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ABSTRACT

Five years of CO retrievals from the Atmospheric InfraRed Sounder (AIRS) onboard NASA’s Aqua
satellite reveal variations in tropospheric CO on timescales from twelve hours to five years. The shorter
timescales are invaluable to monitor daily variations in CO emissions, for three-dimensional tracking of
atmospheric motions, and for insights into atmospheric mixing. Previous studies have utilized AIRS CO
retrievals over the course of days to weeks to track plumes from large forest fires. Substantial interan-
nual variations demonstrate year-to-year changes in rainfall and drought patterns in different seasons.
We see such interannual variations in the biomass burning emissions from the Northern Hemisphere’s
boreal forests and South America, while industrial contributions are evident at smaller magnitudes on
seasonal timescales. Variations on multi-year timescales exhibit the influence of large scale atmospheric
perturbations including ENSO. In particular, we observe a quasi-biennial variation in CO emissions
from Indonesia with varying magnitudes in peak emission occurring in 2002, 2004, and 2006. Exam-
ining satellite rainfall measurements over Indonesia, we find the enhanced CO emission correlates with
occasions of less rainfall during the month of October. Unfortunately, neither AIRS nor MOPITT was
in orbit during the ENSO year of 1997-1998 when Indonesia experienced horrendous fires. Continuing
this satellite record of tropospheric CO with measurements from the European IASI instrument will
permit construction of a long time-series useful for further investigations of climatological variations in
CO emissions and their impact on the health of the atmosphere.

1. INTRODUCTION

With a capacity for daily global observations of numerous atmospheric parameters, NASA’s Atmospheric
InfraRed Sounder (AIRS) onboard the Aqua satellite provides a unique perspective of the Terrestrial tro-
posphere.’ These capabilities have been utilized in several recent NASA /International field experiments
including the INtercontinental chemical Transport EXperiment—North America Phase A (INTEX-A) in
July and August 2004,2 INTEX-B March through May 2006, and the 2006 Texas Air Quality Study
(TexAQSII) August through October 2006. AIRS observations of tropospheric carbon monoxide (CO)
during INTEX-A illuminate several North American industrial and biomass burning sources and subse-
quent transport paths.?® Similarly, AIRS CO observations over Europe and Asia document transport
of European and Chinese biomass burning and industrial emissions to the Arctic.5”
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CO surface concentrations have long been known to exhibit influences from distant sources based
on chemical lifetime estimates,® in situ measurements and modeling® '° and studies of surface concen-
trations.'™12 Over the past decade, the impacts of such long-range transport have become evident not
only on the intercontinental scale but as hemispheric and potentially global phenomena.?

Satellite observations commencing with the Measurement of Air Pollution from Space (MAPS) in-
strument onboard the Space Shuttle in 1981 illustrated the global distribution of CO and large-scale
biomass burning as a significant global CO source.!® !¢ Since 2000, the wealth of CO retrievals from the
Measurement Of Pollution In The Troposphere (MOPITT) instrument on NASA’s Terra satellite have
shown CO transport on time scales of several days.'”"'® Additionally, MOPITT has provided estimates
of CO emissions from the 2004 Alaska/Canada fires'® 2! and explored correlations between CO signa-
tures and aerosols.?? 23 Retrievals of tropospheric CO from airborne remote sensors have contributed to
our appreciation of long range transport.2426 Other than AIRS, the most recent satellite instruments
to measure tropospheric CO are the Tropospheric Emission Spectrometer (TES) onboard NASA’s Aura
satellite?” and the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIA-
MACHY) onboard the European Envisat satellite.?

Launched onboard NASA’s Aqua satellite on 4 May 2002, AIRS cross-track scanning grating spec-
trometer coupled with Aqua’s cross-track scanning Advanced Microwave Sounding Unit (AMSU) provide
vertical profiles of the atmosphere with a nadir 45 km field-of-regard (FOR) across a 1650 km swath.'29
Designed as a prototype next generation temperature and water vapor sounder, AIRS broad spectral
coverage (3.7 to 16 um with 2378 channels) includes spectral features of O3, COg, CHy, and CO.3° AIRS
broad swath, infrared spectral coverage, and cloud-clearing®' enable day/night retrievals over nearly 70%
of the planet every day with substantial portions of the globe observed twice daily (ascending and de-
scending orbits). Thus, AIRS readily observes global scale transport from large CO sources on at least
daily time scales.% 732

With biomass burning and oxidation of naturally occurring volatile hydrocarbons accounting for
nearly 50% of tropospheric CO,% 2 monitoring changes in these sources, changes in anthropogenic sources,
and subsequent transport is key to assessing the impact on tropospheric chemistry and near-surface air
quality. CO’s relatively long lifetime, on average one-half to three months in different portions of
the troposphere, make it an excellent tracer of transport and source variability.?® Increases in global
tropospheric CO from 1970 to the late 1980s has been linked to increasing anthropogenic emissions.3*
Subsequent studies found global tropospheric CO abundances leveled off and began to decrease from
1990 to 2000 due to tighter controls on automobile emissions.?® However, recent studies have postulated
possible large scale increases and variations in biomass burning sources in the boreal region due to
climate change.36-37

AIRS and its successor satellite instruments are uniquely capable to assess the global impact of such
changes in sources and downwind transport. Similar to the instruments that preceeded AIRS to orbit,
MAPS and MOPITT, AIRS’ spectral resolution yields a CO sensitivity broadly peaking in the mid-
troposphere (300 to 700 mb) with limited information on the vertical distribution. Thus, although ATRS
readily detects CO, interpreting AIRS CO retrievals requires skill and caution. An observed increase
in CO abundance by AIRS may indicate more CO is present (stronger source) or that the CO has
been lifted into the mid-troposphere where AIRS is more sensitive. Typically, AIRS observes less CO
enhancement near a source than downwind where it has been lifted above the boundary layer. However,
under some conditions, AIRS can see CO down to at least the top of the boundary layer. Detailed
validation studies of AIRS retrieved CO profiles and CO total column are underway with publication
expected in early 2009.

2. AIRS CO RETRIEVALS

ATRS was designed as a prototype next generation atmospheric sounder for NASA and NOAA polar
orbiting satellites.! As such, AIRS’ performance was optimized to retrieve highly accurate temperature
(1K RMS error in 1km tropospheric layers) and water vapor profiles (15% RMS error in 2 kmn tropospheric



layers).! 1In practice, AIRS temperature and water vapor retrievals exceed the target accuracy for

cloud-free scenes®® and are nominally less accurate for cloud-cleared scenes.?® The full AIRS team
retrieval algorithm is described in Susskind et al. [2003]3! which includes a detailed discussion of AIRS
cloud-clearing, temperature, water vapor, and Og retrievals. The AIRS CO retrievals shown here were
produced as operational products by the NASA Goddard Earth Sciences (GES) Data Information and
Service Center (DISC) utilizing version 5.0.14.0 (hereafter v5) of the AIRS Team retrieval algorithm.
Details of this latest version of the AIRS CO retrieval algorithm are available in Comer [2006].1° The full
five and one-half year record of AIRS data are now publicly available on the internet from the Goddard
DISC (http://disc.gsfc.nasa.gov/AIRS/data_access.shtml).

As described by McMillan et al. [2005],2? tropospheric CO abundances are retrieved from AIRS
measured radiances in the 4.58-4.50 ym (2183-2220 cm~1!) region of the 1-0 vibration-rotation CO
fundamental band through numerical inversion of the radiative transfer equation employing the AIRS
fast forward radiative transfer model.*! This fast model performs all computations on a set of 100 layers
referred to as the AIRS standard layers.

The AIRS v5 CO retrieval algorithm utilizes a set of vertically overlapping trapezoidal functions
determined from optimization studies comparing AIRS CO retrievals to in situ aircraft measurements.?
The overall methodology of the AIRS CO retrieval algorithm is analogous to the AIRS Og retrieval
algorithm.3! Additional details of the methodology of the AIRS retrieval algorithm and development
of the AIRS averaging kernels are described by Maddy et al. [2008].*> The CO algorithm begins with
a single fixed CO profile as its first guess. The previously mentioned optimization study?® determined
that the MOPITT a priori CO profile!” was the best choice for a single global first guess profile for AIRS
CO retrievals.

With similar sensitivity to mid-tropospheric CO as MAPS and MOPITT, AIRS’ unique daily global
view provides nearly ten times as many retrievals per day as MOPITT and enables process studies of
phenomena on 12 to 24 hour time scales.?? However, AIRS spectral resolution (nearly 2 cm~! in the CO
region) provides insufficient vertical information to uniquely constrain the CO profile. Thus, like MAPS
and MOPITT, AIRS CO retrievals are sensitive to a weighted total column of tropospheric CO. In terms
of the trapezoidal functions, a perturbation to one function is strongly correlated to perturbations of the
other functions.

In more traditional numerical solutions to inverse problems, the vertical weighting of sensitivity is
defined as the averaging kernel.*> In such a formulation, (1 - averaging kernel) represents the amount
of a priori remaining in the final retrieved solution. Although the AIRS team retrieval algorithm is not
formulated as a maximum likelihood problem,?"42 it does compute a quantity similar to an averaging
kernel but in the reduced measurement space defined by the trapezoids. The 100 layer AIRS CO
retrievals (column CO in each radiative transfer layer) are related to this reduced measurement space by
a unitary transformation.?! The AIRS algorithm employs a smoothness constraint by damping the least
significant eigenvectors of the unitary transformation. The magnitude of this damping was determined
in the optimization studies of Comer [2006].4° Globally, v5 of the ATRS CO retrieval possesses 0.5 to 1.5
degrees of freedom (sum of the eigenvalues) and often, even the largest eigenvector is partially damped.3?

With nine trapezoidal perturbation functions, the v5 AIRS CO retrieval algorithm produces a 9 x 9
matrix with each row corresponding to the averaging kernel for the respective trapezoid. Each averaging
kernel represents the response of the retrieval to a perturbation in the respective trapezoid. Figure 1
presents two sets of averaging kernels, one for a relatively clean atmosphere over the central United
States, and one with a polluted boundary layer containing industrial and biomass burning emissions.
For the clean case, note how most of the averaging kernels have similar shapes and peak near 500 mb. For
the polluted case, note how the averaging kernels for the two lowest trapezoids peak between 700 and 850
mb and at the surface are as significant as any other averaging kernel. Although the retrieval algorithm
may underestimate boundary layer CO abundances, the averaging kernels indicate the radiances are
providing meaningful information much closer to the surface than the nominal peak sensitivity at 500
mb.
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Figure 1. The left hand panel presents nominal ATRS CO averaging kernels for a clean atmosphere over the
Central United States (40.2 N, 95.6 W) on 30 August 2006. On the right are AIRS CO averaging kernels for a
scene with a polluted boundary layer over north Texas (35.3 N,95.1 W) on the same day. The numbers in the
legend indicate the effective pressures of each of the nine AIRS trapezoidal perturbation functions.

3. DAILY CO MAPS

Figures 2 illustrate the extent of AIRS daily coverage of tropospheric CO at 500 mb, the nominal peak of
ATRS vertical sensitivity and the magnitude of the seasonal variations in tropospheric CO. On 11 April
2007, note the inter-hemispheric difference with high values in the north and low values in the south. This
seasonal dichotomy results primarily from the seasonal photochemical cycle of OH, the primary oxidizer
for CO. The end of winter/early spring in the Northern Hemisphere coincides with the minimum of
OH concentrations and thus a maximum for CO concentrations. Extensive sources are evident in both
China and Southeast Asia with subsequent plumes transported eastward across the Pacific Ocean to
North America. In contrast, the 19 October map is near the peak of the biomass burning seasons in
South America and southern Africa and exhibits large CO abundances in the Southern Hemisphere and
generally low CO abundances in the North. In the early fall for the Northern Hemisphere, OH abundance
is near a maximum; CO is near its minimum. Again, long-range transport of CO is evident with biomass
burning plumes from both South America and southern Africa nearly circling the globe with multiple
rivers of smoke.?>4* Studies of v4 AIRS retrievals for September 2002 previously documented such
long-range transport from South American fires®? and verified a new plume-rise model.*> Additional
detailed studies will yield a wealth of information about changing emission sources, vertical transport
(including wildfire emission injection heights and boundary layer venting), and large-scale dynamics and
mixing. Preliminary results of two studies are discussed further in the following two sections.

4. INTERANNUAL VARIATIONS AND MEGACITIES

Figure 3 illustrates the annual average distribution of CO for 2003. The local CO maximum just east
of Lake Baikal occurs precisely in a region that experienced extensive biomass burning in 2003. In
contrast, subsequent years show much less CO over eastern Siberia. Unfortunately, file size restrictions
do not permit us to show more than one such map in this manuscript. Examination of the full record
of AIRS CO retrievals reveals interannual variations over the Alaskan and Canadian Yukon (maximum
in summer of 2004%) and over South America and Indonesia as discussed in more detail in the following
section.

Looking carefully at Figure 3, two very localized areas stand out against their backgrounds: Mexico
City (20N, 100W) and Tehran (35N, 50E, just south of the Caspian Sea). In fact, these two areas
are evident in nearly all daily maps. A five-year timeseries of retrieved AIRS 500 mb CO for the two
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Figure 2. The left-hand map shows the distribution of 500 mb CO as retrieved by AIRS on 10 April 2007. The
right-hand map shows the distribution six months later on 19 October 2007. Both maps are on 1 x 1 degree

grids.
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Figure 3. This map presents the 2003 yearly average distribution of 500 mb CO on a 1x1 degree grid.
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Figure 4. This timeseries shows AIRS 500 mb CO retrievals for Mexico City vs. its surrounding 1 degree grid
cells.

one degree grid cells containing Mexico City is compared to the timeseries of the surrounding cells in
Figure 4. Mexico City is enhanced above the background and exhibits a larger scatter. In part, AIRS
sensitivity to CO over Mexico City may be due to its high altitude. Both of these timeseries show the
same seasonal cycle with rather abrupt decreases in May of each year.

Larger background values around other Megacities make them less evident; however these Megacities
can be seen in the AIRS CO retrievals. Five-year timeseries for six northern hemisphere Megacities in the
same latitude range: New York, Los Angeles, Tokyo, Seoul, Beijing, and Tehran, have been examined.
All six Megacities exhibit similar seasonal cycles but different dynamic ranges. Seoul, Tokyo, and Beijing
have the highest values. Of these, Beijing presents the largest variations indicating a substantial number
of polluted days at times other than the seasonal peak. Although AIRS can see anthropogenic emissions
from these and other Megacities, the broad vertical sensitivity indicated by the averaging kernels means
AIRS retrievals generally underestimate the near surface abundances.

5. INDONESIAN CLIMATOLOGY

A quasi-biennial variation in CO over Indonesia in October is plainly evident in the monthly average
ATRS CO maps presented in Figures 5 for 2002, 2003, 2004, 2005, 2006, and 2007. Maximum values
of CO over the Maritime continent occur in 2002, 2004, and 2006, with minima in 2003, 2005, and
2007. More careful examination reveals subtle differences in the CO spatial patterns for each of the
peak years. Interannual variations are visible for other geographic regions, but none is as pronounced or
regular during these six years as those over Indonesia.

Previous investigations have linked the variation in Indonesian CO emissions to changes in rainfall
linked to El Nino.'*46 Figures 6 show the correlation of low rainfall over Indonesia with the Southern
Oscillation Index (SOI). Sustained negative values of the SOI are well known to correlate with the
occurrence of El Nino.#” The rainfall data is from the Global Precipitation Climatology Project (GPCP)
monthly database*® and the SOI data are from the Australian Bureau of Meteorology. In particular, we
find that the October rainfall anomaly (specific year October rainfall minus the 10 year average October
rainfall) is strongly correlated with the October SOI. For reference, 1997 marked a record strong El Nino,
record drought in Indonesia, and historically large biomass burning across the Maritime continent.'*
The subtle differences between the peak burning years of 2002, 2004, and 2006, see Figure 5, indicate
differences in rainfall patterns across the region as well as differences in transport patterns. Detailed
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Figure 5. The six maps illustrate the average AIRS 500 mb CO for October of 2002, 2003, 2004, 2005, 2006, and

2007, respectively.
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Figure 6. At left, monthly average Indonesian rainfall (10S to 7.5N, 95E to 142E ), solid line, shows some
correlation with the SOI, dashed line. At right, the Indonesian October precipitation anomaly is strongly
correlated with the SOI.

investigations of these interannual variations in emissions and changes in transport patterns using AIRS
observations and global chemical transport models are underway.

6. CONCLUSIONS

As demonstrated here, AIRS’ daily views of tropospheric CO across the entire globe enable detailed
analyses of both the spatial and temporal variations in emissions and the visualization of subsequent
transport. We have just begun to investigate the wealth of information contained in the more than
five years, and growing, of AIRS data. Recent upgrades to the AIRS CO retrieval algorithm, v5, have
improved both the sensitivity to lower tropospheric CO and, most crucially, the characterization of
the vertical distribution of CO information in the AIRS retrievals. The cases presented here show
AIRS capabilities to see Megacites and large-scale interannual variations in emissions linked to EI Nino.
Ongoing analyses combining AIRS CO observations with chemical transport and inverse models will
yield new insights on emission sources and dynamical mixing during long-range transport. Extending
the AIRS CO record with measurements from the European IASI instrument will enable construction of
a decade or longer time-series necessary for investigations of climatological variations in CO emissions
and their impact on tropospheric health.
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