Atmos. Chem. Phys., 13, 668G#11, 2013 Atmosphenc _g
www.atmos-chem-phys.net/13/6687/2013/ . g
d0i:10.5194/acp-13-6687-2013 Chemistry >
© Author(s) 2013. CC Attribution 3.0 License. and Physics @

Performance of the Line-By-Line Radiative Transfer Model
(LBLRTM) for temperature, water vapor, and trace gas retrievals:
recent updates evaluated with IASI case studies

M. J. Alvaradol, V. H. Payné?, E. J. Mlawer!, G. Uymin®, M. W. Shephard®, K. E. Cady-Pereiral, J. S. Delameré",
and J.-L. Moncet!

LAtmospheric and Environmental Research, Lexington, Massachusetts, USA

2Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA
SEnvironment Canada, Toronto, Ontario, Canada

“now at: Tech-X, Boulder, Colorado, USA

Correspondence tavl. J. Alvarado (malvarad@aer.com)

Received: 18 October 2012 — Published in Atmos. Chem. Phys. Discuss.: 4 January 2013
Revised: 16 April 2013 — Accepted: 10 June 2013 — Published: 15 July 2013

Abstract. Modern data assimilation algorithms depend onv12.1 substantially improves the a posteriori residuals in the
accurate infrared spectroscopy in order to make use of th&-branch of the KO v2 band, while the improvements in the
information related to temperature, water vapop@l, and  R-branch are more modest. The®lamounts retrieved with
other trace gases provided by satellite observations. RetBLRTM v12.1 are on average 14 % lower between 100 and
ducing the uncertainties in our knowledge of spectroscopic200 hPa, 42 % higher near 562 hPa, and 31 % higher near the
line parameters and continuum absorption is thus imporsurface compared to the amounts retrieved with ¥Odtie
tant to improve the application of satellite data to weatherto a combination of the different retrieved temperature pro-
forecasting. Here we present the results of a rigorous valfiles and the updated4® spectroscopy. We also find that the
idation of spectroscopic updates to an advanced radiativeise of a fixed ratio of HDO to D in LBLRTM may be re-
transfer model, the Line-By-Line Radiative Transfer Model sponsible for a significant fraction of the remaining bias in
(LBLRTM), against a global dataset of 120 near-nadir, over-the P-branch relative to the R-branch of theQHv, band.
ocean, nighttime spectra from the Infrared AtmosphericThere were no changes tg®pectroscopy between the two
Sounding Interferometer (IASI). We compare calculations model versions, and so both versions give positive a posteri-
from the latest version of LBLRTM (v12.1) to those from ori residuals of~ 0.3K in the R-branch of the §v3 band.

a previous version (v9#) to determine the impact of spec- While the updates to the 2@ self-continuum employed by
troscopic updates to the model on spectral residuals as wellBLRTM v12.1 have clearly improved the match with obser-
as retrieved temperature and®iprofiles. We show that the vations near the C&v3 band head, we find that these updates
spectroscopy in the CQvp andvz bands is significantly im-  have significantly degraded the match with observations in
proved in LBLRTM v12.1 relative to v9-4, and that these the fundamental band of CO. Finally, significant systematic
spectroscopic updates lead to mean changesb K inthe  a posteriori residuals remain in thg band of CH, but the
retrieved vertical temperature profiles between the surfacenagnitude of the positive bias in the retrieved mixing ratios
and 10 hPa, with the sign of the change and the variabilityis reduced in LBLRTM v12.1, suggesting that the updated
among cases depending on altitude. We also find that temspectroscopy could improve retrievals of £flom satellite
perature retrievals using each of these two,®@nds are re-  observations.

markably consistent in LBLRTM v12.1, potentially allowing

these bands to be used to retrieve atmospheric temperature

simultaneously. The updated8 spectroscopy in LBLRTM
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1 Introduction et al., 2010; Mlawer et al., 2012). LBLRTM calculations
in the thermal infrared are recognized as a reference stan-
Modern data assimilation algorithms for numerical weatherdard for intercomparisons of radiative transfer models, such
prediction (NWP) make extensive use of the information as the SPARC Chemistry-Climate Model Validation Activity
related to temperature, water vapor>(®), and other trace (CCMVal, Forster et al., 2011) and the Continual Intercom-
gases provided by satellite observations. The accuracy oparison of Radiation Codes (CIRC, Oreopoulos and Mlawer,
the analyzed vertical profiles of temperature(Hand other  2010; Oreopoulos et al., 2012).
trace gases from satellites depends on the accuracy of the LBLRTM has been widely used for a number of years as
radiative transfer model used in the data assimilation. Un-the foundation for retrieval algorithms, including those using
certainties in our knowledge of spectroscopic line parame-measurements from ground-based instruments such as the
ters and continua are the primary limitations on the accu-Atmospheric Emitted Radiance Interferometer (AERI, Smith
racy of computed absorption in leading edge radiative transet al., 1999) and satellite instruments like IASI (Amato et
fer models, so reducing these uncertainties is an importanal., 2002; Tjemkes et al., 2003) and the Tropospheric Emis-
part of improving the application of satellite data to weathersion Spectrometer (TES, Clough et al., 2006). In addition,
forecasting. Radiance closure studies using high-spectralt BLRTM has been used to derive the absorption coefficients
resolution infrared radiance measurements allow us to assessr the fast radiation codes RRTM and RRTMG (Mlawer et
the systematic differences between the calculated and mead., 1997; lacono et al., 2008), which are used for broadband
sured spectral radiances, and provide a means to assess tféx and heating rate calculations in several general circu-
consistency of the input spectroscopic parameters within diffation models (GCMs) for climate and weather prediction.
ferent absorption bands of the same trace gas (e.g., Shephar@LRTM is also used to train fast radiative transfer models
et al., 2009) and for different gaseous absorbers. used in NWP assimilation systems, such as the Optical Path
Here we present the results of a rigorous validationTRANsmittance model (OPTRAN; McMillin et al., 1979)
of spectroscopic updates to an advanced radiative transand the Optimal Spectral Sampling (OSS) (Moncet et al.,
fer model, the Line-By-Line Radiative Transfer Model 2008) model implemented in the Joint Center for Satellite
(LBLRTM, Clough et al., 1992, 2005), with respect to a Data Assimilation (JCSDA) Community Radiative Transfer
dataset of measurements from the Infrared AtmosphericzModel (CRTM), OPTRAN-Compact, which is used opera-
Sounding Interferometer (IASI, Challon et al., 2001), an tionally at the National Centers for Environmental Predic-
infrared spectrometer on the EUMETSAT MetOp-A satel- tion (NCEP), and the Radiative Transfer for TOVS (RRTOV)
lite launched in 2006. This study uses a global dataset oimodel (Matricardi et al., 2004; Matricardi, 2009) used by
120 clear-sky, nighttime, ocean, near-nadir IASI measurethe EUMETSAT Satellite Application Facility on Numerical
ments during April 2008 culled from the dataset of Matri- Weather Prediction.
cardi (2009), allowing the evaluation of the model across a The main features of LBLRTM are described in Clough
large range of atmospheric conditions. et al. (2005) and are summarized here. The Voigt line shape
Section 2 describes the current and past versions ofs used at all atmospheric levels with an algorithm based on
LBLRTM used in this study, and Sect. 3 provides an a linear combination of approximating functions. Line cou-
overview of the IASI instrument. Section 4 discusses our ra-pling in LBLRTM is modeled using a first-order perturbation
diance closure strategy, including information on the a prioriapproach (Rosenkranz, 1975). In general, errors associated
profiles, constraint matrices, and retrieval windows used inwith the computational procedures in LBLRTM are small —
the retrievals of temperature 28, Oz, CO, and CH. Sec-  around five times less than those associated with the limiting
tion 5 analyzes the results of these radiance closure studiesrrors in spectral radiance calculations, which are uncertain-
and discusses the impact of the spectroscopic changes on ries in line parameters and line shape. Spectroscopic param-
trieved profiles of temperature and®. eters in the latest version of LBLRTM (v12.1) come from
the HITRAN 2008 line database (Rothman et al., 2009) with
a few key exceptions discussed in Sect. 2.2. LBLRTM in-
2 LBLRTM corporates the continuum model MT_CKD (Mlawer et al.,
2012), which includes self- and foreign-broadened water va-
The Line-by-Line Radiative Transfer Model (LBLRTM) is por continua as well as continua for @@,, N2, O3, and ex-
an accurate and flexible radiative transfer model that cartinction due to Rayleigh scattering. Temperature-dependent
be used over the full spectral range from the microwavecross-section data such as those available with the HITRAN
to the ultraviolet, providing the foundation for many ra- database may be used to treat the absorption due to heavy
diative transfer applications (Clough et al., 1992, 2005).molecules such as halocarbons. The input cross-section data
LBLRTM has a long and successful heritage at the lead-for all temperatures are at the lowest pressure available in HI-
ing edge of the field, and the model is continually updatedTRAN, and the pressure scaling of the cross section is then
and validated against high-resolution spectral measurementserformed in LBLRTM by a convolution of the cross-section
(e.g., Payne et al., 2008; Shephard et al., 2009; Delamerspectrum with an appropriate Lorentz function.
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In this work, we use two versions of LBLRTM. The culations of analytical Jacobians and the number of instru-
first is a modified version of LBLRTM v9.4, here called ment line shapes included for post-processing the monochro-
v9.4+, which is described in Sect. 2.1. We chose 9.4 matic spectra. In order to focus on differences between
for this study as this model version was released prior tothe versions due to spectroscopic parameters rather than
the recent improvements in GOspectroscopy, including these changes, we updated the fast Fourier transform (FFT)
the addition of P- and R-branch line coupling for all £0 scan calculations and the analytical Jacobian calculations
bands (Shephard et al., 2009). We compare the calculations LBLRTM v9.4 to match those of LBLRTM v12.1. This
from this older version of the model to those from the lat- code, with spectroscopic parameters equivalent to v9.4 but
est version, LBLRTM v12.1. The relevant updates madewith the improved features of LBLRTM v12.1, is here called
to LBLRTM, the MT_CKD continuum, and the associated LBLRTM v9.4+.
spectral databases between v9.4 and v12.1 are discussed in
Sect. 2.2. 2.2 LBLRTMvi12.1

21 LBLRTMV9.4+ LBLRTM v12.1 was released in November 2011. LBLRTM
v12.1 uses v3.1 of the AER line parameter database (here-

LBLRTM v9.4 was released in January 2005. This version ofafter AER v3.1), which is based on the HITRAN 2008 line
the model used v1.0 of AER'’s line parameter database (hereparameters (Rothman et al., 2009) with exceptions within
after AER v1.0), which was based on HITRAN 2000 (includ- the range of the IASI instrument forJ®, CO,, and CH,,
ing all updates made before September 2001; see Rothman ethich are discussed below. The spectroscopic changes be-
al., 2003) with the following exceptions. All line parameters tween AER v1.0 and AER v3.1 are negligible for CO and
for CH4 between 922.65 and 1678.33thand for the half-  Os.
widths, temperature dependence, and pressure shifts of CO The HO line positions and intensities for the range 10 to
were updated from HITRAN 2000 based on data supplied2500 cnt? in AER v3.1 are from Coudert et al. (2008). The
by Linda Brown of the Jet Propulsion Laboratory (personal Coudert et al. (2008) line list, as implemented in AER v3.1,
communication, 2003). AER v1.0 also incorporated updatedncluded not only parameters for lines that they had measured
line parameters for ©(Wagner et al., 2002), formic acid in the laboratory (for wavenumbers up to 1750¢mbut
(HCOOH, Perrin et al., 1999) and for the A-bands of the mi- also calculated values for lines that had not been measured,
nor isotopologues of @ (Camy-Peyret et al., 2000); these in order to provide a line list that would cover the entire range
three updates were later incorporated into HITRAN 2004 of the H,O v, band in the thermal infrared. Note that while
(Rothman et al., 2005). the Coudert et al. (2008) measured values were included in

Q-branch line coupling was included for G LBLRTM the HITRAN 2008 compilation, the HITRAN team had made
v9.4, but only for the main isotopologue. The first-order line the decision not to include the calculated values. The impacts
coupling parameters in LBLRTM v9.4 for the Q-branches of this difference between AER v3.1 and HITRAN 2008 are
of the bands centered at 618, 667, 720, 721, and 79%cm discussed in Sect. 5.2. The air-broadened half-widths, tem-
were based on Hoke et al. (1989), but were recalculated to bperature dependences, and pressure shifts @ between
consistent with the C®line parameters in HITRAN 2000. 350 and 667 cm’ are described in Delamere et al. (2010).
The line coupling parameters for the Q-branches of the bands The CQ line parameters in AER v3.1 were built by start-
centered at 1932, 2076, 2093, and 2193 ¢mwvere taken ing with the CQ line mixing database of Lamouroux et
from Strow et al. (1994). al. (2010). This database takes most of its line positions, in-

LBLRTM v9.4 used the continuum code MT_CKD v1.2. tensities, and lower state energies from the HITRAN 2008
The formulation of the HO self and foreign continua in database, but the values for air-broadened half-widths and
MT_CKD is discussed in detail in Mlawer et al. (2012). The their temperature dependence parameters are adjusted from
coefficients for the C@foreign continuum were based on the HITRAN 2008 values to be consistent throughout the
Ridgway et al. (1982), with the coefficients between 0 andbands, and the air-induced pressure shifts (not given for a
1200 cnm ! increased by a factor of 7 to match AERI obser- majority of transitions in HITRAN 2008) were added. For
vations made at the U.S. Department of Energy (DoE) Atmo-AER v3.1, the CQ line intensities and positions in the 597—
spheric Radiation Measurement (ARM) program site at the2500 cnt! spectral range were then modified to be consis-
North Slope of Alaska, as well as other observations maddaent with the Carbon Dioxide Spectral Database (Tashkun et
during the ARM//FIRE Water vapor Experiment (AFWEX) al., 1998, 2003) as implemented for MIPAS retrievals (Flaud
(Shephard et al., 2003). The continuum coefficients for theet al., 2003). These line parameters were used to calculate
collision-induced fundamental bands of @Gnd N were first-order line coupling parameters for all lines of £iS0-
taken from Thibault et al. (1996) and Lafferty et al. (1996), topologues 1 through 7 using the method and relaxations ma-
respectively. trices of Lamouroux et al. (2010).

Several improvements to the functionality of LBLRTM First-order line coupling parameters for thg and v3
were made between v9.4 and v12.1, most notably in the calbands of CH were calculated using HITRAN 2008 line
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parameters with the method and relaxation matrices of Trarcloud detection algorithm of McNally and Watts (2003), and
et al. (2006). thus for which the impact of clouds on brightness temper-
LBLRTM v12.1 uses v2.5.2 of the MT_CKD continuum atures is less thar-0.2K), ocean, nighttime cases were
code, as described in detail by Mlawer et al. (2012). The selfselected in order to minimize uncertainties associated with
broadened continuum for3® between 2000 and 3200ch  cloud, surface emissivity and non-local thermodynamic equi-
is based on IASI, Atmospheric Infrared Sounder (AIRS), andlibrium (non-LTE) effects. This left 130 profiles, 9 of which
AERI measurements between 2385 and 2600%with the  failed to converge for one or more of the retrievals discussed
functional form for 2000-3200 crt shaped by the near- in Sect. 4 below, and 1 of which showed clearly biased resid-
IR studies of Bicknell et al. (2006) and Fulghum and Tille- uals in the HO v, and CQ v3 band after convergence, leav-
man (1991). When P- and R-branch line coupling for,CO ing us with a set of 120 cases for analysis. These 120 profiles
was added to LBLRTM, the foreign broadened continuumcover a wide range of surface temperatures and precipitable
of CO, was completely recalculated under the impact ap-water vapor amounts. Table 1 shows the number of spectra
proximation. In MT_CKD v2.5.2, empirical scaling fac- with precipitable water vapor (PWV) between 0-2, 2—4, and
tors, derived using IASI and AERI observations, were ap-4—6 cm, along with the corresponding ranges of surface tem-
plied to these C@continuum coefficients between 2000 and perature Ts) and latitude.
3000cnTt(Mlawer et al., 2012). The temperature depen-
dence of the C®continuum between 2386 and 2434t
(due to the temperature dependence of the line mixing coef-
ficients of the CQ lines) was also accounted for in this ver- 4 Radiance closure method
sion of the continuum (Mlawer et al., 2012). The coefficients
for the collision-induced fundamental bands of &nd N The validation of the molecular spectroscopy in a radiative
in MT_CKD 2.5.2 are the same as for MT_CKD v1.2 (see transfer model like LBLRTM with observed spectral radi-
Sect. 2.1). ances from satellite- and ground-based sensors, as in Shep-
hard et al. (2009) and this study, requires a careful consid-
eration of the dominant uncertainties in the input parameters
3 1ASI of the model. For the cloudless, nighttime, over-ocean cases
considered in this paper, the dominant sources of uncertainty
The Infrared Atmospheric Sounding Interferometer (IASI) inthe model inputs are (1) errors in the specification of the at-
instrument, which is on the European meteorological polarmospheric state, i.e., the vertical profiles of temperature and
orbiting meteorological satellite MetOp-A, was designed for trace gases for each case; and (2) errors in the spectroscopic
(1) operational meteorological soundings (e.g., of temperaline parameters and continua. In general, errors in the spec-
ture and HO) with the goal of improving medium-range ification of the atmospheric state are unavoidable — either in
weather forecasts and (2) studying atmospheric chemistrysitu profile measurements are unavailable, or the in situ mea-
with the goal of measuring and monitoring trace gases suclsurements have significant uncertainties, or the in situ mea-
as @, CO, and CH on a global scale. IASI is an accurately surements did not sample the atmosphere at the exact same
calibrated Fourier transform spectrometer operating in thespace and time as the satellite observation. For example, the
645-2760 cm? (15.5-3.6 um) spectral range with 0.5tln  comparisons of radiosondes launched from the ARM South-
(apodized) resolution (Challon et al., 2001). Instrument char-ern Great Plains site an hour apart showed significant vari-
acteristics are as described in Shephard et al. (2009). Thability in temperature (0.5-1K over 1 km averaged layers)
IASI instrument line shape is modeled as a truncated Gausand water vapor (25 % for 2 km thick layers, Tobin et al.,
sian with a 1/e point (i.e., the spectral distance from the2006). Model profiles, with their finite temporal and spatial
channel center at which the Gaussian equals 1/e times iteesolution, present similar issues.
maximum value) at 0.25cnt. The calibration and valida- We thus chose to use retrievals of temperature and trace
tion of the IASI Level 1 radiances is described in Blumstein gases to adjust optimally our specification of the atmospheric
et al. (2007). The assessment of the in-flight performancestate prior to analysis of the spectral residuals, as done in
has shown remarkably good radiometric performance (nois&Shephard et al. (2009). Using the observed spectra to pro-
characteristics are similar to those measured on the ground)ide an optimal estimate of the atmospheric state can reduce
and excellent absolute calibration (better than 0.1K). Thethe impact of collocation errors and any systematic in situ
spectral calibration was also shown to be remarkable (meaobservation or model biases on the residuals, allowing the
relative error on spectral calibration of 3t13.3x 10~ /; systematic issues in the spectroscopy to be more easily dis-
Blumstein et al., 2007). cerned. Thus, we first minimize the errors in the specification
Here we use a set of 120 near-nadir (i.e., off-nadir angleof the atmospheric state by using each of the two versions
less than 17.75 spectra measured by IASI in April 2008, of LBLRTM discussed in Sect. 2 to retrieve best-fit speci-
which are a subset of the profiles analyzed by Matricardifications of the atmospheric state for all cases in the dataset.
(2009). Only clear sky (i.e., cases that passed the ECMWHRowever, we also present the mean a priori residuals for each
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Table 1. Number of IASI spectra in each range of precipitable wa- | A Priori Profiles
ter vapor (PWV), and the associated surface temperalyfe &nd / ~<

~
~
~

Y

latitude range.

T.m & T Retrieval T.m & T Retrieval
PWV (cm) Number  TgfRange (K) Latitude Range (CO, v,) (CO, vy)
of Spectra R iy
Saay A posteriori
0-2 33 271-300 59S to 2F S, A ppsteror Vel
28"N 1062’ N H,O Retrieval HzoﬂRetrieval
2-4 57 293-303 35S 1028 N (P and R bransh) (P branch only)
4-6 30 298-303 25St0 2P N
A posteriori
Tam: T Hz0
Constrained T, & T
Retrieval
model version along side the final a posteriori residuals in our (CO, vy)
analysis (see Sect. 5). A posteriori
We use an optimal estimation retrieval approach to mini- Taim: Torr HoO
mize the difference between the observed IASI spectral ra- | O,Retrieval |
diances and corresponding LBLRTM calculations subject to A posterior
the constraint that the estimated atmospheric state must be Tam: To H20, O
consistent with an a priori probability distribution for that | CORetrieval |
state (Bowman et al., 2006; Clough et al., 1995; Rodgers, A posteriori
2000). Specifically, we retrieve the following parameters: the Taim: Terr H,0. 5, CO
surface or “skin” temperaturg; the vertical profile of tem- | CH, Retrieval |
peraturelam; and the vertical profiles of water vapor{8), A posteriori
ozone (Q), carbon monoxide (CO), and methane (gH Taum: Tur F0, O, CO, CH,
Our retrieval procedure is shown schematically in Fig. 1. |__Final Residuals_|

We start with an a priori specification of the atmospheric state
for each IASI spectrum. This a priori specification was con- Fig- 1. Schematic of the retrieval procedure used in this study. Solid
structed as followsTss (and the surface pressure) is taken g”ol"’z Sth‘i‘r’]" ”;_e rlna'n_g”elfr‘f)m tt:e t?/v prlorldprlofl(IEsB SS?K;'big T
R ect. O tne Tinal resiauals 1or the 0 models V1cZ.
gi(;?u;r;i;?r:p&;?;c\g;l(()znogg)R %”?; t:%ri)ihg\:glf:iléngil as and LBLRTM v9.4+). Thg dashed lines show additional retrievals
. ) - done to assess the consistency of the spectroscopy between the
at altitudes beloyv the 10 hPa surface and altitudes above thgndv3 bands of C® and the P- and R-branches o$®.
0.1 hPa surface is taken from the same ECMWF model out-
put. However, the work of Masiello et al. (2011) showed
that ECMWF temperature profiles overestimate the true at-
mospheric temperature by up to 12K between 10hPa andCl;, CFC-11, CFC-12, and CHCiFthe (vertically well-
0.1 hPa, leading to significant errors in the radiances near thenixed) fixed, best estimate profiles are the UARS profiles
667 cnm ! Q-branch of CQ. Thus, in this region we apply a scaled to match the April 2008 global average mixing ratios
correction to the ECMWF temperature profile. The correc-as reported by the NOAA/ESRL Global Monitoring Division
tion peaks at-12 K at 0.3 hPa, and is linearly interpolated in (91.3 ppt, 245.4 ppt, 535.7 ppt, and 190.1 ppt, respectively;
the natural logarithm of pressure between this point and thevailable aftp://ftp.cmdl.noaa.gov/hats/cfgsiThe Ck best
0K correction values at 10 hPa and 0.1 hPa. estimate profile is the UARS profile scaled to match the lat-
The a priori profile for HO is also taken from the estavailable observations (74 pptin 1997; Khalil et al., 2003;
ECMWF model output as discussed in Matricardi (2009). Forster et al., 2007). Fixed, best estimate profiles for all other
For O3, these ECMWF model profiles were scaled to matchtrace gases considered in this study (i.e.p TH3, HNO3,
the total column of @ as observed by the Ozone Monitor- OCS, HCN, and gH5) were taken from the US Standard At-
ing Instrument (OMI). For CQ, N2O, CHy, and CO, the a mosphere (NOAA, 1976). A fixed, best estimate spectral sur-
priori profiles are from the NASA Aura TES monthly cli- face emissivity was estimated from the Wu and Smith (1997)
matology for April 2008, which is based on the MOZART model (zero wind speed, zero viewing angle) as described in
global chemical transport model (Brasseur et al., 1998). Fovan Delst and Wu (2000).
all the retrievals discussed below, the a priori profile is also Starting with these a priori profiles, we performed the
the initial guess profile for the retrievals. Fixed, best estimatefollowing retrievals for each IASI spectrum and version of
profiles for HCOOH and gH, are from the climatologies de- LBLRTM. First, we performed two combined retrievals of
veloped for the NASA Upper Atmospheric Research SatelliteTss and Taim, as shown in Fig. 1. (Note that surface pressure
(UARS, A. Goldman, personal communication, 2002). For was not retrieved, and was instead left at the ECMWF value.)
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Table 2. List of spectral regions used in the retrievals.

Retrieved Parameter Spectral regions used in retrievals fgm

Tsrf 817.0-823.0, 831.0-834.5, 843.0-848.0, 960.0-965.0, 1088.0-1090.0, 1144.0-
1146.0, 1231.5-1232.50, 1330.25-1330.75, 2001.5-2005.0, 2011.5-2013.25,
2030.0-2032.0, 2499.0-2501.0, 2604.0-2606.0

Tatm (CO, v band) 650.0-780.0
Tatm (CO, v3 band) 2270.0-2499.0

H,0 1164.5-1166.25, 1173.0-1175.5, 1186.0-1188.0, 1197.0-1199.0, 1210.75-
1213.25, 1224.25-1226.25, 1242.5-1245.25, 1257.75-1261.75, 1375.0—
1560.0, 1640.0-2020.0

O3 990.0-1070.0

CcoO 2072.75-2074.0, 2094.0-2095.50, 2098.0-2099.75, 2102.25-2104.25,
2110.25-2112.50, 2118.75-2120.50, 2127.0-2135.0, 2149.5-2151.75,
2153.50-2155.50, 2157.25-2159.50, 2164.75-2177.0, 2179.0-2180.50,
2182.5-2184.0, 2186.0-2187.5, 2189.25-2190.75, 2192.75-2194.25

CHy 1292.0-1305.0

These retrievals use different spectral regions to provide inabove 10 hPa must be considered highly uncertain. We then
formation onTym — in the first, thev, band of CQ is used, assumed a Gaussian correlation length of 1 km between the
while in the second the; band of CQ is used. (Example av- retrieved levels in order to account for the correlations be-
eraging kernels for these and the other retrievals in this workween the different retrieval levels (the off-diagonal elements
are included in the Supplement, which also shows the presef the covariance matrix). No a priori correlation was as-
sure levels included in the state vector for each retrieval.) Thesumed betweefss and the lowest levels of thBym, profile.
profiles of Ty retrieved using these two different spectral ~ Next, we used the a posteriori values 1o andTa¢m from
ranges are compared in Sect. 5.1 below in order to evaluatthe CQ v2 band temperature retrieval as inputs into two re-
the consistency of the spectroscopy for the two,@@nds  trievals of O (see Fig. 1; note that, for all gases, the param-
in both versions of LBLRTM. The set of spectral ranges or eter retrieved was the natural log of the volume mixing ra-
“retrieval windows” primarily sensitive t@s; are the samein  tio). In the first BO retrieval, hereafter referred to as the “P-
both of these retrievals — these ranges (and the spectral rangaad R-branch retrieval”, all of the retrieval windows given
used to retrieve all other parameters) are given in Table 2for H,O in Table 2 are used. In the second retrieval, hereafter
In general, following our emphasis on evaluating the con-the “P-branch retrieval”, the range covering the R-branch of
sistency of the spectroscopy within and between bands, wehe v, band of HO (i.e., 1640-2020cm') was excluded
have opted to use large spectral regions in our retrievals. Win order to investigate the impact on water vapor retrievals
recognize, however, that our results can only be suggestive oivhen only the P-branch is observed, as is the case for the
the impacts on operational assimilation and retrieval schemegtmospheric Infrared Sounder (AIRS) and the Cross-track
(which generally use only a small subset of the availablelnfrared Sounder (CrlS) satellite instruments (see Sect. 5.2
channels), and that the impact of the updated spectroscoplyelow). The a priori covariance ofd® was assumed to have
in LBLRTM v12.1 on any specific retrieval or assimilation an uncertainty of 20 % at all levels with off-diagonal correla-
method would have to be carefully evaluated on its own intion lengths of 1 km.
future work. The a posteriori profiles of, Tarm, and HO from the

The associated covariance matrix s and Taim was P- and R-branch retrieval of #0 were then used as input
constructed as follows. Firsfy was assumed to have a stan- to a more highly constrained retrieval 8 and Ty This
dard deviation of 1 K. Foflam, the diagonal of the covari- additional retrieval step is required to minimize the impacts
ance matrix was set by assuming that the a priori probabilityof errors in the atmospheric state on the final spectral resid-
distribution of T3;m had a standard deviation of 2 K between uals, as the temperatures retrieved using the a prig® H
the surface at 200 hPa, 4 K between 200 hPa and 50 hPa, 7 grofile can be somewhat different than the temperatures re-
between 50 and 10 hPa, and 10K above 10 hPa. This gradurieved using the a posterioriJ® profile. In this step, both
ally increasing uncertainty in the a priori @i with altitude  Tam and Tsi¢ were assumed to have standard deviations of
was chosen to avoid overconstraining the upper atmospherit K at all heights, and the off-diagonal elements Taiy, a
temperatures, as the values in our corrected a priori profile
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priori covariance matrix were again calculated using a 1 km (a) Example IASI Spectrum, 1.5 cm PWV
correlation length.

These improved a posteriori profiles®§s andTaim, along
with the H,O profiles from the P- and R-branch retrieval,
were then used as input to sequential retrievals §f @D, 1000 100 mber (e % 2500
and CH, to produce our final estimate of the atmospheric
state and thus our final set of spectral residuals (see Fig. 1;
note that all a posteriori residual plots in this paper are from ¢
this final set of residuals after all parameters have been re- -zf
trieved). The a priori covariance matrices o§,GCO, and ) 1000 1500 2000 2500
CH4 were generated assuming uncertainties of 20 %, 20 %, wovenumber (em™)

(b) IASI — LBLRTM v12.1, 120 scans

Mean = 0.0276 K
RMS = 0.3086 K

(K)

AN O N B
T

(c) IASI — LBLRTM v9.4+, 120 scans

and 5% at all levels and off-diagonal correlation lengths of  «g——————
1km, 2km, and 1 km, respectively. o JEARUS = 04179 K
.
ik
5 Results and discussion 1000 venumber (cm) -0 2000

(d) 1ASI — LBLRTM v12.1 (a priori), 120 scans
Mean = 0.0119 K

Figure 2 shows the mean residuals for the 120 scans across |
the IASI spectral range using LBLRTM v12.1 and LBLRTM ¢ &
v9.4+, along with an example observed spectrum for a pro- -2
file with 1.5 cm PWV. The figures also display the mean and - 1000 1500 . 2000 2500
root mean square (RMS) of the residuals for each model ) us1 - o ((Zmpr);or;), 120 seone
across the IASI spectral range. Note that the RMS is the RMS *[[ weon = —0.0781

of the mean residuals plotted in the figure: fe > = 0-7903 K
2
. 1%: Obs_;—Model ; 1000 1500 ( )zooo 2500
J=1,Nscans Wovenumber (cm™"
> N
i=1, Nchannels Seans

RMS= , (1) Fig. 2. (a) IASI-observed brightness temperature spectrum for

Nchannels an example profile with 1.5cm PW\b) Mean of the final (a

where Obs; is the IASI-observed radiance (or brightness posteriori) brightness temperature residuals for 120 spectra using
temperaturé) in spectral chanriefor scanj, Mode} ; the LBLRTM v12.1.(c) Mean of the final brightness temperature resid-

corresponding LBLRTM-simulated radiance or brightness ua.ls for 120 spectra using LBLRTM v9i4 (d) Mean of the apr-
ori brightness temperature residuals for 120 spectra using LBLRTM
temperature, an®Vscansand Nchannelsthe number of scans

X ! > vl12.1.(e)Mean of the final brightness temperature residuals for 120
and spectral channels included in the average, respectlvelgpectra using LBLRTM v9.4. Note that the RMS due to instru-

The RMS is generally the correct metric to use when evalu-ment noise alone is 0.17 K.

ating the spectral residuals, as (a) the RMS includes contri-

butions from both the mean bias and the standard deviation

about that mean, and (b) the retrievals explicitly minimize 5.1 CO, v, (640-800 cnT) and v3 (2200-2550 crmt)

the mean bias averaged over all channels in the retrieval win- bands

dows. However, comparing the mean bias in different spec-

tral regions used in the same retrieval (as in the evaluation ofFigure 3 shows the mean of the final brightness temperature

the H,O spectroscopy in Sect. 5.2) can be a useful indicatoresiduals in the C® v, band for all 120 IASI scans con-

of inconsistent spectroscopy within a band, and is thus als®idered here for both LBLRTM v12.1 (Fig. 3b) and v9.4

presented. (Fig. 3c). The mean a priori residuals for each model are pre-
Figure 2 shows that the RMS of the mean residuals acrossented in Fig. 3d and e. (Errors in these mean residuals from

the 1ASI spectrum in LBLRTM v12.1 are generally lower |ASI instrument noise are generally too small to be seen on

than in LBLRTM v9.4+, both in the mean residuals after the same scale as the residuals. The interested reader will

the retrieval procedure (i.e., the final a posteriori residuals infind plots of the expected error in the 120 case mean resid-

2b and 2c) and in the a priori mean residuals (2d and 2e)uals from IASI noise in the Supplement.) The £& band

However, significant systematic spectral residuals remain irmtmospheric temperature retrieval window is shown in red,

LBLRTM v12.1. In the following sections, we discuss the along with the mean and RMS of the residuals within this

changes in the spectral residuals in several spectral regiongindow.

within the IASI spectral range, along with the associated im- The updated C&spectroscopy in LBLRTM v12.1 clearly

pact on the retrievals on atmospheric profiles of temperatureimproves the residuals on either side of the 0@ branch

H»0, O3, CO, and CH. at 720 cnl. The RMS of the final a posteriori residuals in
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(d) IASI — LBLRTM v12.1 (a priori), 120 scans

Fig. 4. Differences of the modeled brightness temperature spectrum

0B A L et it (moderate water vapor case) in the £ band due to changes in
o] peon = 02 ¥ CO, spectroscopy. All results are for the moderate water vapor case.
po 700 B} 750 300 (a) LBLRTM v11.1_COz (whl_ch includes the Niro et al. (2005) P-,
Wovenumber (cm™) Q-, and R-branch line coupling parameters) minus ¥9 () Lam-
) (e) ASI — LBLRTM v9.4+ (o priori), 120 scons ouroux et al. (2010) line coupling parameters (based on HITRAN
1 2008) minus Niro et al. (2005) (based on HITRAN 2004).v12.1
< ‘1’ Mo = 0.3951 K SRR s G y COpparameters (with CDSD position and strengths) minus Lam-
_,[_RMS = 06630 K ouroux et al. (2010).

650 700 750 800
Wovenumber (cm™')

Fig. 3. (a) IASI-observed brightness temperature spectrum in theof Tashkun et al., 2003), and v12.1 for our moderate water
vo band of CQ for an example profile with 1.5 cm PWYb) Mean vapor case. It is obvious that the biggest changes between the
of the final (a posteriori) brightness temperature residuals for 120versions came with the introduction of P- and R-branch line
spectra using LBLRTM v12.Xc) Mean of the final brightness tem-  coupling, with relatively smaller impacts from the use of the
perature residuals for 120 spectra using LBLRTM v0.4d) Mean  cDSD positions and strengths, and the differences between
of the a priori brightness temperature residuals for 120 spectra USthe Niro et al. (2005) and Lamouroux et al. (2010) line pa-
ing LBLRTM v12.1.(e) Mean of the a priori brightness temperature -, .

residuals for 120 spectra using LBLRTM v&.4A priori residuals ;a(t)rgtitﬁés%rgcnrggllglble except for a few key regions between

in the 667 cnT1 Q-branch peak at approximately 4K. The re- . . .
trieval window (v(v?hich wasF:Jsed to r(Fe)tFr)ie\Zetm an)(gTsrf) is r?igh- .Flgures 5 and 6 show the mean a posteriori residuals
lighted in red. Note that the RMS due to instrument noise alone inPinned by PWV for LBLRTM v12.1 and LBLRTM v94,
this retrieval window is 0.045 K. respectively. The residual feature at the 667 ér-branch
appears to be independent of PWV, while the residuals in
the 720 cn! Q-branch and between 755 and 770¢rboth
the vy retrieval window shows substantial improvement in appear to increase with increasing amounts of water vapor.
LBLRTM v12.1 (0.12K) versus v94 (0.21K). The apriori  The RMS of the residuals in the, retrieval window also
residuals also have a lower RMS in v12.1. The major remain-appears to increase with PWV in both models. However,
ing a posteriori residual features in LBLRTM v12.1 are nega-since PWV is well correlated with atmospheric tempera-
tive residuals of- 0.5 K in the 667 and 720 cnd Q-branches  ture and latitude (see Table 1), the apparent dependence of
and a positive offset of 0.2 K between 755 and 770 crth the 720 cmr! Q-branch residuals on PWV may actually be
This improvement in the residuals is primarily from the due to the dependence on the atmospheric temperature struc-
addition of P- and R-branch line coupling to LBLRTM ture (e.g., tropopause height), with increasing residuals in the
(and the associated recalculation of the G@ntinuum in  tropical regions. Potential sources of temperature-related er-
MT_CKD), as shown in Fig. 4. Figure 4 compares the ror in this region are errors in the temperature dependence
modeled spectrum between LBLRTM simulations using theof the CQ half-widths and first-order line-coupling coeffi-
CO; line parameters from LBLRTM v9:4, v11.1 (HITRAN cients, as well as the lack of temperature dependence in the
2004 with P-, Q-, and R-branch line coupling from Niro MT_CKD calculated C®@ continuum in this region. As the
et al., 2005), the Lamouroux et al. (2010) line coupling channels in the 755 to 770 crh region are more sensitive
database (HITRAN 2008 with P-, Q-, and R-branch line cou-to the lower troposphere, and the optical depths of @ad
pling, but without the CDSD position and strength changesH>O are comparable in this region, it is possible that either
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Fig. 5. Mean final (a posteriori) brightness t_emp_erature reSidualsFig. 6. Mean final (a posteriori) brightness temperature residuals
in the (?Q V2 band using LBLRTM v12.1 as in Fig. 3b, butonly j, the CGQ vy band using LBLRTM v9.4- as in Fig. 3c, but only
for p_ro_flles with(a) 0 to 2cm,(b) 2 to 4.cm, and(c) 4 to 6cm of for profiles with(a) 0 to 2cm,(b) 2 to 4 cm, andc) 4 to 6 cm of
precipitable water vapor (PWV). precipitable water vapor (PWV).

CO, or H2O spectroscopic errors could be responsible forthin red, green, and blue lines are the differences for the indi-
the residuals in this region. vidual scans, with the color corresponding to a PWV of 0-2,
The residuals in the 667 cth Q-branch of CQare greatly ~ 2—4, and 4-6 cm, respectively. The thick black line shows
improved from the study of Shephard et al. (2009), where thehe mean difference from the a priori over all 120 scans, with
residuals between LBLRTM calculations and IASI measure-the black dashed lines showing the 25th and 75th percentiles.
ments in this region were- 1.7 K. This is because, follow- Figure 7b shows the same comparison for LBLRTM 9,4
ing the study of Masiello et al. (2011), we now include the while 7c shows the RMS differences between the a posteriori
667 cnm! Q-branch in our temperature retrievals and allow and a priori profiles for both v12.1 (black circles) and v8.4
the temperature near the stratopausd fiPa) to adjust. Our  (red triangles). The RMS differences from the a priori tem-
mean radiance residual 6f4.2 x 108 Wcm2sterlcm perature profiles are lower in v12.1 than in v8.4with the
(—0.45K in brightness temperature) is very similar to the re-slight exception of the 16.16 hPa and 14.68 hPa levels), as are
maining residual shown in Fig. 12 of Masiello et al. (2009). the RMS differences df (0.61 K inv12.1 versus 0.69K in
This improvement in the residuals is consistent with the hy-v9.4+). The retrieved temperature profiles with the improved
pothesis of Shephard et al. (2009) that the residual they ob€O, spectroscopy in LBLRTM v12.1 are thus more consis-
served at the 667 cmt Q-branch was most likely due to tent with the forecast profiles, which draw on information
errors in the temperature profile in the upper stratospherdérom a wide range of in situ and remote sensing sources.
and mesosphere. However, the remaining residual is still Figure 8 shows the differences between the tempera-
too large to be accounted for by randomly distributed in-ture profiles retrieved using the updated L€pectroscopy
strument noise: for the 120 scans considered here, the ein LBLRTM v12.1 versus those retrieved using LBLRTM
ror in the mean residual due to noise should be onbs6  v9.4+. (Note that in Fig. 8 and all similar plots in this pa-
10°Wcem2stercm (0.07 K in brightness temperature). per, the error bars represent the variability, expressed as stan-
This suggests that there is still a systematic error in the specdard deviation, among the 120 cases analyzed, and do not
troscopy in this region, possibly due to errors in the line pa-represent the estimated error for a single retrieved profile.)
rameters (e.g., line positions) or due to non-\oigt line shapediere both models used the band of CQ to retrieve tem-
(e.g., speed dependence and/or Dicke narrowing). Howeveperature. The differences between the two temperature pro-
it is also possible that the remaining residuals are due to nonfiles show an oscillatory structure versus altitude, consistent
spectroscopic effects, such as poor vertical resolution of thevith the reduced oscillation in the residuals when LBLRTM
stratopause in our temperature retrieval levels. Further work/12.1 is used (see Fig. 3). Examination of the Jacobian from
is necessary to decide between these two potential sources tife temperature retrievals (not shown) suggests that the re-
error. trieved temperatures at altitudes below 500 hPa are most
Figure 7a shows the difference between the a posteriorsensitive to the P- and R-branches on the left and right of
(after all retrieval steps on the main line, or left side, of Fig. 1) the 720 cmm! Q-branch (approximately 700-718 chand
and a priori temperature profiles for LBLRTM v12.1. The 722-750cm?), while the retrieved temperatures at altitudes
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Fig. 7. (a) Differences between the final (a posteriori) temperature Fig. 8. Mean (solid line) and standard deviation (error bars) of
profile retrieved using LBLRTM v12.1 and the a priori temperature the differences between the 120 temperature profiles retrieved with
profiles. The thin red, green, and blue lines are the differences fo BLRTM v12.1 and v9.4-. Dashed lines show the mean differ-
the individual scans, and correspond to a PWV of 0-2, 2-4, andences for the spectra with 0-2 cm (green), 2—4 cm (blue), and 4-
4-6 cm, respectively. The thick black line shows the mean differ-6 cm (orange) PWV. Note that these temperature retrievals used the
ence from the a priori over all 120 scans, with the black dashedCO, vy band but not the C®v3 band.
lines showing the 25th and 75th percentilés. As in (a), but for
LBLRTM v9.4+. (c) RMS of the differences between the a poste-
riori and a priori temperature profiles for v12.1 (black circles) and throughout the IASI spectral range are presented in bright-
v9.4+ (red triangles). The RMS difference of the surface (skin) tem- ness temperature in Fig. 2.
perature from the a priori is 0.61 K for v12.1 and 0.69 K for vB.4 Figure 9 shows that the spectroscopy in the;G@band

has been greatly improved in LBLRTM v12.1, especially in

the region past the band head (2385-2500tmHowever,
above 500 hPa are most sensitive to the spectroscopy of the small systematic residual near the band head remains in
720cnm ! Q-branch itself € 718-722 cm?). With the up-  LBLRTM v12.1. In addition, the large negative residuals be-
dated spectroscopy, the retrieved temperatures are on averatygeen 2200 and 2270 cm in both Fig. 9b and ¢ suggest
0.6+ 0.8K higher at 562 hPa, consistent with the-0.5K that the optical depth in this region is still largely underes-
shift in the mean residuals in the wings surrounding thetimated in LBLRTM v12.1. This is likely due to errors in
720cm ! Q-branch as a result of the addition of P- and R- the NbO, CO, and/or BO spectroscopy in this spectral re-
branch line coupling to LBLRTM. The retrieved tempera- gion, and we note that the updated £8,0, and HO spec-
tures are on average t50.4 K lower in the upper tropo- troscopy in LBLRTM v12.1 has reduced the residuals in this
sphere near 300 hPa, Gt8).7 K higher in the UTLS (up- region. There may also be a small contribution from errors in
per troposphere—lower stratosphere) region between 100 analir NoO profiles. While our MO profile should be fairly ac-
200hPa, 0.4 0.4K lower between 40 and 100 hPa, and curate in the troposphere (where@®is a well-mixed gas),
0.3+ 0.5K lower between 10 and 30 hPa. this spectral region is sensitive to;® in the stratosphere,

In our study, we assessed the consistency of the speawhich can have a significant day-to-day variability (Randel
troscopy between the G@, andvz bands in two ways. First, et al., 1994). However, our calculations suggest that a 33 %
we used the temperature profile retrieved using the @O  increase in our assumed stratospher©Nvould be required
band to simulate the radiances in theband. (We discuss to remove a—2 x 10-° Wcm2ster 1 cm (~0.5K) resid-
our second assessment method, comparing the temperatuwel in this region. While it is possible for midlatitude strato-
profiles retrieved using each band, further below.) Figure 9spheric NO to vary by this amount, it is unlikely to have had
shows the mean of the final and a priori residuals for botha consistent bias of 33 % across all 120 cases, and thus errors
model versions in the COvz band for the 120 IASI spec- in the stratospheric pO profile are unlikely to account for a
tra. The retrieval window for thes atmospheric temperature large portion of the residuals seen in this region.
retrieval is shown in green. These residuals are plotted in ra- Figures 10 and 11 show the mean final (a posteriori)
diance units, as the low radiance values in this region (fromresiduals in the C®vs band for v12.1 and v9:4, respec-
the falloff of the Planck function) make a small change in tively, binned by PWV. The residuals in the @3 band
radiance appear as a large change in brightness temperatuia. LBLRTM v12.1 have little dependence on water vapor,
It is thus more constructive to view the residuals in this re-in contrast to the results for LBLRTM v344 showing that
gion in radiance units, but we note that the mean residualshe increase in the #0 self-continuum between 2385 and
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. . . (b) IASI — LBLRTM v9.4+, 57 scans, 2—4 cm PWV
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. . (c) IASI — LBLRTM v9.4+, 30 ns, 4—6 cm PWV
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Fig. 11. Mean final (a posteriori) radiance residuals in the,G@

1: band using LBLRTM v9.4- as in Fig. 7c, but only for profiles with
2500 cnT+in MT_CKD v2.5 reproduces well the observed (a) 0 to 2cm,(b) 2 to 4 cm, andc) 4 to 6cm of precipitable water

absorption in this region (Mlawer et al., 2012). The self- yapor.

continuum absorption in MT_CKD v2.5 in this spectral re-

gion is somewhat less than corresponding values determined

in recent laboratory (Baranov et al., 2011; Ptashnik et al. MT_CKD on the cases in the three PWV categories shown
2011) and field studies (Strow et al., 2006). The resultsin Fig. 10.

shown in Fig. 10c would permit a slight increase in the water The negative residuals between 2200 and 2270'¢m
vapor continuum optical depth past thegband head, but this  however, do appear to get more negative with increasing
modification would negatively affect the residuals for casesPWV. It is unlikely that this is due to issues with the
with 2—4 cm of PWV (Fig. 10b). This also argues against in- MT_CKD water vapor continuum, as this explanation, when
creasing the BO foreign continuum in this region, as sug- combined with our CO band results from Sect. 5.4 below,
gested in the study of Ptashnik et al. (2012). Other recentvould require that the MT_CKD v2.5 #D self-continuum
work (e.g., Baranov et al., 2011, 2012) has suggested that thiee too low from 2200 to 2250 cnt but too high from 2050
collision-induced N continuum in this region may be un- to 2200 cnT?, which is unlikely. The standard deviation of
derestimated at high PWV, as collisions betweet®Hand  the residuals about the mean is high in this region (generally
N are more effective than collisions betweep &hd air at  of similar magnitude with the mean), and thus the apparent
inducing this absorption. We have not investigated the im-dependence of these residuals with PWV may not be statisti-
pact of this possible modification to thepMontinuum in  cally significant.
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A second test of the consistency of the spectroscopy in the (o) Original (b) Smoothed
CO, v; and vz bands is to evaluate the consistency of the I A T ERLLAMALARMLAAAS Bt [
atmospheric temperature profiles retrieved using each band. | fﬁf F
Generally, theis retrievals have a lower number of degrees of —
freedom for signal (DOFS) than the retrievals (e.g., 7.1 vs. 0| 1 40 —

10.3 for a moderate PWV IASI spectrum). Because of this, 5 o} i& S 6o} j
the retrievals should not be compared directly, as some of thes  sof H < 8or .
. . . 2 100r 2 1001
differences between the retrievals will be due to the lower 3 - -
resolution of thevs retrievals. Instead, we smooth thgre- £ ol 7 £ oo "
trievals by applying the averaging kernel and retrieved pro- .
file of the v retrievals, following the procedure of Rodgers 400t " 1 400(
and Connor (2003). The smoothed temperature profile 600} VAN 1 600}
(%X,,,smooth IS calculated as ] AT ] A R
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6

fvz,smooth= £V3 +AV3 (321)2 _ xAU3) , (2) v, retrieval — v, retrieval (K) v, retrieval — smoothed v, retrieval (K)
wherex,, is the retrieved, temperature profiley,, the re- Fig. 12.Mean (solid line) and standard deviation (error bars) of the
trieved vz temperature profile, and,, the averaging kernel differences between the 120 temperature profiles retrieved with the
of thevs temperature retrieval. The differences between these’s band of CQ and the profile retrieved with the; retrieval.(a)
smoothedy, temperature retrievals and thg retrievals can ~ 1he mean differences between the original profi{e$.The mean
thus illustrate inconsistencies in the modeling of these twodilferences between the profiles after ihaetrieval was smoothed
spectral regions using the averaging kernel of thg retrieval, as described in the
. ) - ext.
Figure 12a shows the mean and standard deviation o%

the differences between thg andv, temperature retrievals

before smoothing for both model versions, while Fig. 12D (9 0-2cm w33 scons () 2-4 cm PV, 57 scans  (¢) 4-6 cm PWY, 30 scons
shows the same information after applying the smoothing as ;

in Eq. (2). Figure 13 shows the smoothed differences binned
by PWV. All of these plots show that the mean differences
between the temperature profiles are substantially reduced in .,
LBLRTM v12.1, especially in the stratosphere. In addition,
the differences show less dependence on PWV in LBLRTM
v12.1, again demonstrating the improved £8pectroscopy.
However, significant differences-0.74 1.6 K) still exist be-
tween the two retrieved temperature profiles in the middle E
troposphere. This appears to be caused by the fact that, in

thevs temperature retrieval, the band head is the only region
sensitive to middle tropospheric temperatures. Thus, this re-

(hPo)
@
3
T

100

Pressure
P . S S S T 3

200 200

600

maining discrepancy in middle tropospheric temperatures ap-  rooolui.,
pears consistent with the small systematic residual feature
near the band head seen in Fig. 9b.

Fig. 13.As in Fig. 10b, but only for profiles witka) 0 to 2 cm,(b)
5.2 H,0 v, band (1350_2050 le) 2to4cm, andc) 4 to 6 cm of PWV.

Figure 14 shows the mean of the a posteriori brightness tem-

perature residuals in the>B® v, band for both LBLRTM features that were present in the LBLRTM v$.4R-branch
v12.1 (Fig. 14b) and v9# (Fig. 14c). The mean a pri- residuals (e.g., the positive spikes near 1920bmFigures

ori residuals for each model are presented in Fig. 14dl5 and 16 show the mean final residuals in th®Hh» band
and e. The P-branch and R-branch@ retrieval win-  for v12.1 and v9.4-, respectively, binned by PWV. In both
dows (1375.0-1560.0cm and 1640.0-2020.0 cmd, re- models, the P-branch RMS is largest for the cases with 2—
spectively) are shown in red in these panels, which also showt cm PWV, while the R-branch residuals appear to increase
the mean and root mean square of the residuals in each wirsteadily with PWV.

dow. The updated $O spectroscopy in LBLRTM v12.1 sub- The RMS of the a priori residuals is larger in v12.1 than
stantially reduces the RMS of the final a posteriori residualsin v9.4+. However, in the P-branch the standard deviation
in the O P-branch (to 0.27 K from 0.34K) and R-branch about the mean for the a priori residuals is reduced from
(to 0.31 K from 0.34 K). While the R-branch improvement is 0.349K for v9.4+ to 0.326 K for v12.1. This suggests that
more modest, the updated spectroscopy has reduced sevethk residuals within the P-branch are more consistent with
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(0) Exomple IASI Spectrum, 1.5 cm PWV (a) IASI — LBLRTM v12.1, 33 scans, 0-2 cm PWV

300

280 P-branch Mean = 0.0751 K R-bronch Meon = 0.0029 K
P-bronch RMS = 0.2636 K R-bronch RMS = 0.2938 K

~ 260
X
=~ 240
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Wovenumber (cm™)
(b) I1ASI - LBLRTM v12.1, 120 scans (b) 1ASI — LBLRTM v12.1, 57 scans, 2—4 cm PWV

2 P-branch Meaon = 0.0600 K R-bronch Mean = -0.0411
P—-bronch RMS = 0,2717 K R—bronch RMS = 0.3119 K

ES

P-bronch Mean = 0.0634 K R-branch Meon = -0.0406 K
P-bronch RMS = 0.2967 K R-branch RMS = 0.3359 K
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(c) IASI = LBLRTM v8.4+, 120 scans (c) IASI — LBLRTM v12.1, 30 scans, 4—6 cm PWV
2 P-branch Mean = 0.1003 K R-bronch Mean = —0.0795 K 2 P-branch Mean = 0.0369 K  R-branch Mean = —0.0906 K
h M

= 0.3377 K R—bropch RNS = 0.3448 K 1 P-branch RMS = 0.2667 K R-bronch RMS = 0.3650 K
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(d) IASI — LBLRTM v12.1 (a priori), 120 scans
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Fig. 15. Mean final (a posteriori) brightness temperature residuals
e AL Rt i Sk b+ kb A in the vo> band of HO using LBLRTM v12.1 as in Fig. 12b, but

L aancMeon = ralhl (nemnehMean = only for proﬂles with(a) 0 to 2cm,(b) 2 to 4cm, andc) 4 to 6cm

1400 1500 1600 1700 1800 1900 2000 of precipitable water vapor.

Wavenumber (cm™)

(e) IASI — LBLRTM v8.4+ (a priori), 120 scans

(0) IASI — LBLRTM v9.4+, 33 scans, 0-2 cm PWV

P—branch Meon = 0.1216 K R—braonch Meon = -0.0253 K
P—branch RMS = 0.3266 K R—branch RMS = 0.297

P-branch Mean = 0.3280 K R-—branch Mean = 0.0019
-2 P-branch RMS = 0.4789 K R—branch RMS = 0.4731 K
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Fig. 14. (a)IASI-observed brightness temperature spectrum in the (b) 1ASI — LBLRTM v0.4%, 57 scons, 2—4 cm PWY
vp band of O for an example profile with 1.5 cm PWb) Mean ?f " F-bronch Medn - 01116 K R-bronch Meon - ~0.0700 &

of the final (a posteriori) brightness temperature residuals for 120 _

spectra using LBLRTM v12.Xc) Mean of the final brightness tem-
perature residuals for 120 spectra using LBLRTM v9.4d) Mean

of the a priori brightness temperature residuals for 120 spectra us- e 50 " ovenumeer em) o0 2000
ing LBLRTM v12.1. (e) Mean of the a priori brightness tempera- e (© S| — LBLRTM 9.4+ 30 scans, 4-6 cm PWY

. . —branc egn = . —branc ean = —0.
ture residuals for 120 spectra using LBLRTM v$.4The P- and JE- P-bronch RMS = 0.3158 K R-bronch RMS = 0.4134 K :

R-branch HO retrieval windows are highlighted in red. Note that
the RMS due to instrument noise alone in the P-branch is 0.041 K
and in the R-branch is 0.088 K. 1400 1500 1600 1700 1800 1900 2000

Wovenumber (cm™)

(K)

] B ] ) Fig. 16. Mean final (a posteriori) brightness temperature residuals
each other in v12.1. In addition, Fig. 17 shows the residualspy the v, band of HO using LBLRTM v9.4+ as in Fig. 12c, but

in the HO band versus the measured brightness temperaonly for profiles with(a) 0 to 2 cm,(b) 2 to 4 cm, andc) 4 to 6cm
ture for an example spectrum with 1.5 cm PWYV, with the left of precipitable water vapor.

column showing the a priori residuals and the right the a pos-

teriori. Figure 17a and b show the results for the P-branch

using v12.1, while Fig. 17c and d show the P-branch resid-a little more “flat” (i.e., less correlated with brightness tem-
uals using v9.4. It is clear that there is a lot less spread in perature and with a slope closer to 0) in v12.1 than in ¥9.4
the P-branch channels with brightness temperatures less thdut not dramatically so.

~ 255K (i.e., for the stronger #O lines) in v12.1 than there The remaining residuals in the;B v, band could reflect
was in v9.4+, whether you use the a priori or a posteriori errors in either the KO line parameters or the J@ self-
results. This change is consistent with the work of Coud-and foreign continua. In discussing the remaining residuals
ert et al. (2008), which generally increased the intensity ofin the P-branch, one additional issue to consider is the er-
the strongest lines (in both the P- and R-branches) by 5-7 %ror induced by mis-specification of the isotopic ratios. In
The changes in the R-branch (Fig. 17e—h) are less dramatidoth versions of LBLRTM shown here, the abundances of
and the standard deviation about the mean for the a priorminor isotopologues of all molecules are set to fixed ratios
residuals is increased in v12.1 relative to vB.@.507Kto  relative to the major isotopologue for that molecule. These
0.473 K, respectively). However, the a posteriori residuals ar@eference ratios are consistent with the reference ratios used
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IASI Profile with 5.4 cm PWV
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2 2 show the results when the TES a priori profile of the HDQCH
T by ratio is used. The black and red lines are the corresponding least-
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age overestimating the optical depth of HDO for this case.
Fig. 17.A priori (left column, open symbols) and a posteriori (right This is consistent with what we know about the real atmo-

column, closed symbols) mean residuals of 120 scans in the P- anaphere, which is nearly allways deplet.ed in HDO relative to
R-branches of the ¥ v, band versus observed brightness temper- tN€ HITRAN reference ratio. The red triangles show the same
ature for an example spectrum with 1.5 cm PWV. Black circles aremodel results when the HDO 4@ ratio is set to the uniform

for residuals from v12.1, while red triangles are for residuals from climatology used in the Aura TES retrievals and thgH-e-
v9.4+. trieval is repeated. In order to model this vertically varying

HDO/H,O0 ratio in LBLRTM, we temporarily added HDO
as a separate molecule and removed the HDO lines from

in the HITRAN database. However, atmospheric profiles ofthe H,O line parameters. This removed the bias between the
these ratios may vary substantially from these default ref-channels sensitive to HDO (i.e., channels with HDO optical
erence values. In particular, atmospheric water vapor is aldepths >1.0) and the rest of the P-branch channels. This also
ways depleted in minor isotopologues relative to the refer-very slightly reduces the RMS of the P-branch residuals from
ence standard, and the isotopic ratios show substantial var.362K to 0.361 K. (The small effect is expected as only a
ations in space (both vertically and horizontally) and time small number of P-branch channels are sensitive to HDO.)
due to condensation/evaporation processes in the atmosphelmeaddition, 29 % of the remaining mean bias in the P-branch
(e.g., Worden et al., 2006, 2007, 2012; Nassar et al., 2007is removed by using the new HDO a priori, suggesting that
Payne et al., 2007). This effect is most strongly pronouncecerrors in the HDO profile are responsible for a significant
for HDO. As HDO has substantial spectral features in thefraction of the remaining positive bias in the P-branch of the
P-branch of the KO v, band, the fixed HDO/ KO ratio in H>0 v, band relative to the R-branch (see Fig. 14). Note that
LBLRTM v12.1 could be responsible for some of the remain- the same exercise could be performed fgf® and H’O.
ing residual features seen in Fig. 12b. The deviation of isotopic ratios from the reference standard

For example, Fig. 18 shows the P-branch residuals for ds ~ 5 times smaller for these isotopologues than for HDO,
high water vapor spectrum (5.4 cm PWYV) immediately af- but their atmospheric abundances are considerably larger.
ter the P- and R-branch retrieval of@, plotted against the We also examined how the differences inMline pa-
optical depth of HDO in each channel (calculated assum+ameters between HITRAN 2008 and the AER v3.1 param-
ing the HITRAN reference ratio). The original LBLRTM eters used in LBLRTM v12.1 impacted the spectral resid-
v12.1 results are plotted as black circles. We can see thatals that remain after the corresponding P- and R-branch
there is a clear upward trend in the residuals as HDO opticaH»O retrievals. As discussed in Sect. 2.2, HITRAN 2008 did
depth increases, suggesting that LBLRTM v12.1 is on avernot adopt the calculated line positions and intensities from
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(6) LBLRTM v12.1 with HITAAN 2008 10 Line Poromelers in AER v3.1, suggesting that the P- and R-branches are less

2* E consistent in HITRAN 2008 than in AER v3.1. Furthermore,
B g when the mean bias in the R-branch as a whole is compared
E Rne 05 K E with the 1750-2020 cmt sub-region, it is clear that theJ®

E- RMS : 0.59 K 3

IASI — LBLRTM (K)

[
o »

Py pr, pr pr— pr P P spectroscopy in AER v3.1 is more consistent across the R-
(8) LOLRTM v12.1 with AER 131 10 Lne Porometers ) branch than HITRAN 2008. This suggests that the exclu-

: sion of the calculated Coudert et al. (2008) parameters in

HITRAN 2008 leads to an unphysical discontinuity in the

|
N

FE~ Meon: -0.12 K

IASI — LBLRTM (K)
o

~f s s 058K — spectra near 1750 cm, with negative impacts on the spec-
-~ 1400 1500 1600 1700 1800 1900 2000 tral residuals in the R-branch of thQa V2 band. (HOWEVET,
(£, PUTERZ00. 2 AR N n Pepemetey 2 it should be noted that HITRAN 2008 is more self-consistent

E than AER v3.1 within the 1750-2020 cth sub-region.) In
_ %WWWWMWMM contrast, using the full set of the Coudert et al. (2008) line
3 positions and intensities between 10 and 2500%nas in
1400 1500 1800 ey 15 1900 2000 LBLRTM v12.1 and AER v3.1, results in more consistent
spectroscopy within the R-branch.
Fig. 19. (a)Brightness temperature residuals for an example profile  Itis also possible that the improvement in the®+, band
with 1.5cm PWV after the HO P- and R-branch retrieval when the  residuals in LBLRTM v12.1 is not due to improved water va-
HITRAN 2008 H,O line parameters are .used in LBLRTM v12..1. por spectroscopy, but instead is due to the improvements in
(b) Same as(a) but for the AER v3.1 line parameters used in o CQ, spectroscopy, which then gives a better estimate of
LBLRTM v12.1 in the rest of t.h's.SIUdX'C) Difference between o temperature profile and thus results in better modeling
(b) and(a), showing the discontinuity at wavenumbers greater than . . o
~1750cnTl, where HITRAN 2008 does not use the Coudert et of thg HO v band_. To examine this possibility, WPT ran two
al. (2008) line positions and intensities included in AER v3.1. additional HO retrievals for our thr?e representatlve cases.
one that used the temperature profile retrieved by LBLRTM
v9.4+ but used LBLRTM v12.1 (with its updated® spec-
troscopy) as the forward model, and another that used the
Coudert et al. (2008), which are the primary source of thesdemperature profile retrieved by LBLRTM v12.1 but used
line parameters in AER v3.1 in the 1750-2500¢mange.  LBLRTM v9.4+ (with its older HO spectroscopy) as the
Figure 19a shows the residuals for a moderate PWV case aforward model. We performed these additional retrievals us-
ter the HO retrieval when the HITRAN 2008 #D line pa- ing both the P- and R-branches of the®v, band. This
rameters are used in LBLRTM v12.1. Figure 19b shows thegave us three cases with four different water vapor retrievals
same for a standard run of LBLRTM v12.1 using the AER each, corresponding to the 4 possible combinations of re-
v3.1 H0 line parameters, and Fig. 19c shows the differencetrieved temperature profile ancb8 spectroscopy.
between the two model runs. The two sets of line parame- Table 4 shows the mean and RMS of the residuals in the
ters agree fairly well for wavenumbers below 1750¢ibut H,O P- and R-branch retrieval windows for the three cases
above this wavenumber the HITRAN 2008 parameters giveand four combinations discussed above. Note that this com-
generally larger brightness temperatures than AER v3.1. Thiparison is looking at the residuals immediately after th®H
region of substantial disagreement between HITRAN 2008retrieval, rather than at the end of the entire retrieval proce-
and AER v3.1 (1750-2020cm) is highlighted in red in  dure as in Figs. 14—16. This means that the results in Table 4
Fig. 19, and the mean and RMS of the residuals in this rang&lo not include the impact of the second constrained temper-
are given as well. We can see in Fig. 19c that the HITRAN ature retrieval that was performed after theCHretrieval.
2008 HO parameters appear to have a discontinuity betweermable 4 shows that both the improved temperature profiles
the parts of the KO v, band above and below 1750ch  and the updated #0 spectroscopy in LBLRTM v12.1 con-
due to the exclusion of the calculated Coudert et al. (2008)ribute to the improvements of the P-branch residuals for
parameters. We extended this analysis to two other exampleach case examined here. The results are more ambiguous
cases, corresponding to low (0.3 cm) and high (5.4 cm) valin the R-branch. First, the R-branch RMS is the same or
ues of PWV. Table 3 shows the mean and RMS of the residuslightly higher for LBLRTM v12.1 than it was in LBLRTM
als for these spectra using both HITRAN 2008 and AER v3.1v9.4+. This is consistent with the residuals averaged over alll
H-O line parameters. We examine three spectral ranges: th#20 scans immediately after the® retrieval (not shown),
P-branch retrieval window (1375-1560cth), the R-branch  in which the mean R-branch RMS increases slightly from
retrieval window (1640-2020 cnt) and the “region of dis-  0.28 K in v9.4+ to 0.29K in v12.1. This suggests that the
agreement” in the R-branch (1750-2020¢m We can then  improvement in the RMS for the R-branch that we saw in
examine the differences in the mean bias between these sulrigs. 14-16 is mainly due to our second constrained tem-
regions. For example, the difference in the mean bias beperature retrieval, rather than improvement in th®©rspec-
tween the P- and R-branches is higher in HITRAN 2008 thantroscopy in this region. This is consistent with the results in

90000
o N » o®

—0.2;
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Y

HIT 2008 — AER v3.1 (K)
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Table 3. Water vapor retrieval brightness temperature residuals (mean and RMS in K, RMS in bold) for LBLRTM v12.1 whetleeH
parameters from HITRAN 2008 and those from AER v3.1 are used.

0.3cm PWV \ 1.5cm PWV \ 5.4cm PWV
AER V3.1 HITRAN 2008 ‘ AERv3.1 HITRAN 2008 ‘ AER V3.1 HITRAN 2008

P-branch (1375-1560cnd)  0.11(0.35) 0.13(0.36) | 0.06(0.39) 0.07(0.40) |  0.05(0.36) 0.05(0.37)
R-branch (1640-2020cmt)  0.09(0.64)  —0.02(0.66) | —0.06(0.61)  —0.18(0.66) | —0.05(0.75)  —0.19(0.79)
R-branch (1750-2020cmt)  0.12(0.63)  —0.03(0.65) | —0.12(0.58)  —0.28(0.59) | —0.13(0.75)  —0.31(0.80)

Table 4. Water vapor retrieval brightness temperature residuals (mean and RMS in K, RMS in bold) for different combinations of retrieved
temperature profiles andJ® spectroscopy.

0.3cm PWV \ 1.5cm PWV \ 5.4cm PWV
P-branch R-branc  P-branch R-branc  P-branch R-branch

New T, New O 0.11(0.35) 0.09(0.64) | 0.06(0.39) —0.06(0.61) | 0.05(0.36) —0.05(0.75)
Old T,New HbO  0.16(0.37) 0.11(0.64) | 0.07(0.39) —0.06(0.59) | 0.05(0.37) —0.03(0.76)
New T, Old H,O  0.09(0.37) 0.04(0.64) | 0.06(0.42) —0.08(0.58) | 0.04(0.38) —0.05(0.72)
OldT,0ldH,O  0.13(0.39) 0.05(0.64) | 0.07(0.41) —0.08(0.57) | 0.04(0.38) —0.05(0.73)

© in the CQ spectroscopy and our second constrained temper-
u o ature retrieval.
— R Both the CQ and the HO spectroscopic updates in
LBLRTM v12.1 can also have a large impact on the re-
200 - 0 trieved profiles of HO. The O mixing ratios retrieved by

LBLRTM v12.1 and LBLRTM v9.4+ can differ by a factor

of 2 or more. Figure 20a shows the ratio (as a percent) of the
a posteriori (after all retrieval steps) and a priogiHprofiles

00 for LBLRTM v12.1. Figure 20b shows the same results for
v9.44, and Fig. 20c shows the RMS differences between the
retrieved and a priori b profiles for both models. At alti-
tudes below the 600 hPa surface, LBLRTM v12.1 has a much

(WPo)

Pressure (hPo)
Pressure (hPo)

Pressure

400 400

600 600f | 600

soof. 800 00 smaller RMS difference from the a priori than v@.4while

1000 s 1000 sl 1000l id it the two models have similar RMS values at higher altitudes.
0 100 200 300 400 0 100 200 300 400 0 50 100 150 200 . .
V12,1 H0 retrievol/a priori (%) Va.4+ O relrieval/a priori (%) RMS differences from o priori (%) This shows that the updated @@nd |—bo Spectroscopy in

) i ) o ) i LBLRTM v12.1 gives HO retrievals that are more consis-
Fig. 20. (a) Ratio of the final a posteriori (retrieved),B profile tent with the forecast relative to LBLRTM v9:4

using LBLRTM v12.1 to the a priori temperature profiles, as a per- Figure 21 shows the mean and standard deviation of the
cent. The thin red, green, and blue lines are the differences for the

individual scans, and correspond to a PWV of 0-2, 2—4, and 4-6 cmfatio of the LBLRTM vl?.l retrlevgd kD profiles (P-and R-
respectively. The thick black line shows the mean ratio to the a prioribranCh) to the v94 retrieved profiles for the 120 IASI spec-
over all 120 scans, with the black dashed lines showing the 25th an§fa. We can see that the new spectroscopy generally reduces
75th percentiles(b) As in (@), but for LBLRTM v9.4+. (c) RMS the retrieved HO mixing ratio between 100 and 200 hPa by
of the percentage differences between the a posteriori and a priorl4 %, with a variability (expressed as a standard deviation)
H»0 profiles for v12.1 (black circles) and vo:4red triangles). among the cases a8 %. This is consistent with the results
of Shephard et al. (2009), who first showed that the addi-
tion of the Coudert et al. (2008) line positions and intensities
Table 4, where the RMS in the R-branch is higher when theto HITRAN 2004 resulted in a 10 % reduction in the upper
new H,O spectroscopy is used, regardless of which temperatropospheric HO mixing ratio. At 562 hPa the new spec-
ture profile is used. Thus in the P-branch of thgdH», band,  troscopy increases the retrieved® mixing ratio by 42 %
the decrease in the RMS of the mean residuals is likely duen average, but the variability is very larg&§8 %). Near
to a combination of the improvements in® spectroscopy the surface, this variability is quite large (over a factor of 2),
and the improvements in the G@pectroscopy, while in the so even though the mean difference is 31 % there can be dra-
R-branch the improvements are mainly due to improvementgnatic differences for any given case.
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Fig. 21.Mean (black circles) and standard deviation (error bars) of ) )

the ratio of the 120 LBLRTM v12.1 retrieved4@ profiles to the ~ Fi9- 23.Same as Fig. 18 but for an example spectrum with 0.3cm
v9.4+ retrieved profiles, expressed as a percent. Dashed lines shoWWV-

the mean differences for the spectra with 0-2cm (green), 2—4cm

blue), and 4-6 cm (orange) PWV. Both models used the P- and R- . . .
E)ranghes in the retri(evalsg.J ) Table 4 and the discussion above). Figure 22 shows the (a)

temperature differences and (b) retrieved’Hifferences for
our example case with 1.5 PWV. We plot thregHprofiles,

100 (obremErre Differences oo™ e T which are the profiles retrieved using (i) LBLRTM v12.1
to retrieve both temperature ancb® (black circles), (i)
LBLRTM v9.4+ to retrieve temperature and LBLRTM v12.1
1 to retrieve HO (red triangles), and (iii) LBLRTM v12.1 to
2007 ] 2001 4 ] retrieve temperature and LBLRTM v8i4to retrieve HO

g g i (green diamonds). All three profiles are normalized by the

o 300r o 300f N 1 H,O profile retrieved when LBLRTM v9.4 is used to re-

il 2. )/; | trieve both temperature anc,8.

* ¢ & For the moderate water vapor case (Fig. 22), the tempera-
soor ] soor Y ] ture change is relatively large (> 1.5 K) near the surface, and
e0or ] e00r < . ] this temperature change seems to be responsible for most
700 1 700 — e 1
800l ] ool > of the lower troposphere water vapor changes. However, the

Loor ] Loor ] reduction in BO between 100 hPa and 300 hPa is primar-
o % et ° 0 Hzo/f994+ o il ily caused by the new $D spectroscopy. Based on Shep-

hard et al. (2009), this upper atmospheric change is more
Fig. 22. (a)Difference of the retrieved temperature profiles between likely due to the inclusion of the Coudert et al. (2008) po-
LBLRTM v12.1 and v9.4 for an example spectrum with 1.5cm Sitions and intensities in AER v3.1, rather than theOH
PWV. The profiles were retrieved using the £ band.(b) The  width updates that were included in HITRAN 2008. In the
H,0 profile retrieved using (i) LBLRTM v12.1 to retrieve both tem- low water vapor case (Fig. 23), the temperature differences
perature and b (black circles), (i) LBLRTM v9.4- to retrieve  are low, so the changes to,8 spectroscopy are primar-
temperature and LBLRTM v12.1 to retrieveza (red triangles), ||y responsib|e for the Changes in the retrievedmpro_
and (i) LBLRTM v12.1 to retrieve temperature and LBLRTM fjle in this case, with the width changes likely more impor-
v9.4+ toretrieve B0 (green diamonds), all normalized by the pro- ;i the lower troposphere. However, the high water va-
;"rf drﬁégeved using LBLRTM v9.4- to retrieve both temperature - g0 (not shown) shows similar results to the moderate
' case, where temperature changes dominate in the lower tro-
posphere. Thus, the observed mean changes in the retrieved
In order to examine whether GQdr H,O spectroscopic H>O profile in Fig. 21 are likely due to a combination of_
changes between LBLRTM v12.1 and vg.4are primar- the HO spectroscopy changes and the temperature profile
ily responsible for the changes in the retrievedCHseen changes (thgms_elves caused by2®©ectrosc_opy changgs),
in Fig. 21, we analyzed the retrievec® profiles for our with the relative importance of each depending on the size of

three representative cases and the 4 possible combinatiorji@.e temperature profile changes.
of retrieved temperature profile ang® spectroscopy (see
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= 300 : i Fig. 26. (a)IASI-observed brightness temperature spectrum in the
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2 i v3 band of G for an example profile with 1.5cm PWYb) Mean
& 400~ R B of the final (a posteriori) brightness temperature residuals for 120
500 JH _ spectra using LBLRTM v12.Xc) Mean of the final brightness tem-
00 %ta i perature residuals for 120 spectra using LBLRTM w9.4d) Mean
700 - — i | of the a priori brightness temperature residuals for 120 spectra us-
800 RN - ing LBLRTM v12.1.(e) Mean of the a priori brightness temperature
S8, N . residuals for 120 spectra using LBLRTM v&:4The G; retrieval
50 100 150 200 window is highlighted in red. Note that the RMS due to instrument

(P—bronch retv)/(P&R-branch retv) (%) noise alone in this retrieval window is 0.027 K.

Fig. 25.Mean (black circles) and standard deviation (error bars) of

the ratio of the 120 KO profiles retrieved with LBLRTM v12.1

using the P branch of the; band of HO to the profiles retrieved ) ) o

using both the P- and R-branches. Dashed lines show the mean difnd R-branches like IASI will have more sensitivity to near-
ferences for the spectra with 0—2cm (green), 2—4 cm (blue), ancsurface water vapor in moist atmospheres than an instrument

4-6.cm (orange) PWV. like AIRS or CrlS, which only measures radiances within
the P-branch. Thus including the R-branch in the water va-
por retrieval can substantially alter the retrievegCHnixing
Finally, we find that the R-branch can provide additional ratio near the surface. Figure 25 shows the mean and stan-
information on near-surfaceJ@ that is not available from dard deviation of the ratio of the LBLRTM v12.1 retrieved
the P-branch due to the interference of £&hd NO. This H>O profiles that only included the P-branch to those that in-
is shown in Fig. 24, which shows the DOFS versus PWV cluded both the P- and R-branches as discussed in Sect. 4.
for the P- and R-branch retrieval (black circles) and the P-Both the mean and variability of the differences is small
branch-only retrieval (red triangles) obB using LBLRTM above 500 hPa, but the P-branch-only retrievals show on av-
v12.1. We can see that the P- and R-branch retrieval generage 33 % more water vapor than the P- and R-branch re-
erally has higher values for DOFS, and that the difference igdrievals near the surface, with a variability #61 %. These
largest for the moist cases. Examination of the averaging kerdifferences are not necessarily due to inconsistencies in the
nels for these moist cases (not shown) demonstrates that trepectroscopy between the branches, but rather reflect that the
additional information is primarily in the near-surface lay- regions of the P-branch most sensitive to near-surface water
ers. This suggests that an instrument that uses both the Rapor were removed from the retrieval to avoid interferences
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Mean of the final (a posteriori) radiance residuals for 120 spectra us- E ]
ing LBLRTM v12.1.(c) Mean of the final radiance residuals for 120 E ]
spectra using LBLRTM v9.4. (d) Mean of the a priori radiance -o e ; —
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residuals for 120 spectra using LBLRTM v12(&) Mean of the Wavenumber (cm™")

a priori radiance residuals for 120 spectra using LBLRTM 49.4
The CO retrieval windows are highlighted in red. Note that the Fig. 28. (a) Convolved optical depth (calculated as the negative of
RMS due to instrument noise alone in these windows8sc1.0~10 the natural logarithm of the convolved transmittance for LBLRTM
Wem2sterlcm. runs with a single absorbing gas) for each species near the funda-
mental vibrational band of CQb) Change in convolved optical
depth between LBLRTM v12.1 and LBLRTM v9i4
from the CH, v4 band (centered near 1306ch and the
N»O v1 band (centered near 1285ch).
troscopy in this region. The retrieved ozone profiles (not
5.3 Oz v3 band (950-1150 crmit) shown) also show little change between the two model ver-
sions: the mean differences between the profiles are generally
Figure 26 shows the mean of the final brightness temperaturgess than 3 % at altitudes below the 10 hPa surface.
residuals in the @v3 band for the 120 IASI spectra for both
LBLRTM v12.1 (Fig. 26b) and v9.4 (Fig. 26c). The mean 5.4 CO fundamental band (2050—2250 cr)
a priori residuals for each model are presented in Fig. 26d
and e. The @retrieval window (see Table 1) is highlighted Figure 27 shows the mean of the final brightness temperature
in red. The final a posteriori residuals show little change be-residuals in the fundamental vibrational band of CO. The CO
tween LBLRTM v9.4+ and v12.1: both show positive resid- retrieval windows (see Table 1) are illustrated with red dots,
uals of about 0.3K in the R-branch of the band that haveand the mean and RMS residuals for the CO windows are
little dependence on PWV. The a priori residuals also showprinted in red. Based on the RMS of the a priori residuals,
little change between versions. As the €pectroscopy in  one would be tempted to conclude that LBLRTM v12.1 per-
this region was not substantially changed between LBLRTMforms better in this region. However, we can see that the fi-
v9.4+ and v12.1, these small differences are likely due tonal a posteriori residuals between 2060 and 2170'chave
the improved temperature retrieval in LBLRTM v12.1 (see increased in LBLRTM v12.1, both within and outside the
Sect. 5.1) and/or the changes in the(Hand CQ spec- CO windows. As CO spectroscopy was unchanged between

www.atmos-chem-phys.net/13/6687/2013/ Atmos. Chem. Phys., 13, 6687, 2013
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but it clearly has the unintended consequence of degrading
1260 20 0 10 1340 the match with observations between 2060 and 2170'cih

also affects the retrieved profiles of CO (not shown): the dif-

Fig. 29. (a)IASI-observed brightness temperature spectrum in theferences can be 40 ppb or larger for cases with PWV between
v4 band of CH, for an example profile with 1.5cm PW{b) Mean 4 and 6 cm. Thus, correcting the MT_CKD 2.5®! self-
of the final (a posteriori) brightness temperature residuals for 120:gntinuum in this spectral region (i.e., removing the scale

spectra using LBLRTM v12.Ic)Mean_ofthe final brightness tem- factors applied to the MT_CKD v1.0 continuum between
perature residuals for 120 spectra using LBLRTM v9.4d) Mean 2050 and 2200 cmt see Mlawer et al 2012) is critical
of the a priori brightness temperature residuals for 120 spectra us- ! N

ing LBLRTM v12.1.(e) Mean of the a priori brightness temperature to the accurate retrieval of CO concentrations. It is impor-
residuals for 120 spectra using LBLRTM v@:4The CH, retrieval  t@ntto note that the recently developed CAVIAR water vapor

window is highlighted in red. Note that the RMS due to instrument self-continuum_ (Pt_ashnil_( et al., 2011) is even greater than
noise alone in this retrieval window is 0.016 K. MT_CKD_2.5 in this region.

(K)
o

5.5 CHjs v4 band (1250-1350 cml)

LBLRTM v9.4+4 and v12.1, the differences between the two Figure 29 shows the mean of the final average brightness
model versions in this spectral region are primarily due totemperature residuals in the @hkly band for both LBLRTM

the changes in water vapor spectroscopy in this region. Figv12.1 (Fig. 29b) and v94 (Fig. 29¢c). The mean a priori
ure 28a shows the optical depth from the major absorbers imesiduals for each model are presented in Fig. 29d and e. The
this region for a profile with 1.5cm PWV, while Fig. 28b HITRAN 2008 updates to the CHline parameters, along
shows the changes in optical depth between the two verwith the line mixing calculations of Tran et al. (2006), have
sions of LBLRTM. We can see that the optical depth of substantially changed the shape of the final residuals, leav-
the HO lines has substantially increased in this region, anding three clear residual peaks at about 1295, 1297.5 and
that the HO self-continuum was increased in this region 1300cnT! in LBLRTM v12.1 that have only a slight de-

in MT_CKD v2.5. However, since the CO windows were pendence on PWV. However, it is not clear if the residuals
selected to avoid strong water lines, the increased positivdave substantially improved: the RMS of both the final and
residuals within the CO windows are likely due to the in- a priori residuals is slightly larger, and thus we cannot con-
crease of the b self-continuum in MT_CKD v2.5, sug- clude that the updated GHpectroscopy is a clear improve-
gesting the updated self-continuum in this region is incon-ment. Figure 30, which shows the optical depth for,CH
sistent with the spectroscopy of the® v, band used to H>O (which includes HDO), and pO in this spectral re-
retrieve the water vapor profiles. This change to the contin-gion, demonstrates that the three residual peaks in Fig. 29b
uum was motivated by the need to improve agreement withare associated with CHines, and thus likely reflect errors

Atmos. Chem. Phys., 13, 66886711, 2013 www.atmos-chem-phys.net/13/6687/2013/



M. J. Alvarado et al.: Recent updates evaluated with IASI case studies 6707

in CH4 spectroscopy. We also examined the impact of in-strument, and have compared the performance of LBLRTM
cluding CH, line coupling on the spectral residuals and re- v12.1 with a previous version of LBLRTM (v944) to de-
trieved CH, profiles for our three representative spectra (seetermine if the spectroscopy in various spectral regions has
Sect. 5.2). The addition of line coupling to HITRAN 2008 improved over time.
changed the mean of the spectral residuals in the ®i- We find that the C@spectroscopy in the, andvz bands is
dow by less than 0.004 K and the RMS by less than 0.003 K significantly improved in LBLRTM v12.1 relative to v4
suggesting that the addition of GHine coupling had lit-  The spectroscopy of the two bands is remarkably consistent
tle impact on the differences between LBLRTM v12.1 and in LBLRTM v12.1, as determined both by spectral residuals
LBLRTM v9.4+ in the CH; v4 band. and by comparing the atmospheric temperature profiles re-
However, the spectroscopic issues in the,Cldband will trieved with each band. The improvement in the spectroscopy

also impact the retrieved GHprofiles, and so we must eval- in these bands is mainly due to (1) the addition of P- and
uate both to evaluate the updated spectroscopy. Retrieval d®-branch line coupling for C®based on Lamouroux et
CH4 from satellite observations is recognized as a difficult al. (2010), (2) the addition of CDSD line positions and inten-
problem due to the presence of interfering species (ex,H sities (Tashkun et al., 2003; Flaud et al., 2003), and (3) im-
HDO, N;O; Worden et al., 2012), errors in the @ldpec-  provements in the C&foreign and HO self-continua near
troscopy (such as those discussed above), and the fact thahe vz band head. Including the 667 cthQ-branch of CQ
as CH, is reasonably well-mixed in the troposphere, we arein the retrieval of atmospheric temperature substantially im-
interested in small changes 60 ppbv) on a relatively large  proves the a posteriori spectral residuals in this region rela-
background mixing ratio~+ 1800 ppbv). Most operational tive to the results of Shephard et al. (2009), and the remain-
satellite retrievals of Cllusing thev4 band show positive bi-  ing average spectral residuals of abedt5 K are consistent
ases relative to in situ observations (e.g., Razavi et al., 2009yith the results of Masiello et al. (2011). Other remaining a
Wecht et al., 2012), which are corrected for by various meth-posteriori residual features in these bands include a negative
ods, such as correcting the GFetrieved profile by assuming  residual of—0.5K in the 720 cmi! Q-branch of CQ, a pos-
that deviations of the retrieved,l® profile from the a priori  itive offset of about 0.2 K between 755 and 770dmand a
are a result of systematic errors that also impact the retrieve@mall residual feature near thg band head.
CH4 (Razavi et al., 2009; Worden et al., 2012). As the goal of We have also examined the impact of the update¢ CO
our study is to validate the spectroscopy in LBLRTM, rather spectroscopy on the temperature profiles retrieved using the
than to design an accurate retrieval for £kur retrieval v2 band of CQ. The retrieved temperatures with the updated
approach was fairly simplistic (see Sect. 4). We performedspectroscopy are on average #.6.8 K higher at 562 hPa,
a single-species retrieval and used only a small spectral red.5+ 0.4 K lower in the upper troposphere near 300 hPa,
gion in an attempt to avoid interference from®and NO. 0.8+£0.7K higher in the UTLS region between 100 and
We recognize that we retrieved unphysically large mixing ra-200 hPa, 0.4 0.4K lower between 40 and 100hPa and
tios of CH, in the free troposphere in both model versions. 0.3+ 0.5K lower between 10 and 30hPa. The RMS dif-
However, the average retrieved ghhixing ratio at altitudes  ferences between the a posteriori and a priori temperature
below the 100 hPa surface was reduced by 44 ppbv wheprofiles are generally lower in v12.1 than in v§.4These
the updated Chispectroscopy in LBLRTM v12.1 was used, changes are consistent with the improvements in the spec-
suggesting that the updated spectroscopy might improve optroscopy between 700 and 750 thwith most of the UTLS
erational retrievals of Cldfrom satellites by reducing the and stratospheric improvements likely due to spectroscopic
current positive biases in these retrievals. In fact, our preimprovements in the region near the 720¢n®-branch.
liminary work with the Tropospheric Emission Spectrome- The updated KO spectroscopy in LBLRTM v12.1 sub-
ter (TES) retrievals of Chl (which simultaneously retrieve stantially reduces the RMS of the a posteriori residuals in the
N>0O, HDO, and HO; see Worden et al., 2012) suggests thatP-branch of the KO v, band due to both the improved tem-
the new CH spectroscopy in LBLRTM v12.1 reduces the perature retrieval and the improved®lspectroscopy in this
positive bias in TES Chiretrievals compared with aircraft region. The improvements in the R-branch are more mod-
observations from-40 ppb to+23 ppb while generally im-  est and appear to be primarily due to the improved temper-
proving the spectral residuals between 1190 and 132Gcm ature retrievals in LBLRTM v12.1 rather than the improve-
(Alvarado et al., 2013). ments in the HO spectroscopy, although the updated spec-

troscopy has reduced some systematic residual features in the

R-branch that were present in the LBLRTM v&-4esidu-
6 Conclusions als. We find that the use of a fixed ratio of HDO to®

in LBLRTM may be responsible for a significant fraction of
We have performed an extensive validation of the ther-the remaining bias in the P-branch of the®v, band rel-
mal infrared spectroscopy (between 645 and 2760%9m ative to the R-branch. We also find that including the calcu-
in LBLRTM v12.1 using a global dataset of 120 clear-sky, lated Coudert et al. (2008) line positions and intensities, as
nighttime spectra measured over the ocean with the IASI inin LBLRTM v12.1, is necessary for proper modeling of the
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R-branch of the HO v, band, as excluding the calculated Supplementary material related to this article is
values (as in HITRAN 2008) leads to discontinuities in the available online at: http://www.atmos-chem-phys.net/13/
residuals within the R-branch. 6687/2013/acp-13-6687-2013-supplement.pdf

The updated KO spectroscopy also has significant im-
pacts on the retrieved 4@ profiles. The retrieved $O with
the new spectroscopy is on average 14%% lower be-
tween 100 and 200 hPa, 428468 % higher near 562 hPa,
and 31 %t 100 % higher near the surface. At altitudes be- AcknowledgementsThe authors would like to thank S. A. Clough,
low the 600 hPa surface, LBLRTM v12.1 has a smaller RMSwho made substantial contributions to several of the spectroscopic
difference between the a posteriori and a priogOHorofiles improvements evaluated in this work. Without his long history of
than V94|', Wh”e the two models have S|m||ar RMS Values deVeIOpment and validation of LBLRTM, this Study would not have
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We have identified the remaining systematic residuals in
the main absorption bands oz 0CO, and CH within the
IASI spectral range. Neither the spectroscopy nor the re-
trievals of G have changed significantly between LBLRTM
v9.4+ and v12.1, and thus significant average a posteri-
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band of Q. While the updates to theJ® self-continuum Worden, J. R., and Wecht, K. J.: Evaluation of Recent Spec-
in MT_CKD v2.5 have Clearly imprOVEd the match with ob- troscopic Updates and Their Impacts on TES Cihd CO
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