in 2002, AIRS
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globally provides emissivity measurements at 0.05-pm
spectral resolution with 3% precision from 3 to 4 pm and
1% precision at 10- to 12-um resolution.!”.18 Because the
surface emissivity enters into all calculations using eq 6
through the first term, emissivity uncertainty affects trace
gas retrievals.

Equation 5 reduces to a linear relationship between
temperature and microwave radiance at long wave-
lengths. Microwave thermal emission penetrates clouds.
Instruments such as SMMI, TRMM, TMI, and AMSR utilize
microwave retrievals for SST measurements.

Another application of surface temperature retrievals in
the IR arises from thermal emission from fires. Measure-
ments of emissions from fires have been made by “bottom-
up” models (in which the areal extent of the fires, measured
from the ground or estimated from space-borne imagery, is
multiplied by biomass and fire-type emission factors).20
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Table 3. Acronyms of satellites and satellite instruments. Table 3. Cont.
AATSR Advanced Along Track Scanning Radiometer SBUV Solar Backscatter Ultraviolet
ADEQS Advanced Earth Observation Satellite SCAMS Scanning Microwave Spectrometer
AIRS Atmospheric Infrared Sounder SCIAMACHY SCanning Imaging Absorption SpectroMeter for
AMSR Advanced Microwave Scanning Radiometer Atmospheric ChartographY
AMSU Advanced Microwave Sounding Unit-A SEAWIiFs Sea-viewing Wide Field-of-view Sensors
ASTER Advanced Spaceborne Thermal Emission and Reflection SEVERI Spinning Enhanced Visible and Infrared Imager
radiometer SIRS Satellite Infra-Red Spectrometer
AtLid Atmospheric Lidar SMMR Scanning Multichannel Microwave Radiometer
ATSR Along Track Scanning Radiometer SMS Synchronous Meteorological Satellite
AVHRR Advanced Very High Resolution Radiometer SSMI Special Surface Microwave Imager
AVNIR Advanced Visible and Near-Infrared Radiometer SUSIM Solar Ultraviolet Spectral Irradiance Monitor
BUV Backscatter Ultraviolet TES Tropospheric Emission Spectrometer
CALIOP Cloud and Aerosol Lidar with Orthogonal Polarization THIR Thermal Infrared
CALIPSO Cloud and Aerosol Lidar for Pathfinder Spaceborne TIROS Television Infrared Observation Satellite
Observations T™I Thermal Microwave Imager
CERES Clouds and Earth’s Radiant Energy System TOMS Total 0zone Mapping Spectrometer
CLAES Cryogenic Limb Array Etalon Spectrometer TOMS-EP Total Ozone Mapping Spectrometer—Earth Probe
CZCS Coastal Zone Color Scanner TOVS TIROS Operational Vertical Sounder
DesDynl Deformation, Ecosystem Structure and Dynamics of Ice TRMM Tropical Rainfall Measurements Mission
ERB Earth Radiation Budget VAS Visible Infrared Spin Scan Radiometer Atmospheric
ERBE Earth Radiation Budget Experiment Sounder
ERS-2 Second European Remote-Sensing Satellite VIIRS Visible Infrared Imager Radiometer Suite
ESMR Electrically Scanning Microwave Radiometer VISSR Visible Infrared Spin Scan Radiometer
ETM Enhanced Thematic Mapper WINDII Wind Imaging Interferometer
FPR Flat Plate Radiometer
FWS Filter Wedge Spectrometer
GEOS Geodetic and Earth Orbiting Satellite Other remote sensing techniques?!-23 are based on the ra-
GLAS Geoscience Laser Altimeter System diometric emissions from active fires in the 4-pm bands of
GOES Geostationary Operational Environment Satellite multispectral satellites like the MODIS, the BIRD instru-
GOME Global Ozone Monitoring Experiment ment, and the GOES. In these methods, the hypothesis is
GOMOS Global Ozone Monitoring by Occultation of Stars that the heat content of fires is proportional to the mass
HALOE Halogen Occultation Experiment burned. Correlations between IR radiances and smoke mass
HIRDLS H!gh'ReSOIUt.m” Dynamics Limb Sounder emission estimates are relatively high, but there further val-
HRDI High Resolution Doppler Imager  qgs . .
HRIR High Resolution Infrared 1da‘Flor} .of these estlma‘Fes. is nee@ed. There are factor§ of 10
HRIS High Resolution Infrared Sounder variability between emission estimates made from biomass
IASI Infrared Atmospheric Sounding Interferometer consumption-based smoke estimates and those from the
ICESAT Ice, Cloud, and land Elevation Satellite thermal radiance techniques.
IDCS Image Dissector Camera System MODIS?* and GOES/AVHRR?S fire detection algorithms
ILAS Improved Limb Atmospheric Spectrometer are used operationally in the detection of fire occurrences by
IMG Imager the U.S. Department of Agriculture (USDA) Remote Sensing
IRIS Infrared Interferometer Spectrometer Applications Center2¢ and the National Oceanic and Atmo-
ISAMS Improved Stratospheric and Mesospheric Sounder spheric Administration (NOAA) National Environmental
ITPR Infrared Temperature Profile Radiometer Satellite, Data and Information Service (NESDIS).2” Argu-
LIMS Limb Infrared Monitor of the Stratosphere . . . .
LITE Laser In-space Technology Experiment fibly, fire detect.lor.l in near .real tqne is one of the .most
LRIR Low Resolution Infrared important satellite inputs to air quality assessment. A history
MERIS Medium Resolution Imaging Spectrometer of global fire frequency and extent is now archived at the
MIPAS Michaelson Inferometer for Passive Atmospheric Sounding Automated Biomass Burning Algorithm website at the Uni-
MLS Microwave Limb Sounder versity of Wisconsin?® and the U.S. Navy.2?
MODIS Moderate Resolution Imaging Spectroradiometer Sounders invert the weighted Planck function from
MOPITT Measurements of Pollution in the Troposphere the second term in eq 6 to determine gas concentration
MRIR Moderate Resolution Infrared from the differential transmission. Highly absorbing gases
Msl Multispectral Imager only receive radiances from high in the atmosphere and
MUSE Monitor of Ultraviolet Solar Energy weakly absorbing gases may be visible all of the way down
MWR Microwave Radiometer . . .
NEMS Nimbus-5 Microwave Spectrometer Experiment to the surface. With the advent of hlghly resolved Foun.er
NPOESS National Polar Orbiting Environmental Satellite System transform spectrometers®® and grating spectrometers in
0Co Orbiting Carbon Observatory orbit,3! determination of highly resolved vertical profiles
OMI 0zone Monitoring Instrument of gases are possible. AIRS has been able to determine
PARASOL Polarization and Anisotropy of Reflectance for Atmospheric temperature and water vapor in 1-km layers throughout
Science coupled with Observations from a Lidar the atmosphere. Figure 3 shows sets of weighting func-
POES Polar Operational Environmental Satellite tions for temperature (Figure 3a), water vapor (Figure 3b),
POLDER Polarization.and Directionality of the _Eanh Reflectances CO (Figure 3¢) and methane (CH,; Figure 3d). The broad
SAGE Stratospheric Aerosol and Gas Experiment trace gas weighting functions allow only a few pieces of
SAM Stratospheric Aerosol Mission
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truly independent information to be derived from these
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AIRS channels. For CO, it is estimated that there is really
only one independent weighting function from 300 to
700 mb pressure altitude.32 CO, also has only one weight-
ing function, which peaks at 8-km altitude at midlatitude
temperatures but has contributions from the surface to 20
km.33 More details on the theory of IR inverse methods
can be found in Goody and Yung.34

Imagers (e.g., MODIS) and sounders (e.g., AIRS) can
detect aerosols in the IR for coarse-mode or mechanically
generated aerosols such as dust. Aerosols are possible to
detect in the IR if their size is more than approximately 10
pm. Particulate light scattering of solar radiation is gen-
erally ignored at wavelengths greater than 1.5 pm. At
longer wavelengths, scattering is replaced by thermal
emission as the dominant source of radiation. Clouds and
ice can be detected from their thermal emission at high
altitudes contrasting with the surface temperature and
many of the early instruments shown in Table 2 used IR
radiances to detect types of clouds. Methods exist to dis-
criminate ice from water clouds using far-IR wavelength
radiance differences.3> Dust has been detected in daytime
and nighttime observations of sounders such as AIRS,3¢
and polar orbiting and geostationary imagers such as the
MODIS and SEVIRI instruments.36-40 Although the
height of the aerosol is very important in the IR (because
the effective temperature of the aerosol and the amount
of water vapor above the dust layer must be known),
optical depths retrieved in the IR have the advantage of
not needing sunlight and therefore providing data that
are not diurnally biased. However, accurate detection and
calculation of dust aerosol properties such as optical
depth require correct information on surface emissivity,
surface temperature, water vapor, and mineralogy of the
dust. Combination of instruments, such as the CALIPSO
lidar (which derives aerosol height) and AIRS (which can
derive AOD day and night provided the aerosol height is
known), shows promise for dust emission detection and
assessment.

Passive Remote Sensing in the Visible Range

In the UV (0.25-0.4 wm) and visible (0.4-0.7 nm) range
of wavelengths, the Sun’s input and reflected light dom-
inate the radiance being emitted back to space. There are
relatively few gases (O, sulfur dioxide [SO,], NO,, form-
aldehyde [HCHO], and glyoxal [CHOCHO)]) that have
absorption features that allow their detection at UV and
visible wavelengths. Aerosols dominate visible radiative
transfer. Because light scattering by aerosols is strongly
dependent on the wavelength of light, and because the
Mie extinction efficiency peaks in the accumulation mode
below 1 pm in size? (Mie scattering is largest where the
particle size and wavelength are equal), particulate matter
(PM) measurements use visible wavelengths.

The differential form of the 2D radiative transfer
equation for visible radiation is®:

dl(7,Q) (1) T
L P I(7,Q) — ﬁp(ﬂ’,ﬂ)lve?

(8)
(1)(’1') " ’ ’ ’
_ﬂ ) p(Q ,Q)I(T,Q )dQ
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where [ is the radiance, 7 is zero at TOA and is a variable
of the downward path, p = cosO (negative downwards), w
is the single-scatter albedo, and p({)',Q)) is the scattering
phase function from solid angle ' to Q. The equation
states that the rate of change of radiance with increasing
optical depth is related to the downwelling radiance mi-
nus the lost direct radiance minus the diffuse scattering
into 4 sr. There is a surface boundary condition for the
reflected radiance®:

1 4m
160> 0) = f p( Q@ I, <0) ||  (9)
0

where p is the bidirectional reflectance distribution func-
tion (BRDF) at the surface. Simplifications to the solution
arise if p is zero (black surface) or the BRDF surface is
Lambertian (isotropic). This is a fundamental uncertainty
in the retrieval of the optical depth. Because surfaces
generally have non-zero and non-Lambertian BRDF, re-
trieval of the AOD is an approximation.

Because p(Q)',Q)) requires a Mie computation for aero-
sols, simplified solutions such as the Eddington, two-
stream, and d-Eddington approximations*! have been
widely utilized in algorithms for satellite retrievals. There
are no retrieval algorithms in operational use that make
full Mie calculations. In these approximations, the atmo-
sphere is considered 2D plane-parallel with no effects of
clouds. The phase function is parameterized. With the
multitude of complicated interactions between photons
coming downward and reflected upward, numerical solu-
tions for radiative transfer are computationally intensive.
In the real world of satellite retrievals, shortcuts are taken
where a range of expected gases and aerosol types, distri-
butions, and optical properties are precomputed into
look-up tables (LUTs), which are used to quickly search
for solutions that best fit the observed radiance in orbit.*2

Three-dimensional (3D) solutions are required in the
presence of clouds.*3 Multiple scattering within the cloud
field, shadowing, and horizontal radiative transport
within and between neighboring clouds are important.
Recent work#4-46 has examined the adjacency effect for
aerosol retrievals in the presence of clouds and this effect
is significant. The adjacency effect refers to the photons
scattered from the neighboring pixels into the pixel of
interest. It will be seen later that aerosol hydration and
the radiative flux from clouds to aerosols is a significant
limitation in the retrieval of AOD. In order not to include
cloud effects in AOD retrievals, cloud masks are used and
these masks have become more restrictive as the cloud-
aerosol interaction effects are better understood.

Uplooking Instruments
Although not satellite instruments, instruments that mea-
sure the atmospheric column or optical depth from the
ground are instructive for what can be accomplished with
remote sensing measurements. These instruments are im-
portant in validating space-borne observations. The trace
gas community has made column measurements of gases
from spectral measurements of incoming solar radiation
for almost 100 yr. The Dobson O; spectrophotometer has
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operated since the 1920s (and in its current incarnation
since 1963) by measuring the optical depth on 2-6 wave-
lengths from 305 to 345 nm.#” By difference in absorption
at these wavelengths, the column of O; can be deter-
mined from Beer’s law. Because most of the absorption of
O; occurs in the stratospheric O; layer, this column is
relatively uniform with an optical path length of 300-
400 milliatmosphere-cm (or Dobson units [DU]). Only a
fraction of a centimeter of pure O; (at standard tempera-
ture and pressure [STP]) protects us from solar UV radia-
tion. Currently, a newer instrument, the Brewer spectro-
photometer, is being used widely to measure the O,
column at 306.3, 310.1, 313.5, 316.8, and 320.1 nm.48
These wavelengths are chosen so that SO, column retriev-
als and AOD can be determined in addition to the O,
column.

The AOD of the atmosphere is monitored globally at
over 90 sites with more than 4 yr of records using the Sun
as a source and measuring the transmittance as a function
of solar elevation angle (or equivalently the knowledge of
the air mass).4° The calibration of a sunphotometer is
done via the Langley regression method,>® whereby the
Sun’s radiance at the surface (preferably from an aerosol-
free location) is measured as a function of the air mass
(w~1). From eq 1, the logarithm of the signal has a slope
that gives the instrumental response and an intercept (at
zero air mass) that is related to the extraterrestrial solar
radiance.

Sun photometers have been in use for almost 3 centu-
ries.5! Major improvements in the technique over the last
half century have come from sensitive and stable photode-
tectors, narrow band-pass filters for wavelength specificity,
and robotic photometers,52->4 which can measure not only
the direct radiation from the Sun but also the diffuse radia-
tion from the sky throughout the solar hemisphere. The
scattering term, I,, in Figure 1 comes from Rayleigh and Mie
scattering at different angles. From multiwavelength mea-
surements at numerous angles within the downwelling
hemisphere of diffuse radiation, inversion techniques have
been developed that allow determination of the particulate
size distribution at 22 radii from 0.07 to 12 pm and indices
of refraction of the scatterers.>556

Many large networks are available globally that use
uplooking sunphotometry (Aerosol Robotic Network
[AERONET],%3 Photométrie pour le Traitement Opération-
nel de Normalization Satellitaire [PHOTONS],57 SKYNET,8
Multifilter Rotating Shadowband and Radiometer [MSRFR]5°
and World Meteorological Organization Global Atmosphere
Watch Physikalisch-Meteorologisches Observatorium Da-
vos [WMO/GAW/PMOD]52). These networks serve as
“truth” for satellite remote sensing because the instru-
ments are stable, well-calibrated, well-characterized,s®
and can use sophisticated techniques to quality assure
that clouds and noise are minimized. For space-borne
remote sensing of AOD, most satellite instruments have
been tested against sunphotometer results.60-70

Occultation and Near-Nadir Viewing
Although Suomi’s images clearly showed clouds and their
motion, within less than a decade after those first TIROS
images, gases and aerosols that are manmade and natural
in origin were being monitored. In the 1970s and 1980s,
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Aura/OMI - 01/12/2009 11:19-11:21 UT - Orbit 23914
SO, mass: 0.713 kt; Area: 22446 km?; SO, max: 3.25 DU at lon: 26.06 lat: 42.17 ; 11:20UTC
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Figure 4. Detection of SO, from the Radetski and Galabovo power
plants in Bulgaria from the OMI satellite.228 Axes are latitude (°N) and
longitude (°E). Each pixel at nadir is 24 X 13 km and wider toward
the edge of the swath. Figure courtesy of Nickolay Krotkov, UMBC.

the Nimbus satellites used occultation measurements to
observe aerosols at 1-um wavelength using the Sun as a
source in the SAM measurement platform.”! Occultation
uses the motion of a spacecraft to observe the rising or
setting sun as the spacecraft crosses the terminator. Be-
cause occultation measurements occur in long horizontal
paths through the atmosphere, the amount of absorption
is enhanced. Limb scattering measurements of O; and
water vapor were observed at millimeter wavelengths
with the LIMS sounder.72

Some trace gases (e.g., O, SO,, NO,, HCHO, and
CHOCHO) can be detected in reflected UV/visible radi-
ances. The strong Hartley absorption band of O is used
for differentially determining the transmittance at 0.3—
0.35 pm. In 1987, the SBUV Instrument detected the O,
hole over Antarctica by measuring the attenuation in the
near UV.73 A BUV instrument utilizes the strong Rayleigh
scattering of the atmosphere itself as a diffuse source of
radiation from above the surface. The Rayleigh scattered
photons are then absorbed by overlying gases and spec-
trally resolved through differential absorption. The detec-
tion of decreases in this column to levels below 100 DU in
Antarctica were made in the 1980s from a satellite instru-
ment, TOMS.73 The iconic image of the low O; column in
a large vortex over Antarctica was instrumental in mobi-
lizing scientific and public opinion to reduce the produc-
tion of chlorofluorocarbons in the 1980s. Although those
column measurements were not related to surface con-
centrations of Oj, the value of column measurements
to policy-making was demonstrated from a space-borne
platform.
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