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An Experiment Using High Spectral Resolution CrIS
Measurements for Atmospheric Trace Gases:
Carbon Monoxide Retrieval Impact Study
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Xiaozhen Xiong, Nicholas Nalli, and Mitchell Goldberg

Abstract—We perform a demonstration experiment using the
National Oceanic Atmospheric Administration Unique Cross-
track Infrared Sounder (CrIS)/Advanced Technology Microwave
Sounder Processing System to assess the improvement on trace gas
retrievals upon switching to high spectral resolution CrIS radiance
measurements (0.625 cm™1). The focus of this study is carbon
monoxide retrievals. The experimental high spectral resolution
CO retrievals show a remarkable improvement, of almost up to
one order of magnitude in the degree of freedom of the signal,
with respect to the low-resolution mode. Furthermore, high-
resolution CO retrievals show similar skill with respect to ex-
isting CO operational products from the Atmospheric InfraRed
Sounder, Atmospheric Sounder Interferometer, and Measure-
ments of Pollution In The Troposphere instruments, both in terms
of spatial variability and degrees of freedom. The results of this
research provide evidence to support the need for high spectral
resolution CrIS measurements. This is a fundamental prerequisite
in guaranteeing continuity to the CO afternoon orbit monitoring
as part of a multisatellite uniformly integrated long-term data
record of atmospheric trace gases.

Index Terms—Carbon monoxide, hyperspectral sounders,
Suomi National Polar-orbiting Partnership Cross-Track Infrared
Sounder (SNPP CrIS), spectral resolution.

I. INTRODUCTION

HE Cross-track Infrared Sounder (CrIS) on board the
Suomi National Polar-orbiting Partnership (SNPP) plat-
form is a Fourier spectrometer covering the long-wave
(655-1095 cm™!), midwave (1210-1750 cm™'), and short-
wave (2155-2550 cm™!) infrared spectral regions [1]. In cur-
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rent operations, the interferogram raw data record is truncated
at maximum geometrical path difference L values of 0.8, 0.4,
and 0.2 cm, and Fourier transformed into radiance spectra
with Nyquist sampling 1/2L, i.e., 0.625, 1.25, and 2.5 cm™!
in the three bands, respectively. The decision of truncating
the interferogram at a shorter geometrical path difference in the
midwave and short-wave bands rests on the restriction in the
down-link bandwidth posed by the processing requirements of
other onboard instruments. On March 12, 2013, after maturing
more than a year of processing system upgrades, an experiment
was attempted where five orbits of the CrIS instrument (from
March 12, 15:46 GMT until March 13, 00:31 GMT) were
configured to down-link full path interferograms truncated at
a geometrical path difference L’ of 0.8 cm in all three bands.
Using a preliminary high spectral resolution sensor data record
(SDR) code [2], [3], those files have been Fourier transformed
into radiance spectra with Nyquist sampling 1/2L now equal
to 0.625 cm™! across the full spectrum. The scope of this
experiment was to test both the upgraded processing streamline
and the impact on retrieval applications.

In this letter, we assess the improvement on the retrieval skill
of atmospheric retrieval products whose sensitivity falls in the
midwave and short-wave regions, resulting from this increased
spectral resolution. We perform Hamming apodization of the
radiances for computational efficiency. Hamming apodization
significantly reduces the spectral sidelobes (from 27% to less
than 1%) of the instrument line shape function but increases
the width of its central lobe to roughly 0.9/L. For the high-
resolution case, this corresponds to an effective spectral res-
olution of 1.25 cm™"! across the full spectrum, as opposed to
the previous effective spectral resolution of 1.25, 2.25, and
4.5 cm™ !, respectively. Hamming apodization is a reversible
process and, therefore, does not affect the information content
of the spectrum [4].

Because carbon monoxide (CO) spectral sensitivity is found
in the short-wave region, CO retrievals are expected to benefit
the most from the high-resolution mode, now increased by a
factor of four with respect to the operational resolution. For
the scope of this letter then, we focus on the case study of CO
retrievals.

II. HIGH VERSUS LOW SPECTRAL RESOLUTION
CO SENSITIVITY ANALYSIS

Fig. 1(a) shows the results of a sensitivity analysis aimed
at quantifying the expected improvement in the sensitivity
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Fig. 1. (Top) Sensitivity analysis to a 1% perturbation in CO using spectral

resolutions of (green) 2.5-, (red) 0.625-, and (black) 0.25-cm~! spectral
resolutions. (Bottom) Comparison of (green) low- and (red) high spectral
resolution CrIS measurements from March 12, 2013, at the same location
(32.10 °N-127.87 °E). The blue cross symbols indicate the selected subset
for the CO retrieval in high-resolution mode.

of the CrIS instrument to CO, when switching from low- to
high-resolution mode. We use a standard midlatitude atmo-
spheric profile to compute a 1% perturbation in the CO vertical
profile and simulate the brightness temperature response mea-
sured by CrlS using the current low (2.5 cm ™!, green curve) and
the experimental high (0.625 cm™!, red curve) spectral resolu-
tion. The 1% perturbation applied on the CO profile is on the or-
der of magnitude of the observed CO diurnal variation over the
equatorial Pacific Ocean [5] and of the annual trend oscillation
measured over the Northern Hemispheric high latitudes [6]. For
the brightness temperature computation, we use the Stand-alone
Atmospheric InfraRed Sounder (AIRS) Radiative Transfer
Algorithm [7]. CrIS has a spectral sampling gap in the 1750-
2155 cm™! band, hence the missing P branch (2000
2150 cm™!) of CO absorption in the spectrum. The black curve
in Fig. 1(a) is a third perturbation performed using a finer
spectral resolution (0.25 cm™') and is used as a theoretical
reference to better highlight the spectral features of the CO
absorption lines.

The results shown in Fig. 1(a) indicate an increased sen-
sitivity in the high-resolution measurement of up to three
times higher with respect to the low-resolution case. More
importantly, the large nonlinear structure observed in the high-
resolution response is an indication of the higher information
content present in the high-resolution measurement and repre-
sents a key feature for the accuracy of the retrieval in that it
allows the separation of CO from other interfering atmospheric
species [8], [9].

Fig. 1(b) shows a brightness temperature measurement ac-
quired by the CrIS instrument in (thin) low- and (thick) high-
resolution modes on March 12, 2013, at the same exact location
(32.10 °N—127.87 °E) We can notice that the large structure
present in the high-resolution spectrum (red curve) carries the
distinctive signature of the CO absorption lines observed in the
sensitivity study shown in Fig. 1(a). On the contrary, in low-
resolution mode (green curve), these CO absorption features are
almost entirely suppressed.
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The blue crosses in Fig. 1(b) indicate the set of channels
selected to perform the CO retrieval in high-resolution mode.
A description of the channel selection methodology is provided
in Section II. Section III of this letter is devoted to an in-depth
study of the increased information content and the impact on
the retrieval results upon switching to high-resolution mode.

III. NUCAPS

The National Oceanic Atmospheric Administration (NOAA)
Unique CrIS/Advanced Technology Microwave Sounder
(ATMS) Processing System (NUCAPS) [10] is the operational
retrieval system developed at the NOAA National Environ-
mental Satellite, Data and Information Service Center for
Satellite Application and Research to produce cloud-cleared
radiances and atmospheric temperature, water vapor, and trace
gas profiles from CrIS in conjunction with the ATMS. These
retrieval products are accessible in near real time (about 3-h de-
lay) through the Comprehensive Large Array-data Stewardship
System [11].

NUCAPS is a multistep retrieval algorithm consisting of the
following: 1) a microwave and infrared radiance bias tuning
which corrects for uncertainties in the radiative forward model
[12], [13]; 2) a microwave retrieval module which derives
temperature and water vapor retrievals along with cloud lig-
uid water flags and microwave surface emissivity uncertainty
[14]; 3) a fast eigenvector regression retrieval for temperature
and moisture that is trained against the European Center for
Medium Weather Forecast (ECMWF) analysis and CrIS all
sky radiances [15]; 4) a cloud-clearing module that combines
a set of microwave and infrared channels (along with, in the
future, visible observations provided by the onboard Visible In-
frared Imaging Radiometer Suite instrument) to produce cloud-
cleared infrared radiances [16]; 5) a second fast eigenvector
regression retrieval for temperature and moisture that is trained
against ECMWF analysis and CrIS cloud-cleared radiances
[15]; and 6) the final infrared physical retrieval, which employs
the previous regression retrieval as the first guess of an iterated
regularized least squared radiance minimization based on the
methodology developed in [8]. In this experimental setup, we
have replaced the temperature and water vapor regression-
derived first guess used in operations [15], with an ATMS-
derived “microwave-only” retrieval [14] to avoid the need for
training. The CO a priori is a 12-month set of two single CO
profiles, for the northern and southern hemispheres, respec-
tively, computed from the Measurements of Pollution In The
Troposphere (MOPITT) version 4 CO monthly averages [17],
[18]. These profiles are temporally and spatially interpolated
during the retrieval. For the CO retrieval step, we employ ans
optimal estimation approach [19], following the methodology
developed in [20].

The final infrared retrieval module employs a selected subset
of infrared channels in order to expedite near-real-time data dis-
tribution and assimilation. We adopt the methodology described
in [9] which consists in a physically based procedure where
channels are selected upon their spectral properties: Priority is
given to spectral purity, avoidance of redundancy, and vertical
sensitivity properties, along with low instrumental noise and
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Fig. 2. NUCAPS CO retrieval (440—460-mb pressure layer) for five test orbits
on March 12, 2013. (Top) High spectral resolution. (Bottom) Low spectral
resolution. Units are in ppbv.

global optimality. The sensitivity analysis shown in Fig. 1(a)
represents an example of the first step of this channel selection
methodology, in that it allows a prescreening of the channels
most sensitive to an atmospheric species of interest (in this
case, CO). No channel selection though was performed in the
CO band for the current operational retrieval (low-resolution
mode). We employ the full set of 27 consecutive channels
present in the CO band, in order to maximize the information
content present in the low-resolution retrieval. For the high
spectral resolution experiment instead, we employed the
methodology described in [9] and selected 32 channels in the
CO band [blue cross symbols in Fig. 1(b)]. This high-resolution
CO channel selection captures the cores and wings of the CO
absorption lines shown in Fig. 1(a), enabling full sounding of
the CO absorption curve of growth. It is important to notice
that the high spectral resolution mode enables the selection of
nonadjacent channels, thus reducing the spectral correlation
noise introduced upon radiance apodization (62.5%, 13.3%,
and 0% for adjacent, alternate, and every other two channels,
respectively, in the case of Hamming apodization) [9].

IV. HIGH- VERSUS LOW SPECTRAL RESOLUTION
CO RETRIEVALS

Fig. 2 shows a comparison of the NUCAPS CO retrieval
performed in high spectral resolution mode (top) with respect
to the operational low-resolution mode (bottom) for the five test
orbits. For brevity, we only show results from the 440—460-mb
layer, where most of the instrument CO sensitivity is originated
[21]. As expected from the sensitivity analysis in Fig. 1(a),
high-resolution mode retrievals show significantly more struc-
ture in the global distribution of CO abundance with respect to
the low-resolution mode. The extended regions of heightened
CO peak values on the high-resolution map are indicative of
anthropogenic emissions, biomass burning, and atmospheric
circulation patterns. These key features of the source and sink
climatology of carbon monoxide are predominantly missed in
the low-resolution retrieval map, which is subject to a minimal
departure from the a priori. This will be shown in the next
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Fig. 3. (From top to bottom) High-resolution NUCAPS, AIRS, IASI (at

440-460 mb), and MOPITT (at 400-500 mb) CO retrievals on roughly the same
five test orbits from March 12, 2013. Units are in ppbv.

section, by quantification of the information content present in
the retrieval.

V. COMPARISON WITH EXISTING
OPERATIONAL CO PRODUCTS

Although we are still working on the optimization of the
quality control flag of the high spectral resolution NUCAPS
CO product, we show an initial comparison with respect to
two other hyperspectral products, the AIRS version 6 [22]
[Fig. 3(b)] and the Infrared Atmospheric Sounder Interfer-
ometer (IASI) NOAA Phase II [23] [Fig. 3(c)] CO opera-
tional retrievals, on the same five test orbits and pressure
layer as NUCAPS. For completeness, we also show results
from the MOPITT version 5 [24] [Fig. 3(d)] CO operational
retrievals.

Compared to the low-resolution case (Fig. 2, bottom), NU-
CAPS high spectral resolution CO retrievals [Fig. 2, top, and
Fig. 3(a)] show a significantly improved agreement to all three
CO satellite products. The observed differences among the
four instruments are consistent with what has been previously
observed in [21] and have been attributed to differences in
retrieval methods, a priori, to thermal contrast diurnal cycle,
and, more importantly, to differences in instrumental spectral
resolution and coverage [25]-[27]. While IASI covers the full
roto-vibrational spectrum of the atmospheric CO molecule,
(2000-2250 cm™1), both CrIS and AIRS have spectral gaps.
As anticipated in Section I, CrIS has a spectral gap between
1750 and 2155 cm™! and misses the entire P branch (2000-
2150 cm™ ') but covers the majority of the R branch (2150
2250 cm™!). AIRS presents a spectral gap between 1614 and
2182 cm ™! and also misses the entire P branch and a larger part
part of the R branch of the CO band. The interferogram of IASI
is truncated at 2 cm, corresponding to a 0.25-cm~! Nyquist
spectral sampling and roughly 0.5-cm ™! effective resolution af-
ter Gaussian apodization. AIRS has a spectral resolving power
of 1200, corresponding to a spectral resolution of roughly
0.9 cm™? in the CO band. Reasons for differences with respect
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Fig. 4. Comparison of (top left) NUCAPS high-resolution, (top right) NU-
CAPS low-resolution, (bottom left) AIRS, and (bottom right) IASI CO DOFSs.

to MOPITT (10-20 ppbv) also rest in the coarser pressure slab
of the MOPITT retrievals used for this study (400-500 mb).

The analysis shown in Fig. 3 is intended to provide a per-
formance demonstration in support of the robustness of the
NUCAPS high spectral resolution CO product, in terms of both
spatial variability and order of magnitude.

In Fig. 4, we compare the degrees of freedom of the signal
(DOFSs), a metric used to measure the number of independent
pieces of information available from the retrieval [19]. We
focus on the nighttime NUCAPS descending orbits which, at
this preliminary stage of the high spectral resolution retrieval
setup, show a higher quality-controlled acceptance yield with
respect to the daytime ensemble. This enables a more rigor-
ous comparison with respect to the colocated AIRS (bottom
left) and IASI (bottom right) results. For NUCAPS and IASI,
which share the same retrieval algorithm, we have employed a
midtropospheric temperature quality flag as described in [23].
For AIRS, we have chosen only cases flagged as “best” and
“good,” as described in [22].

NUCAPS high spectral resolution CO DOFSs (top left) are
observed to consistently improve across all latitudinal regimes,
up to one order of magnitude, with respect to the low-resolution
mode (top right). This is consistent with the results found
in Fig. 2, where the higher information content enabled a
larger departure from the a priori, hence the increased spatial
variability observed in the high spectral resolution map (top part
of Fig. 2) with respect to the low-resolution case (bottom part of
Fig. 2). Furthermore, the NUCAPS high-resolution CO DOFS
performance appears by far more comparable to both AIRS and
IASI CO DOFS performances.

VI. CONCLUSION

Using the NUCAPS, we have assessed the improvement on
the retrieval skill of atmospheric CO upon switching to high
spectral resolution CrIS SDRs of 0.625 cm~! across the full
spectrum. The higher spectral resolution improves the infor-
mation content present in the CO retrieval up to one order of
magnitude, enabling a larger departure from the a priori and an
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increased spatial variability in the retrieved CO global distri-
bution, with respect to the low-resolution case. Moreover, high
spectral resolution NUCAPS CO retrievals prove comparable to
the existing operational CO retrievals from the MOPITT, AIRS,
and TASI instruments, in terms of spatial variability, order of
magnitude, and DOFS.

The results of this research provide evidence to support the
need for high spectral resolution CrIS measurements. This is
a fundamental prerequisite in guaranteeing continuity to the
afternoon orbit monitoring of atmospheric CO as part of a
multisatellite uniformly integrated long-term data record of
atmospheric trace gases. NUCAPS high spectral resolution
trace gas retrievals from CrIS on SNPP will also serve in
preparation of future advanced satellite missions under the Joint
Polar Satellite System [1] for which atmospheric trace gases,
such as ozone, carbon monoxide, methane, and carbon dioxide,
are listed as operational requirements. The modular architecture
of NUCAPS has proven that there is no risk of disruption
to the operational processing upon switching to high spectral
resolution mode.

ACKNOWLEDGMENT

The authors would like to thank Y. Han (Center for Satellite
Application and Research, National Environmental Satellite,
Data and Information Service, National Oceanic and Atmo-
spheric Administration) and D. Tremblay (DTC, Inc.) for pro-
viding the high-resolution CrIS SDRs used in this study. The
authors would also like to thank D. Edwards and M. Deeter
(National Center for Atmospheric Research) for providing
guidance on the MOPITT data used in this work. The views,
opinions, and findings contained in this letter are those of the
authors and should not be construed as an official National
Oceanic and Atmospheric Administration or U.S. Government
position, policy, or decision.

REFERENCES

[1] M. Goldberg, H. Kilcoyne, H. Cikanek, and A. Metha, “Joint polar satel-
lite system: The united states next generation civilian polar-orbiting envi-
ronmental satellite system,” J. Geophys. Res., vol. 118, pp. 1-13, 2013.

[2] Y. Han, H. Revercomb, M. Cromp, D. Gu, D. Mooney, L. Scott, G. Strow,

L. Bingham, Y. Borg, D. Chen, M. DeSlover, D. Esplin, X. Hagan, B. Jin,

H. Knutson, J. Motteler, L. Predina, J. Suwinski, D. Taylor, D. Tobin,

C. Tremblay, L. Wang, L. Wang, and V. Wang, “CrIS measurements sen-

sor data record algorithm calibration and validation activity overview and

record data quality,” J. Geophys. Res., 2013, submitted for publication.

JPSS/CrIS/SDR, The JPSS CrIS SDR algorithm theoretical basis documen-

tation, 2011. [Online]. Available: http://www.npp.gsfc.nasa.gov/science/

sciencedocuments/ATBD122011/474-00032CrIS-SDR-ATBDRev.pdf

C. Barnet, J. Blaisdell, and J. Susskind, “Practical methods for rapidand

accurate computation of interferometric spectra for remote sensing appli-

cations,” IEEE Trans. Geosci. Remote Sens., vol. 38, pp. 169-183, 2000.

K. Ohta, “Diurnal variations of carbon monoxide concentration in the

equatorial pacific upwelling region,” J. Oceanogr., vol. 53, no. 2, pp. 173—

178, 1997.

V. Petrenko, P. Martinerie, D. Novelli, D. Etheridge, I. Levin, Z. Wang,

T. Blunier, J. Chappellaz, J. Kaiser, P. Lang, L. Steele, S. Hammer, J. Mak,

R. Langenfelds, J. Schwander, J. Severinghaus, E. Witrnant, G. Petron,

M. Bttle, G. Forster, W. Sturges, J. Lamarque, K. Steffen, and J. White,

“A 60 yr record of atmospheric carbon monoxide reconstructed from

Greenland firn air,” Atmos. Chem. Phys., vol. 13, pp. 7567-7585, 2013.

L. Strow, H. Motteler, S. Hannon, and S. De Souza-Machado, “An

overview of the AIRS radiative transfer model,” IEEE Trans. Geosci.

Remote Sens., vol. 41, no. 2, pp. 303-313, Feb. 2003.

[3

[t

[4

=

[5

=

[6

=

[7

—



GAMBACORTA et al.: EXPERIMENT USING HIGH SPECTRAL RESOLUTION CrIS MEASUREMENTS

[8] J. Susskind, C. D. Barnet, and J. Blaisdell, “Retrieval of atmospheric
and surface parameters from AIRS/AMSU/HSB data in the presence of
clouds,” IEEE Trans. Geosci. Remote Sens., vol. 41, no. 2, pp. 390-409,
Feb. 2003.

[9] A. Gambacorta and C. Barnet, “Methodology and information content of
the NOAA NESDIS operational channel selection for the Cross-Track
Infrared Sounder (CrlS),” IEEE Trans. Geosci. Remote Sens., vol. 51,
no. 6, pp. 3207-3216, Jun. 2012.

[10] A. Gambacorta, The NUCAPS algorithm theorethical basis documen-
tation 2013. [Online]. Available: http://www.star.nesdis.noaa.gov/smcd/
spb/iosspdt/qadocs/

[11] CLASS, The Comprehensive Large Array-data Stewardship System
2013. [Online]. Available: www.class.noaa.gov?

[12] A. Gambacorta, C. Barnet, E. Maddy, W. Wolf, T. King, N. Nalli,
and X. Xiong, “A methodology for computing systematic biases of
the top of atmosphere brightness temperature calculations. Part I:
Infrared brightness temperature computations. A case study using the
Cross-track Infrared Instrument (CrIS),” IEEE Geosci. Remote Sens., to
be published.

[13] A. Gambacorta, C. Barnet, W. Wolf, T. King, E. Maddy, N. Nalli, and
X. Xiong, “A methodology for computing systematic biases of the top
of atmosphere brightness temperature calculations. Part II: Microwave
brightness temperature computations. A case study using the Advanced
Technology Microwave Sounder (ATMS),” IEEE Trans. Geosci. Remote
Sens., submitted for publication.

[14] P. Rosenkranz, “Retrieval of temperature and moisture profiles from
AMSU-A and AMSU-B measurements,” IEEE Trans. Geosci. Remote
Sens., vol. 39, no. 11, pp. 2429-2435, Nov. 2001.

[15] M. Goldberg, Y. Qu, L. McMillin, W. Wolf, L. Zhou, and
M. Divakarla, “AIRS near-real-time products and algorithms in support of
operational numerical weather prediction,” IEEE Trans. Geosci. Remote
Sens., vol. 41, no. 2, pp. 379-389, Feb. 2003.

[16] M. T. Chahine, “Remote sounding of cloudy atmospheres in a single cloud
layer,” J. Atmos. Sci., vol. 31, no. 1, pp. 233-243, Jan. 1974.

[17] M. N. Deeter, D. Edwards, L. Emmons, G. Francis, S. Ho, D. Mao,
D. Masters, H. Worden, J. Drummond, and P. Novelli, “The MOPITT
version 4 product: Algorithm enhancements, validation, and long term
stability,” J. Geophys. Res.-A, vol. 115, p. D07306, 2010.

1643

[18] E. Maddy, A comparison of MOPITT and IASI retrieved CO pro-
files using similar algorithms 2011. [Online]. Available: http://www.
researchgate.net/publication/241688681

[19] C. Rodgers, Inverse Methods for Atmospheric Sounding: Theory and
Practice. Singapore: World Scientific, 2000.

[20] E. S. Maddy, C. D. Barnet, and A. Gambacorta, “A computationally effi-
cient retrieval algorithm for hyperspectral sounders incorporating a priori
information,” IEEE Geosci. Remote Sens. Lett., vol. 6, no. 4, pp. 802-806,
Oct. 2009.

[21] J. Warner, C. Barnet, W. McMillan, W. Wolf, E. Maddy, and G. Sachse,
“A comparison of satellite tropospheric carbon monoxide measurements
from AIRS and MOPITT during INTEX-A,” J. Geophys. Res., vol. 112,
no. D12, p. S1217, Jun. 2007.

[22] J. Susskind, J. Blaisdell, and L. Iredell, “Significant advances in the AIRS
Science Team version 6 retrieval algorithm,” in Proc. SPIE 8510 Earth
Observ. Syst. XVII 85100U, 2012.

[23] A. Gambacorta, The IASI algorithm theorethical basis documenta-
tion 2011. [Online]. Available: http://www.star.nesdis.noaa.gov/smcd/
spb/iosspdt/qadocs/

[24] H. Worden, M. Deeter, C. Frankenberg, M. George, F. Nichitiu, J. Worden,
I. Aben, C. Bowman, K. W. an Clerbaux, P. Coheur, A. De Laat,
R. Detweiler, J. Drummond, D. Edwards, J. Gille, D. Hurtmans, M. Luo,
S. Martinez-Alonso, S. Massie, G. Pfister, and J. Warner, “Decadal record
of satellite carbon monoxide observations,” Atmos.Chem. Phys., vol. 13,
pp. 837-850, 2013.

[25] M. George, C. Clerbaux, D. Hurtmans, S. Turquety, P. Coheur, M. Pomier,
J. Hadji-Lazaro, D. Edwards, H. Worden, M. Luo, C. Rinsland, and
W. McMillan, “Carbon monoxide distributions from the TASI/METOP
mission: Evaluation with other space-borne remote sensors,” Atmos.
Chem. Phys., vol. 9, pp. 8317-8330, 2009.

[26] J. X. Warner, Z. Wei, L. Strow, C. Barnet, L. Sparling, G. Diskin, and
G. Sachse, “Improved agreement of AIRS tropospheric carbon monoxide
products with other EOS sensors using optimal estimation retrievals,”
Atmos. Chem. Phys., vol. 10, no. 19, pp. 9521-9533, 2010.

[27] C. Clerbaux, D. Edwards, M. Deeter, L. Emmons, J. Lamarque, X. Tie,
S. Massie, and J. Gille, “Carbon monoxide pollution from cities and
urban areas observed by the Terra/MOPITT mission,” Geophys. Res. Lett.,
vol. 35, no. 3, p. L03817, Feb. 2008.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


