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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.

Volume 59 June 2009

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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Table 1. Glossary of terms.

Aerosol optical depth (AOD) or thickness
Air mass (sunphotometry)
zenith angle of 78°).

The integral of the atmospheric extinction coefficient from the surface to space (unitless)
The inverse of the cosine of the solar zenith angle (i.e., an air mass of 1 is vertical and air mass of 5 is a solar angle

Albedo From the Greek meaning "reflectance,” albedo is the ratio of the scattered to scattered plus absorbed radiation. For the
surface, the albedo is the percentage of the intercepted radiation that is scattered back to space. The Earth’s average

albedo is ~30% in the visible.
Anomaly
Blackbody
Emissivity
Extinction
Extrinsic (intrinsic) properties
Irradiance

LEO, MEO, GEO

Perigee, periapsis

In a satellite orbit, the angle between the satellite and its position at the perigee.

An object that is in thermal equilibrium with its environment and radiates as much energy as it receives.

The fraction of emitted infrared radiation to that which would be expected from a perfect blackbody at temperature T.

The sum of scattering and absorption; the extinction coefficient is a measure of light loss per meter of path (units m~").

Aerosol microphysical properties that depend (do not depend) on the number density of the aerosol.

The measurement of the flux of energy across a plane area (units W - m~2) or spectral irradiance, the flux within a
limited range of wavelengths (units W - m™

Low, medium, and geostationary Earth orbit. Note GEO is also used for Geostationary Earth Observations and Global
Earth Observations in other contexts.

The point in the path of an orbiting body that is closest to the surface.

2.nm~", visible, or mW - m~2 - cm, infrared).

Precess Change in the orbital plane of an orbit with respect to the Earth’s pole.
Product The result of a satellite retrieval algorithm that describes a dataset from an instrument designed to represent a

geophysical parameter.
Specific extinction coefficient
Spectral radiance

The mass weighted extinction or the extinction per unit concentration of an aerosol (units m? - g~ 7).
The physical measurement of radiation intensity within a defined solid angle and at a given wavelength (units

W-m~2-nm~" -sr"in visible or mW - m~2 - cm - sr™ " in infrared). This is what a satellite uses as a signal.

Terminator

The line on the Earth between the illuminated and dark hemispheres

National Aeronautics and Space Administration (NASA),
and thousands of pieces of space debris circle the planet.>
Figure 1a shows examples of these orbits. Satellite posi-
tions are defined by six variables: (1) the semi-major axis
of the orbit, (2) the eccentricity, (3) the inclination of the
orbit, (4) the longitude of the ascending node (the Earth
longitude at which the satellite crosses the equator in a
northbound direction), and the (5) periapsis and (6) mean
anomaly.¢ For a circular orbit (eccentricity = 0), the semi-
major axis is the radius from the center of the Earth (in
kilometers). GEO satellites must orbit the Earth precisely
once for every rotation of the Earth (slightly different
than a civil day or 86,400 sec) in an equatorial position to
maintain a stationary position with respect to a fixed
point on the planet. Communications satellites (televi-
sion, telephony, intersatellite communications) often use
this orbit to allow for the use of a fixed orientation dish
on the ground to communicate with the satellite. GEO
satellites with Earth sensors can provide multiple views
(as short as every 5 min) of a large region of the globe per
day. Some GEO satellites can image nearly the full hemi-
spheric disk below the satellite. Spatial resolution of the
sensors (the minimum area on the globe that the satellite
instrument can retrieve data) can be as small as 1 km if a
large telescope is used. The penalty of a sensor in GEO
orbit is that a large, complicated satellite with high spatial
and temporal resolution is heavy and expensive to launch
into a high altitude orbit.

LEO satellites orbit the planet with a period of approx-
imately 1.5 hr. Typical altitudes range from 250 to 700 km.
Large, multi-instrument satellites are placed in LEO synchro-
nous or asynchronous orbits. Figure 1b shows the example
of a sun-synchronous orbit (typical of many satellites rele-
vant to atmospheric composition measurements) or a satel-
lite in an equivalent Keplerian orbit. A sun-synchronous
orbit has an inclination of 96.1° (slightly to the west of the
north pole) at 705 km altitude, which allows the Earth-Sun
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vector to precess around the Sun exactly once per year. The
ascending node is fixed so that the satellite crosses the Earth-
Sun vector at the equator at the same local time each day.
For satellite instruments that use reflected sunlight as a
source, the ascending node equator crossing time (~22:30
for the NASA Terra satellite and 13:30 for the Aqua satellite)
defines the viewing time of the satellite with respect to local
solar time. The choice of the crossing times for Terra and
Aqua gives images at approximately 10:30 a.m. and 1:30
p-m. (during the rising portion of the diurnal boundary
layer and near maximum of the boundary layer) during
each of the 16 daylight orbits daily. Figure 1c shows one day
of orbits of the Terra LEO spacecraft with the time in coor-
dinated universal time (UTC) marked on the ascending and
descending orbits. Sensor swath widths (the cross-track ex-
tent of a measurement) vary from 70 m for some nadir
pointing radar (e.g., CloudSat) and lidar instruments (e.g.,
CALIOP) to 2300 km for wide-swath imagers (MODIS). Or-
bits are approximately 2500 km apart (40,000 km circum-
ference of the Earth divided by ~16 orbits per day). A single
point on the Earth can be observed up to 4 times per day by
wide-swath imagers, every 16 days or more for moderate-
swath imagers, or very infrequently for the narrow-swath
measurements. For sun-synchronous polar orbiters, the
highest latitude reached is 82°, but at those latitudes many
orbits cross and polar regions can be well mapped.

Heavier spacecraft get launched into low inclination
asynchronous orbits (examples are shuttle launches,
which use 39-57° orbits, or the TRMM, which is launched
into a 39° orbit). There is a tradeoff between orbital cov-
erage in the extent of the latitude range and the cost
penalty in terms of weight that can be carried to orbit on
a given launch vehicle. Typically, satellites are launched
into the highest inclination orbit that weight and cost of
the launch will allow.

MEO orbits combine some of the benefits and some
of the deficits of GEO and LEO. MEO orbits have longer
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Figure 1. (a) Examples of LEO, MEO, and GEO orbits (not to
scale). The LEO orbit shown is a polar sun-synchronous orbit. (b)
A Keplerian orbit (left) as a function of season. The north pole of
the Earth is out of the page at a 23° angle. The Keplerian orbit
shown would have 12 hr of sunlight in summer and winter but
would be along the Earth’s terminator in spring and autumn. The
sun-synchronous orbit (right) precesses once per year such that
the orbit always has the ascending node (or descending node,
depending on the orbit design) facing the sun. (¢) The A-Train
(Aqua) satellite orbit for 24 hr on February 24, 2007 with the time
marked in UTC. The arrows show the descending and ascending
tracks. The shaded square indicates the size of a MODIS 5-min
granule of the data, which has 2330 km of cross-track information
at 250- to 1000-m resolution depending on the wavelength of the
instrument channels. An active instrument such as the CALIPSO
lidar would have a footprint on the ground that is much narrower
that the line width above, if scaled. Figure courtesy of K. McCann,
University of Maryland, Baltimore County (UMBC).

periods, which allows for longer view times for a given
ground point. MEO satellites orbit precess so they are
neither fixed relative to the Sun nor a fixed point on the
ground, losing those spatial and temporal benefits. Global
positioning system (GPS) satellites are in MEO orbits be-
cause only 24 satellites are required in 6 fixed orbits to
ensure that 6 or more satellites are visible from a single
point on Earth at any time. This allows geopositioning. A
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complication for MEO and GEO satellites is that they
extend outside of the Van Allen belts surrounding the
planet, and sensors on such satellites are much more
likely to take radiation damage from solar ions and cos-
mic rays, which shortens their lifetime.

REMOTE SENSING FROM ORBIT

Earth observations are made at wavelengths from 260 nm
in the ultraviolet (UV) through to radar wavelengths
(0.1-10 cm). The ability to see through clouds exists only
at radar wavelengths. Atmospheric transparency is needed
to be able to probe down to the surface, therefore cloud
cover is a significant limitation of satellite observations for
air quality. Strong absorption by ozone (O;) in the strato-
sphere obscures lower tropospheric measurements of several
UV wavelength-absorbing gases that can be measured by
surface-based remote sensing. Reflected solar radiation from
the Earth-atmosphere system is probed for scattering by
aerosols and clouds as well as the ability to measure a limited
number of visibly absorbing gases. Bright surfaces (snow,
deserts, urban areas) confound the ability to discern scat-
tered light from the atmosphere. Observations of upwelling
thermal IR radiation from the Earth and atmosphere give
information on trace gases, dust aerosols, water, thermal
structure of the atmosphere, and cloud amount, height, and
type. There are now active instruments (radars and lidars) in
orbit that generate the radiation detected by the satellite
after scattering.

In the first grainy images of the planet from TIROS I,3
reflected visible solar radiation was viewed with a black
and white television camera (a single visible wavelength
channel encompassing 400-700 nm). Reflected sunlight
from bright clouds contrasted with the darker surfaces
from the ocean (which has low reflectivity for scattering
angles up to ~40°). The motion of clouds was visualized,
providing forecasters with the ability to correlate cloud
motion with forecast models. In a prescient statement of
the future of satellite observation, Wexler3 states, “De-
spite the ability of meteorologists to interpret more than
a fraction of the information contained in the satellite
cloud pictures, these have been proved to be quite useful
in large-scale synoptic weather analysis and prediction.”
It is hard to imagine that those instrument scientists
would understand the terabytes of data that are down-
linked from modern weather and composition satellites,
yet the dilemma is the same because information must be
gleaned from that stream of data.

In principle, remote sensing from space is not much
more complicated than those early TIROS observations.
Can the sensor on a satellite see enough contrast between
photons emitted or reflected from the surface or underly-
ing atmosphere and the photons that are being scattered
or emitted back to the satellite from the pollutant of
interest? And if these photons can be detected, is the
physics of scattering, absorption, and emission well
enough understood to specifically determine the number,
temperature, and density of the molecules doing the scat-
tering? These questions are determined from the radiative
transfer through the atmosphere.

Fundamental one-dimensional (1D) radiative transfer
in the visible part of the spectrum is described by Beer’s
Law:
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I(N) = L(Ne ™« (1)

where « is the extinction coefficient of the atmosphere
(units m~ 1Y), \ is the wavelength of light, and z is the
physical path in meters. I, is the source radiance and I is
the measured radiance after passing through the path, z. If
the path is vertical, z is the altitude of the source. For
gases, the extinction is governed by the molecular (or
atomic) spectra of the gas. The extinction is a sum of the
contribution of electronic, vibrational, and rotational
transitions in the molecule interacting with radiation. For
aerosols, scattering and absorption (which sum to extinc-
tion) have spectral dependence governed by the particle
size, particle complex index of refraction, and have an
angular dependence between the source and scattered
radiation. The physics behind light scattering by aerosols
in relationship to visibility has been covered in an earlier
critical review.”

Because the path through the entire atmosphere has
a pressure-dependent o and the path z is an inconvenient
unit, we define the optical depth (1) of the atmosphere
down to height z as

T = ra(x,z')dz/ 2)

At the surface, z = 0 and 7 = 7*, by definition, and 7 = 0
at the top of the atmosphere (TOA). The wavelength-
dependent aerosol optical depth (AOD, or 7,) is the total
optical depth of the atmosphere corrected for absorption
and scattering of gases in the atmosphere (e.g., Rayleigh
scattering, O, nitrogen dioxide [NO,], and water absorp-
tion). In this review, the AOD is at 550 nm unless stated
otherwise.

In atmospheric radiative transfer, the path is rarely
vertical. Figure 2 shows the components of the radiation
seen by the satellite for the Sun as a source in the visible
and the Earth as a source in the IR. The components of the
radiation path that are important are the incoming solar
radiation at TOA, scattered radiation from gases and aero-
sols in the atmosphere, transmitted radiation through the
atmosphere to the surface, reflected radiation from the
Earth’s surface, satellite retrieved TOA radiance from the
surface, upwelling IR radiance from the surface, and the
TOA IR radiance from the atmosphere.

The radiative transfer solution in a two-dimensional
(2D) atmosphere derives from work by Schwartzschild in
1914 in stellar atmospheres.® The radiative transfer equa-
tion for a plane-parallel atmosphere is generally written
separately for a scattering (visible) atmosphere and an
absorbing (IR) atmosphere.

Passive Remote Sensing in the IR Spectrum
Neglecting scattering, the upward (+) and downward (—)
IR radiance at a height corresponding to optical depth T, is
given by*:

dl ™ (r,p)

b =1 () — B(T() 3)

648 Journal of the Air & Waste Management Association

Figure 2. Sources of the radiance seen by a satellite sensor. The
components of the radiation path that are important include the
following: 1, = incoming solar radiation at the TOA. |, = scattered
radiation from gases and aerosols in the atmosphere. This compo-
nent is dependent on the number density of air, trace gases, and
aerosols as a function of height and is a loss mechanism for the
source of radiation. |, = scattered radiation from gases and aerosols
scattered into the field of view of the satellite (this component and I,
sum to the total scattering in the radiative transfer equation). I, =
transmitted radiation through the atmosphere to the surface. Directly
related to Beer’s law, the transmittance gives the one-way optical
depth. A transmissometer such as a sunphotometer can directly
measure 7.227 |, = reflected radiation from the Earth’s surface. This
component is largely the source of background radiation used by
Earth-viewing satellites to compare with |, to retrieve aerosol and
gas features. This term gives information on the surface character-
istics and is the signal of interest for vegetation mapping, ocean
color, etc. It is noise to the atmospheric scientist. I; = satellite-
retrieved TOA radiance from the surface. Attenuated by scattering
and absorption in the layer of interest, this value can be used for
retrievals over bright scattering surfaces but generally is a back-
ground term that needs to be small for I, to be detected. Ig =
upwelling IR radiance from the surface, which is given by Planck’s
law. This is the largest source of background radiation for IR obser-
vation channels in space-borne platforms. Non-negligible at most IR
wavelengths, except near the center of strong absorption lines, it
must be known and the surface emissivity must be known for IR
retrievals. |, = TOA IR radiance. Used for trace gas and water
measurements in HIRS, these radiances are highly structured and
dependent on the height of the source because of the highly varying
atmospheric temperatures that emit in the IR. These wavelengths
are important in cloud clearing because the temperature of high, thin
clouds (cirrus) are much colder than the underlying surface, clouds,
and aerosols below.

dl (T,
w T + BT (4)

and B(T) is the Planck function as a function of temper-
ature T and wavelength X\

2hc?

B(T(1)) = —F—c— =
)\5[ eMNT — 1] (5)
k and h are the Boltzmann and Planck constants, and c is
the speed of light.

Although not possible to fully develop here, eqs 3 and
4 can be shown to give
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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.

I () =17 (7,0 T (7%,7,0)

Too,.drr dr'
+ B(T)W(TJ,M)? (6)

T

I (t,p) =1 (0,p)T (7,0,

TB , dT -~ ) dr’ ;
+ (T)W(T,T,M)T (7)
0

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

(8)
('O(T) " ’ ’ ’
—H ) 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 Q' to €. 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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SO, mass: 0.713 kt; Area: 22446 km?; SO, max: 3.25 DU at lon: 26.06 lat: 42.17 ; 11:20UTC
24 25 26 27 28 29 30

43.50
0s'er

43
154

42.50
0s'ey

44

42

41.50
0S¥

M
84

40.50
(x4

40
or

24 25 26 27 28 29 30
SO, column [DU]

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0

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 O, the value of column measurements
to policy-making was demonstrated from a space-borne
platform.
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SBUV has evolved to the TOMS and OMI instruments
(see Table 2) and, with the addition of narrower wave-
length detection channels, more specificity between O
and SO, has been obtained. As an example, Figure 4
shows the recent detection of two strong power plants in
Bulgaria using the OMI near-UV channels. NO, is ob-
served at wavelengths between 440 and 450 nm.74-7¢
Additional examples on the measurement of NO, emis-
sions were found from the controls imposed during the
Beijing Olympics, also from the OMI instrument.”” Other
gases such HCHO,”® CHOCHO,”°-81 and bromine oxide
(BrO)82-84 are determined in column measurements from
OMI, GOME, GOMOS, and SCIAMACHY (see Table 2).
Millet has recently stated that the emissions of HCHO
could be determined to 40% precision from satellite ob-
servations.8S A 12-yr record of HCHO measurements has
been published.8¢ The ratio of HCHO to CHOCHO is an
important indicator of oxidant chemistry in biomass
emission plumes.8! BrO concentrations are important to
Arctic O; chemistry.8”

Measurement of tropospheric trace gases from space
in the UV requires the gas to be in high concentration (as
in the example above or in volcanic plume detections) or
present above approximately 2 km. Work by Liu®® has
shown promise in removing the overburden of strato-
spheric O; from tropospheric BUV O; measurements. Be-
cause BUV instruments cannot see all of the way down to
the surface, correlation of the results from these instru-
ments with air quality concentrations at the surface will
continue to be difficult because of the underlying control-
ling physics. Tropospheric O3 column retrieval from space
has been addressed in detail in two recent reviews.s2:90

AOD is the integral of the aerosol extinction due to
scattering and absorption in a vertical column. Horizontal
visibility in kilometers has been related to extinction
since 1923.7.91-93 There is a wide body of literature that
shows that there are strong correlations between visibility
and PM measurements.?4-2¢ The Interagency Monitoring
of Protected Visual Environments (IMPROVE) net-
work®7.98 reconstructs extinction (and inversely visibility)
from concentration measurements of particulate species
comprising fine PM (PM, ) and coarse PM (PM,).?° The
important factor in such a relationship is the significant
constraint that deposition, condensation, and coagula-
tion put on suspended particle sizes in the atmosphere.
Because light scattering, to first order, is proportional to
the cross-sectional area of the scatterer (with some signif-
icant modifications by Mie scattering), and the volume is
proportional to the cube of the radius (times the particle
density), the relationship between scattering and mass is
approximately linearly related to particle size. If particle
size is constrained to submicrometer modes where light
scattering is most important and illumination is highest,
strong correlations between scattering and mass will ex-
ist.”4 The earliest versions of nephelometers had both
scattering and mass on the front dial of the instrument
with a simple proportion of 3.2 m?/g (known as the spe-
cific scattering coefficient of the aerosol) to scale from one
value to the other.1°© Many decades of research have
ensued to understand the intricacies in the relationship
between particle size, humidification, speciation, etc. and
light scattering (or extinction), but the physics of the light
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scattering problem has not changed since those early
years.

The reflected solar radiation in the presence of aero-
sols is a complex function of surface, atmospheric, and
aerosol properties. When the surface is dark and homo-
geneous, aerosols above this background are readily ap-
parent in midvisible imagery. Multispectral satellite imag-
ery provides radiance measurements that must be
converted to AOD, which is therefore an inverse problem.
To accomplish this, clouds are first identified and re-
moved from satellite imagery and surface reflectance is
obtained. Radiative transfer algorithms with specified sur-
face, aerosol, and atmospheric properties are used to cal-
culate LUTs from which AOD is retrieved. For submicron
aerosols, over oceans, multiple wavelengths between 0.47
and 2.1 pm are used to retrieve AOD by characterizing the
ocean surface as a function of roughness, wind speed,
solar angle, and other parameters. Over land, because the
background reflectance underneath the aerosol layer is
required, approximations are necessary. The assumption
that submicron aerosols are transparent to solar radiation
at 2.13 pm and that the surface reflectance (p) at 470 nm
and 660 nm can be derived using empirical relationships
such as pg 47 = 0.25 p, 15 and pgy g6 = 0.50 p, 15 led to the
original MODIS algorithms.69.101,102 Recently, other re-
finements have been proposed to this method.103-196 MO-
DIS retrieves AOD at 0.47 and 0.660 pm independently
and interpolates these values to 0.55 pm because no es-
tablished relationships exist between 0.55 and 2.13 pm
for estimating surface reflectance. Therefore for each pixel
identified as aerosols by the algorithm, for a specific Sun-
satellite viewing geometry, the multispectral reflectances
from satellites are used to obtain AOD from the LUTs.

The forcing of climate by solar radiation and aerosols
has been related to the optical depth, and global coverage
of AOD has been a desired element in climate studies for
the last 3 decades.107.108 The radiative effect of “natural
aerosols” such as dust is called radiative efficiency, which is
the change in TOA radiative fluxes between clear and
aerosol skies per unit AOD. The term radiative forcing or
climate forcing of aerosols is for anthropogenic sources.
The global distributions of optical depth coupled with
radiative transfer algorithms!©® or in conjunction with
broadband measurements such as those from CERES!''?
are used to calculate the total radiative effect of all aero-
sols or the climate forcing of anthropogenic aerosols.!!
These satellite-based methods are the benchmark for as-
sessing the performance of global simulations of aerosol
effects on climate.12

Aerosol microphysical features (size, index of refrac-
tion, humidification, etc.) can be examined by measuring
the phase function of the aerosol. The Multiangle Imag-
ing Spectroradiometer!!3 (MISR) uses the aerosol phase
function to improve on the ability to detect aerosols over
varying terrain reflectivity. With nine cameras pointed
fore and aft, MISR has shown that the oblique views of
aerosols over a scene provide more precision than MODIS
in retrieving AOD.114 A disadvantage of the MISR instru-
ment is the narrow swath (360 km when compared with
the 2400 km for MODIS) that the cameras view and a
week-long repeat cycle near the equator before a region
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can be surveyed. Therefore, MISR has less ability than
MODIS to fill the gaps between ground sensors.

The POLDER series of satellites, including the current
PARASOL instrument in the A-Train, has a strong heritage
of retrieving AOD.115-121 Because the Mie scattering phase
function of the aerosol is dependent on all of the intrinsic
factors, measurement of the angular scattering behavior
of sunlight from the aerosol can be an effective alternative
to retrieving AOD. In the POLDER class of instruments,
aerosol polarimetry is used to measure the phase function
of the aerosol in backscatter. Measuring the polarized
components of reflected light from the aerosol provides a
means of determining the aerosol scattering phase func-
tion. The fringes in the polarimeter’s scene have spacings
that are related to particle size and index of refraction.
This technique will be used in the upcoming Glory mis-
sion'22 scheduled to be launched this fall by NASA. Aero-
sol retrievals during the Glory mission will move beyond
only the retrievals of AOD and other parameters such as
particle size. Using both the radiance measurements in
multiple bands, the Stokes parameters that describe the
polarization state of the reflected radiation and mul-
tiangle measurements will increase the number of inde-
pendent variables that can be retrieved. Spectral optical
thickness, particle size, particle shape, single scattering
albedo, and spectral behavior of the aerosol refractive
index will be obtained.

There are other measures in addition to the AOD that
are useful in determining intrinsic aerosol properties. The
GOME and OMI instruments have a product to measure
the aerosol absorption optical depth (AAOD).123,124 Less
sensitive to the surface than the OMI AOD or aerosol
index (AI) product, the AAOD is very sensitive to black
carbon (BC) in aerosols and has been used to detect smoke
aerosol plumes. Although this product is useful for plume
delineation and transport, the AAOD may still be less
sensitive at the surface because of the atmospheric opacity
due to Rayleigh scattering. This needs to be further tested
to see if it is useful for ground-based PM assessment.

Active Remote Sensing from Space and the
Ground (Lidar)

Lidar measures the backscatter coefficient of the aerosol.
The lidar backscatter coefficient may be sufficient to de-
termine the aerosol profile. In principle, lidar can be used
to infer the vertical profile of extinction and then inte-
grate to obtain the optical depth. However, the returned
signal is not only proportional to the backscatter coeffi-
cient of the aerosol but also to the two-way transmittance
out to that range and back. For a single wavelength back-
scatter lidar, the backscatter and total extinction (scatter-
ing plus absorption) must be known. With the use of a
“lidar ratio” between backscatter and absorption, it is
possible to derive an extinction profile.125> Some research-
ers use the optical depth as a constraint to determine the
lidar ratio. This “weights” the extinction within the lidar
profile such that stronger extinction gets preferentially
detected. Circular reasoning results from trying to deter-
mine optical depth by using an optical depth.

Raman scattering by nitrogen (N,) in the atmosphere
(the profile of which is well known) can enable an exact
determination of the extinction as a function of
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height.126 This technique is used in the European Aerosol
Research Lidar Network to Establish an Aerosol Climatol-
ogy (EARLINET) lidar network in Europe with a significant
literature describing these measurements.!27-12°

Because the measurement of extinction in a column
is closely related to the scattering coefficient (if absorp-
tion is a small fraction of the extinction, which is gener-
ally true for sulfates), the derivation of PM, 5 from extinc-
tion is similar to the nephelometer estimates discussed
above. In principle, lidar profiles may be as useful (or
more useful) than a column measurement because one
could examine the extinction closest to the surface rather
than integrated over the observation path.

In 1994, NASA launched the LITE on the Space Shut-
tle Discovery.130.131 For a 9-day period, clouds and aero-
sols were observed with unprecedented detail. Detection
of desert dust, biogenic, anthropogenic, and sea-salt aero-
sols were mapped over the period with 30-m vertical
resolution. In a grand finale, the LITE instrument was
operated for five orbital passes over the Atlantic Ocean
giving a picture of Saharan dust transport to the United
States. The LITE experiment showed that a laser could be
operated in space for extended periods and gave us a view
of aerosol spatial extent that was not previously available.

In 2003, NASA launched the GLAS32 on the ICESAT
satellite. The prime focus of the mission was to measure
ice sheets around the globe with centimeter-scale preci-
sion on the height of those surfaces. To ensure that
clouds, snow, and ice crystals were not detected as the ice
surface, GLAS had two wavelength (532 and 1064 nm)
profiling channels that were used for detection of clouds
and aerosols. Operating over a 5-yr period, GLAS obtained
periods of up to a month duration, each of which had
sensitivity similar to the LITE lidar. GLAS lasers were
operated near their rated capacity and power on the in-
strument degraded quickly. The useful lifetime of the
lasers for detecting clouds and aerosols was approximately
90 days of continuous operation, and although GLAS
carried on with its primary mission of measuring ice, the
use of GLAS for air quality purposes was limited.133,134
GLAS data were used to measure the transport of large
fires in California in 2003 toward the U.S. northeast and
over the ocean to Europe.'35> From the GLAS measure-
ments, the optical depth of this fire plume over Maine was
0.48, the Angstrom coefficient was 1.8, and a mass flux
estimate of the amount of smoke in the plume was 900 +
350 t - sec” ! heading eastward toward Europe.

In 2006, the CALIPSO satellite was launched in a sun-
synchronous polar orbit. In a station-keeping orbit with a
suite of other Earth observing satellites called the A-Train
(because these satellites are led by the AQUA satellite and
trailed by the AURA satellite), CALIPSO provides continuous
observation of the planet with 30-m vertical resolution and
one 70-m diameter spot every 330 m horizontally along the
ground track.'3¢ The CALIPSO laser is less powerful than
LITE and in a 705-km instead of 260-km orbit. This leads to
significantly higher noise and lower signal than was seen in
the LITE experiment. CALIPSO’s observations are much bet-
ter at night when the solar background is absent than they
are in the daytime. Comparison to the AOD retrievals from
the MODIS or GASP instruments requires daytime data.
Significant averaging to improve the signal to noise ratio
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(S/N) and products are available as profiles with 5- and
40-km horizontal resolution. Aerosol and clouds are identi-
fied in a feature finder at 330-m (single shot) and 1-, 5-, 20-,
40-, and 80-km resolutions using a technique called “over-
painting.” The signal is averaged for 80 km to detect the
faintest layers of aerosol and then at 40-, 20-, 5-, and 1-km
resolution more and more intense features are painted over
the weaker ones.

CALIPSO is now producing a provisional (beta) prod-
uct that provides extinction profiles at 40-km horizontal
scale as well as a layer extinction product at 5-km hori-
zontal spatial scale.’3” There is evidence that the 40-km
profile product is not reproducing optical depth well in
comparison with MODIS, with an underestimate in the
CALIPSO AOD.138 Comparisons with MODIS AOD and
the CALIPSO AOD from the 5-km layer product!3® suggest
that the two products are within 20% of each other on
average when globally aggregated at 2° X 2° horizontal
resolution. At this time, however, AOD results from
CALIPSO have not compared well to surface measure-
ments and the reasons for the discrepancies are being
evaluated.

SATELLITE OBSERVATIONS FOR AIR QUALITY
MONITORING
Several reviews$2.20.101 examine observations of trace gas
species and aerosols from space. The 1999 review of King et
al.101 focused on the use of satellite retrievals of aerosol
properties for radiative forcing and climate applications.
Nearly 10 yr later, their conclusions still hold about the need
for more precision in satellite measurements and more
breadth of measurements as a requirement to address global
aerosol forcing. Proponents of the use of satellite measure-
ments make several suppositions about the usefulness of
satellite data for air quality applications. Fishman et al.8°
lead with an assertion “Geostationary satellite observations
of chemically reactive trace gases will provide unique insight
into the evolution and extent of air pollution with the
temporal resolution necessary to address air quality on a
daily basis.” Those authors explain the opportunities and
limitations for measuring O5;, CO, HCHO, and NO, from
space. They conclude with the recommendation from the
National Research Council (NRC) Decadal Survey that
geostationary observations are of highest priority to bring
satellite composition measurements into a decision-making
framework. Martin® reviews the methods of determining
the four gases above but also includes a discussion of the
retrieval of IR active gases, SO,, and aerosols. The focus of
that review is largely methodological but discusses issues of
near-surface (boundary layer) retrievals, validation needs,
improvement in the algorithms used to retrieve composi-
tion, and the assimilation of satellite data into large-scale
numerical models. He concludes, also quoting the NRC re-
port, “These recommendations include development of a
geostationary mission to provide continuous observations,
to improve air quality forecasts, monitor pollutant emis-
sions, and to understand pollutant transport. High priority
should be given to supporting the next generation of satel-
lite observations.”

In the NRC report and these reviews, the diversity of air
quality information needs is often blurred. Near-real-time
forecasting of O; and PM, identification of large-scale, long-
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range transport (LRT) events, source identification, long-
term composition measurements, regulatory compliance,
management of haze impairment in Class I areas, and ex-
posure measurements for health concerns are all air quality-
related issues. Not all of these can be addressed by satellite
air quality measurements and, at this time, few are. There
are significant temporal- and spatial-scale differences be-
tween those needs. Chow et al.140.141 have addressed the
dichotomy between health exposure assessment needs and
the scales of aerosol measurements needed by air quality
agencies. They identified implementation of a standard,
compliance with air quality standards, alerts, atmospheric
process research, determination of health effects, ecological
effects, and visibility impairments as reasons for the forma-
tion and maintenance of an air quality monitoring system.
They said that not all of these needs are compatible. Health
exposure needs tend to focus on spatial scales ranging from
1 to 100 m and time scales of minutes to months. Neither
surface network monitoring or satellite measurements can
deal with that spatial scale. Satellite measurements of air
quality begin generally at the 4- to 10-km horizontal spatial
scale. Polar orbiting measurements are nearly instantaneous
and represent only one or two measurements per day in any
location. Geostationary satellite data can be averaged to
hourly or daily values because many observations are made
at a given point on the ground, thus the recommendations
above that geostationary satellite data observations should
be further developed.

Air quality compliance, atmospheric composition
and trends, alerts, near-real-time forecasting, and deter-
mination of visibility impairment are addressed in some
fashion by satellite measurements.

Enforcement of Standards and Compliance with
Air Quality Standards

In 2007, the A&AWMA Ciritical Review by Bachmann dis-
cussed the history of the National Ambient Air Quality Stan-
dards (NAAQS).142 The 39-yr history of those standards par-
allels the time period that satellite meteorology and
observations have developed and yet, to date, no satellite
measurements have been used to quantitatively address the
NAAQS. From the review conducted here, only one congres-
sional statute has been identified, which addresses the use of
satellite measurements for air quality purposes. NASA is em-
powered with a regulatory requirement under Title VI of the
Clean Air Act to monitor the stratospheric O, layer. This rule
provides NASA with the legislative requirement for instru-
ments such as the OMI monitoring the stratospheric O,
column. There are no clear legislative mandates for any
agency to do satellite monitoring climate and NASA, NOAA,
the U.S. Environmental Protection Agency (EPA), and the
U.S. Department of Energy (DOE) are all claiming some role
in observing climate. In congressional testimony, one of the
authors of the Decadal Survey told congress in March 2009,
that “Our ability as a nation to sustain climate observations
has been complicated by the fact that no single agency has
both the mandate and requisite budget for providing ongo-
ing climate observations.”143 That testimony called for re-
ferral of issues of jurisdiction in satellite measurements to
the Intergovernmental Working Group on Global Earth Ob-
servations. The exact same concern can be voiced by chang-
ing the word “climate” to “air quality” above.
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EPA has taken a satellite observations role for itself in
the Exceptional Events Rule.144 If a region can show con-
clusively that they are being impacted by an event (a fire,
a dust storm, etc.) that is outside of their jurisdiction to
regulate, the event can be flagged as a nonexceedance
event. This provides a significant motivation for regional
air quality districts to examine transport from other areas
to see whether there are such extenuating circumstances.
The rule states:

“Information demonstrating the occurrence
of the event and its subsequent transport to
the affected monitors. This could include, for
instance, documentation from land owners/
managers, satellite-derived pixels (portions of
digital images) indicating the presence of fires;
satellite images of the dispersing smoke and
smoke plume transport or trajectory calcula-
tions (calculations to determine the direction of
transport of pollutant emissions from their point
of origin) connecting fires with the receptors.”

AOD tracking from day to day can provide evidence
that may help make such a case. However, there is the
onus to show that the event was significant enough that
had it not occurred (the “but for” test), the site would
have been in compliance with the EPA air quality guide-
lines. We examine next the precision of satellite surrogate
measurements of PM, 5 as they might apply to the “but
for” test.

The Gaps in Data

Rural versus Urban Measurements and Spatial Holes in the
Surface Networks. As of 2007, EPA’s Air Quality System
(AQS) consists of 947 filter-based daily and 591 continu-
ous stations run by federal, state, local, and tribal agen-
cies.1#5 For real-time forecasting requirements, there are
significant portions of the United States that have no
continuous monitors. Most real-time monitors in air qual-
ity networks are urban-based. These measurements focus
on high-density urban sources (transportation, industry,
etc.). For measurements of regional haze and compliance
over longer term measurements, IMPROVE, 146 the Chem-
ical Speciation Network (CSN),'45> the Clean Air Status
Trends Network (CASTNET),'#” and the Southeastern
Aerosol Research and Characterization Study (SEARCH)148
networks provide data with more regional and national
perspective. In the EPA planning documents for PM and
other criteria pollutants, effort was placed on adding non-
urban sites to the NAAQS networks, especially CASTNET. 142
It was suggested that perhaps 25% of the stations for O;
should be rural to avoid titration issues from nitric oxide
(NO) from the cities and document regional conditions.

Because it is available in near real time, satellite in-
formation can been used to alleviate these gaps between
sensors. Al-Saadi et al.’>° mapped the smoke plumes em-
anating from fires in the U.S. northwest in September
2007. Figure 5 shows an example of where there were gaps
in real-time surface measurements in Kansas, Oklahoma,
and Arkansas. In all four panels, clouds are shown in
white/gray from the MODIS visible imagery. The spatial
distribution of AOD is overlaid on the cloud image, in
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which low values are in blue and high values showing
high concentrations of pollution in orange and red. The
vertical bars in various colors denote the PM, s air quality
by EPA category. The plume from the Washington state
fires had first been detected in AIRNow observations on
September 10 over the Great Lakes. On September 11, part
of this plume turned southward and looped through the
southern United States before heading eastward again. On
September 11, a major branch of this plume fell between
the AIRNow stations in Texas and Louisiana. On Septem-
ber 12 and 13, the plume was observed over much of the
East Coast. Al-Saadi used a Bayesian technique to bridge
the gap between AIRNow data that were available for the
U.S. East Coast.

This example shows that satellite observations can
play a part in the “alert” role for air quality monitoring.
Because the AOD data product is available 1-3 hr after
the overpass of the satellite, air quality forecasters and
analysts have increasingly been interested in having
such tools available. Training sessions on how to access
these data have been given at the EPA/National Associ-
ation of Clean Air Agencies (NACAA) National Air Qual-
ity Conference.15!

Although satellite imagery coupled with ground in-
formation is useful for qualitatively assessing PM, s, the
abovementioned example shows the utility of satellite
data filling in the gaps where there are no ground moni-
tors or minimal coverage. Therefore, in the next section
we discuss how the satellite AOD has been compared
quantitatively with ground-based PM, 5 over various lo-
cations worldwide to see whether satellite information
can be used as a proxy.

Use of AOD to Assess Ground-Based
Concentrations: PM, ;/AOD Relationships
AOD is correlated with ground-based PM, 5 mass. Assum-
ing cloud-free skies, well-mixed boundary layer of height
(H) with no overlying aerosols, and aerosols that have
similar optical properties, the AOD can be written as!52:

3Qext,dry _

AOD = PM, s H fIRH) = == =

PM,s HS (10)

where f(RH) is the ratio of ambient and dry extinction
coefficients, p is the aerosol mass density (g - m™3), Q..
,dry is the Mie extinction efficiency, and r is the particle
effective radius (the ratio of the third to second moments
of the size distribution). S is the specific extinction effi-
ciency (m?- g ") of the aerosol at ambient relative hu-
midity (RH).

In reviewing the more than 30 papers that have ad-
dressed this topic, the columnar satellite-derived AODs
have been compared with surface PM, 5 mass measure-
ments on a station-by-station basis. Most papers have
addressed PM, ;/AOD and a few PM,,/AOD. The results
from these studies are compared in Table 4. Matchups in
the spatial location have been typically restricted to less
than 50-km offset although there is variability in how the
collocation of the data has been done by investigators.
MODIS AOD retrievals are at 10- by 10-km spatial scales
and PM,, 5 ground measurements are point measurements
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Figure 5. Example of MODIS gap filling from a smoke plume that was generated in Washington but impacted the southeastern United States
on (a) September 9, (b) September 10, (c) September 11, and (d) September 12, 2007. Clouds are shown in shades of gray in which white
denotes an optically thick cloud. The spatial distribution of MODIS AOD is shown in color and the vertical bars are PM, 5 from the EPA network
color coded according to concentrations. The panel for September 10 shows that there was a region where no ground-based Speciation Trends
Network samplers (shown by the vertical histograms) were available but the MODIS AOD data filled in the gap. Reproduced with permission from

Chu et al.22? Copyright 2008 SPIE.

with a high temporal resolution. At a 10-km - hr~' wind
speed, it takes the aerosol 1 hr to cross a pixel. This
corresponds to hourly surface measurements. MODIS
AOD results have been compared with both hourly and
24-hr PM, s measurements. More sophisticated ap-
proaches use meteorological and surface information to
further refine this relationship.

Early in the MODIS aerosol mission, Chu et al.153
found that the correlation between PM;, and AOD was
high for a single site in northern Italy. The ratio of PM,
to AOD (P/A) ratio was 54.7 png - m~> with a linear corre-
lation coefficient (R) of 0.82. The predominance of the
papers below reported R, not R%, which is a measure of the
variance of the data.

Wang and Christopher’s?54 study in Jefferson County,
AL compared the AOD results from the Terra and Aqua
satellites and 1- and 24-hr averaged PM, 5 mass from 7
locations within 100 km. Linear correlation coefficients
combined from all seven sites between AOD and PM,,  for
hourly data were 0.70, and when aggregated to daily
means the correlations increased to 0.98.

Hutchison55156 showed the use of MODIS AOD and
imagery for a dust event in Texas in 2002 and a haze event
in September of the same year but P/A correlations were
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not assessed. The Texas Commission on Environmental
Quality (TCEQ) uses MODIS AOD and imagery to assess
air quality and transport of pollutants. Hutchison et
al.157-15% improved the existing P/A correlations by better
addressing the cloud masking in MODIS and taking into
account the vertical profile of aerosols.

In 2004-2006, in a series of papers that covered re-
gional measurements to national measurements, Engel-
Cox et al.160-163 examined the linear regression of P/A. In
the first study to look at the entire United States they
showed that the correlations in P/A had a systematic
behavior with the best correlations coming in the U.S.
northeast (correlation coefficients >0.8) and the poorest
in the U.S. northwest (correlation coefficients <0.2).161
The conclusions were that where the aerosol type, mixing
height, and loading were the most uniform (the east), the
P/A correlation could have a regression coefficient of
greater than 0.8-0.9. In the west, the correlations were
poorer because of a wider variation in aerosol types (more
nitrate than sulfate), more smoke than the east, higher
surface reflectivities making AOD retrieval difficult, and
more elevated plumes in the AOD signatures. These re-
sults are shown in Figure 6.
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Table 4. Literature survey of P/A ratios, intercepts, and correlation coefficients.

Number of
Author Sensor Date Region Ground Monitors PM,_5/PM,, Linear Regression R
Wang?s4 MODIS (Terra) 2002 Alabama 7 PM, 5 (24 hr)? 77.07 — 0.23 0.67
MODIS (Aqua) 2002 Alabama 7 PM, 5 (24 hr)? 68.67 + 1.93 0.76
Average 2002 Alabama 7 PM, 5 (24 hr)? 72.37 + 0.85 0.98
Chuts3 MODIS August-October Italy 1 PM.q 54.7t + 8.0 0.82
2000
Engel-Cox'6" MODIS April-September United States 1338 PM, 5 2267 + 6.4 0.4
2002 PM, 5 (24 hr) 1877 + 75 0.43
Liu208 MISR 2003 St. Louis 22 PM, 5 NA 0.8
Engel-Cox'63 MODIS July 1 to August 30,  Baltimore 4 PM, 5 3117 + 5.2 0.65
2004 PM, 5 (<PBL) 48.51 + 6.2 0.65
PM, 5 (24 hr) 253t + 11.1 0.57
PM,5 (24 hr < 64.87 + 1.76 0.76
PBL)
Liutee MISR 2001 Eastern United States 346 PM, 5 -
Al-Saadie4 MODIS Review United States PM, 5 62.07 NA
Gupta™™ MODIS 2002 and July— Global cities 26 PM;o? 141.0 7 0.96
November 2003
Koelemeijer's2 MODIS 2003 Europe 88 (PM, 5) PM, 52 NA 0.63
PM;o? 214.07 — 423 0.58
Kacenelenbogen''®  POLDER April-October 2003 France 28 PM, 5 26.6T + 13.2 0.7
Gupta'73 MODIS February 2000 to Southeastern 38 PM, 5 29.47 + 8.8 0.62
December 2005 United States PM, 5 (24 hr) 27.51 + 158 0.52
Hutchison'58 MODIS August-November Texas 28 PM, 5 (August)*  68.87 — 39.9 0.47
2003 and 2004 PM, 5 59.71 — 17.2 0.98
(September)®
Paciorek'?7 GOES-12 2004 United States Not given PM, 5 (24 hr) NA 0.5
PM, 5 (yearly) NA 0.75
An'79 MODIS April 3-7, 2005 Beijing 6 PM;o? 21.7t + 6.1 0.92
PM, 52 3117 + 5.1 0.92
Schaap?80 MODIS August 2006 to May  Cabauw, Netherlands 1 PM, 5 1207 + 5.1 0.72

2007

Notes: Slope and intercept converted from an AOD to PM (A/P) ratio. The P/A ratio is the slope of PM, ; to AOD in a linear regression model.

After these papers were published, a team of research-
ers developed an application called Infusing Satellite Data
into Environmental Applications (IDEA).164 Initially de-
livered from the University of Wisconsin, this product has
been transferred to an operational environment at NOAA/
NESDIS, where maps of AOD from MODIS on Terra (10:30
a.m. nominal crossing time), Aqua (1:30 p.m. nominal
crossing time), and GASP (every 30 min) are made available
to users such as air quality forecasters on a daily basis.165.166
The IDEA product uses the single P/A relationship developed
by Chu et al.'53 across the United States. Trajectories are
used to estimate where today’s high AOD will be in the
following 48 hr. There are comparative panels that show the
correlation between P/A by station in the AQS network.
There are time series that show the previous 2 months of P/A
relationships. IDEA has added source data from the GOES
Aerosol and Smoke Product (GASP)167,168 a5 a separate panel
with animations of AOD movement.

Because simple linear relationships between AOD and
PM, 5 were applicable only for certain seasons and loca-
tions, Liu et al.’®® combined the MISR and 346 EPA daily
averaged ground monitors in the eastern United States
with other variables such as planetary boundary layer
(PBL) height and RH from the GEOS-3 model to improve
PM, 5 estimations from satellite AOD. In this study,
nearly half of the data were randomly assigned and
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used to develop a relationship between PM, 5 and MISR
AOD (with ancillary information such as PBL, RH, etc.),
and these relationships were used to test the remaining
half of the data. Using a power-law fit with AOD and
PBL height and RH as parameters (derived from GEOS-
3), they found that AOD had a positive power-law de-
pendence but was sublinear with the exponent averaging
0.45. The probability density functions of PM, 5 mass,
AOD, and PBL height were all lognormal and the RH was
roughly normally distributed. The multiplier for RH was
exp(—0.634RH) and for the PBL height had a —0.36 power
dependence. The negative value for PBL height indicates
that fine particles from the surface are diluted in the
boundary layers as PBL increases. The negative value for
RH indicates that because the satellite AOD retrievals are
for ambient conditions and those from a tapered element
oscillating microbalance (TEOM)!70 are at 40% RH, the
same AOD values at higher RH levels may correspond to
smaller PM, 5 concentrations. In other words, as the PBL
increased, the PM decreased by roughly the cube root of
PBL. The sublinear response to AOD in this nonlinear
model is interesting because it may explain some of the
large positive intercepts seen in the linear models from
data derived at high AOD. It also would predict that P/A
would be largest for small AOD and flatter for large AOD.
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Figure 6. Linear correlation coefficient (R, gray scale) between
daily PM, 5 and Terra-MODIS AOD across the United States.!6?
Correlations are determined by regressing daily PM, 5 and satellite
AQOD over 1000 ground monitors and then contouring using kriging
techniques. Axes are latitude (°N) and longitude (°W). Figure cour-
tesy of J.A. Engel-Cox, Battelle Memorial Institute.

Moving from primarily U.S. studies to 26 cities in five
countries, Gupta et al.17! found a high P/A ratio with
appreciable offset from the aggregated data from five cit-
ies (Hong Kong, Basil/Bern in Switzerland, Delhi, Sydney,
and New York). Correlation coefficients were reported for
each station and when averaged over all locations, the
correlation coefficient was 0.96. In 2007, Gupta et al.172
showed that the correlation coefficient for smoke from
bush fires over Sydney varied from r values of 0.11 to 0.48,
probably because of the fact that the smoke may have
been elevated that the surface monitors did not observe.
They showed that over 7 yr of measurements in the U.S.
southeast, P/A slopes were similar to those found by En-
gel-Cox and the range of slopes varied from 21 to 36
ng - m 3.173

Van Donkelaar et al.17¢ showed good agreement be-
tween model-predicted AOD and the measured AOD
when chemistry transport model-derived vertical struc-
ture was used. The spatial correlation improved from
0.36-0.37 to 0.58-0.69 when the vertical profile of aero-
sol extinction was used in the AOD-PM, ; relationship.
The NASA GEOS-CHEM model predicted the aerosol mi-
crophysics and the mass used in the correlations. The
authors found a similar underestimate of surface PM,
using AERONET AOD (considered as a reference value) of
0.59 PM, s from the Canadian National Air Pollution
Surveillance (NAPS)/AQS network. The slope improves to
0.89, removing much of the bias if California is elimi-
nated from the international comparison. It is difficult to
combine these data with those of the other studies be-
cause the GEOS-CHEM model is so intricately woven into
the calculation of PM, 5 in this paper.

Using the POLDER instrument,!'¢ which is flying in
the A-Train suite of satellites, Kacenelenbogen''s reported
similar P/A relationships to studies that used MODIS.
However, their results from 28 ground monitors in France
report the root mean square (RMS) error on the slope was
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5.3 wg - m~ 3 and this is one of the only reported measures
of precision of the slope estimate.

Kumar, in one of two papers reporting essentially the
same data,175.176¢ found that in India, the P/InA (note the
logarithmic form) has a slope of 0.33-0.48. This is con-
sistent with the finding of Liu above of a sublinear slope
of P/A, but the results are difficult to reconcile with a
linear model. The paper also finds a constant in the re-
gression of —62 to —72, which makes little sense at T =1
(i.e., PM would be negative).

Paciorek et al.'”7 studied the AOD relationship with
PM, 5 using the GOES-12 GASP. This product is primarily
available only over the continental United States. The
GASP provides data at a higher temporal resolution (every
30 min) when compared with once-a-day polar orbiting
MODIS and MISR sensors. They matched the GASP AOD
with nearly 100,000 data points from EPA ground moni-
tors and examined their results over all 4 seasons. Simple
two-variate regressions between AOD and PM, s were
compared against AOD- PM,  relationships adjusted for
RH and PBL. Although they did not give the explicit
relationship that they used for the comparison in the
paper, they did state that they could improve the corre-
lation coefficient in the P/A relationship from using just
the raw AOD data from 0.5 to 0.75 by correcting for RH,
the PBL height, and seasonality.

Zhang et al.17® completed a similar adjustment for
location and season by determining independent P/A re-
lationships for MODIS on Terra and Aqua for the new
Collection 5 MODO04 AOD algorithm (as well as the older
heritage Collection 4 algorithm) for each of the nine EPA
air quality regions by season. The Collection 5 algorithms
are a new generation of satellite retrievals that use im-
proved surface and aerosol characterization with im-
proved AOD accuracies when compared with AERONET.
The intent of the Zhang study is to use the seasonality and
regional differences to provide more specificity in the
NOAA NESDIS IDEA product than the current single rela-
tionship used for the entire United States (62 pg - m™ > per
unit AOD with zero intercept).

In 2007, An et al.17”® compared MODIS AOD near
Beijing with ground-based PM, 5 and PM,, from the six
networks near the city. They also conducted Community
Multiscale Air Quality (CMAQ) model runs (April 3-7,
2005) of precursor gases and aerosols for the Beijing area
in preparation for the 2008 Olympic Games. Their P/A
ratio was converted from the inverse of this ratio shown
in their paper and, therefore, the R value shown is on the
AOD/PM, ; ratio. Because they regressed the aerosol col-
umn versus the CMAQ aerosol column, we have used
2000 m (from their model runs) as the mixing height for
this value in a well-mixed boundary layer. Their results
also indicate that the simulated SO, concentrations from
CMAQ and columnar AODs are well correlated with
ground and satellite observations respectively (r > 0.7).

Schaap et al.'80 compared PM, 5 from a TEOM in
Cabauw, Netherlands, with AERONET and MODIS retriev-
als of AOD from August 2006 to May 2007. They found
slopes in the P/A relationship of 120 pg - m ™ */unit AOD
when they carefully screened 67 cases with a lidar at the
site. It should be noted, however, that the authors used a
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modification to the TEOM with a filter dynamics mea-
surements system (FDMS) that accounts for volatile ni-
trate loss from the TEOM at the standard crystal temper-
ature of 40 °C. One of the authors stated that this loss
could be 40% of the particulate mass in Holland.8! It is
difficult, then, to compare this result to other PM, 5 mea-
surements in North America and Asia where this correc-
tion has not been made.

Liu et al.,'¢® Paciorek et al.,'”7 and Kacenelenbogen et
al.118 have all used eq 10 to estimate the aerosol relation-
ship. Charlson et al.'82 used a global value of § of 5.5
m? - g~ ! (at 85% average RH) to estimate global climate
forcing by aerosols. Assuming a representative PBL height
over the United States is 1.5 km, this gives a P/A of 121
ng - m~3 per unit optical depth. Few of the values re-
trieved in practice (Table 4) have slopes that are this large.
The assumption in eq 10 that one has a well-mixed
boundary layer does not often hold. Factors that lead to
differing correlations in eq 10 are types of aerosol, surface
type, whether overlying aerosols have been removed from
the regression, whether the aerosol is really on the sur-
face, definitions of PM, s, and satellite precision in deter-
mining AOD.

Several authors have tried to address the issue of
overlying aerosols. Engel-Cox et al.1¢3 used lidar to deter-
mine cases in the Baltimore-Washington area to screen
elevated aerosols. Doing so increased the linear correla-
tion coefficient slightly (~5%) but left considerable un-
certainty. Al-Saadi et al.’5¢ showed an improvement in
the correlation in P/A by using the AOD/H as the regres-
sion variable, deriving H from a model prediction of the
PBL height during February 2007. Correlations between
AOD and PM, 5 over the Californian San Joaquin Valley
were improved from 0.36 to 0.75 by using this method.
However, a problem arises because modelers are con-
cerned about the accuracy of the current PBL prediction
schemes in models'®3 and require the use of lidar PBL
heights, when available, as a validation for the model
output. It is not clear whether a lidar-derived PBL height
or a model height will add more precision to the P/A
prediction.

The inexplicability of the generally positive intercept
in P/A regressions deserves some examination. There
should be no significant PM, 5 that does not scatter some
light. Although nucleation-mode aerosols would not scat-
ter much light, they also do not carry much mass per unit
volume. Dust particles can be scatterers with sufficient
mass, but not in the PM, s size range. So having a 5- to
15-pg - m~? intercept on AOD indicates uncertainty. If
the intercept were negative, one might assume that the
AOD has some noise in a clear atmosphere. But this is not
what the preponderance of these studies show. One ex-
planation may be seen conceptually in Figure 7, where Liu
et al.1¢? predicted a sublinear dependence of P/A with a
power-law slope of +0.45 is plotted. With positive curva-
ture to the P/A relationship and such nonlinearity, much
of the variability in the linear regressions can be ex-
plained by the range of P/A values sampled. Where AOD
is low, one might expect higher slopes (which has been
seen where RH is low or corrected).1¢3 This behavior
would also explain the positive intercept in the regres-
sions of MODIS data. MODIS has a stated precision of

662 Journal of the Air & Waste Management Association

100

PM = 34.0 AOD + 22
R?=0.9

90 -

80 -

70 4

~
Ly
g 60
PM = 21.8 AOD + 39
O 50 R? = 0.998
=
o
40 -
To)
o 30
= -
& 20 PM = 50.9 AOD + 15
R? = 0.89
10 4
0 . . ;
0 0.5 1 1.5 2
AQOD

Figure 7. Hypothetical example of the slopes for low and high
optical depths in which the model relationship follows Liu’s'é® derived
relationship (but scaled) PM, 5 = 60 X AOD®5. Although the overall
slope of the linear regression of all of the data is 34 ug - m~3, it could
be as high as 50.9 for the values <1 AOD and 21.8 for values from
AQOD of 1 to 2. The range of AOD observed would highly influence
the slope and intercept in a linear model.

At = *£0.05 + 0.2 755, Where 755, is the AOD at 550 nm.
Below 0.1 AOD, MODIS’ error would be >70% of the
AOD. If this nonlinear behavior is real (and this deserves
more study), one would expect a positive intercept be-
cause these low AOD values would be sparse in the data-
sets used in Table 4. It would also improve correlation at
higher PM, 5 and higher AOD (even neglecting the addi-
tional factor that instrumental precision also improves at
higher values).

Gupta'”3 looked at two alternatives to a linear corre-
lation (LC). Using a multiple linear regression (MLR) tech-
nique, he allowed additional variables (PBL height, loca-
tion, temperature, RH) to aid P/A assessment. This study
used 2 yr of satellite data over 85 ground monitors in the
southeastern United States. The greatest improvement in
the correlation (from 0.6 to 0.7) between PM, 5 and AOD
occurred when surface temperature was added followed
by PBL height to the multiple regression equations. Be-
cause both of these variables may not truly be indepen-
dent (PBL height is driven by convection, which is highest
at highest temperatures), it is not clear what physical
change is happening to the scattering to improve the
correlation.

Gupta further analyzed this relationship using neural
network techniques to relate eight expected dependencies
on two input variables (PM, s and AOD) with four hidden
variable layers in the neural net.'84 The integrated satel-
lite, surface, and ancillary database contained 32,834 sam-
ples. The samples were divided into testing (10%), train-
ing (50%), and validation (40%) categories. The overall
correlation for the U.S. southeast increased from 0.41 in
the LC technique to 0.7 in the MLR and 0.83 in the neural
net for validation data. There was some skill in the neural
net in removing some outliers (see Figure 8), but one of
the shortcomings of the technique is that it is difficult, if
not impossible, to discover what pathway the network
used to remove the outlying points.
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Figure 8. Comparisons of the PM,, 5 predictions O to observed PM, ; ® from a (a) linear, (b) multilinear, and (c) neural network model.'84 The
circled points in the top and middle panel are outliers that the neural network was able to eliminate. Reproduced with permission of the author.

In Table 4, the large range of relationships in P/A will
bring skepticism that one can make a quantitative predic-
tion of PM, s with sufficient accuracy to be useful in
regulatory compliance or in the “but for” test under the
Exceptional Events Rule. Satellite AOD measurements are
still in their infancy with less than a 10-yr overall record.
What is missing in many of the studies above are better
statistical measures of precision on the slope and inter-
cept from the P/A relationship. From those measures,
precision of the PM,, 5 estimate could be computed. At 40
png-m—3, An’s Beijing'”? and Engel-Cox’s U.S. East
Coast'3 slopes are identical and predict T = 1.1 at that
ground concentration. Engel-Cox’s national average!¢!
would predict 29 pg - m * and Gupta!’3 would predict
38.2 ug - m 3. For three of these studies, the variability is
less than 5% but extrapolating across the United States
the precision drops to 25%. The IDEA product!¢6 will be a
useful tool to examine the precision with which PM, 5
can be estimated at over 500 ground stations in the
United States as long as a single national P/A relationship
is no longer used. Those changes are being incorporated
into IDEA this year and will allow better assessment of the
precision of the estimate in the future.

Rather than just looking at the PM, s prediction,
Gupta also showed!84 that AOD could predict the same
EPA hazard classification (0-14.4 is “good” or green, 14.5—
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40.4 pg-m? is “moderate” or vyellow, 40.5-65.4
ng - m? is “unhealthy for sensitive groups” or orange,
etc.) 98% of the time. It is possible to create maps of the
EPA color classifications from the AOD measurements
coupled with ancillary information such as aerosol height
and meteorology, but it requires some assessment of the
need for smoothing to eliminate noise from the 2% of the
pixels that may be misclassified. For an AIRNow-type pre-
sentation of the EPA color scheme,!85 it appears that
satellite AOD measurements can achieve this.

Events, Atmospheric Process Research, and
Trends
Two recent intensive air quality studies illustrate how
satellite information was critical in piecing together a
story of LRT influencing local air quality.

The NOAA Northeast Air Quality Study-Intercontinental Trans-
port and Chemical Transformation Experiment/Intercontinental
Transport Experiment. In 2004, NOAA and NASA sponsored
a joint experiment to estimate the outflow of pollutants
and their precursors through the northeast. The NOAA
Northeast Air Quality Study-Intercontinental Transport
and Chemical Transformation Experiment (NEAQS-ITCT)
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was run in conjunction with the Intercontinental Trans-
port Experiment (INTEX-NA). Designed to measure out-
flow of pollutants from the United States and follow those
pollutant plumes as far as Europe, the 2004 study was
highly influenced from major forest fires in Alaska. Col-
umn measurements of AOD and CO were consistent in
tracing the input of a major plume from these fires and
helped discriminate local pollution from LRT.

Analysis of this case!8¢ showed that there was signif-
icant impact of the CO from these fire plumes on INTEX
DC-8 aircraft measurements made in the U.S. east includ-
ing both trace gases and BC (Figure 9). Those column
measurements were well aloft for much of their travel to
the U.S. East Coast. In Figure 10, we have superimposed 3
days of the University of Wisconsin HSRL profiles for this
period.'8¢ The lidar profiled the lowest 15 km of the
atmosphere and showed a large plume of material passing
over Madison, WI, on July 18, 2004. Shown below the
HSRL lidar data are three panels of MODIS AOD.'87 The
AOD data showed that the plume passed over Wisconsin
early on July 18 and had passed through by July 19. Five
ground-based monitors making PM, s measurements in
Wisconsin are also shown in this figure and the three
times from MODIS are noted as arrows. Although there is
a slow increase of PM through the period from July 16 to
20, the impact of the plume on ground-based PM was
minimal in Wisconsin. In Maryland, smoke impacted the
boundary layer on July 20 in the afternoon.163.186 This
example shows that the column measurement is impor-
tant to investigate LRT components to local pollution and
that the vertical dimension cannot be ignored. If plumes
do not contact the surface (or only mix down for limited
periods as this plume did on July 18 evening), ground-
based concentrations will not be impacted. Without hav-
ing the HSRL results available, it would have been impos-
sible to understand why such a large AOD plume had so
little impact on PM, 5 at the ground.

TEXAS Air Quality Study. In the 2006 second Texas Air
Quality Study (TEXAQS-II), model estimates of O; and
PM, 5 were compared with measurements from an inten-
sive air and ground sampling program. Although the
overall results from the study gave results that were com-
parable to model predictions, there were cases in which
PM north of Houston exceeded the predictions. When
looked at with satellite information, dust intrusions from
the Caribbean were shown to enhance the ground con-
centrations. CALIPSO results showed that the dust was
from the Sahara in Africa (Figure 11 shows a multiday set
of CALIPSO cross sections tracking the dust plume into
the Caribbean and up into Texas).!88 In addition to the
LRT import of dust, McMillan et al.’ have shown again
that fire plumes from Montana impacted the study during
the TEXAQS period.

Trends. In the future, satellite measurements may have a
significant input in trend determination, but the time
series for most satellites is short. There are no published
trends in AOD from MODIS. Xia et al.1°° have published
data showing a weekday-weekend difference in AOD
from AERONET and MODIS. Longer-term satellite-derived
trend data for NO, in Europe shows a decreasing trend in
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emissions that is consistent with the European Monitoring
and Evaluation Programme emissions inventory.'°! The in-
creased emissions of NO, in China and trends on other
continents have been documented by Richter et al.82.192

To What Extent Does AOD Improve Modeling?
Numerical modeling and forecasting of aerosols and trace
gases rely on accurate emission locations. Most simula-
tion frameworks require meteorological models to obtain
atmospheric dynamic conditions for the period of fore-
cast that is used as input to the core of a model that
requires transport, chemistry, and deposition informa-
tion.193-198 In situ and satellite datasets are useful to eval-
uate these simulations.

These simulations generally capture the average spa-
tial trends and the dynamic range in PM, 5 when com-
pared with in situ measurements, but overestimates
and/or underestimates are possible because of various is-
sues, including uncertainties in emission inventories,
physics, chemistry, and meteorology.193-196 Assumptions
in boundary conditions and poorly quantified emissions
within the model domain are among the major uncertain-
ties in simulations. McKeen et al.!®> evaluated seven air
quality forecast models using data collected during a field
experiment and discussed the biases between and among
these models. These simulations were compared against
118 PM, s monitors and 342 O, monitors between July
14, 2004 and August 17, 2004. These studies did not use
satellite data for model verification or for assimilation
purposes. Their results showed that the PM, 5 forecasts
had better skill relative to the O, forecasts although the
models did not capture the diurnal behavior of PM, 5 in
urban and rural locations.

Most of these models also do not account for aerosols
transported from outside of the model domain.?3 Studies
indicate that when compared with ground truth, models
underestimate PM,, 5 by a factor of 2 during biomass burn-
ing events because of smoke transported from outside of
the model domain.!?> Satellite remote sensing can help
with this issue because near-real-time information on fire
locations and emissions are available. Hot spots/fire loca-
tions are routinely identified by polar orbiting!®® and
geostationary sensors25 that are then used to obtain PM,, 5
emissions.20,200.201 These fire source functions can then be
used to improve model forecasts. Wang et al.202 showed
the utility of using fire emissions from Central America in
a forecast model to estimate PM, s concentrations in the
United States. Stein et al.2%3 recently used the Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model to estimate PM, 5 concentrations from various fire
events. These models assess surface PM, 5 due to aerosols
transported from outside of the domain.

Satellite remote sensing products can also be assimi-
lated into numerical models to improve predictive capa-
bilities. For example, Mathur!®4 used the MODIS AOD
during the 2004 fires in Alaska to improve the character-
ization of pollution from outside of the model domain.
For each model grid, the PM, 5 mass was estimated from
the satellite AOD using a priori PM, s-AOD relationships.
The difference in PM, 5 between the base model runs (no
fire emissions) and the PM, 5 from the satellite AOD are
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Figure 9. MODIS AOD (panels a, ¢, €, g, i, ki 1 > 0.65) and AIRS CO 500-mb mixing ratio (panels b, d, f, h, j, and I: CO > 150 ppb) for July
15-20, 2004, during the INTEX-A study, showing the injection of a major smoke plume from Alaska into the INTEX study area.'8¢
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Figure 10. The same case showing (a) the University of Wisconsin HSRL lidar profiles that were based in Madison, WI; (b) the MODIS Terra
AQOD; and (c) the ground-based PM, 5 for five stations in Wisconsin from the AIRNow technology database. The times of the overpasses are
marked with arrows on the PM, 5 time series.

Figure 11. Injection of Saharan dust into the TEXAQS 2006 study area on August 28, 2006.188
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calculated and then vertically distributed for various spe-
cies for further simulations. This first attempt at simulat-
ing AOD requires correct P/A relationships that are not
applicable for all meteorological situations. For example,
the a priori relationship assumes that the aerosols are in a
well-mixed boundary layer that yields good PM, s/AOD
relationships, but this may not be true in all cases. It also
requires assumptions on taking column measurements
and distributing it vertically using a priori information.
Another source of uncertainty arises from taking column
satellite AOD retrievals with no speciation information
and allocating these into various species for the model.

Because the vertical distribution of aerosols is critical
for assessing PM, s, another technique is to take the
column-integrated satellite AOD and distribute it verti-
cally on the basis of the model-predicted distributions of
aerosols. This assumes that the physics, chemistry, radia-
tion, and the mechanics of the PBL height characteriza-
tion in the model are correct.1°8 Probably the “best” so-
lution is to take measured vertical distributions of aerosols
from a space-borne lidar or a ground-based lidar to parti-
tion the satellite AOD into various model layers!®?; how-
ever, there are challenges in this approach as well. The
CALIOP two-wavelength polarization-sensitive lidar (on
the CALIPSO satellite) with a footprint of 70 m does not
have global daily coverage and precludes characterization
of vertical distributions over the entire modeling domain.
Also, ground-based lidars need to be available in a near-
continuous manner to improve model performance.

Kondragunta et al.2%4 compared the CMAQ simula-
tions of aerosols with GOES AOD during the summer
2004 International Consortium for Atmospheric Research
on Transformation/New England Air Quality Study
(ICARTT/NEAQS) field campaign. This period was domi-
nated by LRT of smoke from fires in Canada/Alaska and
regional-scale sulfate event over the eastern United States.
The CMAQ simulations did not include boundary condi-
tions for these smoke aerosols. For clear sky conditions,
the GOES AOD was compared with simulated AOD. The
forecast accuracy was between 0 and 20% for exceedances
of PM, s (AOD > 0.55) and between 40 and 90% for
nonexceedances (AOD > 0.55). In general, accuracies
were better from the sulfate events when compared with
the smoke events because the CMAQ did not include
emissions from LRT of smoke aerosols. Although some
European models are actively using chemical data assim-
ilation,205.206 several challenges remain, including lack of
observations about vertical structure and a better under-
standing of aerosol composition, emission locations,
sources, and magnitudes. In cloud-free skies, AOD is avail-
able on a daily near-real-time basis that can be considered
in an assimilation system.

Detection of source emissions from event-driven and
intermittent sources may be one of the greatest strengths
of satellite measurements. Measurements of emissions
from fires have been made by “bottom-up” models (where
the areal extent of the fires is multiplied by emission
factors from biomass type and fire type).2° Other tech-
niques2223 are based on the radiometric emissions from
active fires in the 4-pm bands of multispectral satellites
such as MODIS and GOES. Correlations of the emissions
in the IR and smoke mass are relatively high, but there is

Volume 59 June 2009

Hoff and Christopher

the need for validation of these emissions and the quality
assurance of the fire detections to ensure that glint (spec-
ular reflection) and other issues are dealt with.

Trace gas emissions of NO, have been observed from
large urban regions. Oxides of nitrogen (NO,) and SO,
emissions have been reported from Beijing,2°7 and re-
cently, emission controls in that region during the Olym-
pics were observed from space-borne measurements.”” If
robust emissions data can be gleaned from satellite obser-
vations, better model predictions can be expected in the
future.

In summary, the use of satellite data products for
forecasting PM, 5 in chemical models is in its infancy.
Using fire locations and emissions of smoke aerosols
from biomass burning fires has shown success in assess-
ing PM, 5. There is no reason why these datasets should
not be included in models. These satellite-based data-
sets are especially useful for assessing PM, 5 air quality
from LRT.202 Near-daily retrievals of columnar AOD are
also available on a continuous basis from several satel-
lites. In clear sky conditions, these data products can be
used for model assessment or as input to models. Al-
though ancillary information about the vertical struc-
ture of aerosols is critical, space-borne and ground-
based lidars provide this information when available.
This is an asset that needs to be utilized for modeling
studies, especially when aerosol injection height infor-
mation is needed.

FUTURE MISSIONS AND PROSPECTS FOR
IMPROVING ON THE PHYSICS

The examples above and the extensive literature that has
developed on the use of satellite instruments for air qual-
ity assessment show a promising future for the use of
these data in air quality research and applications. But, in
answer to the title of this review, we have not yet reached
the promised land. There are still significant issues to
address before these measurements will be as routinely
used as a PM, - monitor in a network.

Some Fundamental Problems in Satellite Remote
Sensing

Extrinsic versus Intrinsic Property Requirements. The use of
satellite data needs to address the fundamental mismatch
in the regulatory need to measure a mass concentration
(or in the case of trace gases, a mixing ratio at the surface)
from a column measurement of an optical radiance prop-
erty. For trace gases, in principle, the problem is some-
what easier because the conversion of mixing ratio to
extinction requires the knowledge of the absorption co-
efficient of the gas at a given pressure and temperature.
Because many of our visible absorption measurements for
03, SO,, and NO, are relatively wide spectral measure-
ments, the absorption coefficient is reasonably well
known and easy to characterize. For these gases, the col-
umn measurement from passive instruments may be suf-
ficient to characterize a mass budget, especially if inte-
grated horizontally by the measurement and vertically by
the column measurement to give fluxes of the gas across
a plane.

Aerosols provide a more difficult challenge because
the intrinsic (or microphysical) property of the pollutant
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is not constant as it is for a gas. For aerosols, the compo-
sition, sizes, indices of refraction, and hydration proper-
ties are not constant. Not only do the extrinsic properties
(i.e., the number of particles per cubic meter, the height of
the mixed layer, the profile, etc.) have to be known, but
the PM, 5 (or PM,,) intrinsic property differences (com-
position, size distribution, density, indices of refraction,
hygroscopicity) is also problematic. To the extent that
PM, 5 is used in the regulatory environment, there will
still be significant scientific issues between what is mea-
sured and the pollution problem (acid rain, health, etc.)
that is being addressed. With that in mind, the use of an
optical surrogate for PM, s is probably no more challeng-
ing an issue.

The use of the AOD as a measure for mass concentra-
tion has skill in some regions but less in others and does
not provide a uniform way to measure aerosols across the
United States. We discussed in Table 4 the range of mea-
surements from across the globe and the wide range of
correlations between AOD and mass. It may be possible to
reduce that range of uncertainty by further intrinsic mea-
surements. It is unlikely that we will further reduce that
uncertainty by statistical regressions. Within a given re-
gion, the types of aerosols may be more limited, the
heights of the boundary layer may be more uniform, the
ranges of humidity that the aerosol experiences more
limited, and these factors may make the correlation of
AOD to PM more accurate in some regions.163,184,208 Study
of the controlling extrinsic factors will aid in understand-
ing the P/A relationship. It is not at all obvious that these
can be extrapolated to other regions with similar certainty
of the predictability of PM, 5. However, some regions of
the globe have no PM measurements at all. Central, South
America, and Africa have few stations measuring PM. The
current uncertainty in the P/A ratios could be acceptable
for estimates in those regions.

Clouds. Clouds cover 60-70% of the planet at any
time.209,210 Clouds obscure the surface and make detec-
tion of aerosols at the surface impossible. Gupta2!! exam-
ined this possible bias and determined that for the U.S.
southeast for a 7-yr period, the PM, 5 levels on days with
and without clouds have the same probability density
functions; yearly means have average values of PM, 5 that
differ by less than 2 pg - m 3. This would indicate that
clouds do not significantly bias the measurement of PM,, 5
in broken cloud fields on an annual mean basis. However,
cloud obscuration cannot be neglected, and satellite ob-
servations cannot be used to detect exceedances for re-
gions that have extensive cloud cover. This limitation is
significant during winter months at midlatitudes and dur-
ing the rainy seasons in the tropics.

Snow. Similar to clouds, the high surface reflectivity of
snow is problematic at wavelengths that rely on dark
surfaces for detection of extinction contrast. NO, retriev-
als are possible over snow-covered surfaces because the
NO, absorption features are close together in wavelength
(<10 nm) and, over this wavelength range, reflectivity
from the surface is constant. OMI AAOD retrievals are
similarly unaffected by snow or low clouds because the
effective scattering height for these UV wavelengths is 2-3
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km or more. However, all other visible retrievals are pre-
cluded over snow.

Bright Surfaces. Bright surfaces like deserts or bare soil do
not provide enough contrast with the added radiance
from aerosols to be able to retrieve AOD. In the “Deep
Blue” algorithm,'°¢ Hsu and her colleagues used the
shortest wavelength from MODIS to push the contrast
between the surface reflectance and aerosol reflectance
beyond the traditional MODIS AOD retrieval. Deserts and
bright surfaces are still a challenge for aerosol retrievals.
De Castanho and Martins®3 used a “critical reflectance”
method for bright surfaces (such as urban areas with hard-
ened asphalt and concrete surfaces). In that method, there
is a critical reflectance for which the range of expected
AODs in a plot of reflectances at 0.65 pm crosses.212213 [f,
for a given surface pixel, this critical reflectance can be
determined, radiance ratios at higher or lower reflectivi-
ties can be mapped to AODs. In other words, aerosols over
bright surfaces may darken the scene, over dark surfaces
brighten the scene, and the degree to which they do so is
wavelength dependent.

Lyapustin et al.2'4 have developed algorithms that
use more sophistication in the knowledge from the BRDF
at the surface. In a routine designed to better detect over-
lying clouds, the Multiangle Implementation of Atmo-
spheric Correction (MAIAC) algorithm?'> uses the con-
cept that the surface reflectivity is fixed and varies on time
scales of days, whereas the atmosphere is moving with a
time scale of minutes. Using the 2D covariance fields from
clear and hazy scenes, the algorithm is able to pick out
scene elements that are atmospheric in nature over highly
structured underlying surface scenes. This technique is
likely to show important new results from geostationary
sensors that have more wavelength channels and show
motion over scales of minutes.

Noncontinuity in Observations. Polar orbiting satellites are
generally placed in sun-synchronous orbits with equator
crossing times in the morning or afternoon. At 7.1 km/sec
orbital velocity, observation of a 10- by 10-km MODIS
pixel takes 1.5 sec. At most, a given site would be observed
less than 4 times per day from a polar orbiter. Although
these orbits are designed to be representative of the diur-
nal cycle variations in the PBL, the lack of hourly obser-
vations throughout the day limits the usefulness for ex-
ceedances of the AQS.

The geostationary satellites—GOES-12 and GOES-
11—have an AOD product that can be related to AOD.
GASP measures AOD every half hour across the United
States at 4- by 4-km resolution. This high temporal reso-
lution allows not only visualization of aerosol plume
movement, but is also potentially useful for timing of
exceedances. GASP, however, does not have the precision
of MODIS” AOD primarily because it has only one broad
visible channel. The GASP retrieval is based on discrimi-
nation of the radiance in that channel from the minimum
radiance detected over the previous 28 days of measure-
ment. If the minimum in such radiance is not from a very
aerosol-free day, there will be some bias in the retrieval.
By 2015, NOAA proposes to launch the GOES-R series of
satellites. This series has MODIS-like channels and will
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allow retrievals of a more precise AOD every 5-30 min,
depending on the observation mode of the satellite. This
is a factor in the Decadal Survey recommendation for
geostationary platforms quoted above.

Precision. The AOD P/A ratio, even if refined to a high
degree of correlation, still has error estimates in the liter-
ature on the order of 5-10 pug - m~3/unit AOD (15-30%).
It should be incumbent on future papers written about
this regression to include such estimates of the precision.
MODIS AOD has precision#? of =£0.05 + 0.27, which in-
dicates that the precision of the AOD retrieval itself dom-
inates the P/A relationship. For surface networks in Class
I areas, the precision of the PM, s measurement should be
better than 2 ug - m~3 or 5% and better than 10% in Class
IT and Class III areas.?!¢ Satellite measurements are not at
that level of maturity and it is unlikely that they will meet
that precision in the near future. Satellite observations of
column measures of trace gases similarly will be difficult
to relate to regulatory compliance needs. One exception
to this may be NO,, for which significant correlations to
ground-based NO, and NO, observations can be made if
the NO,/NO,, ratio is estimated.217.218 In fact, satellites
such as GOME, SCIAMACHY, and OMI may actually mea-
sure ambient rural NO, more completely than the ground
networks. In 2001-2006, only 243 of 4177 site-years
(~5%) of NO, data in the United States were not in
metropolitan statistical areas.21?

Errors in the AOD measurement directly propagate
into the precision with which PM can be estimated. There
are some areas in which AOD retrievals can be improved.
As in the 7-9 wavelength AERONET retrievals of aerosol
size, single scattering albedo, and indices of refraction, it
may be possible in the future with hyperspectral satellite
instruments (hundreds of wavelengths) to develop algo-
rithms with more accuracy in determining the micro-
physical (intrinsic) properties of the aerosol, which would
make the retrieval of AOD or extinction (the extrinsic
properties) more robust. However, wavelength channels
are expensive to implement in orbit, and the future
NPOESS missions have taken the unfortunate path of
having fewer instead of more channels.

Combined Measurements
Combination of sensors shows promise in reducing the
uncertainty in column retrievals. Use of profiling instru-
ments such as lidars from the ground and from space
allows more certain placement of the pollutant in the
vertical. For CO and CH, algorithms, knowing the height
of the pollutant constrains the range of IR temperatures
that affect retrievals. Similarly, dust profiling in the IR
needs an estimate of the aerosol height.3¢ The OMI AOD
can be improved if knowledge of the plume height is
known.”® However, profiling instruments with variable
pointing ability are unlikely in the next few decades sim-
ply because the combination of power, agility, and weight
would make such an instrument difficult to carry to space.
Without having horizontal spatial coverage (similar to
the MISR difficulty), most areas of the globe would not be
covered each day and interpolation between orbits with
over 1500-km spacing would cause even extended, signif-
icant features to be missed because the orbit path was not

Volume 59 June 2009

Hoff and Christopher

appropriate on that day. For example, during the South-
ern California wildfires of October 2007, the CALIPSO
satellite detected the smoke only twice over a 7-day period
because of the vagaries of the orbital coverage with re-
spect to the fires.166 Future lidar satellite missions should
consider active pointing capability to target specific sig-
nificant events such as fires (natural and Homeland Secu-
rity related) and volcanoes.

Measurement of the vertical humidity profile is desir-
able in conjunction with an AOD retrieval. Hygroscopic
growth can change extinction by factors of 3-5, therefore
it is expected that AOD would have a strong humidifica-
tion effect (e.g., eq 10). Hygroscopic effects near the edges
of clouds is an active research topic and it may be that the
hydration of aerosols can extend outward from cloud
edges by up to 10 km horizontally.#¢ Combination of
ground-based lidars and satellite measurements may
prove useful in determining the horizontal scales in-
volved. Whiteman?2© has proposed an airborne water va-
por Raman lidar that is currently in the testing phase.
Such a system is being evaluated for use from a space-
borne orbit. AIRS and TES do provide profile measure-
ments of water vapor in the free troposphere but have
difficulty near the surface where understanding the hy-
dration of aerosols is most needed. Models can provide
the information needed to better account for the hydra-
tion effect of aerosols to relate to dry PM,, 5.173,208

Unlike the lidar on the CALIPSO satellite, which mea-
sures a broad elastic scattering feature from both Rayleigh
scattering and aerosol backscatter, NASA has flown a pro-
totype instrument similar to the ground-based HSRL
shown in Figure 10. The NASA Langley HSRL'88% works by
simultaneously measuring the Rayleigh-scattered and
aerosol-scattered components of elastic scattering. The
ratio of these signals is proportional to the aerosol mixing
ratio and the extinction as a function of height. HSRL
lidars are under consideration for the Atmospheric Chem-
istry Experiment (ACE) mission, a part of the Decadal
Survey planned missions.

Several satellites are planned that have advanced
multicomponent profiling capability. The European
Space Agency’s Aladin wind and aerosol lidar will be the
first to launch in 2010 on the Atmospheric Dynamics
Mission (ADM)-Aeolus platform and will be followed in
2013 by the ATLid on the EARTHCARE mission.221222
Although the United States plans to launch ICESAT-II in
this time frame and a lidar on the DesDynI mission, both
will be used only for surface detection (ice and vegetation,
respectively). There are no realistic plans to launch atmo-
spheric lidar in NASA’s plans before the ACE mission,
which cannot credibly be launched before 2020 at the
current NASA funding profile. This is a considerable tran-
sition of capability in profiling aerosols to Europe over the
next decade.

The GOES-R series of satellites have been designed to
mimic the spectral features available on MODIS or the
VIIRS instruments that are run in LEO and polar orbits.
The GOES-R Advanced Baseline Imager (ABI) is an impor-
tant development for AOD retrievals.223 In a geostation-
ary orbit, GOES-R ABI will be able to view the United
States every half hour while the Sun is up. The GOES-R
ABI algorithm is being designed to give similar precision
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to MODIS but instead of 2 realizations (MODIS Terra and
MODIS Aqua) each day, we will have 14-28 images taken.
For forecasting and analysis, this will revolutionize our
ability to address aerosol transport and monitoring.
GOES-R will not launch until 2015. It is unfortunate that
so many of the NASA Earth Observing System (EOS) in-
struments are nearing or past the planned lifetime for
these instruments. If instruments start to fail in orbit, the
United States will be poorly placed to continue in air
quality monitoring from space and will have to rely on its
international partners.

One impediment to such combinations of datasets is
the diverse nature of the data formats, spatial and tempo-
ral scale, and access. Not all satellite data, especially from
foreign agencies, are publicly available. Another impedi-
ment is that satellite science teams tend to have narrow
foci with no mission funding to combine measurements
from other sensors.

CONCLUSIONS

Satellite air quality measurements are in their infancy
with 50 yr of history of atmospheric composition mea-
surements but less than 10 yr of record with modern
multisensor platforms from polar and geostationary or-
bits. The physics behind remote sensing of gases and
aerosols uses Beer’s law to convert radiances measured in
orbit to mixing ratios or concentrations. IR retrievals and
visible measurements have fundamentally different ap-
proaches to solving for the concentrations. In the IR,
broad weighting functions make the vertical resolution of
the profile of the target species vary from 1 to 10 km
depending on the gas. Horizontal resolution of the mea-
surements is comparable to visible column measurements
(1-10 km horizontally).

Success has been shown at retrieving the column of
several gases in visible and IR wavelengths (e.g., O3, NO,,
SO,, HCHO, CHOCHO, BrO, water, CO, CH,, CO,). How-
ever, the lowest part of the troposphere is too optically
thick to accurately measure O, and SO, all of the way to
the surface. Aerosols have been quantified using the AOD
and the relationship between AOD and PM, 5 is being
actively investigated.

Although the desire for the use of satellite data for air
quality purposes is widely stated, the reality is that many
of the measurements have not yet met the promise that
they can be operationally used for today’s air quality
monitoring requirements. Precision in measuring AOD is
+20%, and the relationship to PM, 5 is at best =30% in
controlled measurements in which overlying aerosols,
aerosol type, and boundary layer structure are known.
This is not currently sufficient for regulatory use. The
interest in using such data in the EPA Exceptional Event
Rule needs investigation, but with the precision above,
the “but for” provision in the rule makes the use of sat-
ellite data possible in significant exceedances only. Appli-
cations such as event identification, transport, and atmo-
spheric composition determination are strengths of
satellite measurements. Where high precision is required
(compliance monitoring, the “but for” test, and quanti-
tative measurement of visibility effects on Class I areas),
satellite data are presently of limited utility.
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Strengths of satellite measurement are found in emis-
sions identification (fires especially), event tracking and
transport, definition of boundaries of large-scale pollu-
tion features, and providing some evidence for profiles of
pollutants well above the surface. Satellite observations
fill gaps in areas where there are no ground sensors (e.g.,
much of the third world). Satellite measurements have
been very useful in defining production, oxidation, and
evolution processes from biomass burning. Satellite imag-
ery can provide iconic views of major events such as forest
fires, volcanic plumes, and stagnant haze masses over
highly industrialized areas. In conveying the extent of
pollution to the public, visual imagery from space is
important.

Combining multiple measurements and models im-
proves the understanding of the physics of the measure-
ment and improves the precision. Use of forecast and
analysis models is synergistic with satellite and surface
measurements, improving understanding of the predic-
tion and the measurement. Assimilation of existing satel-
lite air quality and ground data into models needs serious
evaluation, and the United States lags Europe in such
research. More new missions for air quality will be
launched in Europe and Japan than in the United States
for the next decade. Although the promise of satellite
measurements has not been fully met at this time, space-
borne remote sensing will be one way of seeing the prom-
ised land.
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