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Abstract. Observations of atmospheric carbon monoxide that for the data that has been processed the systematic bias
(CO) can only be made on continental and global scales bypetween MOPITT V4 and ULIRS IASI data, at MOPITT
remote sensing instruments situated in space. One such irvertical resolution, is less than 7 % for the comparison data
strument is the Infrared Atmospheric Sounding Interferome-set, and on average appears to be less than 4 %. The results
ter (IASI), producing spectrally resolved, top-of-atmosphereof this study indicate that intercomparisons of satellite data
radiance measurements from which CO vertical layers andets with low vertical resolution should ideally be performed
total columns can be retrieved. This paper presents a techwith: retrievals using a common a priori appropriate to the
nique for intercomparisons of satellite data with low verti- geographic region studied; the application of averaging ker-
cal resolution. The example in the paper also generates theels to compute difference quantities with reduced a priori
first intercomparison between an IASI CO data set, in thisinfluence; and a comparison with simulated differences us-
case that produced by the University of Leicester IASI Re-ing model profiles for the target gas in the region.

trieval Scheme (ULIRS), and the V3 and V4 operationally
retrieved CO products from the Measurements Of Pollution
In The Troposphere (MOPITT) instrument. The comparison
is performed for a localised region of Africa, primarily for an

ocean day-time configuration, in order to develop the tech-C b ide (CO) in th h K
nique for instrument intercomparison in a region with well arbon monoxide (CO) in the tro_posp ere acts as a marker,
defined a priori, or tracer, of incomplete combustion processes, and through

By comparing both the standard data and a special versioHS r_eacticocr:l(s)\_/vith lthe;ydrﬁxyl f_r;:_e_radical O.H ' t?ehconcen-
of MOPITT data retrieved using the ULIRS a priori for CO, it tration o Is related to the oxidising capacity of the tropo-

is shown that standard intercomparisons of CO are stronglf?hr?re Thompso.m Iiggaijlnvestlg?tlonfsl Into p;arélgbatlor;]s
affected by the differing a priori data of the retrievals, and ofthe sources, sinks and net surface fluxes o are there-

by the differing sensitivities of the two instruments. In par- fore OT significant |mportance: )
ticular, the differing a priori profiles for MOPITT V3 and Whilst ground-based and aircraft-mounted instruments are

V4 data result in systematic retrieved profile changes as exaPle to make precise measurements of the tropospheric con-
pected. An application of averaging kernels is used to derivef€ntrations of CO, they are not able to provide large-scale
a difference quantity which is much less affected by smooth-reg'onal or global coverage. Only observations from space

ing error, and hence more sensitive to systematic error. Thes&/l0W such measurements (in the absence of cloud) to be
conclusions are confirmed by simulations with model pro-Made over a reasonably short time period. Over the past
wdecade the MOPITT (Measurements of Pollution in the Tro-

files for the same region. This technique is used to sho )
posphereDeeter et a].2003, IMG (Interferometer Monitor
for greenhouse Gased{dbayashi et a].1999, AIRS (At-

Correspondence tdS. lllingworth mospheric InfraRed Sounderyi¢Millan et al, 2005, and
BY (smi3@le.ac.uk) TES (Tropospheric Emission Spectromet&jnsland et aJ.

1 Introduction
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2006 instruments have all successfully exploited observa-information about the global distribution of CO, on both
tions in the 4.7 um spectral band to increase the vertical inshort and long term timescales.
formation content of profiles and also global coverage. The The IASI instrument’s spectral range and low noise in the
IASI (Infrared Atmospheric Sounding Interferometer) is the 4.7 um region, mean that it is able to observe the CO spectral
latest instrument in the Thermal InfraRed (TIR) suite of tro- band centred on 2140 én{4.7 um); the large swath width
pospheric sounders, and the University of Leicester IASI Re{2200 km) enables IASI to achieve a twice daily global cov-
trieval Scheme (ULIRS) has been developed to convert IASlerage €99 %), and as the first of a series of three instruments
Top Of Atmosphere (TOA) radiances into an atmosphericto be launched every five years, the IASI will allow for the
CO product (llingworth et al, 2011). monitoring of long-term climatological trends at a very high
The objectives of this paper are to examine the consistencyemporal resolution.
between the MOPITT and ULIRS retrieved IASI data (here- lllingworth et al. (2009 have demonstrated that the likely
after referred to simply as the IASI data or product), to useaccuracy in band 1 of the IASI instrumenti®.1 K at 11 um.
this assessment of TIR tropospheric CO data to develop &y considering work done byarar et al.(2010, and also
technique for intercomparing satellite data with low vertical the internal radiometric accuracy of the IASI instrument, as
resolution, and to investigate some of the probable effectgeported byBlumstein et al(2004), the IASI instrument is
which give rise to the differences that are observed. Thidlikely radiometrically accurate te:0.3 K in the 4.7 um spec-
work follows on from other studies which have investigated tral region.
the intercomparison of CO from different satellite products,
such asLuo et al. (2007; Ho et al. (2009; George et al. 2.2 The ULIRS retrieval setup

2009; Warner et al(2007); Kopacz et al(2010, and this .
(2009 {2002; Kop (2019 The ULIRS schemell{ingworth et al, 2011 has been de-

paper is organised as follows. In SeZtwe summarise the loned ieve CO f IASI 4 TOA radi
characteristics of the IASI instrument, and discuss the setY€'0Pe to retrieve rom measure radiances,

up of the ULIRS. Sectio® introduces the MOPITT instru-  UtiliSing an Optimal Estimation Method (OEM) (Rodgers,

ment and presents in detail the retrieval algorithm of the Mo-2000) to constrain the iII-condit_ioned nature of the retrieval
PITT CO product, in particular highlighting the similarities problem. A summary of the main fgatur(_as of_the ULIRS are
and differences between the V3 and V4 operational prod—nOW presented, with a full description given iitliggworth

ucts. Sectiot presents the results of a standard intercom-t Iazlvligltj). 2irf?1e UII”?S makes use thf tze. g pec’;ra![ |n|ter—
parison between the IASI and MOPITT instruments andtheir\’;‘00 ) Oh' h ((;:g ’ gr reasons outine |harre_ < al b
retrieved CO products, with Sed. performing the analy- (2009, in whic an \_/vater vapour are the primary ap-
sis with a consistent set of a priori statistics. This SeCtionsorbers/em|tters. The retrieval state vector comprises prpflles
also compares the observed differences between instrumen‘ig CQ’ temperature and® based on a 30 level grid equidis-
with systematic differences computed using modelled pro_tant in pressure between surface pressure and 50 hPa. Surface
files. Finally in Sect6 we apply the methodology &todgers temperature is also retrieved. Convergence of the retrieval
and Connoi2003 to undertake a comparison with reduced equat_ions s _achieved using a L_evenberg-Marquardt ite_rative
smoothing error, as demonstrated using synthetic CO fielgdechnique with both cost function changes and maximum

as for Sects. The conclusions of this work are summarised numbers of iterations specified. The ULIRS also utilises
in Sect.7 a spatially precise (30surface elevatiodSGS 1998 and

emissivity (0.05 resolution,Seemann et gl2008. The im-
portance of these three parameters, as well as full details of
the ULIRS are discussed lhingworth et al.(2011).
In order to maintain accuracy, the ULIRS employs the Ref-
21 IASI erence Forward Model (RFM) as a forward model. The RFM
is an accurate line-by-line Radiative Transfer (RT) model,
The IASI instrument is a high-resolution Michelson interfer- Which was developed at the University of Oxford (UK), and

ometer which was launched in 2007, onboard EUMETSAT’s €@n be used to simulate the TOA signal as measured by a
(European Organisation for the Exploitation of Meteorolog- SPace-borne sensabdhia 2000); the model is based on
ical Satellites) MetOp-A satellite, with an equator crossing th® GENLN2 RT modelEdwards 199). The signals cal-

time of 09:30 LST (Local Solar Time) and an instantaneousculated on a fine mesh grid are convolved with the IASI line
Field of View (IFOV) that is approximately 12 km in diam- shape function. The RT calculations also include an estimate

eter at nadir; it covers the spectral range between 645 angf the solar reflected signal from the Earth's surface as de-
2760 cntl, with a spectral sampling of 0.25crh and a scribed inlllingworth et al. (2011). The RFM computes a

nominal apodised spectral resolution of 0.5¢nBlumstein  jacobian product as part of its output. It does this by calcu-
et al, 2004. A more detailed description of the IASI in- lating the result of a % perturbation to the profile level for

strument is given irClerbaux et al(2009; here we briefly trace gases and a 1K perturbation for atmospheric tempera-
discuss why the IASI is well suited for providing detailed tUre:

2 1ASI CO retrievals
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Details of construction of the a priori are extensively de- I
scribed inlllingworth et al. (2011). The important aspect - MOP\TT‘AVSIS‘
for this paper is that a single averaged CO a priori profile 500 - N MOPITT V4 i
and covariance were constructed specifically for the region i N 1
of Africa bounded longitudinally from-20 to 50 E, and lat-
itudinally from —30 to 30 N. The data utilised were outputs
from the Toulouse Off-line Model of Chemistry And Trans- - 1
port (TOMCAT) Chemical Transport Model (CTM)hipper- 600 \ ]
field (2006, run over an entire year with a selection of pro- i \ |
files for which the surface a priori was greater than 100 ppbv. - | 1
Hence the a priori data are representative of the region se- 8001 | i
lected for the intercomparisons with a significant bias to- i
wards higher CO columns more representative of a regional 1000 0
average for regions with biomass burning (such as the day 0 50 too 150 200 250 300
under study). The use of a single a priori profile for all CO VMR (ppbv)
retrievals is in common with the approach taken for some

MOPITT data sets (see Se8t2). The a priori data for CO : . C . )
rors (i.e. the diagonal of the a priori covariance matrix), as well as

are plotted in Fig1. Th_e a pr'or',tmpOSphe”C tempgrature the MOPITT V4 a priori profile averaged over the region shown in

and water vapour profiles used in the ULIRS algorithm arerjg 4tor 1 September 2007. The profiles have all been interpolated

taken from the European Centre for Medium-Range Weathepnto the MOPITT V3 pressure grid for ease of reference.

Forecasts (ECMWF) operational data set, courtesy of the

British Atmospheric Data Centre (BADC). This data set is on

al1l.128 x 1.125 grid with 91 pressure levels, and a 6 hourly emissivity and topography, and by including a detailed solar

time resolution. spectrum in the forward model. For the purposes of this pa-
A thorough characterisation of the retrievals for the se-per, it should be noted that an important consideration is that

lected region of Africa shows that it the high quality TOA ra- the ULIRS IASI retrieval has been performed with a spe-

diances measured by the IASI instrument enable the retrievatific a priori appropriate to the geographical region of the

of between 1 and 2 pieces of information about the tropo-comparison ensemble, a significant fact as explained in later

spheric CO vertical profiles for the data in this paper. Thesections.

full error analysis oflllingworth et al. (2011) showed that

the main source of error is the smoothing error, with an added

contribution from the measurement error in the lower-middle3

troposphere. Typical errors for the African region relating to 31 MOPITT

the profiles are found to be approx. 20% at 5 and 12km,™

and on the total columns to be approximately 24%. Thesey g mmary of the main characteristics of the MOPITT in-
errors include a smoothing term; neglecting the smoothingg;rment is given below: for a full description of the in-
error the total random errors are found to be approx. 10% ak;. \ment (see e.@rummond and Mand199§. MOPITT

> and 1_2 km, and on the total colgmns 1o be appr_oxmatelyis a nadir sounding instrument which measures upwelling
12%. Simulated retrievals for a wide range of profiles show;c.- o4 radiation in both the 4 7um and 2.4mum spec-

column biases of less than 3 %. tral bands; it uses gas correlation spectroscopy using Pres-
As well as the retrievals from the ULIRS, CO products ;e Modulation Cells (PMC) and Length Modulation Cells

have also been retrieved from the IASI radiance spectra in g vics) to calculate total column amounts and profiles of CO
near real time mode (observation +3h) at LATMOS (Labo- i, e jower atmosphere. MOPITT was launched on board

ratoire Atmospheres, Milieux, Observations Spatiales), USingche Terra satellite in 1999, with an equator crossing time of
the FORLI-CO {urquety et al.2009), a retrieval code based 10:30 LST+ 26 min, and a total scanning angle £26° in

on optimal estimation. These retrieved profiles are defined ORach swath, combined with a 22 by 22 km horizontal resolu-
a vertical grid of 19 standard levels (from 0.5 to 18.5km) on tion allows MOPITT to generate a global map of CO once
a global scale, although less reliable retrievals have been ree'very three days. For the purposes of this work we are inter-
ported for latitudes within 25from the poles, at nighttime,  .<taq in the measurements made in the 4.7 um region, which

and at locations with surface emissivity greater than 0.98 ot o ige the most information in regards to a retrieved profile

lower than 0.93. Global comparisons for the FORLI-CO data ¢ oo whilst MOPITT utilises a slightly different technique

set with other sensors, butin a more limited theoretical many, | s g in its measurements of TOA radiances, the sensitivity
ner, have been reported Beorge et al(2009. The UL'RS of the two instruments are determined by the same factors.
retrieval scheme differs from the FORLI-CO scheme in hav-

ing a vertical grid floating in pressure, in having explicit

400 - 8

Pressure (hPa)

Fig. 1. 1ASI and MOPITT V3 a priori profile and associated er-

MOPITT CO retrievals

www.atmos-meas-tech.net/4/775/2011/ Atmos. Meas. Tech., 479352011



778 S. lllingworth et al.: A comparison of OEM CO retrievals from the IASI and MOPITT instruments

3.2 Retrieval setup instrumental modifications performed after the failure of one
of MOPITT's two coolers which occurred on 7 May 2001.

3 . . ) . One of the most significant differences between the MO-
The MOPITT “version 3" (V3) product first became avail- PITT V3 and V4 retrieval algorithms is the choice of the

able in 2002, and was the first datg se't o pffer truly long terma priori profiles and covariance matrices. In the MOPITT V3
and global coverage about the distribution of tropospheric L :
. : . . .‘product, a global a priori profile was employed for all re-
CO. The characteristics of this product are given in detail, . . . ' S
. . . trievals; the use of a single profile allows for an easier in-
by Deeter et al(2003, but to summarise they include: (1) an . . : ) .
. ; ) i : . terpretation of retrieved data in terms of smoothing and bias
OEM retrieval algorithm, which utilises an operational radia-

tive transfer model (MOPFASHdwards et a).1999 based !nfluences from the a priofi. However, Itis also true that us
. ing a global a priori can sometimes yield large systematic
on prelaunch laboratory measurements of instrument params-. — ;
. i . ._differences between the “true” CO concentration and the re-
eters as its forward model; (2) a fixed 7-level pressure grid

. trieved value, at levels where the weighting functions exhibit
(floating surface level, 850 hPa, 700hPa, 500hPa, 350 h?%w sensitivity; this is especially true for the large smoothing

250hPa, 1-50hPa); (3). a glqbal a priori profile and COV".jlr"length (500 hPa, calculated by computing the delta-pressure
ance matrix for all retrievals; and (4) a state vector which . : !
for which the off-diagonal element of the covariance ma-

consists of a CO profile, given in terms of a Volume Mixing _ . 2 . . :
Ratio (VMR), a surface temperature and a surface emissivitymx was found to be 2= times the corre;pondlpg diago-
' hal element) of the MOPITT V3 a priori covariance ma-

A full description of the MOPITT “version 4” (V4) prod-  trix To reduce these a priori-related errors, V4 a priori pro-
uct is given byDeeter et al(2010. As with the V3 product,  fjles are based on a monthly climatology from the global
the V4 algorithm is based on an OEM retrieval technique,cTM MOZART-4 (Model for OZone And Related chemical
using MOPFAS as the forward model. There are hOWGVEfTracers, version 4)Emmons et a).2010, where for each
significant differences between the V3 and V4 algorithms, retrieval, the climatology is spatially and temporally inter-
and some of these are now discussed. Whereas the V3 stafpy|ated to the time and location of the observation. The
vector represented the CO vertical profile as a set of VMR ;e of a covariance of CO profiles in log(VMR) space de-
values, the V4 state vector represents the CO profile as a sgkripes the relative or fractional VMR variability. This means
of log(VMR) values; it was found that the use of a VMR hat whilst utilising a variable a priori profile, a constant and
probability distribution function in V3 occasionally resulted global background covariance matrix of log(VMR) can be
in unrealistic negative VMR values, and so by representingsed. As in V3, the V4 algorithm uses a global a priori co-
the CO profile and covariance in log(VMR) space in the V4 \/griance matrix, but sets the diagonal elements to a fractional
product, these negative values were eliminated. In addition/\r variability of 30 %, and assumes a smoothing length of
to this, the V4 state vector expresses the CO profile on a 10190 nhpa Deeter et al.2010; these values have been chosen
level pressure grid (floating surface level followed by nine pased on analyses of aircraft in situ data sets at individual
uniformly spaced levels from 900 to 100 hPa) instead of thepop|TT validation sites. This relatively small value for the
seven-level grid used for V3; this change to an equidistanismoothing length acts to reduce the projection of informa-
pressure grid was implemented because a retrieval grid withio, from levels where the MOPITT weighting functions are
uniform grid spacing simplifies the physical interpretation of relatively strong (e.g., the mid-lower troposphere) to levels
the retrieval. where the weighting functions are relatively weak (e.g., the

For the V4 product some changes to the MOPFAS radia-surface). An example of the differences between the V3 and
tive transfer model were also made in comparison to thatv4 a priori profiles and covariances matrices is plotted in
used in the V3 algorithm. In extremely polluted condi- Fig. 1.
tions, V3 retrievals sometimes failed because they exceeded
the upper CO concentration limit of MOPFAS. For the V4 3.3 Comparison of MOPITT V3 and V4 averaging
product the MOPFAS forward model was therefore modi- kernels
fied to allow for retrievals with significantly higher values, ) o )
with the number of training profiles expanded from BRI{ T_h_e_averaglng k_ernel matriX is a representative of the sen-
wards et al.1999 to 116. As part of its processing, MOP- sitivity of the retrieved state to the true state:

FAS also incorporates models of the physical states of the A

MOPITT LMCs and PMCs, and for the V4 algorithm, both A = —. D

the PMC and LMC models have been updated for consis-

tency with the actual on-orbit cell pressure and temperaturevherex is the “true” state vector, antlis the retrieved state
values observed during the mission. Specifically, the presvector. The rows of are generally peaked functions, which
sure and temperature values that are used to model the LMOsave a half-width that is representative of the spatial reso-
in MOPFAS are now time-mean values, whilst the shapedution of the observing system. An ideal observing system
and relative phases of the PMC pressure and temperature cyvould haves-function averaging kernels, peaking at the var-
cles remain unchanged. These updated models also refleiius levels over which the retrieval was performed, and no

Atmos. Meas. Tech., 4, 77393 2011 www.atmos-meas-tech.net/4/775/2011/



S. lllingworth et al.: A comparison of OEM CO retrievals from the IASI and MOPITT instruments

779

MOPITT V3 AK MOPITT V4 AK
O T T T T O T T T T
1017 hPa @ 1017 hPa @
850 hPa 900 hPa
200 Y 700 hPa (| 2001 800 hPa 1 |
~ \ 500 hPa ~ 700 hPa
g N 350 hPa o g 600 hPa &
£ 4001 250 hPa -~ - £ 4001 500 hPa ¥ -
© 150 hPa © 400 hPa
5 5 300 hPa
o 600F 1 ®  600r 200 hPa x4
s o 100 hPa D
a (a0
8OO - (//// g 800 g
A B
1000 ‘ ‘ ‘ 1000 ‘ ‘
00 02 04 06 08 1.0 00 02 04 06 08 1.0
AK AK
Normalised MOPITT V3 AK Normalised MOPITT V4 AK
O T T T O T T T
1017 hPa @ 1017 hPa @
850 hPa 900 hPa
2001 700 hPa [ 2001 800 hPa 1 ]
i 500 hPa =~ 700 hPa
o 350 hPa ¢ o 600 hPa ¢
£ 400t 250 hPa - A £ 400F 500 hPa ¥ -
© 150 hPa © 400 hPa
5 5 300 hPa
& 600 1 ¢ 600F 200 hPa x4
2 o 100 hPa O
[a N [
800 - g 800 g
C D
1000 1000 ‘
—-0.005 0.000 0.005 0.010 0.015 —0.005 0.000 0.005 0.010 0.015
AK AK

Fig. 2. Averaged daytime and ocean averaging kernels for 1 September 2007 over Southern Afr{gg, X6@PITT V3 (Aopa), (B) MO-

PITT v4 (AMOP4) (C) pressure-layer-normalised averaging kernels for MOPITTAMYP3), and(D) pressure-layer-normalised averaging
kernels for MOPITT V4A%OP4).The MOPITT V3 averaging kernels are in normal space, whereas the MOPITT V4 averaging kernels relate
to log(VMR) values, and the units of the pressure-layer-normalised averaging kernels ate hPa

noise. The Degrees of Freedom for Signal (DFS) are a mea- Because of the large variations in the averaging kernel ma-
surement of the information content of the retrieval, and aretrices between day and night, and over land and ocean, it is
defined as the trace &f (Rodgers2000. important to consider each of these cases separately. If these
Figure2 shows a plot of the averaged daytime and oceaniadifferent scenarios are not analysed individually then there
MOPITT V3 and V4 averaging kernel&M°P3andAMOP4)  are too many factors that must be accounted for, including
for 1 September 2007 over the region shown in Bighere-  but not limited to: varying thermal contrast; varying CO dis-
after referred to as the Southern Africa region), at each of thdributions; varying a priori; and varying surface pressures, to
pressure levels for the relevant retrieval grid, and illustrategpermit a meaningful analysis. Similarly, significant latitudi-
how the MOPITT V3 and V4 measurements contribute to thenal effects which make tropical retrievals quite different than
retrieved CO profiles. Itisimportant to note that whilst Ag.  polar retrievals, mean that any conclusions will be more jus-
gives a good indication as to the sensitivities of the MO- tifiable if a specific latitudinal zone or region, rather than a
PITT V3 and V4 averaging kernelMOP3 and AMOP4 do  global data set, is analysed.
not represent the same quanti°P3is 3% /dx, whereas The main reason for performing this analysis over South-
AMOP4 s jlog(#)/dlog(x). To the first order the V3 and V4 e Africa was because this is the region over which the
averaging kernels can be converted using the following relaULIRS was characterisedllingworth et al, 2013). This

tionship: is especially important because the ULIRS a priori is ap-
N N propriate for the specific area analysed and this is an aspect
dlog(x) x\ 0x A S .
T = (7> Y (2) which is very useful for allowing intercomparisons between
0g(x) rsox retrievals, and between retrieved data and model data. Over

Southern Africa, especially during the fire season (which

www.atmos-meas-tech.net/4/775/2011/ Atmos. Meas. Tech., 479352011
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Fig. 3. MOPITT V3 and V4 mean CO profiles (solid red line 3 YA
and blue line, respectively) and standard deviation relative to their 16 24 32 40 16 24 32 40

means (dashed horizontal lines) for 1 September 2007 over the CO TC (10" Molec / cm?)
Southern Africa region, for the daytime and over the ocean. The | — —

MOPITT V3 a priori profile (dashed turquoise line), and mean MO-
PITT V4 a priori profile (dashed yellow line) used in the retrievals
are also shown.

1.00 1.33 1.67 2.00 2.33 2.67 3.00

Fig. 4. CO total column density over Southern Africa during the
daytime of 1 September 200{A) I1ASI, (B) MOPITT V3, (C) MO-

typically lasts from late July to early Novemb@iglioetal, ~ PITT V4, and(D) GEOS-Chem.
2000, there is also a large variety in the different CO atmo-

spheric scenarios, Sogthern Africa thus represents a regiogs 1 September 2007 over the Southern Africa region (see
over which a wide variety of CO profiles can be observed,

but which should not be adversely affected by latitudinal ef- F_|g. 4) are shown in Fig3. It can be seen that the largest
: differences between the MOPITT V3 and V4 CO concentra-
fects. It has been shown previously (see &geter et al.

tions occur at the surface (approximately 70 ppbv), whilst the
2007Hh that the thermal contrast has a large effect on the MO smallest differences occur between 400 and 600 hPa.

PITT averaging kernels, therefore the main comparison has The differences between the MOPITT V3 and MO-

S (TDITT V4 retrieved profiles shown in Fi@ are consistent
effects of the thermal contrast are minimised, and where sur- . :
o " - with the results ofDeeter et al(2010, with the mean V3

face emissivity variations can be neglected. From a technique . ! LA
. . : L and V4 retrieved profiles similar in the upper troposphere,
point of view, a consistent use of all the data sets is important, e )
As the averaaing kernels are stronaly dependent unon thgnd differing greatly in the lower troposphere. One of the
ging gy aep P major reasons for the observed differences between the MO-

different pressure grids that are used in each of the retrievall)l_l_T V3 and V4 profiles is the use of different a priori (pro-
schemes, to make a consistent comparison, the pressurﬁ—

: X ) les and covariance matrices), and the effect of the smooth-
layer-normalised averaging kernels are generated using the

. : . ihg length on the retrievals. In particular, for large correlation
following équatlon, taken frorhio et al.(2009: lengths, retrievals at pressure levels that are insensitive to CO
ij ﬂ 3) can be strongly influenced by more sensitive levels. One ex-

N-TAPY ample of where this “false influence” can occur is for scenes
wherei and j are indexes of column and row elements of with a low-thermal contrast, and hence a lack of sensitiv-
A andAy, and AP' is the pressure thickness of the layer ity to the surface; in such scenes a large correlation length

corresponding to column index can result in the projection of CO features from the mid-
troposphere, where there is an increased sensitivity, to the
3.4 Comparison of MOPITT V3 and V4 retrievals surface. Such a phenomena could well be responsible for the

results seen in Fig3, with a large difference at the surface
The mean CO profiles of the MOPITT V3 and MOPITT V4 syggesting such an effect (see also Sct.

retrieval algorithms, over the ocean and for the daytime
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Table 1. Mean and percentage biases for IASI and MOPITT V3 CO profiles, as well as the mean absolute total column biases between the
two products, for daytime over the oceanic Southern Africa region on 1 September 2007. N represents the number of retrievals, and the
parentheses denote the standard deviations relative to the mean. Note also that the percentage biases represent the ratio to the mean IA
value.

xMOPS_IASI (v =987)  xMOP3 _xIASI (N =974) §yopeL (N=975) xMOPS _xIASI" (v =972)  syopeL (N =972)

850 hPA

Mean (ppv) —12.8 (61.4) —14.1 (62.9) —30.3(18.5) 11.2(39.1) 7.3 (14.6)

Bias (%) —7.7 (36.9) —8.5(37.8) —18.7 (11.4) 8.0 (27.8) 5.9 (11.8)
500 hPA

Mean (ppv) 14.5 (19.1) 8.1 (20.5) 7.0(7.1) 5.7 (12.8) 3.6 (5.5)

Bias (%) 15.6 (20.5) 8.8 (22.1) 8.0 (8.1) 6.0 (13.4) 4.1(6.3)
250 hPa

Mean (ppv) 13.9 (16.8) 17.9 (18.3) 17.2 (10.2) 1.5 (8.8) 1.5(2.1)

Bias (%) 18.2 (22.0) 23.6 (24.1) 23.3(13.8) 1.6 (9.5) 1.7 (2.4)
Total column

Absolute Bias (%) 1.2 (20.3) 2.4 (20.4) 1.8(6.1) 6.4 (17.5) 4.0(7.3)

Another possible cause of the differences between theand MOPITT Warner et al.2001) cloud filtering algorithms
V3/V4 retrieved profiles is the use of lognormal statistics in was considered for comparison.
the MOPITT V4 retrieval algorithm.Deeter et al(20073 The region considered for comparison, along with the re-
showed that the assumption of Gaussian VMR variability intrieved CO total column densities for each of the algorithms
the MOPITT V3 retrieval algorithm is inconsistent with in- is shown in Fig4. As was discussed in Se@3it is impor-
situ data sets, and leads to positive retrieval bias in especiallyant to consider the day/night and land/ocean retrievals sep-
clean conditions (e.g., VMR values less than 60 ppbv). Asarately, and the remainder of the figures in this study are for
V4 retrievals use a state vector based on log(VMR) they arghe comparison between daytime retrievals over the ocean.
therefore not subject to this effect. A further source of the The IASI and MOPITT retrieval algorithms are set up on
difference between the MOPITT V3 and V4 data sets is thepressure grids which differently sample the troposphere, thus
change in retrieval bias due to drifts in the MOPITT LMCs the IASI retrievals which were on the pressure levels closest
and PMCs (see Se@.2), which are corrected for in the V4  to those of the corresponding MOPITT pressure levels were
retrieval algorithm, but not in the V3. selected for comparison. The MOPITT V3A{©CF3) and
IASI averaging kernelsX'AS") are shown in Fig5, whilst the
MOPITT V4 (AMOP4 and IASI averaging kernelsAtAS!)
are shown in Fig6. In both of these figure8'AS! has been
plotted at each of the the IASI retrieval pressure levels, but
MOPITT is on board the Terra satellite, which is on a dif- only the profiles which correspond to those closest to the
ferent orbit to MetOp, it is therefore not possible to find ex- MOPITT pressure levels are shown. These mean averaging
act coincidences between IASI and MOPITT measurementskernels AMOP3 AMOP4 gng AlASHy correspond to daytime
Thus, to ensure a reasonable coincidence criteria and sanand ocean averages from MOPITT and IASI for 1 Septem-
ple size, only IASI and MOPITT retrievals that correspond ber 2007 over the Southern Africa region shown in BigAs
spatially to within 50 km, and which differ on a temporal with the differences betweeAMOP3 and AMOP4, the differ-
timescale by at most 90 min are considered for this inter-ent magnitudes betweekMOP and A'AS! are mainly due to
comparison; 90 min was chosen, because it allowed for thehe different pressure layer thicknesses of the retrieval grids
maximum amount of data to be collated whilst minimising used by MOPITT V3/V4 (7/10 layers) and IASI (30 layers).
the effects of transportation. The IASI retrievals were further Recall that, whilst the IASI and MOPITT V3 averaging ker-
filtered by using the Root Mean Square (RMS) differencenels both represerity /dx, the MOPITT V4 averaging ker-
between simulated and observed spectra, as well ag4he nels correspond talog(#)/dlog(x).
value of the retrieval. Only retrievals which had an RMS dif- The MOPITT V3 and IASI mean CO profiles and stan-
ference of less than 3.5nW cricmtsr 1 and ax2 of less  dard deviation relative to their means are shown in Fay.
than 3.5 were considered for the comparison. Any IASI andat MOPITT V3 pressure levels for the 1 September 2007,
MOPITT matches where the surface pressures used in thever the Southern Africa region for the daytime over the
retrieval process differed by more than 20 hPa were also neecean; this dataset corresponds to approximately 1000 pro-
glected. In addition to this, only data which was flagged asfiles (see Tabld). As can be seen from Figc, x'AS' over-
being cloud free by both the ULIRSlingworth etal, 2011,  estimatesxMOP3 at pressure levels greater than 500 hPa, and

4 Comparison of IASI and MOPITT CO
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Table 2. Same as Table 1, but for IASI and MOPITT V4 CO retrievals.

xMOPA_(IASI (v =1041) xMOP4 _ 4IASI (v =1038) SvopeL (N=1042) xMOP4 _¢IASI' (N =1042) SpopEL (N =1038)

900 hPa

Mean (ppv) —74.4 (72.8) —28.9 (66.7) —41.9 (35.9) 3.1(26.9) 3.5(8.1)

Bias (%) —42.4 (41.5) —16.5 (38.0) —24.3 (20.8) 2.2 (18.7) 2.8 (6.3)
500 hPa

Mean (ppv) 22.2 (25.4) 2.0(19.8) 3.2(4.2) 2.1(12.0) 4.2 (6.3)

Bias (%) 23.6 (27.0) 2.2 (21.0) 3.6 (4.8) 2.3(12.7) 4.8(7.2)
200 hPa

Mean (ppv) —1.4(18.6) 13.5 (18.6) 14.3 (11.2) 0.5(5.8) 2.4(3.5)

Bias (%) —1.9 (25.6) 18.5(25.5) 20.2 (15.9) 0.5 (6.8) 2.9 (4.2)
Total column

Absolute Bias (%) 14.0 (22.0) 5.6 (20.3) 18.4(9.3) 2.9(14.7) 25(3.2)
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Fig. 5. Daytime and ocean averaging kernels over the Southern Africa region for 1 September 200&) MOPITT V3 (AMOP3) at
MOPITT V3 pressure levelgB) IASI (A'AS') at the IASI pressure levels closest to the MOPITT V3 pressure lef@)gressure-layer-
normalised averaging kernels for MOPITT VA%O%), and(D) pressure-layer-normalised averaging kernels for IA(%@?'). The units

of the pressure-layer-normalised averaging kernels arehPa

is an underestimate at lower pressures. The results from th8outhern Africa region. The differences between the two
intercomparison of 1ASI¥'AS") and MOPITT V3 ¢MOP3)  products are depicted in Figd, with large apparent discrep-
CO are summarised in Table ancies between the mean IASI and MOPITT V4 CO profiles
Figure7b shows the MOPITT V4 and IASI mean CO pro- below 800 hPa symptomatic of the difference in the relative
files and standard deviation relative to their means, at MO-correlation lengths of the two different retrieval algorithms.
PITT V4 pressure levels for the 1 September 2007 over theAs was discussed in Se@&.4 the correlation length used in
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Fig. 6. Daytime and ocean averaging kernels over the Southern Africa region for 1 September 200&) fOPITT V4 (AMOP4) at
MOPITT V4 pressure leveldB) IASI (A'AS') at the IASI pressure levels closest to the MOPITT V4 pressure le§@)spressure-layer-
normalised averaging kernels for MOPITT VAN©P4) 'and(D) pressure-layer-normalised averaging kernels for IA8f*®'). The units

of the pressure-layer-normalised averaging kernels are’hPa

the MOPITT V4 algorithm is 100 hPa and the a priori pro- that the differences between the MOPITT V3 and V4 re-
file is based on modelled data that is spatially and tempodtrieved profiles that can be inferred from Figare the same
rally interpolated to the retrieval scene. As the IASI retrieval as those shown in Fi@.

scheme uses a constant a priori profile, and has a smoothing

length of approximately 400 hPa it has a greater sensitivity

to mid-tropospheric events than it does to the surface (as caB Comparison of IASI and MOPITT CO using the same

be seen from Figbb and6b). The results from the inter- a priori
comparison of IASI £'AS!) and MOPITT V4 ¢MOP4) Cco
are summarised in Tabi It is instructive to investigate whether the differences ob-

The results presented in Figindicate that with respectto  served between'”S! and xMOP are due to the choice of
the effect of projection of information in the mid-troposphere a priori used by each of the retrieval schemes. A useful way
to the surface, the IASI retrievals more closely resemble thego examine this problem, is to use the same a priori profile
MOPITT V3 than the V4 retrievals. This can in part be and covariance for both the MOPITT and IASI retrievals. In
explained by the similarity in the smoothing lengths of the order to do this the IASI a priori profiles and covariance ma-
IASI and MOPITT V3 a priori covariance matrices (400 and trices were integrated into the MOPITT V3 and V4 retrieval
500 hPa, respectively, in comparison to 100 hPa for the MO-algorithms.

PITT V4 algorithm), as well as the fact that the diagonal el- The differences between the IAS{S') and “adjusted”
ements of the a priori covariance matrix are similar for IASI MOPITT (xMOP3) profiles shown in Fig8c are similar to
and MOPITT V3, in comparison to those for MOPITT V4 the differences between the 1ASI and MOPITT V3 profiles
(see horizontal error bars in Fifj). It should also be noted (Fig. 7c), which is to be expected given the similarities in
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Fig. 7. (A) MOPITT V3 and IASI CO mean profiles (solid red line and blue line, respectively) and standard deviation relative to their means
(dashed lines)B) MOPITT V4 and IASI CO mean profiles (solid red line and blue line, respectively) and standard deviation relative to their
means (dashed lineg};) the mean difference between MOPITT V3 CO and IASI CO (solid green line) and the standard deviation (dashed
green line) relative to the mean, aff) the mean difference between MOPITT V4 CO and IASI CO (solid green line) and the standard
deviation (dashed green line) relative to the mean. The IASI CO retrievals closest to the MOPITT pressure levels are used here, and all
comparisons are for over the ocean and during the daytime of 1 September 2007, over the Southern Africa region.

the smoothing length and a priori covariance matrices of thedifferences in the measurement sensitivity, i.e. weighting
IASI and MOPITT V3 retrieval algorithms. Figui@d also  functions and noise, of the retrievals. The retrieved state
demonstrates that”S' andxMOP4 are in better agreement, vector can be written as a weighted mean of the true pro-
particularly in the lower troposphere, compared to the dif-file (xyye) and the a priori profilexs) (Rodgers and Connpr
ferences betweer'”S' and xMOP4 (Fig. 7d). This result  2003. In the case of IASI retrievals this can be written as:

is mainly explained by the fact that both retrievals now use |5, IASI IASI iAsi iAs

the same a priori statistics, in particular utilising an identi-* = = A (x"u Ya ) TxaT e )
cal correlation length, meaning that the surface retrievals argynilst for the MOPITT retrievals (V3 and V4):

equally affected by the influence of mid-tropospheric events. MoP MO VOP MoP vop.

The results from the intercomparison between the IASI andx =A (xtru — X3 ) + x5 +€ (5)

adjusted MOPITT V3 and V4 CO products are summarised . . .
. . . wheree represents the error in the retrieved profiles due to
in Tables1 and2 respectively. This better agreement cor- both random and systematic errors in the measured signal
responds well with other studies (elguo et al, 2007 Ho Y 9

et al, 2009 Warner et al.2007), which also investigated the gggén éhe E::)gc?anstgi? S&Zﬁgg?g?ﬁ%’,ﬂ?g %r:ghﬁ)snﬂgirn
effect of minimising the differences in the a priori statistics, - OYP g 9 9

in the intercomparison of different retrieval products. the IASI a priori, the modified MOPITT retrieved CO profile,

_ xMOP'can be written as:
Whilst the IASI and MOPITT products have now been re- MOP MOP AS| AS] VO
trieved using the same a priori information, there still exist ¥ =A (xtrue — X3 ) +x3° t+ € . (6)
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Fig. 8. Comparison of retrievals performed with the same a priori (ULIRS profile and error covariant¥}, andx'AS!: (A) adjusted
MOPITT V3 and IASI CO mean profilegB) adjusted MOPITT V4 and IASI CO mean profile&) the mean difference between ad-
justed MOPITT V3 CO and IASI CO profiles; ar{®) the mean difference between adjusted MOPITT V4 CO and IASI CO profiles. All
comparisons are for over the ocean and during the daytime of 1 September 2007, over the Southern Africa region.

whereAMOP represents the adjusted MOPITT (V3 and V4) burning, fossil and biofuel combustion. Secondary sources
averaging kernel matrices. are from the oxidation of co-emitted Volatile Organic Com-
Differences betweern®S! andxMOP can be characterised pounds (VOCs). We use surface biomass burning emission
from Egs. @) and @). Further insight into differences in the estimates from the Global Fire Emission Database (GFED
smoothing effect of the two retrievals (the smoothing bias)version 2) Yan Der Werf et al. 2006, and the model is
can be obtained by examining what happens when the awsed in tagged CO tracer mode at a horizontal resolution
eraging kernels for each instrument are applied to a “true”of 2° x 2.5°, with 47 sigma levels that span the surface to
profile (thus simulating the effect of retrieval characteristics 0.01 hPa. The 3-D meteorological data is updated every six
on the retrieved profiles). hours, and boundary layer and tropopause heights are up-
A further step forward can be made by considering Whatdgtggsevgry three ho”rsbl\z’g% use GEOS-Chem CO profiles,
would be obtained if the averaging kernels are applied to re*~» With the closesk™=*-=1to the collocated IASI and
alistic true profiles. For this study the truth is represented@djusted MOPITT CO profiles being used for this compari-
by gridded output from the GEOS-Chem (v7.04.10) CTM S0n; the GEOS-Chem total column densities for the studied
(Bey et al, 2001 and http:/Amww.GEOS-Chem.ory/driven  F€gion are shown in Figid.
by meteorological observations from the Goddard Earth Ob- x}iShe, andxMSF_, have been calculated from Eqé) (
serving System v5 (GEOS-5) from the Global Modeling and @), respectively, withxyyue given by xGEOS |n the
and Assimilation Office Global Circulation model based at absence of any other biaseéﬂggEL and x'@gga repre-
NASA Goddard. The GEOS-Chem global 3-D CTM re- sent the “best possible” retrieval of the GEOS-Chem profiles
lates surface emissions of CO to global 3-D distributions ofby the adjusted MOPITT and IASI algorithms, respectively.
CO concentration. Primary sources of CO include biomassThe results from the intercomparison between the expected
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Fig. 9. Same as Fig8, except forey 5o andx Sng, ¢ (A) adjusted MOPITT V3 and IASI CO mean profildB) adjusted MOPITT V4
and IASI CO mean profilegC) the mean difference between adjusted MOPITT V3 CO and IASI CO profile@rtthe mean difference
between adjusted MOPITT V4 CO and IASI CO profileg\) and (B) are in relation to the retrieval of a true profile, as provided by
GEOS-Chem. All comparisons are for over the ocean and during the daytime of 1 September 2007, over the Southern Africa region.

smoothing biase&opeL MOPITT V3 and V4 CO products
are summarised in Tabldsand?2 respectively.

adjusted MOPITT retrievals can mostly be explained by the
smoothing bias.

As can be seen from Fig8 and 9, and also from Ta-
bles1 and 2, in the upper atmosphere the differences be-
tweenxMSF_ and x}jShe, are of a very similar magni-
tude to those that are observed betwa#?' andxMOF.  The results of Secs indicate that the differences between
In the lower levels of the atmosphere the differences be-xMOP 4nqxIAS! gre a result of the smoothing bias. The di-
tweenxMOP -, andx Sty are greater than those observed rect comparison between the products includes a contribution
betweenx'S! and xMOF | a result which is also reflected from smoothing error, even when the same a priori is used for
in the differences between the total columns (see Tables the retrievals of both instruments to be compared. This arises
and?2). This result shows that in the upper atmosphere thefrom the non-identical weighting functions and error covari-
differences between the 1ASI and MOPITT CO concentra-ances of the two instrument$fodgers and Connd2003
tions are as expected, given the smoothing bias, but that iproposed a methodology, also employed.by et al.(2007);
the lower atmosphere the IASI and MOPITT retrievals agreeWarner et al(2007); Ho et al.(2009, in which the averaging
better than expected given the smoothing bias. It is hypothekernels of one retrieval scheme are used to smooth the re-
sised that this is a result of the increased sensitivity of the intrieved data set from the other set of measurements, provid-
struments at the lower atmospheric levels. Retrieving GEOSing that both retrievals utilise the same set of a priori statis-
Chem modelled profiles in this manner has therefore showrics. With the caveat that this “double smoothing” of the truth
that many of the observed differences between the IASI andvill serve to smooth away some of the intrinsic information

6 Comparison with reduced smoothing error
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Fig. 10. Daytime and ocean averaging kernels over the Southern Africa region for 1 September 20@A) fadjusted MOPITT V3
averaging kernels converted onto the IASI pressuregN@Pg/; (B) IASI averaging kernels at pressure levels closest to the MOPITT V3
pressure levela!AS!; (C) AMOP3 AIASI: 514 (D) AMOP3' _ AMOP3' AIASI

contained within the retrieved data set, this section discusses Providing that common a priori statistics are used in the
such a method, the justification for its use, and the resultgetrievals Rodgers and Conng2003 states that:

that are obtained. In particular we note that the real impor- ¢/ _AMOP’ IASI IASI

tance here is to show that quantities can be calculated whicff = A (x'AS' ~ *a ) +xa @)
minimise smoothing contributions. In this case, it is also im-
portant that the a priori is appropriate (“near optimal”) for
the region concerned.

where AMOP" js AMOP' bt converted onto the same pres-
sure grid (via simple interpolation) as that used by IASI, and
xS now represents the retrieved IASI profile, smoothed
usingAMOP’  The |ASI retrieval should be optimal with re-
spect to the comparison ensemble, which it is expected to be
Rodgers and Connof2003 showed that the effect of because the IASI a priori were specifically constructed for
smoothing error in a comparison can be reduced if the rethe comparison ensemble. Hence this relatively simple equa-
trieval of one instrument is simulated using the retrieval of tion from Rodgers and Conn¢2003 may be used.

another. For profiles used in this study, the number of DFS From Egs. 4), (6), and (), the difference betweenAS"

for the MOPITT retrievals were found to be comparable to, andxM°F can be written as:

6.1 Methodology

yet usually smaller than, that of IASI. The DFS for IASI over ,MOP" _ |IASI' _ (AMOP” _ AMoOP’ AIASI) @)
the oceanic Southern Africa region during the daytime were

found to range from 1.34 to 2.53, whereas those correspond- (x _ x'AS') | MOP _ AMOP' IASI

ing to AMOP3 and AMOP4 \yere found to range from 0.99 to tue — “a :

2.29 and from 0.95 to 2.00, respectively. Providing that theAMOP _ AMOP AIASI term is small,

Eq. @) should represent the difference between the MOPITT
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Fig. 11. Same as Figl0, but for MOPITT V4. All comparisons are for over the ocean and during the daytime of 1 September 2007, over
the Southern Africa region.

systematic error and the vertical IASI smoothed systematic
error. As can be seen from Figs0 and 11, the DFS for
AMOP” _ AMOP”AIASI are on average 0.08 and 0.03 for the
MOPITT V3 and V4 retrievals, respectively. As this differ-
ence quantity is larger for the MOPITT V3 comparisons, it
makes the results afMOF" — x!AS!" more difficult to interpret
than for the corresponding IASI and V4 analysis.

Figure 12 compares the mean values fof*S!", xMOP3
andxMOP3 _ xIASI" for each MOPITT V3 pressure level for
1 September 2007 for the daytime over the oceanic Southern
Africa region. An offset between the total column densities
of 6.4 % was also computed, and a correlation coefficient be-
tween the IASI and MOPITT V3 total columns of 0.86 is
comparable to the correlation coefficient between the IASI
6.2 Results operational and MOPITT V3 column amounts of 0.87 that
was observed bgeorge et al(2009. Over ocean and dur-
Application of the above process to a representative true proing the daytime, the MOPITT V3 CO profile appears to be
file is important in order to demonstrate that the smoothingan overestimate of the IASI retrieved profile in the mid-lower
error terms have been very much reduced. Again, GEOStroposphere.
Chem CO profiles, were used for this comparison, with the Figure 12 also compares the mean values oS!,
smoothing bias now represented &yoper/. It should be ~ xMOP4 and xMOP4 _ xIASI" for each MOPITT V4 pres-
noted thatsyopeL’ represents the expected smoothing biassure level. As can be seen from this figure, there is excel-
for x'ASI" andxMOF  whilst SmopeL represents the expected lent agreement betweerlAS!” and xMOP4 across the pro-
smoothing bias fox'AS! andxMOF . As can be seen from file. The results of the comparison between the adjusted MO-
Fig. 13, the smoothing error across the profiles, in the casePITT V4 and the smoothed IASI products are summarised in
of both the MOPITT V3 and V4 comparisons is small. By Table2. The agreement between the smoothed IASI and ad-
comparing Figs13and9 it can be seen that the application justed MOPITT V4 total column densities is also high (with
of Eq. (7) has significantly reduced the expected smoothinga mean absolute difference of 2.9 %), and there is a correla-
bias. tion coefficient between the column amounts £4S!" and
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Fig. 12. with reduced smoothing error using the derived quantity in B.xMOP andx'AS!": (A) adjusted MOPITT V3 and MOPITT-
smoothed IASI CO mean profile¢B) adjusted MOPITT V4 and MOPITT-smoothed IASI CO mean profil@) the mean difference
between adjusted MOPITT V3 CO and MOPITT-smoothed IASI CO profiles(@hthe mean difference between adjusted MOPITT V4 CO

and MOPITT-smoothed IASI CO profiles. All comparisons are for over the ocean and during the daytime of 1 September 2007, over the
Southern Africa region.

xMOP4 of 0.86. The results of this comparison indicate that non-retrieval, systematic biases between MOPITT and IASI,

for the data studied, over ocean and during the daytime, thevhich on average across the profile appear to be less than

IASI and MOPITT V4 data sets are in very good agreement.4 % and are always less than 7 %, allowing for the modelled
Tables3 and4 summarise the values faMOP — x!ASI". expected differences. The total column bias between the two

along with the expected smoothing bia¢peL/) for the instruments, again allowing for model computed differences,

1 September 2007 over the region shown in Bidor the is always less than 5.5 %. The results for V3 are less easy to

daytime/ocean, nighttime/ocean, and nighttime/land scenarnterpret but would be consistent with systematic biases of up

ios. The results for the daytime/land scenario are not showrio 10 %. It should be noted that of the three data sets (IASI,

as there were insufficient coincident data points from whichMOPITT V3, MOPITT V4), the MOPITT V3 observes the

to draw conclusions from. It should also be noted that onlyhighest CO load for the region of study. As the MOPITT V4

profiles for which there were retrieved values at each of theproduct has been shown to be more reliable than the MO-

fixed MOPITT pressure levels were chosen, and as much oPITT V3 product (see e.deeter et al.2010), it is encour-

the Southern Africa land region has a surface pressure ofging that ULIRS agrees to such a large extent with the MO-

less than 900 hPa (but greater than 850 hPa) this resulted iRITT V4 data set.

a large discrepancy in the number of MOPITT V3 and V4

comparisons over land during the nighttime. The compar-

isons for the true profiles show that for V4 data, the antici-

pated differences are very small after adjustment for the a pri-

ori. Therefore, any biases observed are likely to be intrinsic,
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Table 3. §xgjas for IASI and MOPITT V3 CO retrievals for different scenarios.

night and land
xMOP3 _ LIASI (N=711) SmopeL (N =710)

night and ocean

xMOP3 _ (IASI" (N =908)  SpopeL (N =908)

day and ocean

xMOP3 _ (IASI" (N =972)  SpmopeL (N =972)

850 hPa
Mean (ppv) 11.2 (39.1) 7.3(14.6) 11.5 (38.8) 1.2(7.4) 28.7 (44.1) 19.1(29.7)
Bias (%) 8.0 (27.8) 5.9 (11.8) 9.7 (32.9) 1.1(7.0) 15.8 (24.3) 11.4 (17.7)
500 hPa
Mean (ppv) 5.7 (12.8) 3.6 (5.5) 12.0 (8.1) 1.2 (2.8) 8.6 (13.1) —0.6 (5.6)
Bias (%) 5.8 (13.4) 4.1(6.3) 15.2 (10.2) 1.6 (3.7) 8.3 (12.5) —0.7 (6.0)
250 hPa
Mean (ppv) 1.5(8.8) 1.5(2.1) 6.3 (13.4) —0.1(15) 7.5 (11.0) —~1.5(4.9)
Bias (%) 1.6 (9.5) 1.7 (2.4) 7.6 (16.3) —0.1(1.8) 8.0 (11.8) ~1.7(5.7)
Total column
Absolute Bias (%) 6.4 (17.5) 4.0(7.3) 10.4 (14.4) 0.8 (4.4) 13.0 (14.9) 3.7(6.7)
O T T T O T T T
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Fig. 13. Same as Figl2, but forxmggEL, andx',\/,’l‘g'DEL,: (A) adjusted MOPITT V3 and MOPITT-smoothed IASI CO mean profiles;

(B) adjusted MOPITT V4 and MOPITT-smoothed IASI CO mean profi{€);the mean difference between adjusted MOPITT V3 CO and
MOPITT-smoothed IASI CO profiles; and) the mean difference between adjusted MOPITT V4 CO and MOPITT-smoothed IASI CO
profiles.(A) and(B) are in relation to the retrieval of a true profile, as provided by GEOS-Chem. All comparisons are for over the ocean and
during the daytime of 1 September 2007, over the Southern Africa region.

resolutions. A foundation to the work has been the use of
averaging kernels, and it is clear from the studies here that

: . onsideration and use of vertical sensitivity functions are
In this paper, it has been shown that there are a number orcq v

important considerations to be taken into account when com ecessary for such comparisons to be meaningful. Know-
P . i T " "edge of the a priori influence (both in bias and in sensitivity)
paring two satellite data sets with low but differing vertical

7 Conclusions
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Table 4. §xgjas for IASI and MOPITT V4 CO retrievals for different scenarios.

day and ocean night and ocean night and land
xMOP4 _ ¢IASI" (v =1038) Syoper (N=1038)  xMOP4 _ ¢IASI" (v =925) 8,00 (N =925) xMOP4 _ (IASI" (v =211)  Sy0pEL (N =210)

900 hPa

Mean (ppv) 3.1(26.9) 3.5(8.1) —3.4(30.0) —2.2(4.4) —4.9 (48.9) 1.41 (5.6)

Bias (%) 2.2(18.7) 2.8(6.3) —2.7(24.0) ~1.8(3.6) —2.7(27.3) 1.0 (4.2)
500 hPa

Mean (ppv) 2.1(12.0) 4.2(6.3) 3.9 (8.0) 0.7(1.9) 3.9(12.4) 0.6 (3.7)

Bias (%) 2.3(12.7) 48(7.2) 4.9 (10.0) 0.8(2.4) 3.8(12.0) 0.7 (4.4)
200 hPa

Mean (ppv) 0.5(5.8) 2.4 (3.5) 4.4 (11.5) 0.5 (1.6) 5.7 (11.0) 0.1(2.6)

Bias (%) 0.5(6.8) 2.9(4.2) 5.5 (14.6) 0.6 (2.1) 6.8(13.1) 0.1(3.2)
Total column

Absolute Bias (%) 2.9 (14.7) 25(3.2) 4.5 (14.4) 0.1(2.1) 7.4 (16.2) 2.1(4.3)

immediately follows as a requirement and the technique de-account for this different a priori information in 1ASI and
velopment reported in this paper, following on from the MOPITT retrievals, IASI a priori profiles and covariance ma-
work of Rodgers and Conng2003, examines how one can trices were applied to a modified operational MOPITT re-
perform intercomparisons and deduce valuable informatiortrieval algorithm. The residual differences between the two
given this information. products were believed to arise from differences in the mea-
The most important steps forward in this paper have beersurement sensitivity, and this was demonstrated by calculat-
to show how the influence of smoothing error from differ- ing a smoothing bias, using a set of GEOS-Chem modelled
ing a priori influences may be overcome, in order to deducedata to represent the truth.
some useful information, and how the use of model data as a To account for the remaining differences in the retrieved
representation of “truth” can be used to test the comparison€0 products, the difference functions froRodgers and
made. A key factor has been to recognise that it is impor-Connor (2003 were computed with the constraints noted
tant to perform comparisons for a geographical region wheregreviously to simplify the equations and results. In effect,
the a priori has been specifically constructed to be appropriMOPITT averaging kernels (from the adjusted MOPITT re-
ate (near optimal) for the same locations as the comparisongrieval scheme) were used to smooth IASI CO retrievals. Dif-
in this case the a priori for IASI retrievals was developed ferences between the IASI data and the MOPITT V4 data,
for the same geographic location in which the comparisonsvere shown to be less than 7 % at the MOPITT V4 vertical
are performed. This allows the simpler form of the equa-resolution. For the comparison to MOPITT V3 data, dif-
tions in Rodgers and Connd2003 to be used. Secondly, ferences were shown to be of the order of 10 %, although
application of the same a priori to retrievals from both in- this result must be treated with caution because of resid-
struments removes the ambiguities due to differing a prioriual smoothing error contributions to the selected difference
influences. Thirdly, using the averaging kernels of one in-quantity. This offset is comparable with the resultDefeter
strument to smooth those of the other allows a differenceet al. (2010. As yet no other work has been published re-
quantity to be computed which is sensitive to difference be-garding the intercomparison of IASI and MOPITT V4 data
tween the systematic error in the retrievals of one and to theroducts. As well as demonstrating that the ULIRS CO prod-
smoothed systematic error of the other i.e. to absolute biasict is in good agreement with an independent satellite data
note this final assessment of error requires that the averaginget, the work presented in this paper can also be seen as an
kernel difference term in Eq8J is close to zero as discussed initial independent verification of the offset between the MO-
in Sect.6.1 Finally, the application of the same procedure PITT V3 and V4 products.
to model profiles allows the quantities computed to be tested The next step in the continuation of this work beyond this
for the mean residual bias arising purely from the retrievaltechniques paper would be to extend the intercomparison
formulations for the two sensors, and for suitability of the over a larger temporal range, and to different regions. Ini-
techniques. tially the intercomparison should be widened to incorporate
Using these techniques, the possible causes of the difdates from the different seasons, as it would be interesting to
ferences between the retrievals of the IASI and MO-see how the IASI and MOPITT CO products compared dur-
PITT V3/V4 CO products have been investigated for the de-ing a period that was not affected by biomass burning. Such a
fined region of Africa, with consistent a priori information study would also enable the identification of any inter-annual
for the IASI retrievals. It was observed that the differencesvariability between the two data sets. The intercomparison
between the standard products were significantly affected byould then be extended in the spatial domain to include re-
the differing a priori data (both mean profiles, covariance er-gions other than Africa, especially over land masses which
rors, and error correlation lengths) used in the retrievals. Taare relatively flat. However, care must be taken when the
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analysis is performed over larger regions because of potentigBlumstein, D., Chalon, G., Carlier, T., Buil, C.,&dert, P., Maci-
variations in the a priori specifications and larger variations aszek, T., Ponce, G., Phulpin, T., Tournier, B., &mi, D., As-

in smoothing error contributions. The emphasis again would truc, P., Clauss, A., Kayal, G., and Jegou, R.: IASI instrument:
be on matching the comparison ensemble with the a priori Technical pverview and me.asured.performances, in: Society of
ensemble and therefore the implications of the approach in Photo-Optical Instrumentation Engineers (SPIE) Conference Se-

this paper would be to perform the comparisons on suitable_ 1S edited by: Strojnik, M., vol. 5543, 2004,

e, . . :
spatial and temporal timescales with an a priori mean ancf:h'ppemeld’ M. P.. New version of the TOMCAT/SLIMCAT off
P P P line chemical transport model: Intercomparison of stratospheric

govariance constructgd specifically for the same considera- 4. .o experiments, Q. J. Roy. Meteorol. Soc., 132(617), 1179-
tions. Results from different domains (spatial and temporal 1503 2006.
boxes) could then be aggregated to develop a more global atlerbaux, C., Boynard, A., Clarisse, L., George, M., Hadiji-Lazaro,
long-term view; such a study is beyond the scope of this pa- J., Herbin, H., Hurtmans, D., Pommier, M., Razavi, A., Turquety,
per. Any such analysis should be performed separately for S., Wespes, C., and Coheur, P.-F.: Monitoring of atmospheric
day and night data, and over the land and ocean. composition using the thermal infrared IASI/MetOp sounder, At-
Whilst one day (1 September 2007) has been selected for mos. Chem. Phys., 9, 6041-6084j:10.5194/acp-9-6041-2009
this study, over the Tropical African region, the results and 2009

their interpretations have shown the importance in underP€eter. M., Edwards, D., Gille, J., Emmons, L., Francis, G., H0.S.-

tsrtzngflfg%ttshteh;to gigtg??r:epszrtjn?jfeﬁ;iyn;eit:;;/?sl ;Cahyehm;\!/’eag: MOPITT Version 4 CO Product: Algorithm Enhancements, Val-
. . . idation, and Long-Term Stability, Journal of Geophysical Re-
the retrieved product. In particular any set Qf profl]es and  ¢oarch D! Atmospheres, 115, 2010.
total column amounts should always be provided with a setpeeter, M. N., Emmons, L. K., Francis, G. L., Edwards, D. P., Gille,
of matching a priori and averaging kernels, so that the data 3. c., warner, J. X., Khattatov, B., Ziskin, D., Lamarque, J., Ho,
can be correctly interpreted, and if needs be compared with s_, Yudin, V., Atté, J. L., Packman, D., Chen, J., Mao, D., and
another product. The purpose of this paper was develop Drummond, J. R.: Operational carbon monoxide retrieval algo-
the techniques needed to assess the consistency between theithm and selected results for the MOPITT instrument, J. Geo-
MOPITT and IASI data, and to investigate the probable Phys. Res.-Atmos., 108, ACH1-1-ACH1-11, 2003.
causes of differences between these two different product®€eter, M. N., Edwards, D. P., and Gille, J. C.. Retrievals of car-
with low vertical resolution. In doing so a greater under- PN monoxide profiles from MOPITT observations using lognor-
standing as to the correct interpretation of both the MOPITT Ml a priori statistics, J. Geophys. Res.-Atmos., 112, D11311,

. . doi:10.1029/2006JD007992007a.
and the ULIRS CO retrieved products has been achieved. Deeter, M. N.. Edwards, D. P., Gille, J. C.. and Drummond, J. R.:

Sensitivity of MOPITT observations to carbon monoxide in
the lower troposphere, J. Geophys. Res.-Atmos., 112, D24306,
doi:10.1029/2007JD008922007h.
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P., Mao.D., Masters, D., Worden, H., and Drummond, J.: The

AcknowledgementdASI has been developed and built under the
responsibility of the Centre National d’Etudes Spatiales (CNES,
France). It is flown onboard the Metop satellites as part of the EU-

METSAT Polar System. The IASI L1 data are received through the =", .
) I : in the troposphere (MOPITT) instrument: Overall performance
EUMET near real tim r n ser . : . .
v Cast near real time data distribution service and calibration requirements, J. Atmos. Ocean. Tech., 13, 314—
The authors would like to thank the NEODC for access to ECMWF 320, 1996.

data, the NERC for funding S. M. lllingworth, and EUMETSAT ' pudhia, A.: Michelson Interferometer for Passive Atmospheric
for access to the IASI data. SATSCAN-IR is a project selected by  Sounding (MIPAS) Reference Forward Model (RFM), Software

EUMETSAT/ESA under the first EPS/Metop RAO. User’s Manual, 2000.
_ _ Edwards, D. P.. GENLN2: A general line-by-line atmo-
Edited by: J.-L. Attie spheric transmittance and radiance model, NCAR Tech.Note,

NCAR/TN-367+STR, 1992.
Edwards, D. P., Halvorson, C. M., and Gille, J. C.: Radiative trans-
References fer modeling for the EOS Terra satellite Measurement of Pollu-
. tion in the Troposphere (MOPITT) instrument, J. Geophys. Res.-

Barret, B., Turquety, S., Hurtmans, D., Clerbaux, C., Hadji-Lazaro, Atmos.. 104. 16755-16775. 1999

J., Bey, I, Auvray, M., and Coheur, P-F.. Global carbon gnnang | K., Walters, S., Hess, P. G., Lamarque, J.-F., Pfister,

monoxide vertical distributions from spaceborne high-resolution G. G.. Fillmore. D.. Granier. C.. Guenther. A.. Kinnison. D.

FTIR nadir measurements, Atmos. Chem. Phys., 5, 2901-2914, Laepp\e T Orlland’o ] Tie’ X ' Tyndall G V(/iedinmyer’ C,

doi:10.5194/acp-5-2901-2008005. Baughcum, S. L., and Kloster, S.: Description and evaluation of

Bey, I, Jacob, D. J., Yantosca, R. M., Logan, J. A., Field, B. D., the Model for Ozone and Related chemical Tracers, version 4

Fiore, A. M., Li, Q., Liu, H. Y., Mickley, L. J., and Schultz,  \o7ART-4), Geosci. Model Dev., 3, 43—6a@0i:10.5194/gmd-
M. G.: Global modeling of tropospheric chemistry with assim- 3-43-20102010.

ilated meteorology: Model description and evaluation, J. Geo-George M., Clerbaux, C., Hurtmans, D., Turquety, S., Coheur, P--

phys. Res.-Atmos., 106, 23073-23095, 2001. F., Pommier, M., Hadji-Lazaro, J., Edwards, D. P., Worden, H.,
Luo, M., Rinsland, C., and McMillan, W.: Carbon monoxide

Atmos. Meas. Tech., 4, 77393 2011 www.atmos-meas-tech.net/4/775/2011/


http://dx.doi.org/10.5194/acp-5-2901-2005
http://dx.doi.org/10.5194/acp-9-6041-2009
http://dx.doi.org/10.1029/2006JD007999
http://dx.doi.org/10.1029/2007JD008929
http://dx.doi.org/10.5194/gmd-3-43-2010
http://dx.doi.org/10.5194/gmd-3-43-2010

S. lllingworth et al.: A comparison of OEM CO retrievals from the IASI and MOPITT instruments 793

distributions from the IASI/METOP mission: evaluation with McMillan, W. W., Barnet, C., Strow, L., Chahine, M. T., Mc-
other space-borne remote sensors, Atmos. Chem. Phys., 9, 8317— Court, M. L., Warner, J. X., Novelli, P. C., Korontzi, S., Maddy,
8330,d0i:10.5194/acp-9-8317-2002009 E. S., and Datta, S.: Daily global maps of carbon monoxide from

Giglio, L., Csiszar, 1., and Justice, C. O.: Global distribution NASA's Atmospheric Infrared Sounder, Geophys. Res. Lett., 32,
and seasonality of active fires as observed with the Terra 1-4, 2005.
and Aqua Moderate Resolution Imaging SpectroradiometerRinsland, C. P., Luo, M., Logan, J. A., Beer, R., Worden, H.,
(MODIS) sensors, J. Geophys. Res.-Biogeo., 111, G02016, Rider, D., Osterman, G., Gunson, M., Eldering, A., Goldman,
doi:10.1029/2005JG000142006. A., Shephard, M., Clough, S. A., Rodgers, C., Lampel, M., and

Ho, S. ., Edwards, D. P, Gille, J. C., Luo, M., Osterman, G. B., Chiou, L.: Nadir measurements of carbon monoxide distribu-
Kulawik, S. S., and Worden, H.: A global comparison of car-  tions by the Tropospheric Emission Spectrometer instrument on-
bon monoxide profiles and column amounts from Tropospheric board the Aura Spacecraft: Overview of analysis approach and
Emission Spectrometer (TES) and Measurements of Pollution examples of initial results, Geophys. Res. Lett.,, 33, L22806,
in the Troposphere (MOPITT), J. Geophys. Res.-Atmos., 114, doi:10.1029/2006GL02700@006.
D21307,d0i:10.1029/2009JD012242009. Rodgers, C.: Inverse Methods for Atmospheric Sounding: Theory

lllingworth, S. M., Remedios, J. J., and Parker, R. J.: Intercompari- and Practice, World Scientific, 2000.
son of integrated IASI and AATSR calibrated radiances at 11 andRodgers, C. D. and Connor, B. J.: Intercomparison of remote
12 pum, Atmos. Chem. Phys., 9, 6677-6688i:10.5194/acp-9- sounding instruments, J. Geophys. Res.-Atmos., 108, ACH13-
6677-20092009. 1-ACH13-14, 2003.

Illingworth, S. M., Remedios, J. J., Boesch, H., Moore, D. P., Sem-Seemann, S. W,, Borbas, E. E., Knuteson, R. O., Stephenson, G. R.,
bhi, H., Dudhia, A., and Walker, J. C.: ULIRS, an optimal esti-  and Huang, H.: Development of a global infrared land surface
mation retrieval scheme for carbon monoxide using IASI spec- emissivity database for application to clear sky sounding re-
tral radiances: sensitivity analysis, error budget and simulations, trievals from multispectral satellite radiance measurements, J.
Atmos. Meas. Tech., 4, 269-2880i:10.5194/amt-4-269-2011 Appl. Meteorol. Clim., 47, 108-123, 2008.

2011. Thompson, A. M.: The oxidizing capacity of the earth’s atmo-

Kobayashi, H., Shimota, A., Kondo, K., Okumura, E., Kameda, sphere: Probable past and future changes, Science, 256, 1157—
Y., Shimoda, H., and Ogawa, T.: Development and evaluation 1165, 1992.
of the interferometric monitor for greenhouse gases: A high- Turquety, S., Hurtmans, D., Hadji-Lazaro, J., Coheur, P.-F., Cler-
throughput Fourier-transform infrared radiometer for nadir Earth  baux, C., Josset, D., and Tsamalis, C.: Tracking the emission
observation, Appl. Optics, 38, 6801-6807, 1999. and transport of pollution from wildfires using the 1ASI CO re-

Kopacz, M., Jacob, D. J., Fisher, J. A., Logan, J. A., Zhang, L., trievals: analysis of the summer 2007 Greek fires, Atmos. Chem.
Megretskaia, I. A., Yantosca, R. M., Singh, K., Henze, D. K.,  Phys., 9, 4897—491810i:10.5194/acp-9-4897-2002009.

Burrows, J. P., Buchwitz, M., Khlystova, I., McMillan, W. W., USGS: US Geological Survey: GTOPO30 Global 30 Arc-second
Gille, J. C., Edwards, D. P., Eldering, A., Thouret, V., and Digital Elevation Model, Tech. rephttp://edcwww.cr.usgs.gov/
Nedelec, P.: Global estimates of CO sources with high resolu- landdaac/gtopo30/gtopo30.ht(dst access: April 2011), 1998.
tion by adjoint inversion of multiple satellite datasets (MOPITT, van der Werf, G. R., Randerson, J. T., Giglio, L., Collatz, G. J.,
AIRS, SCIAMACHY, TES), Atmos. Chem. Phys., 10, 855-876, Kasibhatla, P. S., and Arellano Jr., A. F.: Interannual variabil-
doi:10.5194/acp-10-855-20,12010. ity in global biomass burning emissions from 1997 to 2004, At-

Larar, A. M., Smith, W. L., Zhou, D. K., Liu, X., Revercomb, H., mos. Chem. Phys., 6, 3423—-344bj:10.5194/acp-6-3423-2006
Taylor, J. P, Newman, S. M., and Sidksel, P.: IASI spectral ra- 2006.
diance validation inter-comparisons: case study assessment frowarner, J., Gille, J., Edwards, D., Ziskin, D., Smith, M. W., Bai-
the JAIVEX field campaign, Atmos. Chem. Phys., 10, 411-430, ley, P. L., and Rokke, L.: Cloud Detection and Clearing for the
doi:10.5194/acp-10-411-201R010. Earth Observing System Terra Satellite Measurements of Pollu-

Luo, M., Rinsland, C. P., Rodgers, C. D., Logan, J. A., Wor- tion in the Troposphere (MOPITT) Experiment, Appl. Optics,
den, H., Kulawik, S., Eldering, A., Goldman, A., Shephard, 40, 1269-1284, 2001.

M. W., Gunson, M., and Lampel, M.: Comparison of car- Warner, J., Comer, M. M., Barnet, C. D., McMillan, W. W., Wolf,
bon monoxide measurements by TES and MOPITT: Influence W., Maddy, E., and Sachse, G.: A comparison of satellite tro-
of a priori data and instrument characteristics on nadir at- pospheric carbon monoxide measurements from AIRS and MO-
mospheric species retrievals, J. Geophys. Res.-Atmos., 112, PITT during INTEX-A, J. Geophys. Res.-Atmos., 112, D12S17,
D09303,d0i:10.1029/2006JD007663007. doi:10.1029/2006JD007923007.

www.atmos-meas-tech.net/4/775/2011/ Atmos. Meas. Tech., 479352011


http://dx.doi.org/10.5194/acp-9-8317-2009
http://dx.doi.org/10.1029/2005JG000142
http://dx.doi.org/10.1029/2009JD012242
http://dx.doi.org/10.5194/acp-9-6677-2009
http://dx.doi.org/10.5194/acp-9-6677-2009
http://dx.doi.org/10.5194/amt-4-269-2011
http://dx.doi.org/10.5194/acp-10-855-2010
http://dx.doi.org/10.5194/acp-10-411-2010
http://dx.doi.org/10.1029/2006JD007663
http://dx.doi.org/10.1029/2006GL027000
http://dx.doi.org/10.5194/acp-9-4897-2009
http://edcwww.cr.usgs.gov/landdaac/gtopo30/gtopo30.html
http://edcwww.cr.usgs.gov/landdaac/gtopo30/gtopo30.html
http://dx.doi.org/10.5194/acp-6-3423-2006
http://dx.doi.org/10.1029/2006JD007925

