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Abstract. This study tests a novel methodology to add valuetrievals, and improved daily coverage compared with TES
to satellite data sets. This methodology, data fusion, is simi-and MLS CO data.

lar to data assimilation, except that the background model-
based field is replaced by a satellite data set, in this case

AIRS (Atmospheric Infrared Sounder) carbon monoxide

(CO) measurements. The observational information comed  Introduction

from CO measurements with lower spatial coverage than

AIRS, namely, from TES (Tropospheric Emission Spectrom-Atmospheric carbon monoxide (CO) is simultaneously mea-
eter) and MLS (Microwave Limb Sounder). We show that Sured by three EOS (Earth Observing System) “A-train”
combining these data sets with data fusion uses the highesfatellite sensors: AIRS (Atmospheric Infrared Sounder) (Au-
spectral resolution of TES to extend AIRS CO observa-mann et al., 2003) on Aqua, and TES (Tropospheric Emis-
tional sensitivity to the lower troposphere, a region especiallySion Spectrometer) (Beer, 2006), and MLS (Microwave Limb
important for air quality studies. We also show that com- Sounder) (Waters et al., 2006) on Aura. Based on the her-
bined CO measurements from AIRS and MLS provide en-itage of the A-train system with individual sensors taking
hanced information in the UTLS (upper troposphere/lowermeasurements within short time intervals between each other
stratosphere) region compared to each product individually(15—-30min), the combined data sets from these sensors are
The combined AIRS-TES and AIRS-MLS CO products areexpected to provide three-dimensional composition informa-
validated against DACOM (differential absorption mid-IR tion thatincorporates the uniqueness of AIRS's large spatial
diode laser spectrometer) in situ CO measurements frongoverage, TES's high spectral resolution, and MLS's mea-
the INTEX-B (Intercontinental Chemical Transport Exper- Surements in the upper troposphere and stratosphere. AIRS’s
iment: MILAGRO and Pacific phases) field campaign and intrace gas retrieval products provide high-density twice-daily
situ data from HIPPO (HIAPER Pole-to-Pole Observations)dlobal coverage with spatial resolution at 45 krd5 km at
flights. The data fusion results show improved sensitivities in01:30 and 13:30 local time (LT) overpasses. However, as
the lower and upper troposphere (20—-30 % and above 20 %4 nadir sounder, it measures relatively thick integrated lay-

therefore lacks details in the relatively thin UTLS (upper
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104 J. X. Warner et al.: Global carbon monoxide products

troposphere and lower stratosphere) layer. The Aura limk2 Observational data sets
sounder, MLS, on the other hand, possesses the advantage
of high vertical resolution in the UTLS region but lacks hor- The AIRS instrument on Aqua was launched in 2002 with
izontal coverage. We seek to combine these two types of COhe primary goal of determining the vertical profiles of tem-
data sets to provide both higher vertical structure and globaperature and water vapor in the Earth’s atmosphere (Au-
coverage. This fused data set will benefit studies of stratoimann, et al., 2003). CO retrievals are obtained from the
sphere troposphere exchange and the chemical and dynar@160-2200 cm? portion of the spectrum on the edge of the
ical structures of the UTLS and TTL (tropical tropopause 1-0 vibration—rotation band of CO (McMillan et al., 2005).
layer) regions as CO is a tracer of transport and has markedlyhe AIRS main CO sensitivity is broad and centered in the
different concentrations in the troposphere and the stratomid-troposphere between approximately 300 and 600 hPa
sphere. (Warner et al., 2007). AIRS science team retrieval codes are
A number of radiatively significant gases have strong ver-used to determine the physical parameters measured by AIRS
tical gradients in composition across the tropopause, includsuch as temperature, water vapor, and ozone (Susskind et al.,
ing ozone and water vapor. The variability in their tropopause2003).
vertical gradients is due to the transport across the tropopause The TES instrument is an imaging infrared Fourier trans-
and their sources and sinks in this region. These interacform spectrometer with both nadir- and limb-viewing capa-
tions have a significant impact on chemistry—climate cou-bility covering the spectral range 650—-3050Ccat either
pling (Holton et al., 1995). The CO—ozone correlation has0.08cnt! or 0.02cnt? spectral resolution. TES provides
been used extensively in the UTLS region as a diagnoshigher spatial and spectral resolutions compared to AIRS;
tic tool for studying extratropical tropopause processes, andiowever, the global coverage of TES is significantly lower
stratosphere—troposphere exchange and mixing (e.g., Zahn étuo et al., 2002, 2007). This is partly due to the fact that, in
al., 2000; Hoor et al., 2002, 2004; Pan et al., 2004, 2007aaddition to the sensors’ respective swath widths, AIRS uses
b). UTLS dynamics and transport studies will greatly benefita cloud-clearing scheme that recovers, on average, more than
from trace gas data sets that show detailed structures of C®alf of the cloudy pixels, which increases the global coverage
plumes, have high-density daily global coverage, and provideof the retrievals significantly (Susskind et al., 2003; Warner
information for an extended time periog (LO yr). etal., 2013). Validations and intercomparison between AIRS
A key societal issue is air quality (AQ), which affects hu- and TES CO indicate that localized biases exist (Warner et
man health and has a significant impact on economical an@l., 2010), which globally and annually generally cancel each
policy issues (Lahoz et al., 2012). Air quality concerns spanother to a large extent.
from the local to the global scales since pollution can be MLS on Aura satellite was launched on 15 July 2004 and
transported across continents and affect AQ at remote locaplaced into a near-polar Earth orbit-at705 km with an in-
tions (Lin et al., 2012). Satellite measurements are amonglination of 98 and an ascending node at 13:45LT. It makes
the most effective ways to monitor air pollution and the re- about 14 orbits per day. The MLS instrument onboard Aura
lated transport due to their relatively high spatial and tem-uses the microwave limb sounding technique to measure
poral coverage. CO is a good tracer of pollution emissionchemical constituents and dynamical tracers between the up-
and transport in the troposphere owing to its lifetime of 1-3 per troposphere and the lower mesosphere. It provides dense
months (Crutzen and Zimmermann, 1991; Sze, 1977). In thisspatial coverage with 3500 profiles daily betweef 82and
study, we focus on CO measurements. We show that fusin@2® S. The standard retrievals for CO are given between 215
of CO data from multiple sensors in space can benefit botland 0.46 hPa with a vertical resolution ef3 km in the up-
air quality and climate studies. per troposphere and the stratosphere. The along-track resolu-
In the following sections, we present the data fusion ap-tion of the CO measurements-s200 km between 215 and
proach that we use to combine AIRS, TES, and MLS CO10hPa. The estimated single-profile precision in the extrat-
data sets, with TES and MLS CO as observations and AIRSopical UTLS is of the order of 0.04 ppmv (parts per million
CO retrievals as the background field. We also show that the/olume) from 215 to 100 hPa and between 0.05 and 0.2 ppmv
combined data set provides a 3-D CO field with daily global from 46 to 10 hPa (Livesey et al., 2007; Read et al., 2007;
coverage that incorporates the sensitivity from AIRS primar-Jiang et al., 2007).
ily in the mid-troposphere, TES in the lower troposphere,
and MLS in the UTLS. Section 2 introduces the data sets
that we use in this study, and Sect. 3 describes the data fu8 Methodology
sion methodology. Section 4 presents results and their vali-
dation, while Sect. 5 provides discussion and a summary offhe data fusion methodology in this study takes a similar
this study. approach to that used in data assimilation (Kalhay, 2003) ex-
cept we use AIRS measurements as the background field and
other measurements with lower spatial coverage (in this case,
TES and MLS) as the observations. We assume that the AIRS
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whereH is the linear observation operator which maps the
background state into the observational space g the
background error covariance. The analysis state vetias

the new estimate of the state vector, which has the same di-

Background —— Kalman | o mension as the backgroqnd fielﬂ't(), ie., the current s_ize
Filter Process of the AIRS vector. The size of the observation vecX@ris
I determined by the number of assimilated observations (TES
Analysis or MLS). The matrixR is the observational error covariance.

To prescribeR, we assumed that there is no global bias in the
TES CO measurements, nor a global bias between the AIRS
and TES CO measurements. Results from a bias correction
experiment where a crude approximation to the global bias
between AIRS and TES CO is made (not shown) indicate
that the assumption of no bias does not affect the data fusion
Fig. 1. Design of the satellite data fusion system, where AIRS oper-results adversely. Since the number of variables in the control
ational V5 L2 retrievals are used as the background field, and TES;ector is not prohibitively large ang is assumed diagonal,
or MLS measurements are added to the Kalman filter process ag,e compute the inverse matrix in the gain matrix (i),
observations. directly. In data assimilation, including that applied to trace
gases, it is often a standard assumption to use a diagonal
data represent a snapshot of a three-dimensionall geophysicﬁ]atrix, which assumes that there is no vertical or horizon-
field analogous to a model output. We do not attempt to evaltal correlation between different observations (see Stajner et
uate any time variability in the CO field, but to simply com- al., 2001; Tangborn et al., 2009). We realize that including
bine CO of collocated pixels from AIRS, TES, and/or MLS observation error correlations would have the effect of reduc-
that are part of the A-train satellite constellation and are meaing the relative impact of each individual observation slightly
sured within a short time period (15-30 min). A major differ- (depending on the correlation), and its omission here does
ence between this technique and traditional data assimilatioflightly degrade the accuracy of the final data set. However,
is that we do not use a model, which avoids uncertainties aristhe purpose of this work is to demonstrate the viability of the
ing from model dynamics and transport issues. We follow adata fusion approach to combining satellite data sets, and fu-
formulation identical to the Kalman filter method, commonly ture enhancements to this work will include a more refined
used in data assimilation (e.g. Lahoz et al., 2010), except w@bservation error covariance.
exclude the transport by model dynamics. When we apply the data fusion algorithP is the error
The diagram in Fig. 1 illustrates the data fusion system,covariance for the AIRS satellite retrievals and is treated as
where we start with AIRS operational version 5 (V5) level 2 the standard background error covariance in data assimila-
(L2) retrievals, shown on the upper left corner, as the backtion. Satellite observations are often treated as spatially un-
ground field. Other products, such as TES or MLS, are adde@orrelated in data assimilation systems, but this is not strictly
to the Kalman filter process as observations where the relaaccurate (Talagrand, 1997). In the application of the data fu-
tive weighting is influenced by the observation error covari- Sion technique, we assume a simple spatially decaying corre-
ance from AIRS and TES or MLS retrievals. The output from lation for P° that can be easily tuned by changing the corre-
the analysis provides a three-dimensional field that incorpo/ation length scale, and by comparing the results with in situ
rates measurements from AIRS, TES, and/or MLS. We showdata.
that in the vertical region (lower troposphere and the UTLS) The background error covarian&® is constructed from
where AIRS has low measurement sensitivity, the AIRS re-the error correlation matrix between any two locations in the
trievals still provide the correct spatial variability (or spatial background state vector and the error variances of AIRS re-
patterns), even when they cannot reproduce the correct C@rievals. It is defined as

Combined
AIRS/TES
AIRS/MLS
CcO

maghnitude. This system does not require a model to constrain T

the physics of the geophysical fields, but rather uses AIRP" = <D1/2> cp'/?, ()

routine measurements to constrain the spatial and temporal

variability of the TES and MLS measurements. whereC is the error correlation function ard is a diag-
The Kalman filter algorithm (Kalman, 1960) in general onal matrix containing the error variances of the analyzed

form is as follows: species (EI Amraoui et al., 2004). Following a general ap-
a b o b proach in data assimilation, we separate the vertical and hor-

X¢=X"+KX"-HX"), 1) izontal correlations (Daley and Barker, 2000; Errera and Mé-

nard, 2012). The spatial correlation matrix is equal to the ten-
sor product of the horizontal correlation matyx and the
K = PPHT (HPPHT + R)71, (2)  vertical correlation matrixy.

where the Kalman gairk , is
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Fig. 2. Left panel: power law function with horizontal error correlation length of 750 km — see Eq. (4). Right panel: exponential function of
the vertical error correlation with a length of 0.17 — see Egs. (5)—(6).

In terms of matrix elements, the background error covari- p,, and p; are the pressure values at leveland/, and L,

ance matrixP? is defined by is the prescribed vertical error correlation length (Daley and
Barker, 2000; Errera and Ménard, 2012).
b . .\ __ . . .. .. ’ ’ ’
PG J) = oo (1)ent, Devis )), (4) In the examples given in Fig. 2, the horizontal correla-

whereo; ando; are the standard deviations of background tion lengthLo = 750 km and the vertical correlation length
error at locationi and j, respectively;op is the horizontal L. =0.17 were chosen to match the measurement charac-
correlation model; angy is the vertical correlation model. teristics and sensitivities of AIRS and TES. Specifically, we
We use the power law for the, model as shown in Fig. 2, use a horizontal correlation length of 750 km so that the en-

left panel (Dee and da Silva, 1999): tire AIRS swaths are influenced by TES measurements from
1 AIRS nadir points considering AIRS swaths are approxi-
. 1/(r; 2 mately 1600 km wide. The vertical correlation length of 0.17
pnli, j) = <1+ 2 (L_o> ) (5) s chosen to match the number of vertical levels correlated as

shown in Fig. 2 right panel. Figure 3 shows the prescribed er-
wherer; ; denote the horizontal distance between the tworor 15 standard deviations (SDs) for AIRS (solid blue line),
locations (, j), andLg is the prescribed horizontal error cor- as the background error, and for TES (dashed red line), as
relation length. the observational error. These errors originated from the re-
The vertical resolution of the analysis for the combined trieval error covariance matrices from the respective teams
AIRS and TES CO is based on the AIRS pressure grid in theand were averaged and/or smoothed to form one global set
troposphere, whereas the vertical resolution of the analysigf error profiles (Dee and da Silva, 1999). Three-dimensional
for the combined AIRS and MLS CO is based on the AIRS retrieval errors are difficult to quantify due to the limited
pressure grid in the stratosphere and the UTLS regions. Taamount of in situ measurements in both temporal and spatial
ble 1 lists all the pressure levels used in the AIRS and TESjimensions. The retrieval errors distributed by the individ-
combined CO experiments (left columns) and the AIRS andyal teams (AIRS and TES in this case) are defined and com-
MLS combined CO experiments (right columns). These analputed differently, which means they cannot be used together.
yses’ pressure levels are fixed except for near the surfaceae used the statistics of the validation summaries from var-
The vertical correlation model for AIRS and TES is shown jous studies to derive one global set of error profiles (Luo et
in Fig. 2 right panel and has the form al., 2007; McMillan et al., 2011; Warner et al., 2007, 2010;
_ A2 Yurganov et al., 2008) to reduce prescribed errors for AIRS
pulln) = eXp(=Az) ). © in the mid-troposphere and for TES in the lower troposphere.
where Additionally, we considered the statistics of the averaging
Inp, —Inp @ kernels (AKs) from AIRS and TES to weight the relative

Azin = L importance of the data in the vertical dimension. We have
Z
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J. X. Warner et al.: Global carbon monoxide products 107
Table 1. The pressure levels used in combined AIRS (background —
and analysis) and TES (observations) CO (left columns), and com- A
bined AIRS (background and analysis) and MLS (observations) CO 200 i
(right columns).
Combined AIRS and TES Cq) Combined AIRS and MLS CO |
Background Observation# Background Observations
1085.39343 1000.00  217.6866 215.4435 4001 ]
1056.51599 980.00  206.4598 146.7799 © r T
1028.04346 970.00  195.6079 100.0000 o I
999.94598 941.20  185.1208 68.1292 ©
972.26398 908.51  174.9984 46.4159 2 I T
944.99750 82540  165.2408 31.6228 8 600F -
918.12610 74989  155.8378 21.5443 a | |
891.68030 681.29  146.7794 14.6780
865.63971 618.9§  138.0756 10.0000 - -
840.01459 562.34  129.7061 6.8129 I
814.80499 51089  121.6711 4.6416
790.02087 464.16  113.9704 3.1623 800 —
765.64209 42169 106.5838 2.1544 I
741.68878 383.1 99.5255 1.4678
718.16119 348.0 92.7782 1.0000 I T
695.04901 316.2 86.3380 0.6813 I l
672.36230 287.2 80.1977 0.4642 10000 o L o .
650.10120 261.0 74.3533 0.3162 0 5 10 15 20
628.26569 2371 68.7966 0.2154 standard deviation of CO error (ppbv)
606.84552 215.4 63.5227 0.1468
585.85107 195.7 58.5243 0.1000 . . -
56528198 177.8 537945 00464 Fig. 3. Prefscrlbed.& standard deviation of the_ CO global error for
545.13861 161.5 49.3260 0.0215 AIRS (SO'Id blue Ilne) and TES (dashed red Ilne).
525.42078 146.7 45.1129 0.0100
506.11841 133.3 41.1481 0.0046
487.23141 121.1 37.4244 : .
46878009 1100 33.9348 fou_nd that con;truqtlng the global error profiles frqm our ex-
450.73410 100.0 30.6711 perience of validation and the retrieval AKs provides a bet-
433.11371 27.6263 ter estimate than the errors distributed by the retrieval teams.
g;g?;ggé ;;‘Zggg Although we used 1-D background error SDs as an approx-
382.75519 19.7300 imation for this study, the extension to 2-D error fields and
366.78641 17.4867 the inclusion of seasonal variations is possible although not
351.23300 15.4227 . ; ;
336.09500 13 5390 trivial, and will be the subject of a future study.
321.35220 11.8074
307.01471 10.2399
293.07239 8.8216 4 Results
279.53540 7.5450
266.39359 6.4020 .
253 63670 5.3848 4.1 Combined AIRS and TES CO
241.26500 4.4855
229.28830 3.6961 We show in this section results from applying the data fusion
gég'igggg 3'2222 methodology to AIRS and TES CO data. AIRS V5 L2 and
195.60789 19105 TES V3 CO volume mixing ratios (VMRSs) at 500 hPa for
185.12080 1.4837 4 March 2006 are shown in Fig. 4 to demonstrate the data
174.99840 1.1287 coverage pattern, where the squares represent AIRS foot-
165.24080 0.8379 . ) . !
155 83780 0.6043 prints and the filled .C|rcles represent TES pixels. TES step
146.77940 0.4208 and stare (SS) special observations (SO) were taken to coin-
Sg-%g% g-iggi cide with the INTEX-B experiment (Singh et al., 2008jtp:
121.67110 01041 /www.espo.nasa.gov/intexybThe pixel sizes in Fig. 4 do
113.97040 0.0554 not represent the correct proportions of the sizes for the AIRS
lgg-ggggg 8-832; field of regards (FORs) at approximately 45 k45 km and
92.77820 ’ the TES field of views (FOVs) at 5 kix 8 km.
86.33800 The vast majority of the AIRS pixels are not at nadir
80.19770

www.atmos-chem-phys.net/14/103/2014/

nor collocated with TES due to the coverage differences be-
tween the two sensors, so the data fusion scheme described
in Sect. 3 is needed to distribute TES narrow swaths onto
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black box outlines the location of the DC-8 in situ spiral profile.

the global coverage of AIRS to produce daily maps. Results
show that in vertical regions where AIRS has lower mea-

surement sensitivity, i.e., the lower and upper troposphere,
the retrievals can still provide sufficient spatial variability (or

patterns), even though they may not be able to produce the
correct magnitude (see Fig. 4). Consequently, the TES CO
profiles are horizontally distributed based on the AIRS vari- Fig. 5. Grid-averaged monthly zonal means with AIRS CO (left top
ances. panel), analyzed CO (left middle panel), analysis increment (left

We first demonstrate the overall performance of databottom panel), AI.RS CQ interpolated to TES Iocgtion (right.top
fusion applied to global AIRS and TES CO data using panel),TES_ CO (right middle panel), and TMA showing TES minus
the methodology described in Sect. 3. The monthly grid-AIRS CO (right bottom panel).
averaged zonal means for March 2006 are shown in Fig. 5
for AIRS CO (left top panel), the analyzed CO (left mid-
dle panel), the analysis increment (i.e., the analysis minusll vertical regions compared to the AIRS V5 CO products
background) (left bottom panel), and AIRS CO interpolatedbased on our previous experience.
to TES locations (right top panel), TES CO (right middle = The horizontal CO distribution at approximately 944 hPa
panel), and TES minus AIRS (TMA) (right bottom panel). from a monthly mean grid-averaged data set for March 2006
CO data are averaged if & 1° latitude and longitude grid is shown in Fig. 6 with TES CO (top panel), AIRS CO (mid-
boxes. The CO data range of the zonal mean analysis hadle panel), and the analyzed CO (bottom panel). The analy-
increased significantly, especially in the lower tropospheregsis from the data fusion scheme presents much more realis-
compared with the background AIRS CO values shown bytic CO values based on our previous knowledge and valida-
the left column top two panels, as mirrored by the differencestion results compared with the background CO values from
between TES and AIRS on the right. This is an improve- AIRS. In particular, the CO analyses show distinct plumes in
ment over AIRS V5 CO retrievals based on previous studieghe NH associated with emissions and the SH shows the ex-
(Warner et al., 2010; Yurganov et al., 2008). Quantatively, thepected relatively low values of CO. The analyzed CO agrees
analysis increment shows a decrease in the Southern Hembetter with TES CO than with AIRS CO, with higher CO
sphere (SH) lower troposphere of more than 40 ppbv (partvalues in the NH and lower values in the SH compared to
per billion volume) and an increase in the Northern Hemi- AIRS, and it provides much better continuity in data cover-
sphere (NH) lower troposphere of as much as 40 ppbv. Thege compared with TES CO values. Similarly, Fig. 7 shows
analysis increment is minimal in the mid-troposphere be-the monthly mean grid-averaged CO distribution at approx-
tween 400 and 600 hPa to withihl0 ppbv. There are also imately 506 hPa. Unlike at 944 hPa, the analyzed CO distri-
highly increased values of the analysis increment at the tropbution is very similar to the AIRS background CO. Note that
ics and decreased values at mid- and high latitudes abovehese examples use monthly mean results to demonstrate the
250 hPa in the UTLS. These results show improvements irstability of the technique over time, and the main advantage

Pressure hPa

80 700
60S 30S EQ 30N 60N
L e

300

ry
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Fig. 6. Grid-averaged monthly mean CO distribution at approxi- Fig. 7. As Fig. 6 except at 506 hPa.
mately 944 hPa with TES CO (top panel), AIRS V5 CO (middle
panel), and analyzed CO (bottom panel).

portions of TES measurements show similar features as ob-

served by DACOM in the lower troposphere where the AIRS
of this technique is the availability of daily maps that matchesobservational signals are relatively weak. As shown in the
AIRS coverage, whereas there are only a few narrow track$ottom panel, the mid-troposphere CO concentrations resem-
per day from TES routine survey products. ble AIRS retrievals in the mid-troposphere while following

For validation purposes, we have collocated the TES andhe lower-tropospheric CO values from TES. The combined

AIRS footprints with the independent INTEX-B in situ mea- products show higher CO VMRs in the lower troposphere,
surements by selecting the retrievals from the nearest pixelsvhich improves the agreement with the in situ measurements
Figure 8 shows the curtain plots for CO VMRs along TES to within 10-20 ppbv (see red color pixels in Fig. 8 bottom
footprints for the DACOM CO measurements (top panel), panel vs. top panel).
TES V3 CO retrievals (second panel), AIRS V5 L2 CO A profile validation against the DACOM in situ CO mea-
retrievals (third panel), and the combined CO VMRs pro- surements is presented in Fig. 9. The DACOM in situ CO
duced by data fusion (bottom panel). The geographical respiral profile used in this comparison was obtained during
gion measured on the DC-8 plane on that particular day wasNTEX-B on 4 March 2006, near the center of the Gulf of
affected by agricultural fires in the southeast US, which re-Mexico, as denoted by a black square in Fig. 4 (Sachse et
sulted in high CO values in the lower troposphere as showral., 1987). The CO VMR profiles are shown on the left panel
by DACOM CO. AIRS V5 retrievals, using a single profile as in Fig. 9 as the in situ data (green), AIRS data (cyan), TES
the first guess, show good sensitivity in the mid-tropospheredata (blue), and the combined AIRS and TES data (red). The
(300-600 hPa), but the magnitudes of the retrieved results areombined profile agrees with the in situ profile much better
lower than DACOM CO by as much as40 ppbv below the than AIRS and TES profiles individually in the troposphere,
900 hPa level, in what is typically the boundary layer, due toespecially over the vertical regions below 400 hPa. The com-
reduced measurement sensitivity. TES senses higher CO sidpined profile is enhanced by AIRS information in the mid-
nals in the lower troposphere especially over land (north oftroposphere by approximately 10-15 ppbv compared to TES,
30° N); however, TES shows lower CO values between 200and by TES information below 750 hPa by nearly 20 ppbv.
and 500 hPa over parts of the oceanb$0-30 ppbv. Large  This shows an advantage of the data fusion method, in that it
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Fig. 9. A profile validation against the DACOM in situ CO measure-
ments on 4 March 2006 (left hand panel) with DACOM CO (green
curve), AIRS CO (cyan line), TES CO (blue line), and combined,
analyzed CO (red line). Middle panel shows AIRS AKs and right
hand panel shows TES AKs.

Pressure (hPa)
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4” 1(1)0 15'0 1m0 (HIPPO_Merged_Data_Users_Guide_20121130). TES CO
data are available for HIPPO-1 (8-30 January 2009) and
Fig. 8. Curtain plot validation against INTEX-B for AIRS and TES HIPPO-2 (31 October—22 November 2009) flights, but not
nadir pixels with DACOM CO (top panel), TES CO (2nd panel), for HIPPO-3 (24 March—16 April 2010), HIPPO-4 (14 June—
AIRS CO (3rd panel), and analyzed CO (bottom panel), respec-11 July 2011), and HIPPO-5 (9 August-9 September 2011)
tively. periods. We initially carried out this data fusion study when
only TES V3 CO products were available, which apply to
all results presented in earlier sections. Although newer TES
combines the best information characteristics from each sen€O products are available, the principle and advantages of
sor. The fact that the combined CO profile agrees with the inthe data fusion methodology still apply using TES V3 CO.
situ data better than both AIRS and TES is largely due to theWe attempt, however, to demonstrate the full potential of the
effect of the influence from neighboring pixels and from dif- technique and use the latest TES V5 CO in the HIPPO vali-
ferent height regions. The center panel shows the AIRS AKsdation.
which indicate that the AIRS measurement information is Figure 10 shows a summary of the differences between
primarily in the mid-troposphere, peaking at approximately the combined CO from AIRS and TES and CO from both
500 hPa. The right panel shows TES AKs at three selecteddIPPO-1 and HIPPO-2 flights. The averaged differences
retrieval pressure levels (825, 510, and 215 hPa), indicatingHIPPO —retrievals) for all available cases are plotted at 41
that, for this example, the maximum information responsi- vertical levels throughout the troposphere for AIRS (blue),
ble for the lower-troposphere CO retrievals peaks at levelsTES (cyan), and for the combined product (red), respec-
just above 900 hPa where the top of the boundary layer igively. Related error bars are computed from the dtan-
usually located (see blue line in right hand panel of Fig. 9).dard deviations of the differences between the observations
Although the final form of the AKs for the combined CO and the retrievals. The CO field errors below 700 hPa are
profiles, a nonlinear summation of the AKs from AIRS and reduced by more than half, from 19.9 ppbv to 8.7 ppbv at
TES, is not presented here, the combined information con766 hPa and from 33.4 ppbv to 11.9 ppbv at 918 hPa. In the
tent should increase in the lower atmosphere based on thmid-troposphere (350-600hPa), TES average errors (10—
contribution from TES. 14.3 ppbv) are twice as high as for AIRS1.1to—5.4 ppbv)

To extend our validation efforts, we compared the datain magnitude with similar SDs. Note that the errors are de-
fusion output with recently available in situ measurementsfined by HIPPO CO minus the retrievals, so the negative
from the HIAPER Pole-to- Pole Observations (HIPPO) ex- values indicate an overestimate by the retrievals. The errors
periment, which took place from January of 2009 to Septem-for both AIRS and the combined AIRS and TES are below
ber 2011 (Wofsy et al., 2012). The merged 10s best CCOb ppbv, with AIRS-retrieved CO lower than the HIPPO mea-
measurements are usetittp://hippo.ornl.gov/dataaccgss surements and the combined CO slightly higher than HIPPO
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Fig. 10. The differences between AIRS (blue), TES (cyan), and
the combined CO (red) and CO from both HIPPO-1 and HIPPO- 60
2 flights at 41 vertical levels. Related error bars are computed from 0 50
the Iv standard deviations of the differences between the observa-
tions and the retrievals. Positive differences indicate that the data fu- 40
sion approach works well such that the lower-troposphere analyzed_45 30
CO compared to AIRS CO and mid-troposphere analyzed CO com-
pared to TES CO have errors that have been reduced by more thar o = : 20
half in both cases. -9 10

0
-180 -135 -90 -45 0 45 90 135 180

. Fig. 11. Global CO retrieval comparisons at 147hPa for 4 March
CO measurements. The SDs are approximately the same 2006 daytime-only tracks, with AIRS V5 CO VMRs over-plotted

for AIRS_ Co an(_J the combined AIRS and TE_S COat5>- by MLS CO VMRs (ppbv) in the upper panel and the combined
20 ppbv in the mid-troposphere, and reduced in the lower troy|rs and MLS CO VMRS in the lower panel.

posphere from- 20-30 ppbv to~ 10—20 ppbv, with the com-

bined product having the lower error.

4.2 Combined AIRS and MLS CO retrievals V5 CO VMRs over-plotted by MLS CO VMRs in the upper
panel and the combined AIRS and MLS CO VMRs in the
MLS CO retrievals are combined with AIRS CO retrievals lower panel. The combined AIRS and MLS CO fields show a
using the same method as for AIRS and TES described inarge increase in their variability, with higher CO at low lati-
Sect. 3. Livesey et al. (2007) describe the error characteristicudes by approximately 10 to 20 ppbv 20 %) or higher, and
of these retrievals, and recommend that data not be used béswer CO at mid- and high latitudes (by 10 ppbv), in both
low the 215 hPa vertical level. Although we are using a newercases compared with the AIRS retrievals. Higher CO con-
version (V3.3) of MLS data, based on the errors provided bycentrations are identified as three large plumes over the trop-
MLS team fttp://mlis.jpl.nasa.gov/data/v3-3_data_quality ics that cannot be measured by any nadir instrument; these
document.pdf we choose to only use data above 215 hPa.features are expected due to the high tropopause and strong
We modified the data fusion methodology by using griddedconvection in the tropics. The decrease in CO values in the
data for AIRS and MLS as opposed to using L2 individual NH is also expected considering that the retrieved CO from
pixels in the case of AIRS and TES. AIRS CO retrievals area nadir-sensing instrument may be affected by the higher tro-
averaged into 3x 3° grids and MLS CO retrievals are aver- pospheric CO signals. It is difficult to resolve vertically the
aged into B8 x 6° grids, in both cases separated into daytime location of the high CO concentrations with thermal nadir-
and nighttime measurements. This is done to reduce noiseiewing instruments, since the weighting functions for CO
in the MLS CO data and to take into account that the MLS are generally broad and have very few (1-2) pieces of infor-
pixel represents a relatively long horizontal path due to limbmation in the troposphere.
viewing. Figure 12 shows the validation of the combined AIRS and
Figure 11 shows the global CO retrieval comparisons atMLS CO in the UTLS using in situ data from HIPPO flights.
147 hPa for 4 March 2006 daytime-only tracks, with AIRS Measurements from all 5 HIPPO flights are summarized into
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ics and transport issues, and provides a new set of measure-
T ments only from satellite sensors in that the analysis is not
o ARS dependent on model information. Results from this study
have shown that the technique works well, generally provid-
ing improved CO products compared with those from each
individual sensor. The combined AIRS and TES CO prod-
ucts showed improvements of 10 to 40 ppbv, and the com-
bined AIRS and MLS CO products showed improvements
of 10 to 20 ppbv above 175hPa, based on validation using
180F I - INTEX-B and HIPPO in situ measurements. The combined
data sets retain the twice-daily nearly global coverage due
to AIRS’s wide swaths and the implementation of a cloud-
200F | 7 clearing algorithm that reconstructs cloudy pixels to recover
more than 50 % of the daily measurements, compared to less
220 [ — S— \ \ than 10 % clear-sky coverage.
60 —-40 -20 O 20 40 60 This study provides a new framework to combine different
ACO (ppbv) measurements without the use of a model. We have demon-
strated the feasibility of the data fusion technique using A-
Fig. 12. Validation of the combined AIRS and MLS CO VMRS train measurements from AIRS, TES, and MLS. However,
(ppbv) (red lines) in the UTLS regions using HIPPO (HIPPO nis technique can be easily adapted to include direct and in
—retrle_vals) with b SDs, compare_d W'th AIRS CO VMRs (ppbv) situ measurements and/or other satellite products, and take
(blue lines). Posm\_/e differences |n_d|cate_that the data fu3|_on ap'advantage of the mature approaches developed in the field of
QLZ?EZixgglsyvt\:glL Ir:t tr:i;rlzbselfglons With an error reduction of data assimilation. Further studies will examine in detail error
estimation and the constraints provided by satellite products.
Data fusion for other atmospheric species such as ozone and

the difference plot between HIPPO CO and the satellite prodWater vapor using this technique is also possible and should
ucts (HIPPO minus retrievals), shown as the blue curve forPe€nefit chemical and dynamical studies of the UTLS.

AIRS V5 CO, cyan curve for MLS CO, and the red curve

for the combined AIRS and MLS CO in Fig. 12. The solid _ _

lines are the average errors showing 5 to 10 ppbv improve#\cknowledgementsThis study was partially supported by the
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