























Regional interannual vari-
ability of tropospheric ozone has
been linked to El Nilo-Southern
Oscillation in both western Africa
and northern India (Fishman et al.
2005). As seen in Fig. 9, considerably
more tropospheric ozone is present
in northeastern India in June during
an “El Nino” year (1982) than over
the same region during a “La Nifa”
year (1999). The primary reason for
this is the delay of the onset of the
summer monsoon during EI Nifio
years, thereby providing more favor-
able conditions for the photochemi-
cal generation of ozone pollution
throughout the entire month. Also
seen in this figure is the generally
higher amount of tropospheric O,

Fic. 8. Zonal plot showing the CO 700-hPa mixing ratio at different
latitudes over recent years. In the Southern Hemisphere, there is
a large amount of CO emitted from agricultural fires in Africa and

observed over eastern China in South America every year in the late summer. In the Northern Hemi-
1999 compared with that in 1982.  sphere, CO is produced by industry, urban activity, and wildfires, and
Fishman et al. (2005) showed that it is usually removed from the atmosphere by photochemistry during

there was no correlation between the summer. However, western Russian fires in the late summer of
TOR amounts and ENSO indices 2002 and Siberian fires in the spring of 2003 produced so much CO

. . (" H H ”»”
over eastern China, but the differ- that pollution built up to produce a very “dirty winter.

ence shown in these panels is con-
sistent with the increasing trend found downwind Aura is an entire satellite devoted to atmospheric
over the Pacific (Ziemke et al. 2005), as well as with  chemistry. The Tropospheric Emission Spectrometer
the sizeable increase of NO, observed by GOME and  (TES), a Fourier transform spectrometer whose
SCIAMACHY over eastern China (Richter et al.  heritage traces back to the Infrared Interferometer
2005). Spectrometer (IRIS) aboard the Nimbus-4 spacecraft
(Hanel and Conrath 1969), provides simultaneous
TROPOSPHERIC MEASUREMENTS AND observations of CO and tropospheric O, vertical
DATA ASSIMILATION. Launched in 2004, profiles (Beer 2001). Simultaneous observations of

Fic. 9. Monthly distributions of TOR (DU) during Jun 1982 (El Nifio year) and Jun 1999 (La Nifia year).
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these two species are particularly valuable for distin-
guishing between natural and anthropogenic sources
of ozone (Fishman and Seiler 1983). IASI, a French
instrument aboard the European MetOp-A satellite
(Turquety et al. 2004), started providing concurrent
CO, tropospheric O,, and CH, in 2007, in addition
to the GOME-2 NO, product that is also aboard
MetOp-A. The spatial and vertical information from
these measurements is critical for understanding the
complex interplay between dynamics and chemistry

August 2006 RAQMS Tropggpheric O3 Column Analysis
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that determines the global distribution of ozone in
the troposphere.

The value of concurrent measurements is further
enhanced through data assimilation. For example,
the tool used to derive the fields in Fig. 10 is from
the NASA Langley Research Center/University
of Wisconsin (LaRC/UW) Regional Air Quality
Modeling System (RAQMS; Pierce et al. 2003, 2007).
The assimilation of OMI data provides an overall con-
straint on total column ozone, while the assimilation

August 2006 RAQMS CO Column Analysis
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Fic. 10. (top) Mean distribution of O, and CO based on 6-hourly RAQMS analyses over the continental United
States during 2006 is shown. The location of the IONS sites are indicated by white diamonds with selected sites
labeled. The mean pressure of the analyzed thermal tropopause is contoured. (bottom) Comparisons for Houston
and Huntsville IONS sites are shown. RAQMS (solid) and MOPITT (dashed) mean CO profiles and standard
deviations (red), RAQMS (solid) and IONS (dashed) mean O, profiles (black) and std devs (green) are shown.
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of profile retrievals constrains lower-stratospheric
and tropospheric O, and CO from TES. The RAQMS
meteorological forecasts are initialized from NOAA’s
Global Forecast System (GFS) analyses at 6-h
intervals, and the RAQMS OMI column assimilation
likewise occurs at 6-h intervals. The RAQMS TES O,
and CO assimilation occurs at 1-h intervals.

Daily ozonesonde launches were conducted
throughout the continental United States during
August 2006 as part of the Intercontinental Chemical
Transport Experiment Ozonesonde Network Study
(IONS) program (Thompson et al. 2007). The average
profile distributions in Fig. 10 show the August mean

'I' ropospheric ozone is the central character that drives
the chemistry of the lower atmosphere. From an atmo-
spheric chemist’s point of view, if the global distribution of
tropospheric ozone and the evolution of that distribution
are understood, then many of the basic questions driving
the science can be answered. The primary challenge is

the fact that ozone is both a natural and a man-made
component of the lower atmosphere (as opposed to the
stratosphere, where ozone is produced only naturally).
The two major sources of O, are its transport from the
huge stratospheric reservoir and its in situ photochemical
production from the release of anthropogenic and biogenic
precursors that are oxidized in the atmosphere to eventu-
ally become ozone. Most of these trace gases are initially
oxidized by the OH radical and its abundance and distribu-
tion, in turn, are most dependent on the O3 present in the
troposphere. Thus, if the distribution of O, is well known,
then we can get a good handle on the oxidizing capacity

of the atmosphere and the global extent of air pollution,
two of the “grand challenges” put forth in the integrated
global observations strategy for atmospheric composition

Fic. SBI. Schematic diagram of simplified tropospheric
photochemistry. Species in red can be measured
using existing satellite instrumentation. CO, NO, and
VOCs are emitted in the planetary boundary layer
from both anthropogenic and biogenic sources. NO,
is rapidly converted in the troposphere from emitted
NO and the two NO_ establish an equilibrium ra-
tio between each other depending on a number of
atmospheric variables, such as the intensity of sun-
light and the amount of O,. HCHO is an intermediate
product of VOC oxidation, and its measurement is
a good indication of the amount of VOCs present.
The amount of O, produced is directly proportional
to how much NO, is present when sunlight is avail-
able (denoted by the “sun” symbol). Ozone can also

RAQMS-analyzed tropospheric O, and total CO
columns along with comparisons between RAQMS
and IONS O,, and RAQMS and MOPITT CO for
selected IONS sites. Mean MOPITT CO profiles at
the IONS ozonesonde sites were obtained through
composites of all daytime MOPITT observations
within 1° of an IONS site during August 2006.

The analyzed tropospheric ozone columns seen in
Fig. 10 show a broad maximum in excess of 50 DU
over the south-central and eastern United States and
the western Atlantic, and alocalized ozone maximum
off the California coast. The analyzed total column
CO distribution shows a similar CO maximum over

BASIC TROPOSPHERIC CHEMISTRY AND WHAT CAN BE OBSERVED FROM SPACE

(Barrie et al. 2004). Global observations of trace gases
using satellites have already provided the community with
a unique set of observations that have yielded important
insights by being able to measure CO, NOZ, HCHO, and
O,, itself.

Tropospheric O, is formed when certain precursor trace
gases are oxidized in the atmosphere by the OH radical. The
two most important precursor trace gases are CO and a
class of gases known as VOC species. However, the amount
of O, that forms is most critically dependent on the available
concentration of NO_, which is primarily the sum of NO and
NO,. Putting it into a chemical reaction formulation, there
are two potential pathways:

VOC (or CO) + OH + sunlight & H,0 + CO, (no NO ) (SBI)
or
VOC (or CO) + OH + sunlight & O, + H,0 + CO, (with NO ). (SB2)

From satellites, we can measure HCHO (a surrogate
for VOC), CO, O,, and NO, (one of the two primary
components of NO ).

0, STRATOSPHERE
TROPOSPHERE
1/—-— HCHO‘\OK

be transported to the troposphere from the stratosphere where it is produced naturally by the photolysis of
molecular oxygen (O,) because of high-energy photons in the upper atmosphere (1 < 242 nm) that are capable
of breaking apart the O, molecule. Lightning is also a natural source of NO_in the free troposphere.
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the south-central and eastern United States, but no
significant CO enhancement off the California coast.
The collocated tropospheric O, and CO enhance-
ments are due to photochemical ozone production
and emissions associated with power generation
facilities located east of the Mississippi and large
urban centers along the Great Lakes and northeastern
United States. The tropospheric O, enhancements
without significant CO enhancements are due to
accumulation of stratospherically influenced air
within the persistent subtropical high pressure system
off the California coast.

With the capability to discriminate more than one
layer in the troposphere, observations from TES have
also provided new insight into how the ozone maxi-
mum found off the west coast of Africa (Fishman
et al. 1990, 1996) evolved (see Fig. 4). Subsequent to
its discovery using satellite data, in situ observations
from ship cruise campaigns (Thompson et al. 2000)
and model studies (Edwards et al. 2003; Martin
et al. 2002) showed that the early-year tropospheric
ozone distribution over the tropical Atlantic Ocean is
characterized by two maxima—one in the lower tro-
posphere north of the intertropical convergence zone
(ITCZ) and one in the middle and upper troposphere
south of the ITCZ. This feature could not be resolved
from the original analysis using the remote-sensing
capabilities available in the 1990s. In Jourdain et al.
(2007), TES vertical ozone retrievals provided the
first space-based observations that characterized
this complex altitude-dependent interplay between
chemistry and transport. In particular, an enhanced
layer of O, was observed by TES below 600 hPa that
was advected by Harmattan winds from burning over
western and central Africa.

THE RESEARCH-TO-APPLICATIONS
PARADIGM FOR AIR QUALITY MEASURE-
MENTS FROM SPACE: RECOMMENDA-
TIONS FROM THE NRC DECADAL SURVEY.
As shown from the preceding discussion, the wealth
of information from the instruments aboard Aura
is being used in conjunction with data assimilation
models to provide insights into processes that take
place on synoptic scales. This new paradigm for
using spaceborne atmospheric composition measure-
ments was tested in near-real time during the 2006
Intercontinental Chemical Transport Experiment
(INTEX)-B and Texas Air Quality Study (TexAQS)
tield campaigns. Initially the foci of these multiagency
integrated satellite-aircraft campaigns were distinct
and different: the objective of INTEX-B was to inves-
tigate the transport and transformation of pollution
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from Asia to North America, whereas the TexAQS-
2006 campaign focused on the effects of distant and
local sources on air quality in Texas. Collectively,
however, these studies provided an exciting oppor-
tunity to investigate global and regional impacts of
air quality using a variety of spaceborne sensors. The
integration of these measurements with in situ data,
models, and assimilation techniques has yielded rich
gains in our understanding of air quality (see infor-
mation online at www.espo.nasa.gov/intex-b/index.
html; http://esrl.noaa.gov/csd/2006/). In addition,
the National Research Council (2007) promotes this
approach as a new paradigm for air quality prediction
analogous to the pioneering efforts of the weather
community during the second half of the twentieth
century when hourly observations from geostationary
platforms were looped through computer animation
to provide unique insights into cloud formation and
water vapor transport.

With respect to atmospheric composition, the first
operational products have become a reality in recent
years (Al-Saadi et al. 2005; see also information online
at http://idea.ssec.wisc.edu/; http://airnow.gov/).
This information is used to advise people to remain
indoors if they are susceptible to respiratory stress
when exposed to elevated levels of pollution. The use
of future satellite technology to improve forecasts of
detrimental aspects of air quality underlay the NRC’s
recommendation for the next atmospheric composi-
tion mission to be from geostationary orbit.

The atmospheric chemistry-composition commu-
nity has traditionally not faced the challenge of using
tropospheric trace species measurements in a forecast
mode, and as the NRC report clearly indicates, the
tools currently do not exist to use such information.
The most obvious missing piece is the lack of suffi-
cient temporal resolution. An example of this short-
coming is shown in Fig. 11, which summarizes model
results and measurements obtained during an Aura
validation campaign on 22 and 23 June 2005. The two
OMI NO, column measurements over Houston are
depicted by the red circles on the plot and were made
at ~1900 UTC on each day; the distribution at the
time of the measurement for the 2 days is shown in the
center and right panels above the plots. The left-top
panel shows the NO, column distribution calculated
with the Community Multiscale Air Quality (CMAQ)
model (Byun and Ching 1999). On the hourly plot,
there are two sets of calculated quantities: surface
NO, concentration (magenta) and integrated tropo-
spheric NO, (dark blue), the latter being measured
by OMI. Because its distribution is dominated by
local sources (see Fig. 5), the NO, observed by the



satellite is closely linked
to its concentration at the
surface. Furthermore, the
diurnal behavior of these
quantities is also closely
linked. If an instrument
with spectral resolution oF
comparable to that of OMI
were in geostationary orbit,
hourly observations of the
type indicated by the blue
diamonds during daylight
hours (yellow shading)
would be possible. Thus, an
instrument using today’s
measurement capability
that “stares” at a region
throughout the course of
the day would capture the
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Surface NO, Calculated by CMAQ
(ppb)

Column NO, Calculated by CMAQ

MAQ NO, Column
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CMAQ NO, Column
35
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most significant part of i 3
the diurnal variability that
is totally missed by the
low-Earth-orbiting Aura
platform, which finds NO,
values of 8 and 4 x 10"
molecules cm™, for 22 and
23 June, respectively.

To improve the ability to
measure ozone in the lower
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Fic. I1. Two OMI NO, column measurements over Houston are depicted by
the red circles at the time of the measurement (~1900 UTC 22 and 23 Jun
2005). The three depictions at the top portion of the figure are NO, column
distributions: (left) calculated using CMAQ with a 12-km resolution and
(middle, right) from OMI for the two respective days; all three depictions
use the color scale above them. The diurnal calculations shown by the curves
are the NO, surface concentrations (magenta) and the NO, columns (dark
blue) calculated by the CMAQ model for Houston and are plotted hourly over

this 2-day period. The yellow shading indicates daylight hours and illustrates

atmosphere, and especially
near the surface, impor-
tant advances in instru-
ment capability may also
be needed (Edwards 2006). Recently, Worden et al.
(2007) showed the potential of combining UV and IR
spectral radiances from both TES and OMI in a uni-
fied retrieval algorithm with significantly improved
sensitivity in the troposphere. This approach may lay
the groundwork for a new class of instruments that
incorporate wavelengths across the ultraviolet, visible,
and infrared spectrums that could revolutionize our
observational capability from space of CO and O,
within the planetary boundary layer, and usher in a
new era of air quality forecasting and prediction. The
use of the Geostationary Imaging Fourier Transform
Spectrometer (Smith et al. 2005) for trace gas measure-
ments, active remote sensing for trace gases such as
ozone (Browell et al. 2004) from low-Earth orbit, or the
placement of an instrument with the powerful spectral
resolution of an instrument like IASI in geostationary
orbit provide the promise of additional techniques that
will advance measurement capability beyond the time
frame addressed in the decadal survey.

AMERICAN METEOROLOGICAL SOCIETY

when data using the solar backscattered technique (as used by OMI) could
be obtained from a geostationary orbit.

Regardless of the instrumentation that eventually
resides in geostationary orbit to provide continuous
high-spatial-resolution measurements of tropospheric
trace gases (and aerosols), a substantial challenge
also awaits the general atmospheric chemistry/
composition community to develop the mathemati-
cal tools that use this information. This point is
emphasized in the Integrated Global Atmospheric
Chemistry Observations strategy (Barrie et al.
2004), which cited the multipronged necessity of a
strong modeling component as part of an integrated
approach that will provide insight into tropospheric
chemical and transport processes. Additionally, the
modeling component will serve as the foundation
for the eventual development of a robust air qual-
ity forecasting capability. As part of Global Earth
Observation System of Systems (GEOSS; online at
www.epa.gov/geoss), the satellite system of measure-
ments needs to be integrated with data from ground-
based observational (atmospheric composition) sites
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to develop a seamless three-dimensional field that can
be used for both research and operational purposes.
As pointed out by the air quality/atmospheric chem-
istry satellite science community (Edwards 2006),
the biggest piece missing in the grandiose scheme of
GEOSS is the type of measurement capability that
can be obtained only from a geostationary satellite.
The NRC provides a roadmap that recommends such
a mission in the 2013-16 time frame.

The basic technology specifically mentioned
in the decadal survey already exists and has been
successfully demonstrated from LEO platforms. From
the traditional meteorological perspective, the use
of satellite information made a quantum leap when
sensors were placed upon geostationary platforms.
There is no doubt that similar advancements will
be realized when sensors devoted to atmospheric
composition measurements are likewise put on a
geostationary platform.
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