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INTRODUCTION
This paper follows presentation and publication of the
Hoff and Christopher 2009 Critical Review1 and repre-
sents an integration of discussants’ views of their paper.
The discussants’ comments are organized beginning with
a note on the history of satellite sensing, followed with a
brief discussion of the strengths and weaknesses of satel-
lite observations relative to air quality management
needs. The commentary is completed with a summary of
the applications of remote sensing to air quality. The
authors of the review chose not to provide a response to
the comments from the discussants.

Hoff and Christopher’s review1 presents a thorough
and balanced summary of the satellite observations and
processing methods for inferring aerosol optical depth
(AOD) from space on the basis of measurements. Hoff and
Christopher highlight 50 years of progress from the basic
imagery of the early Television Infrared Observation Sat-
ellite (TIROS) to the recent satellite instrumentation ca-
pability to image trace gas and especially aerosol distribu-
tions in the atmosphere. The review serves as a bridge
between more general discussions of satellite-based appli-
cations to air quality issues2,3 and a large body of special-
ized research papers in the atmospheric science literature.
The authors have done an admirable job of organizing

material from current literature for the satellite retrieval of
optical depth data and reliability of investigators’ inter-
pretation of AOD measurements compared with ground-
based measurements of sun photometry and particle mass
concentrations. Hoff and Christopher1 assess the viability
of AOD as a measure of aerosol “column burden” relevant
to the needs the air quality community, which range from
determining compliance with ambient standards to input
for air quality forecasting and tracking of trends. They ask
the question, “Have we reached the promised land [rela-
tive to satellite measurements and air quality applica-
tions]?”—Can space-based AOD observations be used in
regulatory applications for air quality determinations?
The authors conclude that the two communities have not
yet reached the “promised land.” Improvements in satel-
lite AOD and pollutant gas observations are still needed
relative to surface-based reference concentrations. But
more importantly, satellite observations are integral to a
system of observations and models providing resources to
consistently address air quality issues not only in the
United States and Canada, but also across the world.

The review1 explains the basic principles and assump-
tions of space-based remote sensing for particles, defines
specialized terms and acronyms, gives details on different
satellite orbits and their viewing frequencies, summarizes
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Although “human breathing-zone” monitoring is a
rich data source for exposure, most pollutant mass resides
vertically beyond the representative reach of surface sta-
tions. However, during well-mixed afternoon conditions
with stable pressure systems, pollutant levels aloft often
correlate well with surface conditions, offering the poten-
tial for “gap filling” in the surface-based networks as ex-
plained by the Critical Review authors.1 The appeal of
using satellite observations to fill in surface measurement
gaps is tempered with an understanding of the limitations
discussed previously for space-based measurements in ade-
quately characterizing lower troposphere to near-surface
conditions. If satellite observations of AOD are to be used for
air quality forecasts, they need to be integrated into a com-
bined approach in which satellite observations are just one
part of an overall “weight-of-evidence” characterization.

The capability to fill in gaps using satellite observa-
tions can be expected to improve when combined with
models. Reliability is also likely to improve with longer
averaging times. For example, van Donkelaar et al.39,40

recently created a global satellite-derived climatology of
PM2.5 concentrations from retrievals of AOD from MODIS
and MISR and coincident aerosol vertical profiles from a
global chemical transport model (GEOS-Chem). A high-
resolution (�10 � 10 km) annual mean map of PM2.5 for
2001–2006 for eastern North America is shown in Figure
3. Enhancements in the estimated PM2.5 concentrations
coincide with the distribution of population and topog-
raphy, providing evidence that the concentration pat-
terns are qualitatively reasonable. Furthermore, evalua-
tion of these satellite-derived PM2.5 estimates with
ground-based in situ measurements yields significant
agreement (r � 0.78, slope � 1.02, n � 1083). Yet, for
reasons given above, these annual averages are not likely
to be appropriate for assessing compliance with the an-
nual NAAQS in unmonitored areas. Nevertheless, they

hold promise for characterizing large-scale spatial gradi-
ents in chronic exposure patterns in an internally consis-
tent fashion, potentially performing as well as or better
than a limited number of central locations (i.e., one mon-
itoring site per city). Long-term health effect studies such
as the American Cancer Society (ACS) cohort41 currently
face limitations with respect to the fraction of the cohort
for which PM2.5 exposures can be assigned from measure-
ment data. The potential for exposures derived from data
such as that in Figure 3 to enhance air quality health
effects research, nationally and internationally, remains
to be fully explored.

Given the resolution of individual Ozone Monitoring
Instrument (OMI) measurements, averaging across rela-
tively long time periods can potentially yield concentra-
tion gradient measurements approaching the urban scale.
Figure 4A shows the average NO2 column density (CD) for
Detroit and southwestern Ontario for June 1 to September
10, 2007.42 Each daily OMI NO2 CD measurement with a
cloud fraction less than 0.3 was averaged into a fixed grid
(�1 km), allowing NO2 patterns to be examined at a finer
resolution. Although it is clear from this image that the
spatial variation in CD fits with expectations knowing
where NOx emissions are larger, research is needed to
determine the reliability of the features that are revealed
and the appropriate application(s) of satellite observa-
tions at this scale.

The time period covered in Figure 4 was selected
because it corresponds to when passive NO2 samplers
(Ogawa) were deployed at 18 surface points. The scatter-
plot in Figure 4B shows a preliminary comparison of these
average NO2 concentrations to the average CD in the
corresponding grid.42 Twenty additional points are in-
cluded from a similar comparison undertaken from July
20 to September 30, 2008, over Beijing, China. There is
some correlation evident at this scale (r � 0.78), as well as

Figure 3. High-resolution (0.1° � 0.1°) annual mean map of PM2.5 for 2001–2006 derived from retrievals of MODIS and MISR AOD and
coincident aerosol vertical profiles from GEOS-Chem (van Donkelaar et al.40). (a) As would be expected, the estimates of PM2.5 align with
population density across eastern North America. (b) Terrain also influences the spatial distribution of PM2.5 concentrations.
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overlap in the surface NO2 (parts per billion [ppb]) to CD
ratio in Windsor and Beijing; however, a considerable
amount of data scatter remains. For example, CD varies by
a factor of 3 for a surface NO2 of 20 ppb, whereas NO2

concentration can vary by a factor of 2–3 for a CD of 6 �
1015 molecules/cm2. The reasons for these differences,
such as proximity of the surface measurements to sources
(e.g., traffic) and/or layers of NO2 above the ground, need
to be explained and accounted for before attempting to
predict surface NO2 from satellite observations through
more advanced models (empirical or physical).

The vertical structure can be obtained from satellite
observations, but the information derived to date is very
limited. As Hoff and Christopher pointed out,1 The
Cloud-Aerosol Lidar and Infrared Pathfinder (CALIPSO)
satellite, a NASA satellite carrying an aerosol-profiling li-
dar,43 represents a good opportunity to capture vertical
structure that can be fused with the passive visible-IR
(vis-IR) imagers to capture boundary-layer AOD. How-
ever, CALIPSO’s lidar sensor (other than a performance
issue that limits its signal from observing near ground
level1) only captures a 70-m-wide swath and therefore
only covers approximately 3% of the global surface over
the lifetime of the mission.43 An alternative solution
maybe an expansion of the current ground-based upward-
looking profilers, such as the lidar, radar, or sodar in
Canada and the United States. These types of systems
would couple well with the sun photometer networks
(e.g., AERONET) that provide high-time-resolution AOD.
Expansion of such systems in high priority areas could fill
in gaps for air quality measurements without the expense
of satellite technology.

An alternative methodology that can extract vertical
structure of AOD is the MISR sensor on NASA’s Terra
satellite.44 MISR is a stereoscopic multispectral imager
that can capture the three-dimensional structure of signal
returns (AOD vertical profiles) and aerosol properties, but
these products come from research algorithms and can
only be run on individual cases, not the operational data

stream.43 An operational product will not be possible
from MISR, which is already 3 yr beyond design life, but
the stereoscopic imagery represents an opportunity for
improvements on future passive AOD imager designs.

A factor not well covered in the review is the need for
a high temporal resolution of AOD, which is necessary to
capture the diurnal variability of particulate composition
in populated environments. To forecast atmospheric pro-
cesses that impact air quality, primary and secondary
pollutants such as NOx, VOCs (non-methane hydrocar-
bons), O3, and aerosol particles need to be measured at
multiple times during the day because they exhibit sig-
nificant diurnal fluctuations.45 Only geostationary sys-
tems, such as the NOAA GOES, are capable of providing
the temporal revisit necessary during daylight hours. The
current GOES sensors do not have the spectral bands of
electromagnetic radiation required and are limited to
broad spatial resolution. However, the next-generation
system—GOES-R, with the Advanced Baseline Imager
(ABI)—will provide MODIS-like spectral imagery at 10-km
footprints. The proposed NASA mission, Geostationary
Coastal and Air Pollution Events (GeoCAPE), presents an-
other future mission that might deliver the hyperspectral
imagery with improved temporal resolution and spatial
scale. The concept and design of GeoCAPE has broad
community involvement of EPA, NOAA, and NASA. How-
ever, the system is still in the early requirements defini-
tion phase and does not yet have dedicated funding. Even
if GeoCAPE or GOES-R/ABI is placed in orbit, they will
still be measuring column abundance. By themselves,
they will not be predictive of ground-level PM. As part of
a larger system, their inputs of broad, spatial-scale AOD
features at high temporal resolution are expected to im-
prove forecasting capabilities.

If a coordinated Global Earth Observing System of
Systems (GEOSS) is to be built to serve societal benefits
(e.g., public health assessment) along with scientific dis-
covery, then projects must be designed with the whole of

Figure 4. (A) Spatial pattern in high-resolution OMI NO2 CD for June 1 to September 10, 2007. Observed NO2 concentrations (ppb) from a
simultaneously operating passive network are plotted on the map. (B) Comparison of surface NO2 obtained from passive samplers with
multiweek averages of fine-resolution OMI NO2 CD. Squares are 12-week averages over a region from Windsor (Detroit) to rural southern
Ontario. The open squares are from two points in Windsor. Diamonds are 10-week averages over Beijing, China, and the surrounding area. The
open diamonds are two outliers that correspond to sites located closer to busy traffic (Pearson r increases from 0.78 to 0.85 if the two Beijing
outliers are excluded).
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the system in mind. The National Polar-orbiting Opera-
tional Environmental Satellite System (NPOESS) vis-IR
(VIIRS) sensor will be the operational continuation of
MODIS, which is the dominant source of AOD. The VIIRS
will deliver an operational product that should be highly
reliable for AOD; however, the same problem exists—
AOD without vertical structure does not equal PM. Addi-
tional observation parameters also will be needed. It is
apparent that for EPA, NOAA, or Environment Canada air
quality forecasting resources (e.g., AirNOW), that the sys-
tem must, at least, have high-temporal revisit, multispec-
tral vis-IR imagery, and the ability to extract vertical struc-
ture, including properties of the surface boundary layer

The “ultimate” system therefore has to be a collection
of integrated measurement systems using geostationary
passive imagers combined with low-earth orbit lidar rang-
ers and integrated with the ground-based PM concentra-
tions and other measurements. Conceptually, this would
represent an integrated observing system that could pro-
vide the input data to chemical forecast models that could
deliver regulatory air quality forecasts. Such a system re-
quires the integrated approach and unified agency sup-
port if it ever is to have the possibility of becoming a
reality. The “promised land” is believed to be out there,
but reaching it will require ongoing commitment to a
more unified community vision.

The Critical Review1 can be criticized for other details
like an imprecision in the use of terms related to spatial,
temporal, and spectral resolution.6 “Coarse spectral reso-
lution” and “high concentration” could have been re-
placed with more quantitative statements of the wave-
lengths and bandwidths of electromagnetic radiation
measured and the inferred concentration ranges. Al-
though the review’s Table 2 is a good summary of avail-
able sensors, it would have been more useful with entries
related to the measurement frequency and spatial resolu-
tion. Spatial resolutions of 10 � 10 km and measurement
frequencies of twice per day seem obtainable from the
MODIS, which is most commonly used for aerosol mea-
surements. Hoff and Christopher’s1 Table 2 would also be
improved with more precise descriptions of the properties
of aerosols, clouds, radiance, and precipitation that are
mentioned.

The assumptions for accurate aerosol measurements
are correctly stated as cloud-free skies, constant clear air
surface reflectivity, uniform horizontal and vertical con-
centrations within a set of observing pixels, a constant
particle size distribution and chemical composition, and a
constant diurnal concentration. However, common devi-
ations from these assumptions and their effects on PM/
AOD relationships could have had further elaboration.9

SUMMARY
The Critical Review of Hoff and Christopher1, along with
the discussants, provides an important perspective on the
interface between satellite measurement science and air
quality observations. A top-down picture of the useful-
ness of satellite observations in terms of air quality regu-
latory and technical support requirements can be summa-
rized. The air quality requirements4 are (1) determination
of compliance with the ambient air quality standards, (2)
inference of human and ecosystem exposure, (3) identifi-
cation of intra- and intercontinental events relevant to
EE, (4) establishment of trends in ambient concentrations
relevant to accountability, (5) regulatory and forecast
model applications, and (6) extension of fundamental
knowledge relevant to air quality. Each of these topics is
important to air quality management, and each has de-
tailed technical issues associated with spatial and tempo-
ral resolution, accuracy, and precision, etc. In any case,
one can summarize the broad capabilities of measure-
ment systems to address these requirements as listed in
Table 1.

From this rather superficial summary table, investiga-
tors should be encouraged to forward increased interac-
tion between the various measurement communities and
to facilitate the utility of a comprehensive portfolio of
measurements and adjunct analyses for improved air
quality applications.

The Critical Review1 has done much to educate air
quality scientists on the possibilities for using satellite
remote sensing for various purposes. However, space sci-
entists also need a better education on air quality science.
Recently published reviews46–56 on PM air quality mea-
surements are available that complement the Hoff-Chris-
topher paper on this topic. The need for greater collabo-
ration of air quality and space scientists is evident in an
article published in the July issue of the journal.57 Al-
Hamdan et al.57 provide an interesting and useful analysis
of relationships between surface air quality and space-
based satellite AOD to estimate human exposure. They
obtain mostly urban PM data from EPA’s Air Quality Sys-
tem (AQS),58,59 but they neglect the potentially more use-
ful PM2.5 and chemical speciation data from the nonur-
ban Interagency Monitoring of Protected Visual
Environments (IMPROVE)47,60 and the Southeastern
Aerosol Research and Characterization (SEARCH)61–63

networks. They correlate PM2.5 mass with optical depth,
although visibility assessments show that light extinction
is better represented by a weighted sum of PM2.5 sulfate,
nitrate, organic carbon, elemental carbon, and soil
dust.64,65 Their comparison of hourly measurements with
filter measurements does not specify the source of the

Table 1. Estimated application of measurement classes to air quality management support.

Observational Platform Compliance

Human and
Ecosystem
Exposure

Pollution
Events

(large-scale)
Trends in Air

Quality
Trends in
Emissions

Air Quality
Model

Support
Atmospheric

Science

Ground-based monitoring or field campaigns Yes Maybe Yes Yes Yes Yes Yes
Aircraft ground-based remote sensing No No Maybe Maybe Maybe Yes Yes
Satellite systems No Maybe Yes Yes (large-scale) Yes (large-scale) Yes Yes

Notes: Priority considerations begin in the left column and move to lower priority toward the right columns.
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hourly values as TEOM or BAM. Spatial outliers for
ground-level measurements are removed to improve the
correlation of PM2.5 with AOD, although these “outliers”
are probably real values that relate to human exposure or
a nearby source effect. The point here is not to overly
criticize a good publication that will be highly cited. The
intent is to demonstrate the value of air quality and space
scientists working together more closely on this topic.
This is something the review authors alluded to in their
review, but if, as they concluded, the “promised land” has
not been reached, then perhaps it is an appropriate time
for the atmospheric community to ask, “Can near-term
satellite observations play a role in characterizing broad-
based (outdoor) exposure to pollutants and consequently
influence public health improvement?” and, if so, then,
“What comprehensive, integrated system is needed if sat-
ellite observations are to be used together with ground-
based observations and modeling to continue improving
air quality management options?”
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