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IASI data to evidence ECMWF temperature biases cECMWF

Abstract

Since data from the Infrared Atmospheric Sounding Interfegter (IASI) became available in 2007,
a number of papers have appeared in the literature whichrepeeted relatively large discrepancies
between IASI spectra and forward calculations in the cenftiee CQ Q-branch at 667 cmt. In this
paper we show that these discrepancies are primarily duedcsén the temperature profiles used
in the forward calculations. In particular, we have useedasts of temperature profiles from the
European Centre for Medium-Range Weather Forecasts (ECM@emonstrate that, for the case
study considered in this paper, these profiles are affegtegdiematic errors of the ordersf10 K at
the level of the stratopause. To derive the magnitude ansightal location of the systematic errors
in the temperature profile, we have carried out forwardfiseealculations for a number of clear-
sky, daytime, 1ASI tropical soundings over the sea. The &dicalculations have been performed
using atmospheric state vectors which have been obtaittest &om the direct inversion of the IASI
radiances or from space-time co-located profiles derivat fradiosonde observations and from the
ECMWF model. To rule out any effect due to the accuracy of tineérd model, we have performed
the forward calculations using two independent models. SEmesitivity of the temperature biases to
the variability of the CQ profile and to spectroscopy errors has also been studied.

1 Introduction

The Infrared Atmospheric Sounding Interferometer (IASIproviding data of unprecedented spectral
resolution and accuracy for an operational infrared sovqitistrument (see e.g. the recent IASI special
issue edited byrichter and Wagnef2009). The assimilation of IASI radiances has produced a signif
icant positive impact on forecast quality (e.gollard and McNally(2009) and on the exploitation of
trace gas information for atmospheric chemistry.

IASI has been developed in France by the Centre Nationaud&s Spatiales (CNES) and is flying on
board the Metop-A (Meteorological Operational Satellpddtform, the first of three satellites of the
European Organization for the Exploitation of MeteorotagiSatellites (EUMETSAT) European Polar
System (EPS).

Since the very early stages of the IASI data usage, the gaettmmunity has observed a large dis-
crepancy between IASI spectra and radiative transfer lzdions (see, e.g., Fidl) at the centre of the
CO, fundamental Q-branch at 667 cm(15 um). This result has been documented in a number of un-
published presentations made during the second workshtiie UMETSAT IASI Sounding Science
Working Group (ISSWG-2) and in several papers publishetéropen literature, e.g. s&hephard et al.
(2009; Matricardi(2009; Masiello et al(2009.

In general, but especially in the spectral range around 667 cthe IASI datasets are of much improved
guality and accuracy when compared to those from earliaresparne Fourier transform spectrometers
operating in nadir looking mode, as shown, e.g. in FAg.The high spectral stability and the absolute
radiometric accuracy of the IASI instrument (e.g. Stmw et al. (2008 andlllingworth et al.(2009)
rules out the possibility that the large residuals discdisdg®ve are attributable to the instrument itself.
In fact, as shown in Fig.3, we found that large discrepancies between observatiotisiamulations
are also observed in the spectra of the Atmospheric Infr&m@ehder (AIRS) instrument. In this case
simulations were performed using the RTTOMdtricardi et al.(2004)) forward model and input fields
obtained from the ECMWF short-range forecasts.

Shephard et al2009 and Matricardi (2009 have suggested that the radiance bias at 667-auould
be caused by incorrect specification of the temperaturelgiiofthe upper stratospherdlasiello et al
(2009 have provided further evidence connecting directly thtbanace bias to errors in the temperature
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profile.

In the present paper we elaborate further on the resultineotdy the above mentioned authors and give
an explicit assessment of the radiance bias at 667-émterms of systematic errors in the temperature
profiles. Specifically, we discuss errors in the ECMWF terapge.

Several studies (e.g, s&éscher et a[2008 and references therein), suggest that roto-vibratior@ad C
lines could be affected by variations of the £€@Ilume mixing ratio in the mesosphere and lower ther-
mosphere and by non Local Thermodynamic Equilibrium (LTE)@s. These effects, if not properly
accounted for, could result in large differences betweesented and calculated spectra.

As far as non-LTE effects are concerned, the main reasonstvdyycannot be responsible for the ob-
served bias at 667 cm is that biases are observed during nightime and daytimeemletto a large
degree, non LTE effects should only affect daytime radiantteshould also be observed that IASI is a
nadir looking instrument and therefore it has poor serigitio emission above the stratopause. More-
over, non-LTE effects in the COv, band, which covers approximately the range from 550 to 800'¢cm
are only important above 80 km.

Regarding the issue of the variation of the £2@ixing ratio with altitude, we have explicitly assumed that
CO, is not well mixed. To this end we have used ECMWF (ofiles obtained from the assimilation

of the Atmospheric Infrared Sounder (AIRE(gelen et al{2009) radiances. Since we expect the £0

profiles to be affected by temperature errors in the ECMWFehagle have carried out a comparison
with a case of constant mixing ratio to check the sensitigftthe retrieval to the C@profile.

The origin of the radiance bias could in principle be relaiedine-shape issues such as the effect of
line-mixing. However, in that respect, it should be notedttlas shown by, e.gStrow and Reuter
(1988; Niro et al. (2004 20053ab), Q-branches within th@, CO, absorption band, are well modeled.
Random errors of line parameters (width and intensity) wdad almost zeroed after convolution with
the IASI Instrument Spectral Response Function. To sumoupt knowledge, there is no evidence that
spectroscopic data are affected by biases of a magnitugegesds to yield the bias we observe at 667
cmL.

It should be said, however, that in our forward calculatjaghe treatment of the C{absorption is made
in terms of line and continuum components. The continuunomtien at the centre of the GO,
band displays a behaviour very similar to that displayedhgyradiance bias (i.e. a very narrow and
sharp structure). For this reason, we have studied thetis@tgsdf our results to the perturbation of the
continuum absorption.

A recent validation studypbn Engeln et al2009 performed using data from the radio occultation (RO)
GNSS (Global Navigation Satellite System) Receiver for #spheric Sounding (GRAS) instrument,
shows biases in the ECMWF temperature profiles in the sph&se which are qualitatively consistent
with the biases discussed in this paper. Since GRAS datacareliable below pressures of 5hPa, it is
not possible to use these data to corroborate our findindieipriessure altitude range between 5 and 0.1
hPa where we found the ECMWF temperature biases are mosiyroed.

Given the difficulty (if not the impossibility) of a direct frdation of the ECMWF forecasts of tempera-
ture in the upper stratosphere, we can gain some insighthetbehaviour of the ECMWF temperature
fields in this region by using the stratospheric/mesosphernperature sounding channels of the Spe-
cial Sensor Microwave Imager/Sounder (SSMI/S) instrum@itthis end, the statistics of the (largely
negative) differences between observations and radissioaedated using profiles from the ECMWF
forecasts, suggests the presence of an increasing ECMWietature bias between 45 and 85 kel
(2010). This finding is consistent with the results presentedhis paper.
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Further evidence that the ECMWF model temperature is bias#tke stratopause level comes from the
study of the MIPAS retrievalsRidolfi et al 2007). The analysis of the MIPAS data tends to agree with
our findings in that they show that the ECMWF temperaturegratd hPa are higher than those retrieved
by MIPAS. The bias shows the same sign and is comparable imitndg with the bias we have found
using IASI data. It should be also stressed that MIPAS sgkotiverage stops at 700 cmand therefore
provides also an independent evidence that the bias is rentifact of the spectroscopy within the 667
cm~ Q-branch.

It should be noted that the ECMWF analysis in the stratospleemainly driven by the assimilation of
the Advanced Microwave Sounding Unit (AMSU) radiances. lIf&ghd AIRS) radiances in the center
of the 667 cm! Q-branch are not currently assimilated.

Regarding the IASI datasets, based on the workdhagricardi(2009; Shephard et a(2009; Masiello et al
(2009, it can be seen that biases at 667 ¢rexhibit a very coherent pattern, i.e. a cold anomaly every-
where on the globe: 1ASI is colder than the ECMWF-forechstsed radiative transfer calculations. It
is important to stress how the biases at 667 to not display any day-night cycle (see eMptricardi
(2009). However, as exemplified in Fid, it is evident that seasonal variations are present in tidue
als. Figurel shows the residuals computed over a period of two weeksgltlm@months of April, July,
October, and, January 2008 using the experimental set wpiloles inMatricardi (2009 (i.e. simula-
tions have been performed using the RTTOV forward model &obl¥®/F short-range forecasts fields of
temperature, water vapour and ozone). Variations can berlérthe residuals are computed locally.

In this paper we study the origin of the biases at 667 tmmsing a few, geo-located, IASI spectra and
good quality in-situ information, which allow us to perforconsistent radiance closure experiment.

To this end, clear-sky, sea-surface, daytime IASI obsemsthave been obtained from the Joint Air-
borne IASI Validation Experiment (JAIVEXHAAM, 2007, which was carried out in the United States
during April and May 2007. The JAIVEX team has also complete@rihese IASI observations by a
comprehensive ancillary data set to specify the state ofath@sphere corresponding to the MetOp
overpasses.

In this paper, IASI simulations have been performed using favward modelsg-IASI (Amato et al,
2002 Grieco et al. 2007 Masiello et a] 2009 and the newly developed principal component based
version of the RTTOV fast radiative transfer modelatricardi, 2010. The strategy of using two inde-
pendent forward models allows us to determine whether otheog is any dependence of the bias on the
forward model itself. The two forward models are based dieint but recent versions of the LBLRTM
line-by-line (LBL) radiative transfer modeh{t p: //rt web. aer. com) (i.e. v.11.6 foro-IASI and
v.11.1 for RTTOV). It should be noted that, as discusseMairicardi (2009, biases in the 667 cnt
Q-branch are present in the residuals computed using a cdrdliierent LBL models. For instance, the
residuals computed using the KCARTBESouza-Machado et §2002) LBL model exhibit biases that
are typically of the order of -1.2K. These findings are condidhivy recent results obtained by DeSouza-
Machado DeSouza-Machad{010) which show that KCARTA direct calculations based on ECMWF
state vectors, show a bias (observations-calculations) tif -2 K on average when compared to 1ASI
observations.

For the inversion of the spectral radiances, we have utilire 5-1ASI (?) package, which has been used
for the simultaneous inversion of skin temperature, teisipee, water vapour and ozone profiles.
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2 Methodological Background

The quality of the retrievals of atmospheric parameters lwarassessed by a proper analysis of the
spectral residuals. Once we get the final estimate of the sgthasic state vector, we can compute the
corresponding fitted spectrum, ség/a), wherego is the wave number, and compare it to the observed
spectrumR(0o). If F is the forward model function andthe estimated state vector, then the spectral
residual is

6R(0) =R(0) ~R(0), R(0)=F(?) (1)

If the spectrum is computed at N different wave numbeyswith j = 1,...,N, then the spectral residual
can be expressed as a vector of size N,

SR = (8Ry,...,0Rj,...,0Ry)" (2)
where the superscriptindicates transposition and

OR(0j) = OR; 3)

The spectral residual can be computed for any individuahdmg. Therefore we add an indéxo the
residual vectordR;, wherei can run over the set afavailable soundings.

2.1 Thetwo forward models

The radiative transfer calculations used for the radianeersion have been performed using {REASI
package. This package incorporates a forward model, whechall o-IASI, and a non-linear iterative
inverse algorithm, which we cadl-IASI. In this way, we use a consistent method to perform @araz
closure experiment where a given first guess state vecttaratively adjusted until convergence in the
radiance space (i.e. the minimization of the spectral usdg] is reached.

The @-1ASI scheme has been described in several papenato et al.(2002); Grieco et al.(2007);
Masiello et al(2009; Carissimo et al(2005; Masiello and Serig2004); Serio et al(2009. The reader
can refer to these papers for further details. Here we ordgritee those aspects which are relevant to
the present analysis.

Theo-IASI module is anonochromaticadiative transfer model, which uses an appropriate athesgp
layering to model the optical depths. The layering consitsgrid of vertical layers of constant pressure.
The discretized version of the radiative transfer equatidrich is solved withino-IASI, uses a 63-layer
pressure grid which spans the range 12@005 hPa. The 64 atmospheric pressure levels, which divide
the atmosphere into 63 layers are shown in Fg. Note the relatively higher density of layers at
pressure levels just above the tropopause. This is theast@ednfiguration, which allows us to use the
same model to simulate data recorded by instruments on lagardfts flying at about 20 km altitude.

By using ¢-IASI we can check the consistency of the forward/inverseutations. The state vector
retrieved byg-IASI is then used as an input to RTTOV to check if the speatalduals are consistent
with those obtained using-IASI. The results can be used as an independent validatithre diypothesis
that biases in the temperature profile are indeed resperfsibthe radiance biases at 667 tm

Of course, we expect to see differences betweewth®S| and RTTOV calculations due to the different
radiative transfer schemes and, above all, to the diffgregsure grid used to discretize the atmospheric
state vector. In fact, RTTOV uses the 1l&lels pressure grid specified by the AIRS science team. This
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is shown in Fig.4b. In addition, the input to the-IASI model are layer mean temperatures, whereas
RTTOV uses temperatures at the boundaries of each layers rfibans that the-IASI mean layer
retrieved profiles have to be interpolated to grid point galand this process can introduce differences
in the atmospheric state vector. These differences tenactease in the upper atmosphere where both
grids become coarser (see F4).

However, what is important for our analysis is not to showaekihinodel is best, or which model produces
the best fit to the data, but rather to show that both modedagisimilar spectral residuals.

2.2 TheJAIVEXx and ancillary data

The IASI spectra used in our analysis are daytime spectrauned during the 2007 JAIVEX campaign
(seeFAAM (2007 for more details) over the Gulf of Mexico. We have a serie6 spectra for 29 April
2007, 16 spectra for 30 April 2007, and finally 3 spectra folM&y 2007. The total of 25 soundings
are well collocated with dropsonde observations. The spegéere recorded in clear sky conditions,
selected on the basis of either high resolution satellisggeny from the Advanced Very High Resolution
Radiometer (AVHRR) on MetOp and in-flight observations. Hpectra for the 29 April 2007 were
measured at nadir whereas the spectra for the 30 April 20@870d4nMay 2007 were measured at a
viewing angle of 22.50 degrees.

Dropsonde and ECMWF model data, which have been used to Haest &stimate of the atmospheric
state during each MetOp overpass, have been prepared aredavaithble to us by the JAIVEX team

(FAAM, 2007). The JAlVex dataset contains dropsonde profiles of tentperavater vapour and ozone,

which extend up to 400 hPa. Above 400 hPa only ECMWF model a@&available. The atmospheric

state vectors used in this study use JAlIVex dropsonde data 40 hPa supplemented by collocated
ECMWEF forecasts of temperature, water vapour and ozone #@dnhPa to 0.1 hPa (corresponding to
about 65 km). For illustrative purposes, the ECMWF data mrgith the dropsonde data are shown for
one day in Fig5.

ECMWF CQ, profiles obtained from the assimilation of AIRS radiancesensdso used in this study.
The CQ vertical profiles were interpolated in space and time to 818851 soundings. The Cgovertical
profiles are shown in Figb.

Our forward calculations require a further extrapolatidthe state vector to 0.005 hPa and the inclusion
of vertical profiles of additional trace gases. These wetréosdimatological values using the compila-
tion by Anderson et al(1986. The same compilation was used to extrapolate the stateniecthe top
pressure level at 0.005 hPa.

It should be stressed that the correct specification of th#iadal trace gases is of little relevance for the
spectral range 645 to 700 crh which is dominated by CQabsorption. Because this range is completely
insensitive to the lower troposphere, the radiative tmmisfcompletely governed by the temperature and
CO;, mixing ratio profiles.

3 Spectral residuals using the state vector from dropsonde and ECMWF
forecasts

Figure7 shows the spectral residuals in the range 645 to 700 dor the o-IASI and RTTOV models.
These were obtained by computing synthetic IASI spectragusie forward moddF and the state vector
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vV which consists of dropsonde observations extrapolatetegaipper atmosphere using the ECMWF
model data. In Fig.7 the spectral residual has been averaged over the total g2bsbundings. The
+10 error bars are based on the IASI level 1C radiometric noidee 8rror bars apply to one single
IASI spectrum and they are shown here as a reference agaiich W compare the magnitude of the
residuals.

Figure 7 shows that the spectral residuals follow very closely thecspl signature of the C{ines.
However, apart from the core of the GQ-branch at 667 cmt, where the residual exceeds the noise
level by a factor of 10 and more, the difference between ekskeand calculated spectra is usually within
the IASI radiometric noise.

The residuals are largely independent of the forward mdtlelan be seen that the two forward models
agree very well. They display very similar patterns witlgiaresiduals at 667 cm.

Regarding the residuals at 667 cthit can be seen that RTTOV exhibits a slightly lower bias, akhi
means that RTTOV is slightly colder thanlASI at 667 cnt!. This result can be explained in terms of
the different pressure grid and the interpolation procegsived in the specification of the state vector
on the RTTOV levels. In fact, because of the interpolatidve, RTTOV-gridded temperature profile is
colder than thes-1ASI-gridded profile around the stratopause level. Thisxsmplified in Fig.8, which
compares the temperature profile originally defined onaHASI grid with the profile interpolated to
the RTTOV grid.

The 667 cmi! Q-branch is sensitive to temperature values that cover a veidge of altitudes. In Fig.
9 we show the temperature Jacobian for the spectral rangeds260t cnt. It can be seen that the
radiance (mostly evident at the centre of the Q-branch)risiee to changes in the temperature profile
at altitudes between 10 and 1 hPa, an exceedingly wide ralighe radiance bias is attributable to
temperature errors, this means that in order to produceatge residuals we see in Fig, errors in the
temperature profile are likely to be larger in between thigjea. It is also worth noting that Fi@.shows
that the range 645 to 700 crhhas no sensitivity to tropospheric emission. Thus, all théssion in the
range 645 to 700 is essentially due to £&one.

4 Quantifying the systematic error in the ECMWF forecasts of temper a-
ture

The high quality of the IASI spectra (this includes the spdatange around the GAR-branch at 667
cm~1) allows us to perform an in depth analysis to assess whethestdhe large discrepancies at 667
cm~! can be attributed to errors in the temperature profiles.

To this end we have performed the direct inversion of the 2Sli8pectra using the modékIASI
(Carissimo et a).2005 Masiello et a) 2009. When performing the retrievals, the non-linear inverse
problem is initialized with a state vector which is deriveg Bmpirical Orthogonal Functions (EOF)
regression Nlasiello and Serip2004 Serio et al. 2009 20089. Thus, the final inverted state vector
dependends only on the IASI spectral radiances and isytotalependent of the ECMWF temperature.

The retrieval scheme performs the simultaneous inversidheoskin temperature, temperature, water
vapour (mixing ratio) and ozone (mixing ratio) profiles. T$mectral regions used in the inversion are
shown in Fig.10. Itis important here to stress that we do not make use of thewg®and (which ranges
approximately from 2100 to 2400 crh) because of non-LTE effects. In fact, the 25 IASI soundirgseh
been recorded during daytime.
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As discussed in the previous sections, when performingténations that lead to the final retrieval, the
O-IASI uses forward calculations performed by the direct elam-IASI. For this reason, we expect a
high degree of consistency between the residuals and tteev&tetor obtained from a retrieval scheme
that uses the same forward model. Therefore, we have madeependent assessment of our results by
computing the RTTOV residuals (IASI-RTTOV) using the sameeited state vectorv, obtained from

the &-1ASI inversion.

Before moving to the analysis of the spectral residual, viefligrdiscuss the retrieval accuracy achieved
by d-1ASI. Figure 11 shows the root mean square of the difference between retriand dropsonde/
ECMWEF profiles. In the pressure range 1025 to 400 hPa, whereawe information from co-located
dropsondes, it can be seen that the errors are close to 1 Khepéite comparable to the errors that are
expected based on simulated retrieval exercises. Notdhthabot mean square difference is computed
over 25 profiles, so that statistical fluctuations are sxifjexted to play a significant role. Bearing this
in mind, the good agreement between inversions and dropsprayide some more confidence in the
inverse scheme as far as its accuracy is concerned.

A good retrieval accuracy for temperature is also achiewettié range 400 to 10 hPa, where we have
information from the ECMWF forecasts alone. In the rangeolD hPa, apart from an isolated spike at 5
hPa, the retrieval accuracy is still good. However, in thegeal to 0.1 hPa we can see that the computed
root mean square difference is far from the expected vakpea@ally at the stratopause level.

Coming back to the spectral residuals, we now see that th@fufee retrieved state vectors greatly
improves the spectral residuals, which are now smoothesanadler in magnitude, as shown in FitR.
In this figure we have used the same scale used infHigallow the reader a more direct comparison.

It is quite evident that the difference at 667 chhas been reduced by almost one order of magnitude.
Furthermore, the wave-like pattern introduced in the edglby the regular spacing of GOnes (which

is clearly evident in Fig.7) has almost disappeared. The two forward models used irstindy yield
very similar results. In fact, both models respond in theesaray to the new input state vectors.

Based on these results and on the arguments presented inetheug sections, we suggest that the
residuals observed around 667 Thare most likely due to the inconsistency of the temperatunéle
in the upper stratosphere.

To estimate the errors of the ECMWF temperature profiles, aveacompare the retrieved temperature
profiles with those obtained from the dropsonde/ECMWF. FEdLB shows that the two sets agree al-
most everywhere withinz £1K with the exception of the upper atmosphere, below 5-6 Pare the
temperature difference can reach values as large as 12 K.

Although these results only apply to the location of the stgs considered in this study, if we accept
the conclusion that radiance errors are indeed relatedrpeeature errors, then the global and consistent
nature of the radiance bias at 667 chsuggests that errors in the ECMWF forecasts of temperature a
the stratopause are also distributed globally. Howeves fdir to say that while the sign of the radiance
bias is always negative, its magnitude is not a constantiwinieans that the magnitude of local temper-
ature error is likely to differ from the values discussedwahoAn example of the global distribution of
the radiance residuals is shown in Figt where we plot the difference between observations and-calcu
lations for IASI channel #92, which is centered at 667.75 tnThe calculations have been performed
with LBLRTM using fields of temperature, water vapour andreezobtained from ECMWF short-range
forecasts. The results shown in the map refer to one day mfi¢hki IASI data (4 April 2008). It can be
seen that the residuals (expressed in units of equival@gitthess temperature) are negative everywhere,
with an average magnitude of around -2 K.
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To conclude this section, we note that most of the radiansieuals discussed in the paper have been
computed utilizing forecasts of temperature fields geedratsing the cycle 33R1 of the ECMWF In-
tegrated Forecast System (IFS) which was operational Getibber 2008). At the time of writing, the
operational version of the ECMWF model is 36R1. This versimtudes a number of upgrades which
could in principle affect the quality of the temperature deland potentially change the conclusions
reached in the paper. Consequently, analogously to whatdesdone to produce the results shown in
Fig. 1, we have computed radiance residuals for a period of two svdaking the month of April 2010
using the new ECMWEF cycle. The April 2010 residuals at 667 tigmot shown here) differ only very
slightly from those obtained during April 2008 using the &8@MWF model. Then, according to what
is argued in this paper, errors in the ECMWF analyis in thatgprause are still outstanding.

4.1 Sensitivity to potential interfering factors
4.1.1 CQ volume mixing ratio

To understand better how the results of our inversions depearthe CQ mixing ratio profile, we have
performed a further retrieval exercise where the,@@ixing ratio is assumed to be constant.

To this end we have assumed a constant mixing ratio of 385 ppims is the global average value for
April 2007 according to the NASA Earth System Monitoring baitory (Global Monitoring Division,
e.gseéttp://ww. esrl.noaa. gov/ gnd/ ccgg/trends/).

Figure15 shows the average value of the difference between thevedrignd the ECMWF temperature
profile, obtained for the cases where

1. the inverted profiles are obtained with the ECMWFafixing-ratio shown in Fig5 (hereafter
this difference will be referred to asTocmwi-cQ):

2. the inverted profiles are obtained with the constant rgixatio for CQ (hereafter this difference
will be referred to a®dToonstant-c@)

From Fig. 15it can be seen that the results are very similar. It is wortiingahat when we consider
the direct difference between the inverted profiles, th@Tigonstant-c@ — 9 Tecmwf-c g+ the larger
difference is attained in the upper atmosphere. Howevisrdifference is smaller than 1 K.

The results shown in Figl5b can also be interpreted as the bias that would affect theta profile if
we overestimate the COnixing ratio in the upper atmosphere.

This can be demonstrated using a direct sensitivity araliere we compute the derivative of the
temperature profile with respect to the mixing ratio profi€®,. This analysis, which will be illustrated
below, shows that the sensitivity to the g@erturbation is less than 1 K, if we assume a variation of the
CO, mixing ratio profile of£10 ppmv.

According toCarissimo et al(2005), this derivative can be computed as

‘;—; = (KSK+AB 1) Ks K, (4)

whereT is the estimated temperature profile vectpis the CQ mixing ratio profile K is the derivative
matrix (or Jacobian) of the radiance with respect to the tmatpre profile K4 the derivative of the
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radiance with respect to the G@nixing ratio profile,B is the background a-priori covariance matrix,
Sis the observational covariance matrix ahds an adaptive smoothing parameter, which is internally
generated by-1ASI according to the so-called L-curve criteriodgnsen1992).

It is usually assumed that GOs well mixed in the atmosphere. However, there is stronglende
(Shia et al, 2006 Carlotti et al, 2007, Beagley et g12010 that this assumption leads to an overestima-
tion of the CQ mixing ratio in the stratosphere. Consequently, in thisgpape analyze the effect of
overestimating the C&profile in the stratosphere.

To this end, let us consider the case in which we perform thergon for temperature assuming a
constant value for the COmixing ratio. Assuming that the ECMWF GQnixing ratios (shown in Fig.
5) provide the correct profile, we have that the Sfnstant mixing ratio profile is in error by a quantity,
dq, which, on average, can be estimated by

5q =< 0ecmwf> —0o (5)
whereq, is the constant mixing ratio vector, whose elements aregathketo 385 ppmv.

The bias, 0T, which results from having assumed a constant valug fergiven by
0T = — x 0q (6)

For the case considered in this paper, this bias is showngn £, where we see that although the
largest value is to be expected in the upper part of the atheospit is still smaller than 1 K. It is also
important to note that if we overestimate the £30@ixing ratio (as we have done here), we obtain positive
increments, which would reduce the differences between BENN our retrieval.

Comparing Figl6b to Fig. 15b we see that the sensitivity analysis yields almost exdlotysame results
we have obtained by considering the difference betweenntrersion analysis performed assuming a
variable and a constant G@nixing ratio. in passing, this result says that a variatibm~at10 ppmv
along the CQ profile can be dealt with a linear analysis.

The opposite situation, where the correct @ixing ratio is assumed to be constant with altitude and
we perform the inversion analysis with the ECMWF-altitwtependent C@mixing ratio, would differ
only in the sign of the bias since the analysis is linear.

However, irrespective of the sign, the magnitude of the &najpire bias at the stratopause level resulting
from a perturbation of the C{mixing ratio by+ 10 ppmy, is no greater thah 1 K, which is too small
to explain the radiance bias in the €Q-branch.

4.1.2 Spectroscopic parameters: the £@ntinuum

The accuracy of the currently available spectroscopicparameters (line width, position and intensity)
is difficult to assess. Based on the most recent data (e.RAIN compilation Rothman et a).2005)

we do not expect that spectroscopic errors can result inatige Ibias shown in Fig7. Any effect due

to random errors should be greatly reduced by the convolutidhe monochromatic quantities with the
IASI Instrument Spectral Response Function, whereas feetefue to a systematic component should
remain within the 1ASI error bars. Recent developmentsértitbatment of C@line mixing byNiro et al.
(2004 2005ab) show that a comparison of model data with laboratory messants, ground-based,
ballon and airplane observations of solar and atmospheriitezl spectral radiance, does not support the
hypothesis that the large discrepancies at 667 care a result of spectroscopy alone. It is fair to say
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that these validations focus on the Q-branches at 617 an@m28. The longer paths involved in the
study of the absorption in the Q-branch at 667 ¢rmean the absorption in this region of the spectrum
can be better and more effectively studied using space ludmstvations. Nevertheless, state-of-the-art
spectroscopy suggests that, within the ¥ region, Q-branch lineshapes can be modeled with good
accuracy $trow and Reuterl988 Niro et al, 2004 2005ab).

However, the treatment of the G@ontinuum absorption is a potential source of uncertaimtythe
present work, the C®absorption is modeled using the LBLRTM schenshéphard et §l2009. Ac-
cording to this scheme, the G@bsorption is split in two additive components, the line aodtinuum
absorption. The behaviour in the far-wing of the line is diégd by the continuum component. In
LBLRTMv. 1.6 (http://rtweb. aer.com ), the continuum absorption is modeled in terms of a
spectral density functiorf,(a) which is independent of temperature and pressure. Thisifumis shown

in Fig. 17a where it can be seen that it exhibits a very narrow peak atehtre of the 667 cmt CO,
Q-branch.

Because IASI radiances are colder than calculations inghtre of the band (see, e.g. Fi), we might
argue that we have an excess of continuum absorption ardihdrg 1.

To test this hypothesis, we have performed the computafitimeesensitivity of the inverted temperature

profiles to a perturbation of the GQ@ontinuum absorption using the same approach describdtein t
previous section. The derivative df with respect tof (assumed here to be a function of the wave
numbero) can be written as

‘% = (KS K +AB 1) Ks K, 7

where nowK ; is the Jacobian with respect to the functfoMNote that since the spectral density function
f(o) does not depend on the temperature profile, the derivativetitn can be easily integrated along
the vertical, therefore the matrik ; is a diagonal matrix, of siz& by N whereN is the number of

spectral radiances.

Also, note that the derivative matrix), is aN_ by N matrix, whereN, is the number of atmospheric
layers. For more details on the properties of the jacobidh mispect to the continuum absorption see,
e.g.,Serio et al(2008Hh.

If we vary the wave number dependent density function by trestant valuedt we should observe a
bias in temperatur@)T given by A
5T = O1 o @)

of
Figure 17b shows the results for the case where we vary the continuunsitgunction by -10% and
-90% respectively. As it can be seen from Figb, the resulting temperature bias tends to be larger in
the troposphere, and even in the case where the referenmeisakduced by 90%, the bias in the upper
part of the atmosphere would still be smaller than 1 K. It dthdae stressed that the behaviour in the
troposphere is easily understood when we consider thatthnaum absorption has is larger effect in
the line-wings, which are mostly sensitive to the emissmmfthe lower atmosphere.

Finally, another interesting aspect of our analysis is #ingd oscillation of the sign of the spectral radi-
ance bias (see Fid.2) around the center of the Q-branch at 667¢nirhe change of the sign of the bias

is likely to be modulated by the temperature inversion astn@opause level. From Fig3 we see that

the retrieved profiles at the stratopause level are almottdsmal, before the lapse rate becomes nega-
tive. The CQ absorption coefficienk(o) has a marked change when passing through the band centre at
667 cnt (Strow and Reuter1988. In case now we assume that the retrieved profiles are ¢pwhat
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we see is a supposedly non correct behaviolt( aff modulated by the the temperature profile shape. In
conclusion, we can say that the main driver of the bias seEirv is the temperature profile. However,
once we have adjusted for temperature we are left with théualksbias shown in Figl2, which is still

too large and could well be a result of incorrect spectrogcpresumably line positions.

5 Conclusions

We have performed a retrieval of the atmospheric state ugi8fydata during the month of April 2007.
Large discrepancies have been observed between measudrsiratated 1ASI radiances at the center
of the fundamental C©Q-branch at 667 cm'. For the soundings considered in this paper we provide
compelling evidence that the origin of these discrepanisiestributable to errors in the ECMWF tem-
perature fields at the stratopause level. The sign of the erithe temperature profiles is negative and
its magnitude can reach up to 12 K and shows that IASI is dgtsahsing a colder upper stratosphere
and lower mesosphere than that represented by the ECMWH.mode

We have shown that it is very unlikely that the radiance bias e attributed to the forward radia-
tive transfer model. Two different forward models, usinffedent pressure grids and methodological
approaches, yield consistent spectral residuals.

Since the radiance bias does not show any day/nigth vatyabite can rule out the possibility that
non-LTE effects might be responsible for it.

Because of the spectrally localized nature of the radiames i is unlikely that the bias is a result of
random errors in the spectroscopic line parameters. Theotdion at the IASI spectral resolution of
the monochromatic transmittances would almost reducertoarey effect due to this source of error.

We have identified and investigated three alternative piaiesources of error, which could explain the
radiance bias. These sources are

e the temperature profile in the upper part of the atmosphere
e the CQ mixing ratio variability with altitude

e the CQ continuum absorption

We found that even if we change the g€ntinuum absorption by90%, this would affect the retrieved
temperature profile by an amount not greater th&xb K. An overestimation by 10 ppmv of the GO
mixing ratio in the upper part of the atmosphere would reisudt very similar temperature bias. In the
latter case, the bias would be positive and therefore it évterhid to compensate rather than accentuate
the negative bias observed in the IASI radiances. Thereflioeemost likely source of the radiance bias
is errors in the temperature profile.

Although the temperature profile is the primary source ofdhserved bias, it is not the only source.
In fact, the radiance residuals computed using the retlie@mnospheric state show that the bias at the
center of the 667 cm" Q-branch is still different from zero, which suggests thesence of some sort of
systematic errors (probably due to the incorrect spedificaif line positions). The study of the residual
bias deserves more research efforts and should be analyethe help of independent temperature
profile data. In this respect, the synergetic use of MIPASI&®] could be highly beneficial to check
for the consistency of the spectroscopy at 667 trand we hope that our paper can stimulate more
research work along this line.
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To conclude, we have shown that the use of radiances at tiwe adrihe strong 667 cnt Q-branch of
CO, offers a formidable tool for the remote sensing of the terapge in the upper stratosphere. Since
the use of radiances in this spectral region allows us togtbb atmospheric temperatures for a wide
range of altitudes between 30 and 65 km, the fundamental@®ranch at 667 cm" could be used to
study, e.g., long-term warming or cooling tendencies ofupger stratosphere. As Fig.suggests, such
kind of study could be performed by the re-analysis of IMGadat
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Figure 1: IASI spectral residuals averaged over a periodved iveeks during January, April, July, and, October
2008. The input state vectors are ECMWF short-range forefialsls. The residuals have been computed using
the RTTOV model. Results are shown for a) Northern HemispbgiTropics, and, ¢) Southern Hemisphere.
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Figure 2: This figure illustrates how much more accurate tA8lspectra in the long wave G@bsorption band

are in comparison with those measured by an equivalentjtakue years older, instrument, namely the Japanese
IMG (Interferometric Monitoring of Greenhouse Gaskshayashi et a(1999). The comparison focuses on the
range 645 to 700 cmt. Panel a) shows a set of sea-surface IMG spectra [4asiello et al.(2003) recorded

in the tropics; panel b) shows an equivalent set of IASI speaiso recorded in the tropics; the panel ¢) shows
the averaged value of the spectra shown in panel a) and emively. The good agreement between the mean
values shown in panel c) means that the variability seen imepa) is just random.
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Figure 3: AIRS spectral residuals averaged over a periodwaf wweeks during April 2008. The input state vectors
are ECMWEF short-range forecast fields. The residuals haes lmemputed using the RTTOV model. Results are
shown for a) Northern Hemisphere, b) Tropics, and, ¢) Sauthiemisphere.
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Figure 4: The definition of the atmospheric pressure levetgin a)o-1ASI and b) RTTOV.
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Figure 5: JAIVEX case study, 29 April 2007. The figure showsémperature profiles obtained from dropsonde
data and the upper atmosphere ECMWF model data.
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Figure 6: The CQ mixing ratio profiles derived from the ECMWEF analysis andetigpace co-located with the 25
JAIVEX IASI soundings.
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Figure 7: Spectral residual averaged over the 25 |ASI songsli The input state vectors have been obtained by the
dropsonde+ECMWEF data. The residual has been computed twaste: two forward models-IASI and RTTOV.
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Figure 8: The interpolation of the temperature profile frome t-1ASI grid to that of RTTOV. This example shows
that the interpolation process yields a temperature profitéch is slightly colder at the stratopause level.
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Figure 9: An example of the radiance derivative (Jacobiaithwespect to the temperature profile in the range
645 to 700 cm™.
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Figure 10: The IASI spectral coverage and the spectral irdés (in red) used for the inversions of skin temperature,
temperature, water vapour and ozone profiles.
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Figure 11: The root mean square difference between retdewel dropsonde/ECMWF temperature profiles (blue
line). The figure also shows (red line) the root mean squana &ased on simulations. Panel a) shows the altitude
range where we have dropsonde observations, while pangidys the altitude range where the temperature
information is derived from the ECMWEF short-term forecasiti.
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Figure 12: Same as FigZ, but now the input state vectors have been obtained by direetsion of IASI data.
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Figure 13: The 25 IASI inverted temperature profiles comgacethe observations (dropsonde/ECMWF). The
dropsonde/ECMWEF observations are averaged to form ondesimgfile for each day, which is shown in the
figure.
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Figure 14: Global distribution of the difference betweersetyations and calculations for IASI channel 92 (667.75
cm 1) for one day (04 April 2008) of thinned IASI data. Results expressed in units of equivalent brightness
temperature (K). Calculations have been performed usingR‘BVI.
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Figure 15: Panel a) shows the average difference (IAS|egal-ECMWEF) for temperature for the two inversion
case studies: 1) constant mixing ratio for g@nd 2) with the ECMWF-altitude-dependent £@ixing ratio,
respectively. Panel b) gives the difference between thetwes shown in a).
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Figure 16: The sensitivity of the retrieved temperaturefigato a non correct specification of the G@nixing
ratio profile. Panel a) shows the difference between therassuCQ profile and thetrue profile. Panel b) shows
how the differences shown in panel a) would bias the invagegberature profile.
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Figure 17: Sensitivity analysis to the G@ontinuum absorption. Panel a) shows the spectral dengitgtion
we have used as a reference (green curve) in our calculatitorgy with the values of the same density function
scaled down by 10% 90% respectively. Panel b) shows themesgo terms of temperature bias to a perturbation
equal to the reference-scaled value.
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