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Abstract. CO mixing ratios for the lowermost 2-km atmo- 0.92. Averaged seasonal and diurnal cycles measured by the
spheric layer were retrieved from downwelling infrared (IR) AERI are compared with those measured continuously in situ
radiance spectra of the clear sky measured between 2002 arad the SGP in the boundary layer. Monthly mean CO values
2009 by a zenith-viewing Atmospheric Emitted Radiance In- measured by the AERI between 2002 and 2009 are compared
terferometer (AERI) deployed at the Southern Great Plaingwith those measured by the AIRS over North America, the
(SGP) observatory of the Atmospheric Radiation Measure-Northern Hemisphere mid-latitudes, and over the tropics.
ments (ARM) Program near Lamont, Oklahoma. A version
of a published earlier retrieval algorithm was improved and
validated. Archived temperature and water vapor profiles
retrieved from the same AERI spectra through automated1
ARM processing were used as input data for the CO re-carphon monoxide is a by-product of any combustion, both
trievals. We found the archived water vapor profiles requ'redanthropogenic and natural (e.g., wild fires), and a result of
additional constraint using SGP Microwave Radiometer re-photochemical conversion from methane and other carbona-
trievals of total precipitable water vapor. A correction for qqys gases (Bergamaschi et al., 2000). Primarily, it is re-
scattered solar light was developed as well. The retrieved CQy,oved from the atmosphere through reaction with hydroxyl
was validated using simultaneous independently measure(bH) (Spivakovsky et al., 2000). CO is a relatively short-
CO profiles from an aircraft. These trop_ospheric CO profiles|jyeq gas (life time~2 months) conveniently measured in
were meas_ured from the surface to altitudes of 4572 ma.s.lgjy, using gas-chromatography, non-dispersive infrared (IR)
once or twice a week between March 2006 and Decembefechnique, diode lasers, open path Fourier Transform IR
2008. The aircraft measurements were supplemented W”Qpectrometrs (FTIR) (Sachse et al., 1987; Jaffe et al., 1998;
ground-based CO measurements using a non-dispersive if5oode et al, 1999; Novelli et al., 2003; Nedelec et al., 2003).

frared gas correlation instrument at the SGP and ret”eval%un-viewing spectrometers supply remotely sensed CO to-
from the Atmospheric IR Sounder (AIRS) above 5km {0 cre- 5] column amounts and some information about the verti-

ate full tropospheric CO profiles. Comparison of the profiles -5 gistributions of CO (e.g., Dianov-Klokov and Yurganov,
convolved with averaging kernels to the AERI CO retrievals 19g1- zander et al., 1989; Rinsland et al., 1998). Space-
found a squared correlation coefficient of 0.57, a standard)aseq remote sensing IR spectroscopic techniques (Reichle
deviation of+11.7 ppbv, a bias of-16 ppbv, and a slope of gt 5|, 1990; Buchwitz et al., 2004; McMillan et al., 2005;
Edwards et al., 2006; Turquety et al., 2009) provide informa-
tion about CO mixing ratios in the free troposphere. CO is

Correspondence td:. N. Yurganov widely used as a tracer of biomass burning (McMillan et al.,
BY (yurganov@umbc.edu) 2008a, b; Edwards et al., 2004; Turquety et al., 2009) and
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anthropogenic pollution (Clerbaux et al., 2008; McMillan et s ess e g
al., 2008a, 2009a). CO measurements are helpful for vali- 20060730, SGP |
dation of Chemical Transport Models (CTMs) (Zhang et al.,
2008), and as input information for source inversion models
(Fisher et al., 2010; Kopacz et al., 2010). H'U 10_- .
This paper presents results of remote sensing CO mea-
surements using the Atmospheric Emitted Radiance Interfer-
ometer (AERI) at the Southern Great Plains (SGP) site of
the United States Department of Energy (DOE) Atmospheric
Radiation Measurement (ARM) Program. As stated at its of-
ficial web site bttp://newdesign.arm.gov/aboyt/ARM is
a multi-laboratory, interagency program, and is a key con-
tributor to national and international research efforts related
to global climate change. A primary objective of the pro-
gram is improved scientific understanding of the fundamen-
tal physics related to interactions between clouds and radia-  © — T
tive feedback processes in the atmosphere. ARM focuses on %% 2090 2200 2400 2600 2800 3000
obtaining continuous field measurements and providing data Wavenumber, cm *

products that promote the advancement of climate models”. ) _ )
A retrieval technique used in this paper is an improved Fig. 1. An example spectrum of atmospheric zenith-sky radiances

version of that described by Wang et al. (1999) and He ef"¢asured by the SGP AERI on 30 July 2006 at 12:45UTC together
al. (2001). They reported the first results of CO retrievaIsWIth that calculated for the constant CO profile with mixing ratio

f ) h ) f h . 8.4 ppb (inserted). Green circles indicate locations of CO lines.
rom the AERI SC:‘P spectrafora S ort period betw_een 2an lack bars correspond to locations of transparent windows used for
4 March 1998 using a code specified here as version 1 (V1)estimates of scattered solar radiance.

In the present paper, the v1 retrieval algorithm was modified

and is designated now as version 2 (v2). Here, we present

validation and analysis of CO retrievals from the SGP AERI _ . . . ,

from 2002 through 2009. A more comprehensive anaIySiSavallable online tgttp://www.archive.arm.ggv  The AERI

of this data set, possibly extended back to 1997, will be themeasures the downwelling absolute infrared spectral radi-

SUbjECt of future pUb"C&tiOﬂS. ance (|n watts per square meter per steradian per wavenum-

The SGP AERI CO retrievals between February 2006ber) emitted by the sky directly above the instrument (Knute-

and December 2008 are validated using three independenﬁ,0 gt?;:t}iggizé?)'I;hsr'?gl_R)l tsérr)scggﬁig t;igis:t;?rv'gvif'
simultaneous, and collocated sets of CO data: (i) quasi- 9 ylay P b

continuous in situ measurements of CO mixing ratios fromg:Stg%lgg;nz&ﬂtzg E;I'riiégg(%oﬁgghe?tsl" 11333 ; [T)Légi:,g:
a 60 m tower (Biraud et al., 2007), (ii) in situ CO profiles " ' prop " '

. et al., 1999; Turner et al., 2003), carbon monoxide retrievals
measured from aircraft between 83 m and 4572 m above th ' ’ ' A : )
ground (Sweeney at al., 2010), and (iii) CO profiles retrieved?He etal., 2001), and other applications (Minnett et al., 2001;

from a space-borne AIRS sounder for altitudes above 5 kr’r}'\la”i etal., 2008). The AERI rT;Easurements cover the spec-
(McMillan et al., 2009b). The 7.5-year period of the AERI ral range from 520 to 3300Cm(3-19.2m) with an un-

CO retrievals, 1 January 2002 through September 2009 ig podized spectral resolution of 1.0c(1cm optical path

. . , i ifference). The instrument field-of-view is 2.3In normal
analyzed and interpreted in terms of changes in fossil fue . . ; .
) . . operation, a calibrated sky radiance spectrum (3-min aver-
and biomass burning emissions.

age) is produced approximately every 8 min utilizing views
of two precisely monitored high emissivity calibration black-
bodies (Knuteson et al., 20044, b).

A sample spectrum of atmospheric zenith-sky radiances
The SGP site (3636 18.0’ N, 97°29 6.0’ W) is located in  measured by the SGP AERI on 30 July 2006 is plotted in
northern Oklahoma, southeast of the town of Lamont. ItsFig. 1. One line of the P-branch and nine lines of the R-
central facility is surrounded by cattle pasture and wheatbranch of the CO 1-0 fundamental vibration-rotation band
fields. “The instruments throughout the site automaticallyappear as spikes in the radiance spectrum at the frequen-
collect data on surface and atmospheric properties, routinelgies indicated by the green circles. Other spikes in the in-
providing data to the Site Data System, which is linked by set spectrum arise from water vapor emission. Two trans-
high-speed communications to the ARM Archive and Dataparent intervals (windows) represent spectral intervals with
Center”. fittp://newdesign.arm.gov/sites/sgp.strithe col-  minimal contribution from atmospheric gases. However, ra-
lected data and derived products are archived and publiclgiation emitted and scattered by aerosols, thin clouds, and
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2 Location, instrument, and retrieval procedure
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other sources influence measurements in the spectral win- Averaging Kernel

dows. For example, during the daytime, a tail of the solar o0 05 10 15 20 25
radiation scattered by aerosols and thin clouds often shows

up between 2500 and 3000ch The contribution of this 200
solar radiance for the interval between 2130 and 2190'cm
should be small, but it is variable both diurnally and day-to-

day due to aerosol scattering. This scattered sunlight depends 400
on the solar zenith angle, aerosol abundance, and the pre§-
ence of thin clouds (especially Ci). Spectra for thick clouds g

are removed from our analysis as discussed below.

The basic AERI CO retrieval procedure was originally
developed and validated for retrievals from space- and air<
borne IR spectra (McMillan et al., 1996, 1997, 2003) and 8o
subsequently modified for retrievals from the AERI spec-
tra (Wang et al.,, 1999; He et al.,, 2001). It is a one-
parameter (CO column) retrieval algorithm based on tem- 1000+
perature and water vapour profiles already retrieved from
other portions of the same AERI spectra and archived. Ra-
diative transfer calculations between 2100 and 2200'cm _ _
tive Transfer Algorithm (kCARTA) (De Souza-Machado et ' '

: . data. The composite (“true”) profile consists of the in situ tower
al., 1997). Archived temperature and water vapor profile '€ measurement, in situ aircraft data (below 600 hPa level, from 16:36

trievals have been performed by automated ARM processing, 18:15 UTC), and AIRS v5 L3 product for 27 April 2006, around
using standard AERI software developed by the University1900 UTC. Black triangles are for composite profile convolved with
of Wisconsin (Feltz et al., 1998). The water vapour profileSthe AERI averaging kernel. Magenta triangles are used for the
were retrieved from the 538-588 cthand 1250—1350 crit convolved composite profile averaged over the altitude. Also plot-
spectral regions.The temperatures were determined using tHed are the constant 100 ppbv a priori CO profile (red diamonds),
lines in the 620—720 crt spectral region of the 15um GO  the AERI v2 retrievals averaged between 16:30 and 17:30UTC
band. The Rapid Update Cycle-2 (RUC2) or Global Fore- (blue_gircles), and the CO averaging kernel calculated for the given
cast System (GFS) were used as forward models (Feltz et alconditions.
1998; Smith et al., 1999; Turner et al., 1999; Feltz et al.,
2003). . . _ .
In the v1 and v2 CO retrieval algorithms, a constant tropo-Processing technique (not to be confused with a Fourier
spheric CO mixing ratio profile (from 100 mb to the surface) transform spectrometric technique), called the Welch method
is perturbed from the initial value of 100 ppb to minimize the (Candy, 1988; Fante, 1988), we can quantify the amplitude
spectral residuals due to CO. However, the vertical sensitivityof the sinusoidal residual with a good rejection gi®icon-
of this technique is not uniform. Figure 2 shows a represeniamination. Spectral residuals are computed for constant CO
tative averaging kernel for the v2 CO retrieval and indicatesmixing ratios of 50, 100, 200, and 400 ppbv and a cubic inter-
that most of the signal comes from the boundary layer. ThePolation is applied to the cross-spectral density computed via
AERI CO averaging kernels and this figure are discussed irthe Welch method to retrieve the best fit constant CO mixing
more detail in Sect. 3. ratio (McMillan et al., 1997). In spite of its relative simplic-

As detailed in McMillan et al. (1997), a brightness tem- ity, this technique ensures a good retrieval accuracy (in most
perature spectrum for the v1 algorithm is calculated for con-cases, better than 10%, see discussion below) combined with
stant tropospheric CO mixing ratios using the best avail-relatively fast spectra processing (1-2 min per spectrum).
able spectral constants from the HITRAN-2004 compila- The basic cloud filtering technique is described by He et
tion (Rothman et al., 2005) and the aforementioned AERIal. (2001). Spectra contaminated by thick or low clouds ex-
temperature/bO retrieved profiles. Then a difference (or hibit a low brightness contrast within the 2100-2200¢m
residua) between the calculated and measured spectra is despectral range. Low contrast results in lower retrieved CO.
rived. As a result of the regular spacing of the CO lines, theAlthough this spectral contrast shows some seasonality, He
shape of this residual at AERI’s 1 crhresolution is nearly et al. (2001) found contrasts40 K between the most trans-
sinusoidal. The amplitude of thBO signalis proportional  parent and opaque portions of the 2100—2200tspectral
to the difference in column CO between the observed andange indicate the presence of clouds. However, this filter-
calculated spectrum. Only one piece of information abouting alone does not find all clouds. Thin clouds, especially
CO (namely, air pressure-weighted mixing ratio) is retrievedcirrus, may display a contrast40 K, yet their presence can
from each spectrum. Utilizing a standard Fourier signalinfluence the 2100-2200 cmh spectral region by scattering
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PWV, AERI, cm Fig. 4. An example of AERI-derived PWV compared with MWR-

derived PWV (top two curves). The bottom two curves are individ-
Fig. 3. Comparison of precipitable water vapor (PWV) retrieved ual CO retrievals with input water vapor profiles from AERI spec-
from the AERI spectra and from MWR data during 2006. The tra (red) and AERI-derived water vapor profile scaled using MWR

squared correlation coefficient is 0.956. PWV (black).

of solar photons during the day. The effect of these clouds Figure 4 presents an example of the impact of PWV on
can be comparable to solar scattering by aerosols. A metho@O retrievals for a humid summer day, 30 July 2006. The
of correction for such cases is described below. top panel shows PWV measured by the MWR and the AERI.
Ongoing research is investigating the possibility of simul- AERI PWV increased instantly, from one AERI spectrum
taneously retrieving BL and mean free tropospheric (MFT)to the next, around 03:00 UTC (21:00LT) and rapidly de-
CO mixing ratios from the AERI spectra. Preliminary sensi- creased around 12:00 UTC (06:00 LT); MWR PWYV changed
tivity studies indicate this should be possible roughly 75% of much more gradually. Such dramatic jumps in PWV mea-
the time. In addition, work will soon start on a new fast ra- sured by the AERI in contrast to much more gradual changes
diative transfer algorithm to enable reprocessing of the AERIin PWV measured by the MWR allows us to assume that
spectra for CO, C@ and CH, retrievals. Parallel research the MWR measurements of PWV are more precise. This
with collaborators at the University of Wisconsin-Madison can be explained by the nature of the AERI retrieval tech-
includes improvements to the AERI temperature and watemique, which is designed for theo® profiles. Most of the
vapor retrieval algorithms. water vapor, especially for humid conditions, is concentrated
in the boundary layer and large vertical gradients of the wa-
ter vapor mixing ratios are difficult to estimate with the AERI
spectral resolution. The bottom panel illustrates the impact
of this PWV error on the retrieved CO. Variations in the re-
Asitis well known (see, e.g., Sussmann and Borsdorf, 2007)trieved CO using the AERI water vapor profiles closely fol-
the CO fundamental band is overlapped by numerous watow the temporal variations in AERI PWV. However, CO re-
ter vapor lines. To estimate the impact of systematic precip+rievals using the AERI profiles scaled by the MWR PWV are
itable water vapor (PWV) errors on retrievals of CO from the much smoother but show temporal trends independent of the
AERI spectra, we employed independent measurements g{i\wR PWV. Our v2 AERI CO retrieval algorithm scales the
PWV made by the SGP microwave radiometer (MWR) (Lil- AERI retrieved water vapor profiles by the uniform ratio of
jegren, 1994). Turner et al. (2007) investigated the accuracPWVywr/PWVagr: determined separately for each AERI
of the MWR PWV and found the disagreement with coinci- spectrum. For the next version of the retrieval algorithm an
dent scanning Raman lidar and radiosondes was well belowption to retrieve CO and #D jointly will be considered.
+10%. Although generally well correlated, we have found
the differences between the AERI and MWR PWV can be as2.2  Influence of scattered light
large as 20-40%. The largest discrepancies appear for PWV
>3cm (Fig. 3) where the AERI often overestimates PWV. The version of KCARTA used in this work calculates radi-
However, we note that for PW\¥3 cm, agreement between ances for aerosol-free and cloud-free atmospheres and it uses
the AERI and MWR PWYV is much better. empirically-based corrections for water vapor continuum

2.1 Influence of water vapor profile errors on AERI
CO retrievals

Atmos. Meas. Tech., 3, 1319331 2010 www.atmos-meas-tech.net/3/1319/2010/
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between 2142.7-2144.1crth and 2167.2-2168.7 ¢t used for
verification of KCARTA calculations. Differences between mea-
sured and calculated radiances for daytime and nighttime are plotted

120 4

mixing ra

=—Lin. Fit 18 Jun

1104 ———Lin. Fit 20 Jun

as a function of PWV. 8 Lin. Fit 7 Jul
100 H
Y =106 - 164 * X
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emission/absorption. It does not take into account contin- 005 0.00 0.05 0.10 015
uum emission/absorption from any short-lived complexes of Radiance (Meas. - Calcul), mW /(m “srem )

molecules, e.g., water dimers. Because clouds and aerosols . o _
are not included, there is no accounting for scattered sunEig- 6. Top panel: the top three curves (rightis) illustrate daily
light. To estimate contributions from these ignored factors,Va”at'ons of the radiance differences (RD) for three days in 2006

observed radiances in two transparent intervals of the spectrd! W transparent windows of the CO band (see Fig. 1). The bot-

} tom three curves (lefy-axis) show the corresponding CO mixing
2.142'7_2144'1 cm and 2167.2-2168.7 cm (black bars in . ratio retrieved from the AERI spectra for these days. Bottom panel:
Fig. 1), are compared to those (,:alcmat?d by kCARTA. Flg'the CO and RD points from the top panel that are plotted against
ure 5 demonstrates that this radiance difference (RD) mostly.ach other for each of the three days along with the best fit linear
lies inside the limits+0.1 mWi/(srnfcm™) for the entire  regression lines.
range of PWV experienced at the SGP. For P\Wgcm,

RD is slightly positive on average: .4 0.04) in the same

units. At larger PWV, RD diminishes and becomes nega-measured spectra ignored by the forward model. Little diur-
tive for the largest observed PWV. Overall, the RD is slightly nal variation is apparent. The lowest RD is close to zero and
larger during daytime than at night. occurs on the clearest days. FeBcm, a decreasing trend
We believe the RD pattern evident in Fig. 5 arises from appears. This negative trend might be explained by an over-
an incomplete accounting for the following sources of ra- estimation of water vapor continuum emission which is more
diation: (i) emission from aerosols and thin clouds them-evident as the atmospheric water vapor amount and tempera-
selves, (ii) water vapor continuum emission/absorption, andure increase.
(i) sunlight scattered from aerosols and clouds. Cases with The solar radiation scattered by aerosols is expected to
thick clouds are removed by the previously discussed clouchave a maximum at local solar noow18:30 UTC). Three
filter procedure. Emission from aerosols and thin cloudsexamples of cloud-free days in 2006 are given in Fig. 6
themselves would be expected to exhibit no diurnal varia-(another example is displayed in Fig. 10). Anticorrela-
tion and should not depend on the total amount of water vation between single measurements of CO and correspond-
por, i.e., PWV. Although an error in water vapor continuum ing radiance errors is obvious (squared correlation coeffi-
also should show no diurnal variation, it would display an cients are around-0.7), particularly for 18 and 20 June.
increasingly significant impact with both PWV and temper- Moreover, the time-series of retrieved CO for these two days
ature. Scattering of solar photons should correlate stronglexhibits a minimum roughly symmetric about local solar
with the solar zenith angle and be maximal around noon. Thenoon,~18:30 UTC. Absent other factors and assuming con-
quasiconstant positive RD for PW¥3 cm is consistent with  stant CO, the retrieved CO would minimize at solar noon
the presence of emission from aerosols and thin clouds in thelue to the filling in of the transparent CO line wings by

www.atmos-meas-tech.net/3/1319/2010/ Atmos. Meas. Tech., 3, 13392010
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scattered solar photons. However, the amount of solar scat- 0 6 12
tering also depends on the amount (total optical depth), type, 126
and vertical distribution of aerosols present. This variation
is evident in the different slopes of regression lifeébot- 122+
tom panel) for these three days varying betwed&s0 and 1204
—164 ppb/mW/(m srcnm ). This, and even larger, range of
regression slopes is representative of the entire SGP AERI
CO retrieval data set. Thus, it is impossible to determine a
single value of§ that fits most of data.
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Figure 7 illustrates our second attempt to derive a cor- Lo corz0 N %
rection algorithm for scattered sunlight through examination 11010 «80

of the mean diurnal cycle of retrieved CO from all 2006 108 1o co20
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AERI spectra. Obviously the v1 CO retrievals (bottom curve, 106 10— AERM1 . . .
blue with pink diamonds) are anticorrelated with the mean 0 6 12 18 24
RD (top curve, thin black line). The other curves repre- Time UTC (Central Time + 6h), hours
sent linear subtraction df*RD values to the hourly mean

vl CO retrievals. Trial values of range from 0 (i.e., CO Fig. 7. Mean diurnal cycles. Top curve and right scale: a difference
v1) to —190. As the value of increases, the anticorrelation between measured and calculated radiance (RD) in the windows-
evolves into a correlation. The case with= —40 is closeto  Bottom curves and left scale: mean diurnal cycles of CO mixing
the minimal correlation between CO and RD. We chose thigratio retrieved from the AERI spectra for 2006 and corrected for the
value of$ for correction of scattered sunlight in the v2 AER| Scattered light using for different slopes, of the correlation be-
CO retrievals. However, on average, a 7 ppb diurnal cycle ofVé&n CO and RD. The AERI v2 curve corresponds to the slope of
CO remains even after correction. This diurnal cycle might_40 where the anticorrelation of CO and RD minimizes.

be real and will be compared with in situ measurements in

CO mixing ratio, ppb

the discussion section. to 3%. Temperature profile errors, according to Feltz et
al. (1998) do not exceed a few K. These errors propagate in

2.3 Summary of errors the errors of CO retrievals as1.5%, for most real synoptic
situations.

Six major sources of error influence the accuracy of the re- CO's sensitivity to radiance error due to missing non-

trleved.CO:_ (1) spectral noise, (2) errors in the AERl Spec'gaseous components in the forward model was investigated
ral gahbranon, 3) €rrors In thg t(_amperature profiles, (4) ?r'during days with stable in situ CO measured at the tower
rors in the HO profiles, 5) emission from aerosols and thin and changing solar radiance around noon. The retrieved
clouds, and (6) scattered sunlight. The spectral noise irbO ;

: ; changes by 1% for the RD changing by 0.02 m\W/(m
the CO reg|on1(2100f2200 crh is on the order of 0.005 srcnTl). The error due to aerosol and thin clouds is differ-
mw(rm srem )- Th|§ spectral noise causes an error of ent for PYW <3 cm and for PVW-3 cm. For low humidity,
about 0.75% in the retrieved CO (He etal., 2001).  yhis RMS error is less than 2%, for high humidity it is around

The required accuracy of AERI spectral calibration is esti- 405 1y this paper we tried to correct for this error and gener-
mﬁted by Knuteson et al. (2004a) gs t_)etter than O.Qlldm ally v2 is more accurate than v1 for nighttime. Around noon,
This accuracy of the spectral calibration was confirmed by, o evar the error may be as high as 10-20% in cases of
Knuteson et al. (2004b) using HITRAN-based calculationsStrong séattering from aerosols.
of downwelling radiance. Special retrievals for model spec- 114 total RMS error of one CO measurement can be es-

. 1 .
tra shifted by 0.01 cm* along the wavenumber scale in both timated, assuming them statistically independent:-d86

directions have been performed by us and the error in CQor low humidity days, andt6% for high humidity days.
amount was found less than 0.1%. Around noon, a special consideration is necessary and in-
Feltz et al. (1998) investigated the accuracy of AERI tem-genendent estimates of aerosol concentrations are required:

perature and water vapor profile retrievals. The influenceyinerwise CO amounts might be underestimated by 15—20%.
of these errors on CO was estimated by He et al. (2001),

who obtained 1.5% (temperature) and 2.5% (water vapor)3 Validation

Their analysis, however, did not include the most humid

days and PWV from integrated AERI,B® profiles was not  As previously mentioned, three independent correlative data
compared to MWR data. We found that for PV¥A3 cm sets were used to build composite ground-truth CO pro-
AERI-derived PVW is overestimated in comparison with the files at the SGP site for validation of AERI CO retrievals:
MWR-derived value by 25-30%. This error results in 15— (i) quasi-continuous in situ CO measurements from the 60
20% error in CO. However, constraining the water vapor pro-m tower at the SGP (Biraud et al., 2007), (ii) in situ CO
files by MWR-derived PVW reduces this uncertainty down profiles measured from aircraft between 83 m and 4000 m
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above the ground above the SGP (Sweeney et al., 20t0; In practice, AERI CO AKs were calculated using Jaco-
Ilwww.esrl.noaa.gov/gmd/ccgg/aircraft/index.htnaind (iii) bians computed by the KCARTA forward model. This greatly
CO profiles retrieved from AIRS for altitudes above 5km speeds the computation of the perturbed spectra as described
(McMillan et al., 2009b). An example composite profile is below. For each matching day, the mean temperature and
plotted in Fig. 2. water vapor profiles retrieved from AERI spectra near the

In situ CO measurements from the 60 m tower (413 m a.s.ltime of the aircraft profile were input to kKCARTA along with
at the foot) at the SGP site are acquired by thea 100 ppbv constant tropospheric CO mixing ratio profile to
Lawrence Berkeley National Laboratory (LBNL) using a produce a baseline synthetic downwelling infrared spectrum
non-dispersive infrared gas correlation instrument (Thermoand Jacobians on the standard kCARTA 100 pressure layers.
Scientific TE-48C). This instrument has been modified with The Jacobian for each layer is defined as
additional pressure control, frequent zero correction and
multi-point calibrations to provide precision and accuracy ARadiance 1
near 5 ppbv judged by comparison with NOAA network flask A CarbonMonoxide @)
measurements (Potosnak et al., 1999).

The in situ CO profiles at the SGP site are measuredTherefore, the radiance change due to a perturbation in CO
weekly by the NOAA Earth System Resources Laboratoryis simply given by multiplying each level's Jacobian by the
(ESRL) using an automated programmable flask packagénagnitude of the CO change. Because the Jacobians are
operated on a small aircraft. The flasks are filled by airvalid only for small changes in gas amount, we chose a 5%
at standard heights above sea level (a.s.l.): 457.2, 609.qQerturbation factor for each layer. First, the vl AERI CO
914.4, 1219.2, 1524.0, 1828.8, 2438.4, 3048.0, 3657.6retrieval algorithm is run on the unperturbed atmosphere to
4572.0ma.s.l. (the surface altitude at SGP is 374 ma.s.l.)compute the baseline CO retrieval. Next, the v1 AERI CO re-
The flasks are returned to NOAA/ESRL for analysis via trieval algorithm is run 100 times using each level's radiance
gas chromatography to determine CO mixing ratios (Nov-change plus the original downwelling infrared spectrum from
elli et al.,, 1998). Measurements are reported in units ofkCARTA. A larger value of CO retrieved for the perturbation
nanomol/mol (10° mol CO per mol of dry air, or parts per of a given pressure layer indicates the retrieval’s increased
billion, ppbv, or ppb) relative to the WMO CO scale (Nov- sensitivity to that layer. The ensemble of retrieved CO dif-
ellietal., 1991, 1993). Reproducibility of the measurements,ferences is defined as the AK by the following equation:
based on repeated analysis of air from a high-pressure cylin-
der, is 1 ppb at 50 ppb and 2 ppb at 200 ppb. From 2006-200§, , _ Retrieved CO-BaseCO @
there were 98 days when the time of aircraft soundi@gs h T DeltaCQ ’
matched both AERI and in situ data. AIRS CO data, ver-
sion 5, level 3 for ascending orbits, i.e. around noon localwhere i =index from 1 to 100 of the standard KCARTA
time, were used to characterize the CO distribution abovepressure layers,
5km. As illustrated in Fig. 2, AERI sensitivity to these al-
titudes is small and the-10% accuracy of AIRS northern AK; =averaging kernel value for layer
hemispheric CO retrievals (McMillan et al., 2009b) is quite
sufficient for our goals. The sensitivity of the CO abun- RetrievedC@=CO total column (TC) retrieved from the
dance retrieved from an AERI spectrum to the CO amount aspectrum computed by perturbing the CO amount in layer
different heights is quantified by the averaging kernel (AK)
as is common to all inverse techniques (Backus and GilbertBaseCG= CO TC for the unperturbed spectrum,

1970; Conrath 1972; Rodgers and Connor, 2003). Because

of the formulation of the AERI CO retrieval algorithm, AKs DeltaCQ =the change in CO TC in layer

must be computed by brute force. That is, layer by layer

we perturb the CO abundance, compute a new spectrum, and The resulting averaging kernel is a unit-less number for
perform a CO retrieval on the perturbed spectrum. The dif-each of the 100 kCARTA radiative transfer layers corre-
ference between the CO amount retrieved from the unpersponding to the sensitivity of the AERI v1 CO retrieval algo-
turbed spectrum and that retrieved from the perturbed specdithm to a change in gas amount in each layer. Perhaps more
trum yields the sensitivity to the perturbed layer. The en-important than the graphical visualization of AERI’s verti-
semble of these differences yields the AK. Using the stan-cal sensitivity, the averaging kernels are crucial to quantita-
dard 100 pressure layers in KCARTA requires performingtive validation of the retrieval algorithm. Following Rodgers
101 CO retrievals (unperturbed + 100 perturbations). Thusand Connor (2003), the composite ground-truth CO vertical
AKs were calculated only for each day with a matching val- profiles (Trueco) were convolved with the a priori 100 ppbv
idation profile. As illustrated in Fig. 2, the AERI CO AK constant tropospheric mixing ratio profil&griori o) and
typically is rather broad with a maximum at or just above the the averaging kernel diagonal matri&kK ) for each match-
surface. ing day to convert the composite ground-truth profile to the
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Fig. 9. Example measurement results for clear sky conditions of 19
F|g 8. Comparison of vl and v2 CO mixing ratios retrieved from May 2006. The differences between the two versions of the AERI
the AERI spectra with convolved composite ground-truth profiles retrievals are proportional to the radiance differences (bottom two
(see Fig. 2). Vertical bars are STD variations of AERI retrievals for curves) and amount te'5 ppbv around noon for this specific day.
the 1-hour-long interval corresponding to the aircraft profile. The
red line is the linear fit for AERI v2.

AERI CO retrieval algorithm measurement space using the# Results and discussion

follow matrix equation:
4.1 Diurnal cycle

Convolvedzo=Apriori oA (Trueco—Apriori co). (3) Figure 9 illustrates a typical example of CO behavior inside
Figure 8 presents the comparison of the AERI v2 re-the BL (in situ, 60 m tower) and CO mixing ratio supplied
trieved CO to the vertically average&tbnvolvedzo for the by AERI retrievals. The small scatter for both data sets prac-
98 matching days. Overall, the AERI v2 retrievals (with a tically disappears after hourly averaging. On this day, the
slope of dependence on RD=—40, as chosen above) are differences between v1 and v2 of the AERI CO retrieval are

biased low by~ 16 ppbv with a standard deviation (STD) small with a maximum near noon ef5 ppbv. The diurnal

of individual data points oft11.7 ppbv, and a squared cor- cycles of BL CO and that retrieved from AERI are signifi-
relation coefficientk?=0.57. For comparison, the original cantly different. The large increase in tower CO overnight
AERI v1 CO retrievals are shown and exhibit a larger nega-could be due to trapping of surface CO emissions in a thin
tive bias. A stronger dependence of CO on RD (not shown)nocturnal boundary layer. AERI's sensitivity to a greater
with a slopeS =—160 improves the bias<9.2 ppbv), STD  depth of the atmosphere would mute this impact resulting
(49.6 ppbv), andR?(0.65), and STD =9.6 ppbv. However, in the apparent differences. Close to dawn, this stable layer
as discussed with Fig. B,=—160 distorts the mean diurnal is mixed and the tower values decline as CO is vertically re-
cycle. Thus, we have chosetr —40 for the v2 scattered distributed. This redistribution has little impact on the AERI
sunlight correction. Data users are advised to refer to RDretrievals due to its significant vertical averaging.

as a flag for CO retrieval accuracy; for RD0.05, an addi- Figure 10 gives an example of a clear summer day with a
tional negative error in retrieved CO around noon of up to maximum effect of scattered sunlight on the CO retrievals.
10-20 ppb is possible. The tower measurements indicate no accumulation of CO in

The demonstrated comparison of CO mixing ratio mea-the BL during the night. The empirical slope of CO versus
sured using different independent techniques raises a queRD around noon amounts te192 and the AERI v2 under-
tion on the nature of the significant bias. Aircraft soundingsestimation may be as large as 12 ppb at noon. For other days
were carried out during daytime when the above mentionechot shown here, long-range transport of CO above the bound-
aerosol scattering distorts the results of AERI CO retrievals.ary layer can appear as increases in the AERI retrieved CO
So, taking aerosols into account is expected to improve thevhile the tower sees only the local in situ conditions. Further
agreement. analysis of such cases is beyond the scope of this study and

will be pursued in future publications.
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Fig. 10. Example measurement results for clear sky conditions Of_Fig. 11. Average 2006 diurnal cycles for in situ measurements at
8 June 2007. A difference between measured and calculated radipe g0_m.tall tower and CO retrieved from the AERI v2. Vertical

ances RD (blue dots) anticorrelates with the AERI CO v1 around 0-p 1< are the standard deviations of hourly means.
cal noon (slope =198, R2=0.92). Although the amplitude around
noon for AERI CO v2 is less, it appears the correction for scattered

sunlightis not complete. Figure 13 presents the anomaly of CO for 2002—2009. The

seasonal cycle averaged over January 2004—December 2007
was subtracted from the monthly mean CO data. Calcula-

As shown in Fig. 11, the average 2006 diurnal cycle ex-". . . .
hibits very similar features to those presented for the one in{ion Of the anomaly is equivalent to deseasonalizing the data.

dividual day in Fig. 9, although the STDs for both in situ and | "€N: anomalies of monthly means were divided by the mean

AERI CO are rather large. The amplitude of the mean diurnal2004_2_007 seasonal cycle and plotted in percent. Similar
cycle is~15.7 ppbv for the in situ tower data and?.2 ppbv anomalies of the CO total column measured by AIRS are

for the AERI v2 CO retrievals. On average, BL CO increases9Ven for comparison. AIRS CO total columns were aver-
during the night for~10 h before relaxing back during the aged fo_r the NH mld-latltudes_, for N_o_rth Amerlc_a, and for
other~14h. Not only is the AERI amplitude smaller, the thetrop_lcs. The most substantial positive anomalies were ob-
increase appears to be shorter (increasing-#®h and relax- sgrve_d In ,2002 and 2003. AS Yurganov et al. (2,005) found,
ing longer~16 h) and out of phase with the BL CO diurnal Siberian fires during that time affected the entire northern
cycle. Most likely, some of this phase difference results from N€Misphere: total column CO increased by 20%, and surface

the incomplete removal of the scattered sunlight artifact inMXiNg ratios increased by 35% (in comparison with 2000
the AERI v2 CO retrievals around noon. 2001). The 25% increase observed by the AERI at SGP lies

between those two estimates. The differences between to-
4.2 Seasonal cycles and interannual variations tal column and surface measurements reflect the intermedi-

ate coverage of the AERI CO retrieval averaging the lowest
Throughout 2006, 2007, and 2008, both the tower in situ2 km of the atmosphere.
and AERI remote sensing instruments operated simultane- The largest negative anomaly was observed by the two
ously at the SGP site. Figure 12 compares the three seaensors around January 2009 (a similar effect was observed
sonal cycles for these years. The general shapes of they MOPITT, according to Yurganov et al., 2010). Is the de-
CO seasonal cycles for both sensors agree with the usuallgrease of CO over the SGP, North America, and the entire NH
observed CO cycle first measured by Dianov-Klokov anda result of CO emission diminution from fossil fuel burning
Yurganov (1981): maximum in spring and minimum in late triggered by the economic recession? A more comprehensive
summer or early autumn. Until July 2008, both AERI and study including all available data and global chemical trans-
tower CO monthly mean data did not differ from year to year, port modeling is necessary. However, at this point, the coin-
with exception of June—July 2006. However, in November cident timing of the minimum for SGP, North America and
and December, 2008, both sensors recorded CO mixing rathe NH in January 2009 could be evidence for this. During
tios 10—20 ppbv lower than during the two previous years.November, December, and January wildfire activity inside
The influence of smaller CO emissions from fossil fuel burn- the NH mid-latitudes is almost lacking and its influence on
ing in the USA during the economic recession is the mostCO burden is minimal. Furthermore, an examination of the
likely explanation of this effect. Below, we compare the SGP Global Fire Emission Data (GFEDZ2) inventory by Yurganov
observations to the global and regional satellite data. et al. (2010) found little change in this minimal fire activity
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Fig. 13. Anomalies of monthly mean CO retrieved by the AERI

Fig. 12. Mean seasonal cycles for 3 years of simultaneous in situv2 referenced to the seasonal cycle calculated from the period
and remote sensing CO observations at the SGP. Error bars are stafiom January 2004 through December 2007. Plotted for compar-
dard deviations of daily means. For clarity, error bars for the in situison are AIRS-derived total column CO anomalies for the NH (be-
data are only given for 2006. tween 30 N and 70 N), North America (bounded by 30N, 70° N;

60° W, 170° W), and the tropical belt (305—30C N) corrected ac-

. . cording to Yurganov et al. (2010).
in the NH in late 2008 and early 2009. In contrast, Yurganov g g ( )

et al. (2010) reported lower than usual CO burdens measured
by MOPITT and AIRS in the tropics as shown in Fig. 13. water vapor retrievals. In addition, the version of KCARTA
GFED?2 also indicated a lower than usual amount of fire ac-employed as a forward model neglects scattering of sunlight
tivity in Brazil and Indonesia in the second half of 2008 py aerosols and clouds. This study proposes an empirical
(Yurganov et al., 2010). correction to account for the additional scattered radiation
Concluding this section, the influence of tropical CO emis- using measured radiances in the most transparent portions
sions on the NH mid-latitudes must be quantified, and theof the CO band. The radiance difference (RD) between this
timing of transport from the tropics to the NH mid-latitudes measured radiance and that calculated by the forward model
must be determined. The three-month temporal lag of CQusually is small. In some cases, however, incoming solar ra-
burden minima between the tropics and NH mid-latitudesdiance scattered by aerosols or clouds is significant, and RD
could result from transport of lower CO burdens from souths higher than usual. Unfortunately, we failed to determine
to north. The smaller percent decrease in the tropics than imny uniform dependence between CO errors and RD. The
the NH should not be misleading: the tropics contain aboutAERI v2 CO algorithm includes just a simple linear relation-
half of the global air mass and the absolute values of the CGship between them and an additional underestimation at noon
burden anomaly are higher there than in the NH. Most likely, may be as high as 10-20 ppb.
however, the NH CO burden in 2008-2009 decreased due t0 \sjigation of the AERI v2 CO retrieval algorithm was

a combination of changes in the CO_em|SS|0ns inside the N'"berformed using independent simultaneous CO in situ sam-
and reduced transport from the tropics. pling from a 60-m-tall tower and aircraft sampling up to
4km above the surface. Above 5km, AIRS V5 retrievals
were used to complete the composite ground-truth profiles.
The squared correlation coefficient between ground-truth CO

Spectra of downwelling IR radiance acquired by AERIs in Profiles convolved with the AERI averaging kernels (AK)
the ARM network, including SGP, contain very useful infor- and AERI CO retrievals is 0.57 with a slope of 0.92. How-
mation about trace gases. Other than water vapor, CO is théver, a negative 16-ppb bias remains. At this point, we in-
most easily retrievable trace gas from these spectra. This pderpret this bias as an indication that the AERI retrievals
per describes an improved a|gorithm for CO retrieval. It is are more sensitive to lower CO concentrations in the mean
based on AERI measurements of the downwelling IR radi-free troposphere accounted for by the computed AK. A new
ance in the CO fundamental band. Temperature and watefERI CO retrieval algorithm is in development to separately
vapor profiles retrieved from the same spectra are importantetrieve BL and free tropospheric CO concentrations.

input parameters for this algorithm, but they must be aug- A comparison of simultaneously measured in situ CO in
mented by additional measurements of the total amount othe BL and remotely in the lower 2 km supplies very useful
water in the atmosphere. Retrievals of PWV from the MWR information about changes in CO vertical distribution with
instrument at SGP were used to scale the less accurate AERIigh temporal resolution. For instance, during nighttime,

5 Conclusions
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