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Abstract. Atmospheric CQ retrievals with peak sensitivity 1 Introduction

in the mid- to lower troposphere from the Atmospheric In-

frared Sounder (AIRS) have been assimilated into the GEOSA new atmospheric C®product (University of Maryland

5 (Goddard Earth Observing System Model, Version 5) con-Baltimore County; UMBC AIRS C@) has been retrieved
stituent assimilation system for the period 1 January 2005 tdrom the Atmospheric Infrared Sounder (AIRS) instrument
31 December 2006. A corresponding model simulation, us-On NASAs (Earth Observing System) EOS-Aqua satel-
ing identical initial conditions, circulation, and G®ound-  lite. This study uses the Goddard Earth Observing System,
ary fluxes was also completed. The analyzed and simulate¥ersion 5 (GEOS-5) atmospheric data assimilation system
CO; fields are compared with surface measurements glob{DAS) to evaluate, in an integrated global sense, the qual-
ally and aircraft measurements over North America. Surfacdty of these retrievals using a variety of independent, in situ
level monthly mean C®values show a marked improve- CO. measurements. The study also provides an assessment
ment due to the assimilation in the Southern Hemisphere0f how adequately this relatively sparse set of retrievals from
while less consistent improvements are seen in the NortherAIRS, with at best several hundred observations per day, can
Hemisphere. Mean differences with aircraft observations ard’e used to produce maps of the globalG@ncentrations.
reduced at all levels, with the largest decrease occurring in The UMBC AIRS CQ retrieval uses spectral radi-
the mid-troposphere. The difference standard deviations ar@nce measurements from the emitted infrared wavelengths
reduced slightly at all levels over the ocean, and all levelshear 4.2 microns, leading to G(partial columns that are
except the surface layer over land. These initial experimentgveighted more strongly to the lower troposphere than re-
indicate that the used channels contain useful information orrievals from the 15-micron channels. These latter bands
CO; in the middle to lower troposphere. However, the bene-have been used in several other AIRS-based; C&

fits of assimilating these data are reduced over the land suirievals, including the Jet Propulsion Laboratory (JPL) prod-
face, where concentrations are dominated by uncertain lotct (Chahine et al., 2008) and the European Centre for
cal fluxes and where the observation density is quite low.Medium-Range Weather Forecasts (ECMWF) product (En-
Away from these regions, the study demonstrates the powe@elen et al., 2009), although the latter study included several
of the data assimilation technique for evaluating data that aré€hannels at the shorter wavelengths. It also differs substan-
not co-located, in that the improvements in mid-tropospherictially from CO, products retrieved from the Greenhouse Gas
CO; by the sparsely distributed partial-column retrievals areObserving Satellite (GOSAT/Ibuki) satellite (e.g., Yokota et
transported by the model to the fixed in situ surface Observaﬂ'., 2009) that are based on reflected solar radiance measure-

tion locations in more remote areas. ments near 2 microns.
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The UMBC AIRS CQ retrievals are performed at obser- @
vation locations chosen using a stringent quality control pro-
cess that restricts data to cloud-free, uncontaminated scene
(Strow and Hannon, 2008). The sparseness of these data an
their global distribution, often over oceans, precludes the
use of vicarious calibration exercises in their evaluation. By
transforming the partial columns derived from the time series 3
of AIRS data to global atmospheric concentration maps, the
DAS provides a framework for evaluating the retrievals using
existing CQ observations. While this approach does not re-
place the need for targeted evaluation efforts, it does provide
an alternate methodology that uses existing observation net:
works. In this case, the DAS provides the observation opera-
tors (and their adjoints) that map between the partial columns
at the observation locations and atmospheric concentration:
on a specified grid, and the transport computations that ef-
fectively interpolate from the AIRS observation locations to
the sparse locations of the in situ observations. The observa”
tions used for evaluation are local @@oncentrations at the
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surface and on aircraft flight tracks.

An additional benefit of the DAS is that the resultant maps
of CO, concentrations are valuable resources for helping to
understand the spatial-temporal structure of regionap CO
distributions and assessing their consistency with surfaceg
fluxes. This study includes a comparison of a model simu- 5
lation with the assimilated Cfdata. Apart from the data
constraint in the assimilation, the two products are derived =
using an identical system (initial states, transport, and sur-
face fluxes), so that differences between the model and the
assimilation can be attributed to the innovations computed
by the DAS. These differences are a central part of the eval-
uation, but they are also used to help evaluate the realism of
the surface flux distributions applied in the system. This puts
the atmospheric DAS used in this work in the context of in-
verse model studies, in which new estimates of surface fluxef

essure
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ig. 1. Typical sensitivity functions for AIRS C®retrieval from
a) a set of 15 um spectral channels (e.g., Chahine et al., 2008), and
(b) a cluster of channels near the 4 um waveband.

are computed as a part of the optimization (e.g., Chevallier e
al., 2009; Baker et al., 2010; Feng et al., 2011).

The rest of the paper is organized as follows: The AIRS
4 um retrievals are described in Sect. 2, followed by some
background on the model and assimilation system in Sect. 3;
the assimilation results and verification with in situ data arein the tropics, and there is essentially no sensitivity below
presented in Sect. 4, and the discussion is given in Sect. 5. 700 mb. Given that one focus of atmospheric carbon cycle re-
search is on improving estimates of surface fluxes, retrievals
from channels with sensitivity lower in the troposphere are
desirable.

In this work we use a cluster of channels in the 4 um re-
The Atmospheric Infrared Sounder on NASAs Aqua satel- gion (2400 cmil) that have peak sensitivity around 450 hPa.
lite measures infrared radiances in the wavelength range 3.The actual channels used are 2388.87, 2389.84, 2390.82,
to 15.4 microns with 2378 channels. Many channels are sen2391.80, 2415.56, 2416.56, 2417.56, and 2418.56'cm
sitive to CQ, including several around 15 um that have peak These channels have not been previously used in any&O
sensitivity between 150 and 400 hPa (Chahine et al., 2008)trieval or assimilation. These channels were chosen for their
The sensitivity function, described in detail below, indicate sensitivity to CQ in the middle to lower troposphere, as
the contribution of the retrieved value from each layer of theshown by the sensitivity function in Figb. The eight chan-
atmosphere. Examples of the 15 pm sensitivity function arenels make four pairs in which one channel is not sensitive
shown in Fig.1la. The peak sensitivity is generally higher to CO, and the other one is, which enables the;G@pacts

2 The AIRS COgo retrievals used in this work
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to be separated from atmospheric and surface effects on radi 1200
ances. Using a cluster of channels reduces the statistical nois
to 4.8 ppm per reported observation. The atmospheric state
including temperature profiles, is provided by the ECMWF
analyses, which are interpolated in time and space to the pre
cise AIRS observation event. In February 2006 there was a §
major change in the ECMWF system largely affecting the
simulated temperature profiles and hence changing the bia:
in our retrieved CQ@with respect to in situ measurements. In
order to properly take this shift into account, the data needed € o0}
to be recalibrated after this date. This one-time effect was =
treated with a single bias reduction of 2 ppm.

The retrievals used are restricted to clear sky observations
only, which reduces the total observation count to a relatively
small fraction of the AIRS measurements. In fact, there can Qan Feb
be as many as four to five successive days in which there are Date

no observations that pass through the cloud screening. ThEig. 2. Daily observation count for clear sky AIRS observations

re!”nail_’]ing observations are then superobbed to the modg|seq in the data assimilation system for January—February 2005,
grid size (2 x 2.5°) by taking a mean of all of the obser- superobbed to a®2x 2.5° grid.

vations within the grid box. This reduces the representation
error in the observations while ensuring that the matrix sys-

tem (Eq.5) is well conditioned. Figur@ shows the observa- \yere the subscript “c” refers to the spectral channels used.
tion counts for the superobbed data for the period Januaryp typical sensitivity function (Figlb) shows that the sensi-

February 2005. There are relatively few observations ovet i at 700 hPa is still more than 1/3 of the peak level. The

cqr;tmenltal' re|g|ons, particularly North America and Asia, \qtrievals are validated with aircraft data and the differences
with a relatively greater number over oceans. are found to be on the order of 2 ppm. We use this number as

The_ retrievals are a least squares |nver_5|on fo_r linear PETthe observation error standard deviation in the assimilation.
turbations around the local ECMWEF profile, which results

in a mid—lower tropospheric COmixing ratio (see Rodgers,

2000). The inversion is done using the least squares inverse o
operator: 3 Transport model and assimilation system

10001 1

800 1

ns

600

er of Observati

Jgé = [(JTJ)_lJT], (1) The CQ assimilation module was originally developed for
ozone (Stajner et al., 2001, 2008) and later adapted for CO
(Tangborn et al., 2009). The algorithm is the Physical-space

B Statistical Analysis System (PSAS; Cohn et al., 1998), in
which the standard 3DVAR (three-dimensional variation) is

where By is the vector of the brightness temperature cal- reformulated and solved in observation space. Thus the so-

culated at the top of the atmosphere by applying the AIRSIUtion vector, solved by conjt_Jgate gradienfc methOdS’. Is the
forward model to the EMCWF analysis fields. Additionally, same length as the_ observation vector. Tr."s.'s a partlcglarly
Ts and CQ are the surface temperature and the carbon diox® fficient and attrgctlve approach when assmnlatmg reIatlvgly
ide fields to be retrieved. The retrieval is then given by zg?erﬁifeobservatlon sets, such as observations from a single
[7s,6CO;] = Z(mathbfﬂ;ql)(Bo — Bcaio), 3) The current application of this system to AIRS £-
¢ trievals involves the introduction of the AIRS forward op-

where[§Ts, §COy] and(B, — Bcalo) are the variations in the erator which consists of the following steps: interpolate the
retrieved variables and bias brightness temperature (differ72 model levels to the 101 sensitivity function pressure lev-
ence between observed and calculated brightness temperals, H; (101x 72 matrix); multiply the 101 C@values by
ture), respectively. the appropriate sensitivity function, summing over all lev-

The sensitivity function is obtained as a function of pres- els and divide by the sum of the sensitivity function val-
sure level using the least squares inverse, applied to the variies,Hgt (1 x 101 matrix); thus the entire forward operator is
ation of Bcgic With respect to variations of GQat pressure  H = HgH. The PSAS algorithm solves the innovation equa-
leveli: tion

cop ~1,co, 9Bc
! XC: 47 Bca,

where the Jacobiad,is given by

J= dBcalc 9Bcalc
aTs ~ 9COy |’

(HPfHT n R) y= (cga— H(xf)) (5)

www.atmos-chem-phys.net/13/4487/2013/ Atmos. Chem. Phys., 13, 4465049 2013
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for the vectory, in observation space. Note that the length of a =0.004 for O< latitude< 25° N,
y is equal to the number of observations. The linearization of
the observation operatdt, isH, and error statistics are rep-

resented by the forecast error covariai®eThe observation These values of result in surface background error stan-

error covarianceR, is a diagonal matrix made up of observa- 4514 geviations which vary from around 3 ppm in the north-
tion error variances, which means that the observation errorg,, mid-latitudes to about 0.35 ppm near the South Pole

are assumed to be spatially uncorrelated. The observationgy;g background model includes only latitudinal and geo-

Cca, Are column averaged using the sensitivity function with graphic variations (since GOs generally higher over land),
units of ppm. _ but does not account for seasonal variation. For example,
The solution is then transformed to model space via summer C@ values drop over North America, which would
va_xf = PfHTy (6) result in a drop in the estimated background errors using this

model. However, we expect the uncertainty to remain high

to obtain the analysis incremer? — xf, wherex2is the CQ during this time because of uncertainty in the carbon up-
analysis and' is the CQ forecast. take. Future versions of this assimilation system will include

The forecast error covariande, is specified using a sep- a seasonal correction using comparisons with in situ mea-
arable and non-isotropic error covariance model in which thesurements, along with increased land errors to account for
error standard deviatiom;', is set as a constant percentage the uncertainty there.
of the local CQ mixing ratio ' = axf) and the horizontal This background error covariance model differs from pre-
error correlation is a function of latitude. The correlation is vious AIRS CQ assimilation studies. Engelen et al. (2009)
an exponential function with a length scale of 100 km in theemployed the NMC method (Parrish and Derber, 1992)
meridional direction, and the zonal length scale varies fromwhich uses statistics from 24 and 48 h forecasts. This ap-
200 km in the tropics to 100 km in the high latitudes. Details proach tends to underestimate errors where there are no ob-
of this correlation model are given in Stajner et al. (2001) andservations, and they compensate for this by a factor of 8 infla-
Tangborn et al. (2009). This results in a state-dependent etion factor at the surface. But a constant inflation will not give
ror covariance because the error standard deviation is propothe largest errors where flux estimate errors are the largest.
tional to the CQ fields. Further adjustments to background Ensemble Kalman filter methodology shows great potential
errors are needed to account for the larger errors occurrindor estimating background errors (Liu et al., 2012), but this
in the Northern Hemisphere, which is discussed below. Westill does not address model errors as directly as comparison
have chosen to restrict corrections to the troposphere wherwith in situ observations.
CO; errors are generally larger than in the stratosphere. This The CQ forecast fieldsx', used by the assimilation are
is done by reducing the background error standard deviatiofproduced by the GEOS-5 Atmospheric General Circulation
in the stratosphere by a factor of 10. Model (AGCM), (Rienecker et al., 2008) using analyzed

Tuning runs were done in which the background standardneteorology from the Modern-Era Retrospective Analysis
deviation is varied using the standard deviation parametefor Research and Applications (MERRA; Rienecker et al.,
o. Comparisons were then made with several ground- an®011). Biosphere and ocean gfluxes are prescribed based
aircraft-based in situ Cdata sets. These include measure- on the TRANSCOM (Atmospheric Tracer Transport Model
ments from the CCGG (Carbon Cycle Greenhouse Gasegdjtercomparison Project)-3 protocol (Gurney et al., 2002).
Cooperative Air Sampling Network (Conway et al., 2011), These fluxes assume a neutral biosphere meaning that the
NOAA GMD (Global Monitoring Division) Vertical Pro-  net flux over the course of a year is zero, while the ocean
file Carbon Cycle Network (aircraft data) and the Interconti- represents a 2.19 GtC per year sink. Fossil fuel emissions
nental Chemical Transport Experiment-Phase B (INTEX-B) representing the year 1998 are taken from the TRANSCOM-
(Singh et al., 2009). Initial testing showed that that a sin-Continuous protocol (Law et al., 2008); the magnitude of
gle value ofx for the entire atmosphere is not sufficient be- the fossil fuel source is 6.58 Gt C per year. Biomass burning
cause errors in the Northern Hemisphere are considerablgmissions follow the Global Fire Emissions Database version
higher than those in the Southern Hemisphere. This is eveR (GFED-2; van der Werf et al., 2006). GFED-2 CO2 emis-
though the background-error model results in larger errorssions were 2.34 Gt C for 2005 and 2.16 Gt C for 2006. This
where CQ is higher, the comparisons with in situ data in- combination of fluxes likely results in a modestly high bias
dicate that the error increase is even larger and tends to inbecause of an underestimated carbon sink in TRANSCOM-3
crease through the northern mid-latitudes. This increase i€nd the fact that we are using biomass emissions not included
likely due to the larger variability (and therefore uncertainty) in TRANSCOM. For this study, the model is run usinga 2
of CO, over continental land masses. Thus we use a factor latitude by 25° longitude horizontal resolution with 72 lay-
that depends on latitude. The optimal values dfom these  ers between the surface and 0.1 hPa.
tuning runs were found to be

o = 0.008 for latitude> 25° N.

o = 0.001 for latitude< 0°,

Atmos. Chem. Phys., 13, 448450Q 2013 www.atmos-chem-phys.net/13/4487/2013/



A. Tangborn et al.: Evaluation of a new middle-lower tropospheric CG product 4491

4 Results 200

We have carried out a two year assimilation experiment for

the period 1 January 2005 to 31 December 2006. A model 5.,
simulation using identical initial states, meteorological fields
and CQ boundary fluxes was also performed. Comparison
of the assimilated and simulated g@stributions allows the
impact of the assimilation to be examined.

A typical analysis incrementx{ —x® at a latitude of
135> W is shown in Fig.3. The rapid decay above 300 hPa
is due to the reduced background errors in the stratosphere 900
and the impact of the observation extends well into the lower
troposphere. The shape of the increment depends on both the
local sensitivity function and the local background error co- 600
variance.

Monthly mean CQ values at six CCGG surface flask sites
are shown in Fig4, along with assimilated and simulated 799
CO;, fields, interpolated to the observation locations. These
sites were chosen for their geographical distribution, and
because they had at least 2 measurements per month overy,,
the assimilation period. Over the first few months, the as-
similated (red curve) C@diverges from the modeled (blue)
fields, generally moving closer to the observations (black),
indicating a spin-up time for the assimilation of about 6
months. This long period for the assimilation system to re-
spond is most likely due to the small number of observations.
In the Southern Hemisphere (panel a, b), where there is very 54N 56N S5BN 60N 62N 64N 66N 68BN 7ON 72N
little variation in CQ, the improvements due to the assimila- m
tion are particularly significant because the initial difference
between the model and observations is only about 1 ppm. AFig. 3. The latitude-height structure of analysis increment for,CO
SPO (panel a), the initial high bias in the model becomes(PPm) computed in GEOS-5 at 13%/, between 54N and 72'N
a modest low bias in the assimilation, indicating a possible®" 1 July 2006.
low bias in the retrievals. However, the observations at SMO
(panel b) result in a assimilation error well under 1 ppm.

In the northern mid-latitudes (panel c, d), the seasonal cyincreases. This indicates that the assimilation is not helping
cle is reproduced accurately in the model, but with a bias ofto improve estimates of annual variability at these surface
2—-4 ppm. The assimilation reduces the bias, but does not sigecations, in spite of the decrease in the bias. The lack of im-
nificantly change the seasonal cycle. The flask site aN40 provement in the random error at the surface most likely has
(BAOQ) is the least successful, but still shows some reductiontwo causes: the first is that this AIRS channel has peak sen-
in the difference with measured values. Finally, in the north-sitivity to CO, in the mid-troposphere, and essentially none
ern high latitudes (panel f, g) the strong seasonal cycle idnside the boundary layer. Thus any improvements that are
fairly well captured by the model. The assimilation reducesmade at the surface can only happen through corrections to
the bias, but it is not clear if there is a significant improve- CO;, aloft that are transported to the surface by the model.
ment to the annual cycle. We will discuss this process later in this section. The sec-

In order to get a more quantitative picture of how the ond cause is the sparsity of the clear sky AIRS observations.
assimilation is affecting the accuracy of the surface layerFigure2 shows that there are many days when no observa-
COy, we plot the mean and standard deviations of the dif-tions are available, and sometimes none for several days at
ference between measurements and model or analyses (usaitime. This should impact the random error component to a
ally called observation minus model or analysis;-® or greater degree because alternating between forcing the CO
O—A) at the six CCGG sites in Figh. The mean differ-  field with observations and then allowing it to relax back to-
ences (panel a) show a consistent decrease in the bias whavards the model state would likely add non-physical tempo-
the AIRS retrievals are assimilated. This decrease is particural variations into the field. Also, the long spin-up time for the
larly noteworthy in the Southern Hemisphere, where the de-assimilation (around 6 months) means that the assimilation
clines are all more than 50 %. On the other hand, the standardannot improve estimates for rapidly changing seasonal vari-
deviation of the differences (panel b) show generally smallations. This would be particularly true at the surface where

400
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Fig. 4. Monthly mean CQ from NOAA/ESRL/GMD cooperative air sampling network (black), GEOS-5 interpolated to the observation
locations, for simulations (blue) and with AIRS data assimilated (red). The sites used h¢ey 8RO (89.98S, 24.8 W), (b) SMO
(14.25' S, 170.56 W), (c) MLO (19.5° N, 155.6 W), (d) BAO (40.C° N, 105.0° W), (e) CBA (55.2 N, 162.7 W), (f) STM (66° N, 2° E).

there is no direct impact of the observations. Mean and stanb), while the surface (panel a) and upper troposphere (panel
dard deviation differences between the model or assimilatiorc) show somewhat mixed results, with slightly more than half
and flask measurements for the entire set of measurementsfise sites showing reduced differences with assimilation. This
shown in Fig6, separated into Northern and Southern hemi-is consistent with the peak sensitivity of the retrieved AIRS
spheres. These confirm that for all sites the mean differenceshannels at around 500 hPa. The standard deviations shown
drop significantly, while there is a smaller rise in the standardin Fig. 9 indicate very small changes due to the assimilation.
deviation. At the surface (panel a), there are slightly more locations that
There are a number of sources of in situ measurementshow increases; while in the mid-troposphere (panel b), every
from aircraft, and we have used two of these for assessindpcation shows a modest decrease. In the upper troposphere
the impact of the assimilation. In Fig8.and9 we plot the  (panel c), the very small changes are mainly downward.
mean and standard deviation of the differences between the The INTEX-B campaign carried out during February—
two model runs and NOAA/ESRL (Earth System ResearchMay 2006, consisted of numerous flights across the central
Laboratory) aircraft data for 3 altitude ranges. Except forand western United States, as well as excursions over the
one exception (HAA, Hawaii), all of these measurements arePacific Ocean (Fig7). So while there may be some over-
made over continental North America where there are relalap with the NOAA aircraft data, the main difference is that
tively few observations. The mean differences shows that thehe flights are not done at discrete locations and involve
biggest improvements come in the mid-troposphere (panetravel over larger distances. In addition, the data available

Atmos. Chem. Phys., 13, 448450Q 2013 www.atmos-chem-phys.net/13/4487/2013/
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are smallest near the surface and increase with altitude, and
they are reduced at all levels by the assimilation. This can
be attributed to the small surface fluxes, which means that
most of the CQ is transported over the ocean at higher lev-
els. Over North America the differences are generally smaller
at higher altitudes, particularly in the standard deviation, in-
Fig. 5. Mean(a) and standard deviatiofb) differences (- M or  dicating that flux misspecification is the primary source of
O — A) between NOAA/ESRL/GMD cooperative air sampling net- €rrors. While the mean differences are reduced by the assim-
work and model (blue) or analysis (red) fields interpolated to obser-lation at all levels, the standard deviation is only consistently
vation locations. The sites used here are the same as those # Fig. reduced above 3000 m. The differences between the compar-
and are ordered from south to north. isons over the Pacific and North America are the result of

larger fluxes (and therefore larger flux errors) and the smaller
@, number of observations over land.

These results have some discrepancies with the NOAA air-
By | craft comparisons. Most notable is that the magnitudes of
both the mean and standard deviation differences over North

America are smaller for INTEX-B than for NOAA aircraft

-
T

0.5-

o

I observation - mods! data. This can be explained in part by the different regions
HEMISPIETe | I op cervation - assimilati Fo e of North America where data was collected, and probably
n is an indication that errors are not very uniform due to the
Northern I observation ~ model higher variability. This can also been seen in the variabil-
Hemisphere Il observation — assimilati . .. . . .
1.5/ Southern : ity of the standard deviation differences with NOAA aircraft

Hemisphere data, which range from 2 to 7 ppm. In order to make a more

| direct comparison, we have plotted the NOAA aircraft com-
| parisons during the INTEX-B period (February—May 2006)
for the middle troposphere (4000-5000 m) in Fid. Note
that some of the sites did not have sufficient measurements
Fig. 6. Mean(a) and standard deviatiofb) differences (G- M or during this period to generate meaningful statistics, so they
O —A) between NOAA/ESRL/GMD cooperative air sampling net- have been left out. The mean and standard deviation differ-
work and model (blue) or analysis (red) fields interpolated to obser-ences for this subset of aircraft data are generally larger than
vation locations. These plots are for the entire set of measurementghe full two year comparison, but still show the general trend
during the years 2005-2006. of reduction in mean errors and relatively unchanged error
standard deviations.
The improvement in the mean G@ields at the surface

for comparison is far greater due to the frequent samplingthat result from assimilating AIRS retrievals give some hope
We have divided the data into observations taken over thdbut certainly does not guarantee) that these channels may be
Pacific Ocean (panel a, b) and over North America (panel cuseful for CQ flux inversion, particularly when combined
d), and mean and standard deviation differences (Forecast with other data sets. Baker et al. (2006) pointed out that in
Observation) in Figl0. Over the Pacific, the mean and stan- the tropics, model errors in vertical mixing tend to domi-
dard deviation differences between the model and INTEXnate, making it difficult to obtain an accurate estimate of

1}

0.51

0
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Fig. 8. Mean difference (ObservatienAnalysis) between the ©
NOAA/ESRL aircraft data and COfrom the GEOS-5 model (or 2 ]
assimilation) interpolated to the observation locations, during the
period 1 January 2005-31 December 2006. 1 ]
0
CQ, profiles. It would therefore be valuable to have addi- Fig. 9. standard deviation of difference between the NOAA/ESRL
tional tropospheric information of COwith different verti-  ajrcraft data and C®from the GEOS-5 model (or assimilation)

cal weightings. But the results above raise the questions amterpolated to the observation locations, during the period 1 Jan-
to how the assimilation of this data improves the mean com-uary 2005-31 December 2006.

parisons in the surface layer, given that the peak sensitivity is

around 500 hPa, with very little sensitivity at the surface. The

most likely answer is that the assimilation makes corrections
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Fig. 10.Mean(a) and standard deviatidb) of difference (Observatior Analysis) between the INTEX-B campaignh measurements ang CO
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The same plots but with observations restricted to the flights over North America are sh@yand(d).

centered in the 400 to 600 hPa range (about 4000 to 7000 m) (@ Mean Difference 4000 < Alt <= 5000 meters
which are then transported to the surface through convection
in the model.

We investigate how improvements in mean Cfthe sur-
face might take place by following the analysis increment
from Fig. 3 during the first 24 h after assimilation. Figut2
shows the difference between the assimilation run and the
free model model run C&in a vertical slice that follows the

Mean Difference (ppm)

location of the maximum difference as it moves eastward. I vocer
The difference between the two runs will consist of much -1 o I #simiation
more than one increment, and will also include differences . ®) STD Difference 4000 < Alt <= 5000 meters

from past observations. Nevertheless, this series of snapshot HEM -t

o«
T

shows the clear evolution of a particular increment in the at-
mosphere (the data sparseness is an advantage for this anal
sis). In panel a, the initial negative difference can be seen nea
64° N, 135 W, which is the result of an observation assimi-

lated at 00:00 Z. The impact of the observation is maximum
between 700 and 400 hPa. This structure is due to a combi-
nation of the sensitivity function, which peaks near 500 hPa,
the background error variance (proportional to the locap CO

mixing ratio), which is generally larger lower in the atmo-

sphere, and the vertical error correlation. After 12 h (panel
b), the peak difference has moved eastward and the differ blue) or analysis (red) fields interpolated to observation locations,

ence at the surface has increased due to model transport. Afs; the period February—May 2006, and for measurements between
ter 24 h (panel c), it is clear that though the increment is de-4000 to 5000 m. The sites used here are the same as those i8 Figs.
caying (through atmospheric dispersion and mixing), it con-and9, except for some which had too few measurements available
tinues to have an impact at the surface as it moves eastwarduring this period for calculating the standard deviation.

These snapshots show how an observation in one region can

impact the CQ field nearby, and how the mid-tropospheric
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N
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Fig. 11.Mean(a) and standard deviatidip) differences (G- M or
O —A) between NOAA/CMDL aircraft measurements and model
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sensitivity can translate into improvements at the surfacerig. 13.Monthly mean differences between the assimilation run and
This is one possible explanation for the surface layer im-free model run at 40N, for February and March 2006.
provements shown in Fig-

The contrast between the comparisons with NOAA/ESRL
and INTEX-B aircraft measurements also needs further in-to CGO, at all levels that reaches from the Pacific Ocean over
vestigation. The mean differences between the assimilawestern North America. During the first week of March, in
tion and INTEX-B is between 0.5 and 1.0 ppm (even overcontrast, there is a data gap in the AIRS data. And the result
North America), while the difference with NOAA/ESRL air- of this is that the C@profile at BNE for this month is essen-
craft data varies from 0.5 to about 3.5ppm. The dispar-tially the same for the assimilation and model. This results in
ity in the standard deviation differences is even more pro-assimilation profiles that have moved back towards the free
nounced, 1to 4 ppm compared with INTEX-B and 2 to 8 ppm running model profile during this month.
compared with NOAA/ESRL. The INTEX-B measurements  The temporal variations in the profile at BNE can also help
made over the eastern Pacific have lowest errors, while modb explain the error standard deviation differences with air-
of the NOAA/ESRL measurements are made over Northcraft data. The analysis profile is seen to oscillate between the
America, where there are far fewer UMBC AIRS observa- aircraft measurements (Fit}4a), and the free running model
tions. These differences can be better understood by plotprofile (Fig. 14c). This type of movement causes an over-
ting monthly mean differences between the assimilation andall increase in the standard deviation difference with aircraft
free model run at 40N, which is near many of the aircraft data, and is caused by the limited availability of retrievals
measurements. These differences, for the period Februargver land. This contrasts with the consistently large decreases
and March 2006 (the first 2 months of the INTEX-B cam- in error standard deviation differences with the INTEX-B air-
paign period), are shown in Fid.3. Generally we see that craft data over the eastern Pacific for the assimilation, where
the region over North America (about T2 to 60 W) is a much larger number of retrievals are available.
changed much less than the adjacent ocean regions. For ex- Another way to analyze the impact of assimilation on
ample, in February 2006 over the eastern Pacific and coastéhe CQ fields is to calculate the total columX COy) val-
North America (west of about 12@V), the largest changes ues both locally and regionally. In order to compare local
the of CQ field reach down to the surface, while the change XCO, against data collected from the Park Falls, Wiscon-
over most of North America are largest aloft. sin Total Column Carbon Observing Network (TCCON) sta-

We can use these comparisons to understand the mean atidn (Wunch, et al., 2011), Cprofiles were extracted from
standard deviation differences with the NOAA/ESRL aircraft GEOS-5 simulations at the grid cell containing Park Falls
data. Figurel4 shows the NOAA/ESRL Coprofiles (black  every 6 h. Individual TCCON observations were simulated
line) from Beaver Crossing, Nebraska, at {9V, 40.8 N) by interpolating model C@profiles to the time of the ob-
along with the free model run (blue) and assimilation (red), servation, and applying the sensitivity function appropriate
interpolated to the profile locations. The profiles shown arefor that observation’s solar zenith angle to obtain a compa-
monthly averages for February and March of 2006. In Februrable, model-derived column GQuantity. Daily means of
ary, there is good coverage of AIRS g0Observations, and TCCON observations and GEOS-5 results were then com-
the analysis profile (Figl4a) is pulled towards the aircraft puted (Fig.15) for the period January 2005-December 2006.
profile, but does not achieve the same vertical structure. DurThe assimilation reduced the magnitude of the seasonal cycle
ing this time, Fig.13a shows a large downward correction slightly, and drew it closer to the measured values.
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PRI B S '

Larger-scale changes in GQlue to the assimilation of
AIRS retrievals can be examined by calculating the total col-
umn (XCO,) over North America for both the free model —2
and the assimilation runs. Figus shows the compari-
son of the season cycle of column €0ver North Amer-
ica computed from January through December 2006, using
the model and assimilation fields. The time series here has i F M A M J J A s o w
been detrended in order to capture only the annual cycle, Month (2006)
so that any bias between the free model and assimilatiorig 16 seasonal cycle of column-averaged £@ixing ratio
run has been removed. The effect of the assimilation is toppmv) for the assimilation (red) and model (blue) calculated by
slightly reduce the magnitude of the seasonal cycle in col-detrending time series of monthly mean £6ver North America
umn CQ from a 7.3 ppmv peak-to-trough amplitude in the and then calculating departure from the annual (January through
model compared to a 6.4 ppmv amplitude when AIRS dataDecember 2006) mean.
are assimilated. The greatest differences occur in August and

February—March. The changes to the seasonal cycle foun L
here are probably smaller than would be obtained using a les he assimilation ran through 2005 and 2006. There are both

sparse set of retrievals. It should be noted that these results ”posmve and negative aspects of these results, which are dis-

clude a single year of simulation; future work will consider a cussed here.

longer timer period to examine the impact of AIRS data over One of th_e_m(_)st positive aspects O.f th|s.work Is the gen-
longer timescales. erally beneficial impact of C@data assimilation on the con-

centration distributions. The impacts of the assimilation are
assessed using in situ measurements and comparing the as-
5 Summary and discussion similated distributions with those from an otherwise identi-

cal free-running model. Evaluation using surface flask ob-
A new atmospheric C® partial-column data set, derived servations reveals that, compared with the model simulation,
from a cluster of AIRS spectral radiance channels mainlythe assimilation of the AIRS mid-tropospheric €@trievals
near 4 um, with peak sensitivity to G@ariations in the mid-  improves the annual cycle in surface concentrations, espe-
dle troposphere has been assimilated into GEOS-5. The strirgially in the Southern Hemisphere. Comparison with aircraft
gent clear-sky criterion placed on these retrievals means thagbservations shows different impacts over land and oceans.
at best, several hundred observations are available each da@ver North America, where NOAA aircraft observations are

P IR T T T T |

—4

o
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routinely made, the assimilation leads to improvements insmaller. So the differences and the success of these different
CO, near 500 hPa, with only a small benefit near the surfaceassimilation systems could be the result of model differences,
Over the Pacific, comparison with aircraft observations fromor some differences in the data used.
the INTEX-B field mission reveals larger positive impacts There are also differences in error covariance modeling.
near the surface than over land. In the Southern Hemispher€he state dependent model used here accounts for variabil-
and over oceans in the Northern Hemisphere, where locaity due to the CQ field itself and is adjusted using com-
CO, fluxes are weak and where more observations are availparisons with ground-based observations, whereas Engelen
able to assimilate, the assimilation leads to substantial reducet al. (2009) used the NMC method, which tends to pre-
tions in the mean bias compared to in situ observations. Thelict larger error growth where the observations are made. In
standard deviation differences are not consistently reducedh more recent work, Liu et al. (2012), assimilated Q®-
but generally remain below 1 ppm in these regions. trievals using channels near 15 pm and showed positive mean
This study does not propose that this sparse data set coulcbmparisons with in situ observations at all levels of the at-
be used alone to completely constrain the,@i@ld, orto be  mosphere. Much of this improvement can possibly be at-
used as it is for flux inversion. The infrequent and relatively tributed to the use of the Local Transform Ensemble Kalman
isolated analysis increments likely create non-physical spa¥Filter (LETKF), which provides background error covari-
tial and temporal gradients that would make it difficult to use ance estimates that reflect uncertainties in the meteorolog-
the data set for flux inversion. And even with a larger frac- ical fields. However, at some of the comparison locations,
tion of the measurements retrieved, the lack of vertical in-the free running model has a very large bias compared to
formation in the observations precludes obtaining improvedthe observations, so that improvements due to assimilation
vertical gradients. But we have shown that there is signifi-are relatively easy to achieve. It is likely that a hybrid ap-
cant information content in the observations, and that the inproach that includes both ensemble error estimation and er-
formation can be successfully spread to the surface layer toor statistics generated through comparisons with ground-
improve estimation of C®there. This does imply that AIRS and aircraft-based observations can account for errors that
CO, from this particular set of channels should be includedoriginate in both the transport and surface fluxes.
with future multisatellite assimilation efforts. This system does not currently have in place a bias cor-
The CQ fluxes used in this work do contain bias as noted rection scheme, and the model (as with all C@similation
in Sect. 3. The mismatch between these imposed fluxes anslystems) does contain bias. Because the basic assumptions
the true ones (for the time and location of the assimila-behind the PSAS algorithm is that both observations and
tion) lead to atmospheric concentrations that depart substarferecasts are unbiased, the £@nalysis is necessarily less
tially from the direct observations over North America. The than optimal. The bias correction scheme used by Engelen et
strength of the fluxes, coupled with the absence of nearal. (2009) is the most appropriate approach to handle this is-
surface information content of these retrievals, means thasue. This involves the use of a regression model for the bias,
the assimilation does not substantially improve the bias inand our plans are initially for the development of an off-line
CO, concentrations in this region. This means that more repleast-squares approach.
resentative C@fluxes need to be used in regions where they These results suggest that the UMBC AIRS LC@od-
are large. However, regional maps of land biosphere CO uct is beneficial for constraining global atmospheric concen-
fluxes are known to have large uncertainties (e.g., Jung, efrations, despite the sparse spatial coverage. The version of
al., 2011), meaning that they result in large biases in thethe product used in this work was derived using meteoro-
background state in the data assimilation system. Inverse agegical fields from ECMWF, then assimilated into GEOS-
proaches, that include the flux as a component of the stat&. A more robust long-term approach will investigate using
vector in the assimilation, offer the advantage of continu-GEQOS-5 fields for all aspects of the work, including the pos-
ously correcting surface fluxes along with the atmosphericsibility of cycling the retrievals through the assimilation sys-
concentrations, but to date these also result in significant untem. This would allow use of GEOS-5 predictions of £0
certainties (e.g., Baker et al., 2010; Feng et al., 2011; Nassaas prior states in the retrieval, and also allow exploitation

etal., 2011). of consistent land-surface analyses that are being developed
We cannot directly compare these results to other systemée.g., Reichle et al., 2011).
that have assimilated AIRS GQince we are using a differ- Another aspect of this work that can be further exploited

ent set of fluxes and transport model. However, the in situis the cross-calibration of different observations. For in-
data sets used for validation in are generally the same, andtance, extending the period of study to 2010-2011 will al-
some statement can be made in this respect. The work of Edew tests of the consistency between these NIR retrievals
gelen et al. (2009) showed little improvement with respect tofrom AIRS with the reflected solar infrared measurements
the NOAA/ESRL aircraft data, except in mean differences inmade by GOSAT (Yokota et al., 2009). Ultimately, the joint
the upper air CQ fields. Their mean model errors were of assimilation of CQ measurements from AIRS, GOSAT and
similar magnitude to those found in the present work, while other platforms is a highly desirable focus that should lead to
the standard deviation differences were initially somewhatbetter understanding of the atmospheric carbon balance.
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