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Abstract

We study the Carbon Monoxide (CO) variability in the last decade measured by NASA’s
Atmospheric InfraRed Sounder (AIRS) on the Earth Observing Systems (EOS)/Aqua
satellite and Europe’s Infrared Atmospheric Sounder Interferometer (IASI) on MetOp
platform. The focus of this study is to analyze CO variability and short-term trends sep-5

arately for background CO and new emissions based on a new statistical approach.
The AIRS Level 2 (L2) retrieval algorithm, as well as the IASI products from NOAA,
utilizes cloud clearing to treat cloud contaminations in the signals; and this increases
the data coverage significantly to a yield of more than 50 % of the total measurements
(Susskind et al., 2003). We first study if the cloud clearing affects CO retrievals and the10

subsequent trend studies by using the collocated Moderate Resolution Imaging Spec-
troradiometer (MODIS) (Ackerman et al., 1998) cloud mask to identify AIRS clear sky
scenes. We then separate AIRS CO data into clear and cloud-cleared scenes and into
background and new emissions, respectively. Furthermore, we carry out a similar study
for the IASI CO and discuss the consistency with AIRS. We validate the CO variabil-15

ity of the emissions developed from AIRS against other emission inventory databases
(i.e., Global Fire Emissions Database – GFED3 and the MACC/CityZEN UE – MACC-
ity) and calculate that the correlation coefficients between the AIRS CO emissions and
the emission inventory databases are 0.726 for the Northern Hemisphere (NH) and
0.915 for the Southern Hemisphere (SH).20

1 Introduction

Global long-term measurements of tropospheric Carbon Monoxide (CO) from space
borne instruments have been possible since year 2000 with the launch of the Measure-
ment Of Pollution In The Troposphere (MOPITT) (Drummond, 1989) on the Earth Ob-
serving Systems (EOS) Terra satellite, followed by the Atmospheric InfraRed Sounder25

(AIRS) on Aqua (Aumman et al., 2003), the Tropospheric Emission Spectrometer (TES)
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on Aura (Beer, 2006), and the Infrared Atmospheric Sounder Interferometer (IASI) on
the European MetOp platform (Clerbaux et al., 2010). These measurements have ad-
vanced our understanding in many areas of science such as air quality and transport
studies (Heald et al., 2003; Lin et al., 2012); field campaign support and validation
(Fisher et al., 2010; Emmons et al., 2004, 2007; Warner et al., 2007); model chemistry,5

transport, and data assimilation studies (Kim et al., 2013; Lamarque et al., 2004; Arel-
lano et al., 2007; Pradier et al., 2005) that aim to improve the capability of air quality
forecasts.

There has been attention recently on the CO trend using satellite measurements,
especially considering that the lifetime of MOPITT and AIRS has exceeded 10 yr (Wor-10

den et al., 2013; He et al., 2013). These studies have found a decreasing trend in
a number of regions that are possibly due to the increased air quality standards and
economic slowdown. This manuscript re-examines the short-term CO trends from AIRS
and IASI with a focus on the discussion of the background CO and new emissions. Sep-
arating CO new emissions from the background is of interest in that the background15

CO variability can be used to validate modeled CO climatology, which in turn bene-
fits air quality forecasts. Inventory studies based on CO measurements largely rely
on the use of inverse modeling and top-down estimates (Pfister et al., 2005; Arellano
et al., 2006; Kopacz et al., 2010). The capability to separate the new emissions from
the background CO may also lead to an automated real-time detection system for fire20

emissions. Although near-real time fire detection from the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) products based on the surface biomass properties is
available (Justice et al., 2002), the CO based fire detection has not been used hitherto.

AIRS provides twice daily and near global coverage of tropospheric CO for a pe-
riod from 2002 through the lifetime of AIRS, and the consistent CO climate record will25

continue with IASI instruments for the current and planned missions of 15 yr started in
late 2006. IASI is a Fourier transform spectrometer onboard the meteorological plat-
form MetOp-A, launched at the end of 2006 by the European Space Agency. IASI has
similar temporal and spatial coverage as AIRS and both are hyperspectral thermal
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sensors. This study uses the operational AIRS CO products that are based on AIRS
science team physical algorithms and distributed by the NASA GSFC’s Earth Sciences
(GES) Distributed Active Archive Center (DAAC). The IASI CO products, from NOAA,
used in this study are retrieved very similarly to AIRS CO to minimize biases between
the two datasets.5

Satellite measurements using the thermal spectral regions are affected by the pres-
ence of clouds and, therefore, it is necessary to remove the effects of clouds before
retrieving many geophysical properties. Techniques to remove cloud contamination in-
clude the identification and removal of the entire pixel that contains clouds, referred
as cloud detection. An example of using cloud detection for the MOPITT level-2 (L2)10

algorithm is given by Warner et al. (2001). Another approach is to reconstruct clear
column radiances that would have been there if there were no clouds, referred to as
cloud clearing. Many earlier studies (Smith 1968; Chahine, 1974; McMillin et al., 1982;
Susskind et al., 1998) have built the foundation for the cloud clearing technique that
was later used in a number of satellite instrument algorithms.15

The AIRS L2 retrieval algorithm utilizes cloud clearing to remove cloud contamina-
tion in the radiances and this helps to increase the L2 data coverage significantly to
a yield of 50–70 % of the total measurements. AIRS’ cloud clearing uses 9 neighbor-
ing pixels with different cloud fractions to solve for clear radiances, which also requires
the microwave sounder Advanced Microwave Sounding Unit (AMSU) data (Susskind20

et al., 2003). Cloud clearing utilizes the contrast in the cloud fraction between neigh-
boring pixels and can recover non-uniform cloudy pixels with up to 80 % of cloud cover.
Sounding is performed on a 45 km field of regard (FOR), which is defined by the size of
the AMSU footprints. It is important to understand the effects of the cloud clearing on
the overall quality of the retrievals. To select AIRS clear pixels, we use the collocated25

MODIS cloud mask (Ackerman et al., 1998), which applies a number of thresholds from
14 different spectral channels in both visible and thermal regions to identify clouds in
a 1×1km2 field of view (FOV).
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We first describe, in Sect. 2, the method to collocate AIRS single-view pixels with
the Aqua MODIS cloud mask to identify AIRS clear pixels. We then analyze AIRS CO
variability using clear sky pixels identified in the previous section and the cloud-cleared
pixels from the L2 products in Sect. 3. In Sect. 4, we introduce a statistical method to
separate CO emissions from the background concentrations in AIRS data and compare5

the results with known CO emission inventories. To demonstrate the potential of this
study we show similar approaches using IASI CO, in Sect. 5, and provide detailed
comparisons between the two datasets, before summarizing this study in Sect. 6.

2 Identifying AIRS clear-sky coverage

To select AIRS clear sky pixels, we use the MODIS cloud masks (MYD35_L2)10

(ftp://ladsftp.nascom.nasa.gov/allData/5/MYD35_L2/) taking advantage of the fact that
MODIS is on the same satellite Aqua platform as AIRS. An example in Fig. 1 illustrates
the method we used to collocate AIRS and MODIS pixels. We first select granules that
coincide in time from the two datasets, and then match one center pixel of a gran-
ule from each sensor using geo-location information. A predetermined index system,15

marked as colored boxes in Fig. 1, is then used to include a certain number of the sur-
rounding MODIS pixels for each AIRS pixel. This index system was developed based
on a fixed relationship between the AIRS and MODIS instrument viewing angles, which
will not change during the lifetime of the sensors. Note that some MODIS pixels are not
included between the rectangular boxes to account for the gaps between AIRS scan20

lines (see Aumann et al., 2003 on AIRS instrument design).
AIRS single FOVs of ∼ 13.5 km at nadir are used to collocate with MODIS 1×1km2

pixels. We define an AIRS clear pixel when more than 99 % of MODIS pixels inside are
flagged to be clear. AIRS clear coverage defined by the MODIS cloud mask is shown in
blue in the Fig. 2 upper panel and it is approximately 10–13 %. AIRS clear coverage is25

also defined by AIRS measurements, instead of by MODIS, as part of the L2 products.
The blue pixels in Fig. 2 lower panel show AIRS L2 clear sky cases (CloudFraction= 0)
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to be ∼ 22 %, which tends to overestimate the amount of clear coverage compared to
the upper panel using the MODIS cloud mask. AIRS L2 cloud fraction products can be
compared to those defined by the MODIS cloud mask only under absolute clear sky or
completely overcast conditions because the MODIS sub-pixel cloudiness is unknown.

The low clear sky coverage shown as blue pixels in Fig. 2 confirms the needs for5

cloud clearing in the case of AIRS. This is not only because the clear sky coverage is
otherwise only approximately 10 %, but also a large portion of the clear sky coverage
is over less populated regions such as at the poles and over the deserts. Thus, if only
clear sky measurements were used, the available data over populated regions, where
the routine monitoring is essential, would have been significantly fewer than 10 %. This10

would not have been sufficient to provide daily products for monitoring purposes.

3 AIRS CO variability for clear sky and cloud-cleared scenes

In this section, we discuss the CO differences between AIRS clear sky coverage us-
ing the MODIS cloud mask and cloud-cleared datasets to assess the performances
of AIRS cloud clearing and identify possible limitations. We analyze the statistics of15

the AIRS CO distribution and variability using clear pixels and cloud-cleared pixels in-
dependently. Note that the CO values for clear pixels are selected from AIRS V5 L2
datasets where the cloud-cleared radiances might have been altered slightly during
the cloud clearing process even for clear scenes. Accurate CO values under clear sky
conditions should have been the retrieved CO from Level-1 (L1) clear radiances; how-20

ever, we do not expect large differences between the two datasets. Additionally, the
CO data coverage achieved by using cloud clearing is crucial for daily maps, but less
critical for three-months mean hemispheric averages that we use in this study.

The monthly mean AIRS V5 CO maps for March to May 2006 are shown in Fig. 3 with
the clear daytime cases on the left upper panel, the clear nighttime cases on the left25

bottom panel, the cloud-cleared daytime cases on the right upper panel, and the cloud-
cleared nighttime cases on the right bottom panel. Large areas of the Earth are covered
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by clouds throughout the month as shown by the gaps in the left panels demonstrating
the need for AIRS cloud-cleared products for monitoring the environment. The elevated
CO shows similar emission sources and transport patterns for both the clear sky cases
(left panels) and the cloud-cleared cases (right panels). Although the clear sky cases
are embedded in the total pixels under discussion, we equate the total pixels as the5

cloud-cleared cases and believe it is an acceptable approximation due to the large
sampling differences between the number of the clear cases and the cloud-cleared
cases. In general, the clear sky cases show higher values in the elevated CO regions
than the cloud-cleared cases, for both daytime and nighttime. Daytime CO values are
generally higher than the nighttime, which is due to the surface thermal contrasts that10

increase the CO measurement sensitivity and in turn result in higher retrieved CO in
the NH (Deeter et al., 2007).

To understand the effect of the cloud clearing on the retrievals, it is important to
examine the information content, or the Degrees of Freedom for Signal (DOFS). AIRS
operational CO DOFS are calculated in a different formula from that commonly used in15

the community and described by Rodgers (2000). We computed the DOFS in this study
using the Rodgers formula that is generally associated with the optimal estimation (OE)
retrievals (Warner et al., 2010), even though the CO values are from AIRS Version-5
(V5) operational products using physical retrievals (Susskind et al., 2003). Figure 4
shows AIRS OE CO DOFS for the months of March to May 2006 for cloud-cleared20

cases (right panels) versus clear cases (left panels) and for daytime (upper panels)
versus nighttime (lower panels). The high DOFS values for the cloud-cleared products
range from 0.8 to 1.0, and the DOFS values for the clear sky conditions go up to
1.2. Also note that the DOFS in daytime is higher compared to nighttime due to the
difference in surface thermal contrast.25

We use Probability Density Functions (PDFs) to study the statistical differences in
the CO distributions between using cloud-cleared radiances and using clear scenes.
Figure 5 shows PDF plots of AIRS V5 CO VMRs for the NH ocean (upper left), NH
land (upper right), SH ocean (lower left), and SH land (lower right), respectively, for the
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period of March to May 2006 and for daytime only. Each histogram for clear (solid) or
cloud-cleared (dashed) conditions is fitted by two Gaussian functions simultaneously.
The left Gaussian fits (blue) in each panel represent a well-mixed background with
lower CO values while the right Gaussian fits (red) with higher values represent the
CO from new emissions. We define the new emissions as the elevated CO that is seen5

by satellite instruments, but emitted and transported from the surface. The fitted CO
background PDFs (blue curves in Fig. 5) are approximately the same between clear
(solid) and cloud-cleared (dotted) cases for both NH and SH oceans (see left panels
in Fig. 5). The cloud-cleared PDFs (dotted curves) in the NH show a single mode
and a more Gaussian as opposed to the clear cases (solid curves) where a bi-modal10

feature separating new emissions from the background CO is apparent. The SH land
cases show the largest differences between clear and cloud-cleared cases where the
cloud clearing masks the otherwise different two populations of background and new
emissions (see the lower right panel in Fig. 5). Note, however, this could be partly due
to the large sampling differences over the biomass burning regions, where the MODIS15

cloud mask can misidentify smoke as clouds resulting in very few clear pixels.
Tropospheric CO variability and short-term trends from 2002 through 2011 are sum-

marized, using the modes of the fitted Gaussian functions for each monthly PDF to
represent biases, for NH-Land, NH-Ocean, SH-Land, and SH-Ocean, respectively, as
shown in Fig. 6. The background values are shown in blue and new emissions in red;20

while solid curves represent clear sky cases and dashed curves are for cloud-cleared
cases. Decreasing trends are shown in most of the years by both clear and cloud-
cleared ensembles, which agree with previous studies (Worden et al., 2013; Chevallier
et al., 2008). Globally speaking, there is no major bias due to cloud clearing drawing
from 9 yr of AIRS CO data records. The clear sky cases, however, show more regular25

variability for both background and emissions as expected from our previous knowl-
edge of the CO distribution. In conclusion, cloud clearing increases global coverage
significantly, making daily monitoring possible, without causing large biases in the tro-
pospheric CO retrievals.
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4 Distinguishing CO emissions from the background using
AIRS measurements

Emission inventories based on direct CO measurements have not been available ex-
cept with the use of inverse modeling techniques. This study attempts to draw informa-
tion on new emissions from CO data directly to benefit the ultimate goal of monitoring5

fire activities in near-real time. As shown in Fig. 6, the CO variation for the background
(blue curves) and emissions (red curves) can be analyzed separately. We use the clear
sky only cases in the following sections because the CO variability for both the back-
ground values and the new emissions are better defined (see Fig. 6) and agree better
with our previous knowledge of the CO distribution.10

To quantify the quality of the emission data from AIRS CO, we compare them with
existing biomass burning and anthropogenic emission inventories. The version 3 of the
Global Fire Emissions Database (GFED3) biomass burning inventory (Van der Werf
et al., 2010) used a revised version of the Carnegie–Ames–Stanford–Approach (CASA)
biogeochemical model and improved satellite-derived estimates of area burned, fire15

activity, and plant productivity to calculate fire emissions for the 1997–2009 period on
a 0.5 ◦×0.5 ◦ spatial resolution with a monthly time step. For November 2000 onwards,
estimates were based on burned area, active fire detections, and plant productivity from
the MODIS sensor. For anthropogenic emissions without counting biomass burnings,
we use the data that were produced as part of MACC/CityZEN UE (MACCity) project20

and are available on the Ether/ECCAD-GEIA database. The dataset MACCity is part of
the Atmospheric Chemistry and Climate – Model Inter comparison Project (ACCMIP),
and focuses on the anthropogenic emission from 1960 to 2010 with a spatial resolution
of 0.5 ◦ ×0.5.

Figure 7 shows the variability of AIRS CO new emission (red dotted curves) and that25

of other inventory data (green dotted curves), i.e., the total amount of GFED3 biomass
burning and MACCity anthropogenic without biomass burning emissions, for the NH
(upper panel) and the SH (lower panel), respectively. We have also filtered AIRS CO
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new emissions (red solid curve), and the inventories (green solid curve), using But-
terworth lowpass filter in the third order with a Fast Fourier Transform. The seasonal
and inter-annual cycles agree very well in the time domain although the relative mag-
nitudes are different. Note also the units between the two datasets are different. In the
NH, the maximum peaks in late winter and early spring, while in certain years (2006,5

2007, 2008, and 2010) there is a secondary maximum in the summer likely due to
biomass burning events. There is also a noticeable lag in the AIRS new emission in
the NH compared to the inventories from 2006 to 2009, possibly due to the fact the
smoothed peaks in AIRS incorporated the summer burning events in these years. In
the SH, both CO variability phase and relative magnitudes agree very well between10

AIRS CO emissions and the inventories.
The correlations are computed between AIRS CO VMRs emissions and the total

emission amount of GFED3 and MACCity inventories for the NH and SH as shown in
Fig. 8 left panel and right panel, respectively. The correlation coefficients are 0.726 for
the NH and 0.915 for the SH. The higher correlation coefficient in the SH land cases is15

due to the fact that most of the emissions are from large and persistent fires, which are
easier to detect by satellite sensors. In the NH, the non-biomass burning anthropogenic
emissions are more difficult to quantify since the sensitivity of the thermal sensors in
the boundary layer is low where the pollution emission is high.

5 Continued CO variability with IASI measurements20

As the first step to quantify the uncertainties of the CO measurements from AIRS and
IASI, we examine the differences between these two operational CO products. These
two products are based on a similar retrieval algorithm (the AIRS physical retrieval
algorithm), as described by Susskind et al. (2003), but cross-calibration has not been
sufficient to establish consistent climate data records. The advantage of this algorithm25

is that it provides accurate retrievals where the measurement signals are strong, and
the major disadvantages lie where the measurement signals are weak (Warner et al.,
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2007, 2010), in which case the information is dominated by the a priori or first guess.
The main difference between AIRS and IASI in the CO region is reflected through
the spectral resolution. Figure 9 shows a comparison of the two spectra with AIRS
CO region in the upper panel and IASI in the lower panel. AIRS bands only cover
the CO R-branch and have a much lower spectral resolution than IASI, but higher5

Signal-to-Noise Ratio (SNR) (George et al., 2009). Nonetheless, AIRS CO obtains
highly accurate retrievals in the mid-troposphere despite the relatively lower spectral
resolution and a narrower CO band, as shown in previous validation studies (Warner
et al., 2007; McMillan et al., 2010).

Similar to the fact that AIRS uses 9 FOVs per FOR to match AMSU footprints for10

cloud clearing, IASI uses 4 FOVs per FOR to match Advanced Very High Resolution
Radiometer (AVHRR) (Frey et al., 2012) footprints. We use IASI L2 cloud information
to identify clear scenes for this study rather than using additional cloud screening from
AVHRR as discussed for the case of AIRS using the MODIS cloud mask. This will
create some uncertainties to the CO variability study, however, we do not expect large15

differences as can be seen in Fig. 2 upper versus lower panels for the case of AIRS.
Figure 10 shows an example of the direct inter-comparison of CO VMRs at 500 hPa

averaged over four seasons for the years 2002–2011 (December–February in a;
March–May in b; June–August in c; and September–November in d) between AIRS
(top panel), IASI (middle panel), and the differences (AIRS-IASI) (bottom panel), re-20

spectively. The differences in the bottom panels show approximately less than ±15ppbv
between AIRS and IASI except over several problematic regions for the retrievals, i.e.
Antarctica, Greenland, the South America coast near Chile, and over the Southern
Ocean. In general, AIRS CO is higher than IASI in the NH by less than 10 ppbv or 10 %
and slightly higher over elevated CO regions. This is particularly true in the NH winter25

season (December) through late spring (May). The differences between AIRS and IASI
CO in the NH are mainly due to the magnitude and location of the CO plumes, which
is partly due to the local time difference between AIRS (09:30 LT) and IASI (13:30 LT)
measurements. IASI CO values are higher than AIRS over the biomass burning plumes

16347

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/16337/2013/acpd-13-16337-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/16337/2013/acpd-13-16337-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 16337–16366, 2013

Tropospheric carbon
monoxide variability
from AIRS and IASI

J. Warner et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

in the tropics and lower elsewhere. In the SH, AIRS CO at 500 hPa is higher than IASI
CO by 15–20 ppbv, which is a known bias from AIRS CO due to the use of one global
a priori or first guess (Warner et al., 2010). The more accurate IASI CO in the SH is
most likely due to the increased information content in the vertical range by having
a larger number of spectral bands and high spectral resolution (see Fig. 9). Persistent5

biases between the two datasets over Antarctica, Greenland, and Chile are largely due
to IASI CO being too low. This is likely due to cold surfaces at IASI’s morning over-
pass local time providing reduced measurement sensitivity. Seasonally, the CO values
are highest in March–May in the NH due to higher emissions and slower CO removal
process with lower OH concentrations. In the months of September–November, strong10

biomass burning events occur in the SH emitting high amounts of CO.
We take a similar approach as described in the previous sections to discuss the CO

variability and short-term trends of IASI with an emphasis on consistency tests with
AIRS. We again begin with the normalized monthly CO PDFs of IASI under clear sky
conditions and fit two Gaussian functions to each monthly PDF. The modes are treated15

as biases from the Gaussian fits to show the CO variability from September 2008 to
December 2012 as shown in Fig. 11. AIRS background CO is plotted in blue, emissions
in red, and the IASI background is in cyan, and emissions in orange. AIRS and IASI
agree very well over land where the measurement sensitivities are higher in general
due to the higher surface thermal contrast (Deeter et al., 2007); while IASI CO is lower20

than AIRS over ocean for the emission and background CO in both NH and SH. For
both AIRS and IASI, the new emissions are higher than background CO values and
more variable.

We used linear fits to the CO variability from the modes of the Gaussian PDFs for
background values and the new emission separately; and the rates are listed in Table 1.25

We find the AIRS CO short-term trends in the NH are decreasing from 2002 to the mid
of 2011 at a rate of −1.71 ppbvyr−1 at 500 hPa for both new emissions and the back-
ground CO. Over the NH Ocean the transported new emissions decrease faster than
the background CO at 500 hPa at a rate of −1.95 ppbvyr−1 and −1.18 ppbvyr−1, re-
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spectively. The background CO over the ocean decreases at a slower rate than the new
emissions; and this may be due to the lack of mixing compared to over land. The CO
decreasing rates are lower in the SH than in the NH, with the new emissions decreas-
ing at a rate of −0.14 ppbvyr−1 and background CO decreasing at −0.28 ppbvyr−1,
respectively, at 500 hPa over land. Over the SH ocean the CO decreasing trends are5

similar for the transported new emissions (−0.85 ppbvyr−1) and the background values
(−0.62 ppbvyr−1). The fact that the emission reduction in the NH is larger compared to
the SH indicates that the primary cause of the emission reduction is the change in pol-
lution sources due to regulations, and is also likely associated with economic slowdown
in the last decade.10

IASI CO, however, shows a noticeable increase from the beginning of 2009 to the end
of 2012 except for over the SH ocean where the linear fits decrease by small amounts
of −0.63 and −0.35 ppbvyr−1 for the transported new emissions and the background
CO, respectively. The CO increases over NH land and ocean and SH land, range from
2.26 to 3.23 ppbvyr−1 for the background values and from 4.45 to 5.14 ppbvyr−1 for the15

new emissions. Although the data record for this time frame is too short for this result to
be conclusive, the CO values are higher in 2012 compared to the CO values in 2009.

6 Summary

The goal of this study is to understand the global CO variability and short-term trends
for the background values and new emissions separately. We use an innovative ap-20

proach to statistically separate the new emissions from the background CO in the satel-
lite datasets by using PDF analyses. We have demonstrated that this technique works
well by showing good correlation between the AIRS CO emissions we obtained and the
established inventory database (i.e., GFED3 and MACCity) with correlation coefficients
of 0.726 in the NH and 0.915 in the SH, respectively.25

To ensure that we use the highest quality data for this study, we examine a potential
error source due to the treatment of clouds in AIRS retrieval algorithm. We first iden-
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tified AIRS clear sky single FOV pixels by using collocated MODIS cloud masks such
that in each AIRS pixel 99 % of MODIS pixels are flagged as being clear. We found
that, overall, there is little difference in the location of the elevated CO plumes between
the clear sky cases and the cloud cleared retrievals. Under clear sky conditions, how-
ever, we showed the DOFS are higher than for the cloud-cleared cases. Although the5

CO values do not exhibit biases between the clear sky and cloud-cleared conditions
when statistically averaged for the NH land, NH ocean, SH land, and SH ocean, the
CO variability for clear sky cases is better defined. Therefore, we used clear sky only
cases for the variability and short-term trend studies in Sects. 4 and 5.

Climate and trend studies rely on continued and unbiased long-term data records.10

For tropospheric CO, it is ideal to used AIRS and IASI jointly with cross-validated
datasets. This study carried out a thorough comparison between AIRS and IASI CO
operational products in terms of their distribution and variability. We focused on the
short-term trends of the joint CO distribution from AIRS and IASI, and separately for
the new emissions and the background CO. We found that the global AIRS CO at15

500 hPa has shown a decreasing trend from 2003 through 2010 with a larger reduction
in the NH than in the SH. IASI CO, which is more indicative of the data short-term trend
from 2009 through 2012, shows an increased distribution over the NH land and ocean,
and the SH land. This study will be extended with the current AIRS and IASI and future
sensors.20
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Table 1. The rates of the reduction/increase of CO VMRs at 500 hPa for the background values
and the new emissions from AIRS and IASI.

AIRS CO VMRs at 500 hPa
2003–2011

IASI CO VMRs at 500 hPa
2009–2012

Emissions Background Emissions Background

NH Land −1.71 −1.71 4.49 2.26
NH Ocean −1.95 −1.18 4.45 3.23
SH Land −0.14 −0.28 5.14 2.77
SH Ocean −0.85 −0.62 −0.63 −0.35

16355

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/16337/2013/acpd-13-16337-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/16337/2013/acpd-13-16337-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 16337–16366, 2013

Tropospheric carbon
monoxide variability
from AIRS and IASI

J. Warner et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

163.1 163.2 163.3 163.4 163.5 163.6 163.7

23.4

23.5

23.6

23.7

23.8

23.9

24.0

Longitude (° )

La
tit

ud
e 

(°
)

−1,6
1,−81

−1,7
1,−94

−1,8
1,−108

0,6
1,−81

0,7
1,−94

0,8
1,−108

1,6
1,−81

1,7
1,−95

1,8
1,−108

Date: 20060304,  AIRS granule #: 024, (line#=90, scan#=51)

Fig. 1. An example to illustrate the collocation method between AIRS and MODIS pixels.
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Fig. 2. AIRS cloud coverage defined by the MODIS cloud mask (upper panel) and defined by
AIRS L2 products where CloudFraction= 0 (lower panel).
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Fig. 3. The three-months mean AIRS V5 CO maps for March to May 2006 with the clear sky
daytime cases (left upper panel), the clear sky nighttime cases (left bottom panel), the cloud-
cleared daytime cases (right upper panel), and the cloud-cleared nighttime cases (right bottom
panel).
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Fig. 4. AIRS OE CO DOFS for the months of March to May 2006 for cloud-cleared cases (right
panels) versus clear cases (left panels) and for daytime (upper panels) versus nighttime (lower
panels).
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Fig. 5. The monthly mean CO VMRs for March to May 2006 using PDFs for the NH ocean
(upper left), NH land (upper right), SH ocean (lower left), and SH land (lower right), respectively,
for daytime only.
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Fig. 6. Tropospheric CO variability from 2002 through 2011, which uses the modes of the fitted
Gaussian functions for each monthly PDF to represent biases, for emissions (red curves) and
the background (blue curves), for clear sky cases (solid) and cloud-cleared (dotted), and for
NH-Land (top panel), NH-Ocean (2nd panel), SH-Land (3rd panel), and SH-Ocean (bottom
panel), respectively.
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Fig. 7. The variability of AIRS CO new emission (red dotted curves) and that of other inventory
data (green dotted curves), i.e., the total amount of GFED3 biomass burning and MACCity
anthropogenic without biomass burning emissions, for the NH (upper panel) and the SH (lower
panel), respectively. The smoothed AIRS CO new emissions using a second-degree polynomial
function (red solid curve), and smoothed the inventories (green solid curve) are also shown.
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Fig. 8. The correlations between AIRS CO VMR emissions and the total emission amount of
GFED3 and MACCity inventories for the NH (left panel) and SH (right panel), respectively.
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Fig. 9. Brightness temperatures for AIRS’ (top) and IASI’s (bottom) spectrum with major atmo-
spheric constituents.
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Fig. 10. An example of the direct inter-comparison of CO VMRs at 500 hPa averaged over four
seasons for the years 2002–2011 (December–February in (a); March–May in (b); June–August
in (c); and September–November in (d) between AIRS (top panel), IASI (middle panel), and
the differences (AIRS-IASI) (bottom panel), respectively.
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Fig. 11. Similarly to Fig. 6, except for AIRS clear sky only cases from 2002 to 2011 and for IASI
clear sky CO variability from September 2008 to December 2012.
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