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Abstract

To document the performance of current line by line radiative transfer models, a
study was performed to compare the model simulations with real observations and
also intercompare the simulations themselves. Two observational datasets were
analysed where high spectral resolution observations were made and at the same
time the atmospheric state was carefully monitored. The first dataset consisted of
radiance observations using the HIS interferometer during the CAMEX-1 campaign
off the east coast of the USA. The second dataset consisted of observations from
the ARIES interferometer collected during the ASCENSION island campaign over
the tropical Atlantic. These two cases are very different with the Ascension island
case being much warmer and humid than the CAMEX case. In total 13 different
research groups participated with 7 different line-by-line models. The results of this
study indicated that in many spectral regions the models are capable to reproduce
the observations within the observed noise. In some spectral regions relatively large
differences between the simulations and observations exists. For almost all relevant
differences the reason for these differences is known, and are subject of active re-
search. The results documented in this report are important for the interpretation
of atmospheric state observations by new generation of atmospheric sounder instru-
ments like AIRS, TASI and TES for which fast radiative transfer codes capable of
simulating the observed spectra are being generated.



Chapter 1

Introduction

Measurements from the TASI instrument, which is due to fly on the METOP polar
orbiters, comprise top of atmosphere radiances from 8461 channels in the infrared
wavelength range from 645 cm~'to 2940 cm~![Cayla, 1993]. The objective of mak-
ing these radiance observations is to infer temperature and water vapour profiles
and total column concentrations of some minor gases. In order to assimilate these
data in NWP models or perform stand-alone retrievals a pre-requisite is to be able
to accurately model the radiances with a radiative transfer (RT) model. For oper-
ational use these RT models must be fast and several models have been developed
for TASI [e.g. Hannon et al., 1996, Matricardi and Saunders, 1999]. These fast RT
models rely upon using a dataset of transmittances or radiances computed from
an accurate line-by-line (LbL) model which simulates all the known spectroscopic
processes occurring in an atmosphere free of cloud and aerosol. These LbL models
are of necessity expensive to run and store the datasets. To determine how much
the fast RT models are limited in their accuracy by the LbL models on which they
are based an assessment of the LbL models themselves has been undertaken with
the following objectives:

e To document the current line by line infrared models and spectral databases

e To quantify their errors in terms of TASI simulations

To quantify differences between the models

To assess which models and spectral databases are suitable for TASI simula-
tions

To identify where more work is needed either in LbLL model development or
in spectroscopic measurements (laboratory and/or atmospheric)

Our current knowledge of atmospheric absorption mechanisms is not complete,
for instance the particular formulations for line mixing in the carbon dioxide P/R
branches or for the water vapour continuum are still open to some debate. Typically
the line parameters themselves are only accurate to 5% in line intensity and 10% in
line width and there may be missing lines in the standard spectroscopic databases.
The discretisation of the LbL models (i.e. atmospheric layering, initial spectral grid
for computations) is another potential source of errors. One step in determining the
magnitude of these uncertainties is to compare the differences between LbL model-
computed radiances for all the TASI channels given the same input atmospheric
profile. Several intercomparisons of LbL: and fast models have already been carried
out [e.g. Chédin et al., 1988, Ellingson and Fouquart, 1991, Garand et al., 2001] but
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these have all been for much broader spectral channels than IASI and so are not
detailed enough spectrally for TASI simulations.

It is important to be able to quantify the errors of the fast RT computations, of
which LbL model errors is one component, for several reasons. Firstly if there are
regions of the spectrum which current LbL models cannot accurately simulate then
these should be identified and rejected for use in assimilation or retrievals. Secondly
the magnitude of the (observation + RT model) error covariance is required for
variational data assimilation. The component of RT model error due to the fast
models approximations can be determined [e.g. Matricardi and Saunders, 1999,
Sherlock, 2000], but it is harder to estimate the absolute accuracy of the LbL model
on which the fast model is based.

The TAST Science Sounder Working Group (ISSWG) approved the commence-
ment of this LbL, model intercomparison project at their second meeting in Cordes,
France in 1996 and subsequently there were submissions from 12 participants. The
intercomparison was designed to compare model calculations with observations, in
this case from aircraft, in order to assess not only the relative differences between
models but also the absolute differences from measurements. The observations were
necessarily of a similar spectral resolution to TASI and were as close as possible to
top of atmosphere measurements. The aircraft data used were from the HIS in-
strument flying on the ER-2 over the sea off the Virginia coast in the CAMEX
experiment and from the ARIES instrument on the C-130 over the tropical At-
lantic close to Ascension Island. The two atmosphere types were quite different,
one representative of mid-latitudes, and the other of the tropics.

This report summarizes the results obtained from this ISSWG LbL comparison.
The participants and models are documented in section 2, the observational datasets
in section 3 and the results in section 4. The results from this report are not only
applicable to IASI but also other satellite infrared spectrometers and radiometers
(e.g. AIRS, TES, HIRS and MODIS).



Chapter 2

Participants

This intercomparison presents results of line-by-line calculations by a large group
of scientists. The key features of the models participated in the comparison study
are listed in Table 2.1. This information is provided by the individual participant.
The table indicates that there were seven different line-by-line models, namely
LBLRTM (at AER, EUMETSAT, SA and UW), GENLN2 (at ECMWF, IMCOL,
the Met Office and UMBC), HARTCODE, KOPRA, LARA, LITMS, and 4A. Most
of the participants adopted HITRAN 96 line database in combination with CKD
2.1, 2.2 or 2.4 model for water vapor continuum. Furthermore, four participants
used the HITRAN 96 database revised with the Toth HoO spectroscopic parame-
ters in the 10 micron region'. Two models adopted the GEISA 97 spectroscopical
database, which included the Toth revision as well. For the intercomparison most
models provided monochromatic radiances at a dispersion of roughly 0.001 cm™1,
HARTCODE provided the integrated result at roughly the same resolution.

n the remainder part of the document this revision of the HoO spectroscopy in the 10 micorn
region will be refered to as the Toth revision
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Table 2.1: Summary of the submitted results

Acronym Model DataB® Res.® Type® Cont.d Mix®
ADGB HARTCODE! G97 5 A CKD 24 RODY99
AER LBLRTM V5.42 H96+T 1 B CKD 2.4 HOKS89
ECMWF GENLN23 H96 1 B CKD 2.1 STH94
EUMETSAT LBLRTM V5.4 H96 0.8 B CKD 2.4 HOKS89
IMCOL RFM V4.03_.OXF*  H96 1 B CKD 2.1 STH94
KOPRA® KOPRA H96 1 B CKD 2.2 FUN98
LPMA LARA H96 1 B CKD 2.4 ROD99
LITMS LITMS® H96 1 B CKD 2.2 STH94
LMD 4A007 G97 1 B CKD 2.1 ROD99
METOF GENLN2 V4 H96 1 B CKD 2.1 STH94
SA LBLRTM V5.4 H96+T 1 B CKD 2.4 HOKS89
UMBC kCarta V1.04% H96 2.5 B  CKD 23 STH94
uw LBLRTM V5.4 H96+T 0.8 B CKD 2.4 HOKS89

@ Line parameter databases: Geisa 97 (G97, Jacquinet-Husson et al. [1999],
http://ara0l.polytechnique.fr), HITRAN 96 (H96, Rothman et al. [199§],
http://www.hitran.com), HITRAN 96 + Toth Revision (H96+T),

> Dispersion resolution of results in 0.001 cm™~!.

¢ Results represent monochromatic (B) or integrated (A) radiances at the given
dispersion.

4 Water vapor continuum model used.

¢ Carbon dioxide line mixing model: ROD99: Rodrigues et al. [1999], Kochel et al.
[1997]; STH94: Strow et al. [1994]; HOKR89: Hoke et al. [1989]; FUN98: Funke
et al. [1998].

Selected References:

U Rizzi et al. [2001]

2 Clough et al. [1992], Clough and Iacono [1995], Clough et al. [1995]

3 Edwards [1992], Strow et al. [1994], Clough et al. [1989, 1980]

4 http://www.atm.ox.ac.uk/RFM

® Stiller et al. [1998], Hopfner et al. [1998], Kuntz et al. [1998], von Clarmann
et al. [2000]
http://www-imk.fzk.de:8080/imk2 /ame/publications/kopra_docu/kopra_docu.html

6 Trotsenko and Fomin [1989], Trotsenko et al. [1993, 1995]

T W.J. et al. [1996], Thibault et al. [1997], Perrin and Hartman [1989], Gamache
et al. [2000], Scott and Chédin [1981], Clough et al. [1980]

8 http://asl.umbc.edu/pub/kcarta/kecarta.html
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Table 2.2: Point of contact.

Participant Acronym
Dr. R. Rizzi (R.Rizzi@adgb.df.unibo.it) ADGB
Dr. M.W. Shepard (mshep@aer.com) AER

Dr. M. Matricardi (stm@ecmwf.int) ECMWF
Dr. S. Tjemkes (tjemkes@eumetsat.de) EUMETSAT
Dr. J. Haigh (j.haigh@ic.ac.uk) IMCOL
Dr. M. Hopfner (Michael. Hoepfner@imk.fzk.de) KOPRA
Dr. S. Payan (payan@ccr.jussieu.fr) LPMA
Dr. A. Trotsenko (ant@imp.kiae.ru) LITMS
Dr. N. Scott (scott@ara0l.polytechnique.fr) LMD

P. Rayer (peter.rayer@metoffice.com) METOF
Dr. C. Clerbaux (catherine.clerbaux@aero.jussieu.fr) SA

Dr. S.DeSouza-Machado (sergio@umbc.edu) UMBC

Dr. D. Tobin (davet@ssec.wisc.edu) UW




Chapter 3

Observations

Two different datasets were used in the intercomparison. The first dataset consisted
of HIS observed spectra and associated atmospheric state data for the night of
09/29/93 during the CAMEX T observing campaign. The second dataset consisted
of ARIES observed spectra and associated atmospheric state data for 06/05/1999
during the 1999 ASCENSION Island campaign.

3.1 CAMEX

This dataset was prepared by D. Tobin, B. Knuteson and R. Rizzi. The up-welling
radiance spectrum measured by the HIS during the ”third northbound pass” of the
HIS over the ocean offshore of Wallops Island, Virginia on 29 Sept 1993 UTC. The
observations adopted for the intercomparison were averaged over 24 independent
scans. The mean observation and its associated error (defined by the rms error)
are shown in Figures 7.1 - 7.5 in radiance and equivalent brightness temperature
units respectively. The observations are taken at approximately 20 km above the
surface. The scale of the error in the mean observed radiance is shown on the right
y-axis and is a factor 10 smaller than the scale of the mean observations. The
figures show that, except for the spectral region between roughly 2250 - 2380 cm ™!,
the uncertainty in the observations is so low that the signal to noise ratio is very
large.(Note that in the radiance scales on the y-axes are chosen such that if the two
lines of the mean observation and its associated error crosses, the signal to noise
ratio is 10.)

The atmospheric state file used in the calculations was a composite from different
sources and of selected state variables is shown in Fig. 7.7. The figure shows the
presence of a dry layer around 800 hPa. The sea surface skin temperature is not
observed using an independent device. The skin temperature was set to 293.0
which gives the best fit for a surface emissivity of 1 and FASCODE calculations.
Climatological values for the vertical distribution of heavy molecules were adopted.
A summary is given in Table 3.1.
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Table 3.1: Summary of the atmospheric state for the CAMEX case.

Observational Height 19.97 km
Included in Calculations Hs0O, COs, O3z, NoO, CO, CHy, Oz, NO, SO,,
NOg, Ny, CCL3F(F11), CCLyF5(F12), CCL4
Observed Temperature, Pressure, H,O, O3
Assumed COQ,NQO, CO, CH4, 02, NO, SOQ,
NO,, Ny, CCL3F(F11), CCLyF5(F12), CCLy
CO5 Mixing Ratio 358 ppmv (Assumed)
Surface Temperature 293.000 K (Assumed)
Surface Emissivity 1.000 (Assumed)
Surface Pressure 1018.000 (Observed)

3.2 ASCENSION

This dataset was prepared by J. Taylor of the Met Office. The up-welling radiance
field was measured by the instrument at 7.9 km altitude and are shown in Figures
7.8 - 7.10. The observations were averaged over 500 scans, and as a result the
associated noise in the observations is relatively low. In a few specific narrow
spectral intervals, the large value of the absorption coefficient prevents a proper
calibration of the observations. This results in spikes in the observational dataset.

The atmospheric state profile used in the calculations was a combination of
observed values for temperature, water vapour and carbon monoxide mixing ratio
and climatological values for the other gases. The surface temperature was observed
as 301.8 K and a surface emissivity of 0.980 was adopted. Figure 7.12 shows the
atmospheric state of selected state variables. A summary is given in Table 3.2

From Figs. 7.7 and 7.12 one can see that the two cases are very different from
each other. The Ascension Island case is much more humid and warm than the
CAMEX case. Because of the much lower observational level in the Ascension
Island case, the ozone amount below the observational level is distinctly different
for the two cases. It is also worth noting that the CO volume mixing ratio profile in
the Ascension Island case shows much more structure than the CAMEX case and
also increases in concentration with height.

Table 3.2: Summary of the atmospheric state for the ASCENSION case.

Observational Height 7.924 km
Included in Calculations HsO, COs, O3, NoO, CO, CHy, Oz, NO, SO,,
NO,, Ny, CCL3F(F11), CCLyF5(F12), CCLy

Observed Temperature, Pressure, H,O, CO
Assumed COQ7 03, NQO, CH47 OQ, I\IO7 SOQ,
NO,, Ny, CCL3F(F11), CCLyF5(F12), CCLy
CO2 Mixing Ratio 365 ppmv (Assumed)
Surface Temperature 301.8 K (Assumed)
Surface Emissivity 0.98 (Assumed)

Surface Pressure 1008.920 (Observed)




Chapter 4

Results

4.1 Preamble

In this section the results of the intercomparison are presented for each of the observ-
ing campaigns. It is split in two parts, namely one part describing the comparison
between the observations and the model calculations. The second part describes
the intercomparison between the models.

The discussion on the comparison between model simulations and observations
consists of two parts. In the first part common features among the various models
are highlighted for each of the three HIS bands and the two ARIES bands are
discussed. This is done through the presentation of a series of figures!. The first
two figures show the simulated results in radiance space (Wm=2sr~1 (cm_1 -
units) and in equivalent brightness temperature space (K units) respectively. The
difference between the simulations (R?) and the observations (R°) are presented in
three different ways. First the straight difference (AR = R®—R?°) in radiance space
as a function of wavenumber is presented, followed by two more figures representing
the normalised radiance difference and the noise equivalent brightness temperature
difference respectively. The normalised radiance difference is calculated as the ratio
of the radiance difference with the uncertainty in the mean observation (AR, =
AR /c°). The noise equivalent brightness temperature (NeAT), is calculated from
the radiance difference and the Planck-function at the actual scene temperature.
These two figures facilitate an easier interpretation of the results.

Then in the second part, the performance of the different models are compared
in spectral bands of interest to IASI applications. These bands are listed in Table
4.1 together with an estimation of the error in the HIS and ARIES observations and
the potential application of the IASI observations in these bands. The listed error is
the average uncertainty in the observations in the particular spectral interval. The
results here are presented as a series of figures of the normalised radiance difference
as a function of wavenumber for the spectral region of interest. No attempt is made
to condense the presented results in an average difference for each interval.

IThe header of the figures list the name of the instrument (HIS/ARIES), the band and an
additional identifier (STD) to refer to the results for the standard or baseline setup. This identi-
fier was needed because in addition to calculations for the baseline scenario, several participants
provided results from additional scenarios, e.g. with a different sea surface emissivity. The results
of these calculations are presented at the end of the report.
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Table 4.1: Selected spectral intervals of interest to TAST applications. Also listed in
the Table is a noise estimation of the different instruments. For the HIS and ARIES
instrument the listed numbers are average of the uncertainty in the observation.

Channels HIS ARIES TASI Comments

650.0 — 770.0 ~ 0.09K ~0.02 < 0.2K Temperature

770.0 — 980.0 ~ 0.08K ~0.03K < 0.2K  Surface properties + Clouds
1000.0 — 1070.0 | =~ 0.16K =~ 0.02K =~ 0.15K Ozone

1080.0 — 1150.0 | =~ 0.28K =~ 0.03K =~ 0.2K Surface Properties
1250.0 — 1350.0 | ~ 0.08K =~ 0.1K =~ 0.1K Water Vapour + Trace gases
2100.0 — 2150.0 | = 0.09K =~ 0.08K =~ 0.15K Carbon monoxide
2150.0 —2250.0 | = 0.22K =~0.0TK < 0.2K Temperature

2350.0 —2420.0 | = 341K =~0.16K < 04K Temperature

2420.0 — 2600.0 | = 0.46K =~ 0.37TK = 1.0K Surface Properties

4.2 HIS bandl

4.2.1 Experiments

To illustrate the relative position of the absorption features of the individual atmo-
spheric constituents, some experimental runs with a particular line-by-line model
(namely LBLRTM) were performed. As input to the LBLRTM model, the at-
mospheric state for the particular case study was modified such that the model
calculated the effect of one atmospheric constituent on the surface radiance field
transmitted to the observational. This means that the mixing ratio of one absorber
was left unchanged, while the mixing ratio of the other absorbers were set to zero.
The effects of the continuum absorption on the radiance field at the observational
level was not calculated in any of these experiments.

Figure 7.13 shows the results of these radiance calculations after a convolution
with the ISRF for HIS band 1. This band extends from approximately 600 - 1100
cm™!. Many weak absorption lines of water vapour are present throughout the
band. Strong absorption by carbon dioxide occurs between 600 - 700 cm ™!, and
some weaker carbon dioxide absorption features at 791 cm ™!, and around 950 and
1060 cm~'. The 791 cm~! Q-branch absorption lines are only very slightly offset
with respect to some water vapour lines around 800 cm™!, while the absorption
around 1060 cm ™! coincides with the strong 9.6 ym ozone band.

Ozone also presents some absorption in the 15 pum region. The same is true
for nitrous oxide. Finally there is some weak absorption by CFC11 and CFC12.
Although the absorption by these chlorofluorocarbons are weak, in the absence of
strong absorption by other gases, the interaction with radiation by these molecules
is noticeable.

4.2.2 Simulations
Entire Band

As can be seen from Figures 7.14 - 7.17, in general all models perform reasonable
well in the window region (800 - 1000 cm™~1), provided that the effects of the chlo-
rofluorocarbons (CFC-11 and CFC-12) are included in the simulations. There is
also good agreement between the observations and calculation in the 15 ym COq
band. Larger differences between the observations and calculations are found in the
wings of the 15 um COy band. This difference tends to be positive with a high
frequency variation superimposed on this. The radiation in 791 cm~! Q-branch
of CO3 is underestimated by most of the models, while the radiation in the water
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vapour band at 800 cm~! is mostly overestimated. Analysis by the LITMS group

(not presented here) suggests that the feature around 800 cm™! is a residual of
incomplete water vapour spectroscopy. The SA and UW calculations included the
Toth revision, which resulted in a better performance in selected regions in the
window region, in line with the findings of the LITMS group. Possibly the two
groups used a different version of the Toth revision, or the settings of some of the
parameters of the adopted line-by-line model was different, which could explain the
different performance in this region. Although the ADGB, and 4A simulations were
also done using the Toth revision, this did not remove the underestimation in these
spectral regions.

Almost all models overestimate the radiance in the 9.6 pum O3 band. Differences
can be as large as 3 - 4 K. This general overestimation in the 9.6 um Og band
might be the result of incorrect specification of the atmospheric state. At the
other hand, good agreement is found by the UMBC, UW and LITMS simulations.
The good agreement of the LITMS model might be related to the internal vertical
discretisation of the atmospheric state. The LITMS model did not perform the
calculations on on the specified levels, but on a much finer grid. This suggests that
for this model, the results in this part of the spectrum are sensitive to the actual
vertical discretisation. Calculations by the AER group discovered that UW results
were obtained for a slightly different atmospheric profile (see section 5.3.1). In
their simulations they used a value of 20.691 km for the aircraft altitude, in stead
of the 19.97 km. This resulted in a larger ozone amount below the aircraft and
consequently a better fit to the observations in this part of the spectral domain.
This could also explain the overestimation of the radiation in the 15 pm COs region,
where the simulations are sensitive to the temperature profile near the aircraft.

As a result of these findings, the AER group performed additional calculations.
The results of these calculations are presented in section 5.3. For instance, they
analyzed the effect of vertical discretisation, the inclusion of latest compilation of
the Toth revision, and the effect of incorrect specification of the O3 profile. Although
the results presented in the section 5.3 are obtained with a particular model, it is
believed that their findings are general applicable.

Detail

Figures 7.20 - 7.22 show the residuals for the first three bands of Table 4.1. It
confirms that most of the models have a very similar performance in this spectral
domain. The good performance by UMBC, UW and LITMS in the ozone band is
clearly visible in Figure 7.22. It is worth to notice that only in the window region
the absolute value of the normalised radiance difference is below 10.

Looking at Figure 7.20, we see that between 700-740 cm ™!, the residence resid-
uals of kKCARTA, and to a lesser extend LARA, are consistently in one direction, as
compared to the other models where the residuals are in the negative direction from
700-720 cm ™!, and then in the positive direction from 720-740 cm ™! (this can best
be seen by looking at the broader ”black envelopes” in these regions). kCARTA
uses a new formulation for the P/R-Branch line-mixing in this region (as well as in
the 4.3 pm band of CO3), which could explain the differences between this and the
other codes. Figure 7.19 shows that the differences occur mainly between the lines.

4.3 HIS band?2

4.3.1 Experiments

Fig. 7.23 illustrates the results of the single gas experiments performed for this
band. Here the strong o band of water vapour resides, resulting in a large number
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of strong absorption lines throughout this spectral interval. Methane has a strong
absorption band around 1300 cm™!, and there is also noticeable interaction by
nitrous oxide. Some weak absorption in the wings of the 9.6 ym ozone band around
1100 cm~! are present, and finally CFC12 interacts weakly around 1150 cm ™.

4.3.2 Simulations

Because of the large number of strong lines, the residual plots show much more
structure in this band than in Bandl. Performance of the different line-by-line
models are very similar. That is, the normalised radiance differences are all rel-
atively small and fluctuates around zero in the edges of the domain, while in the
region between 1250 - 1500 cm™! it is predominately negative (cf. Figure 7.28).
All models agree with the observations within 2 K (cf. Figure 7.27). The models
deviate more in certain details. For instance, the center of the water vapour 5 band
at 1600 wavenumbers appears to be better represented by the LITMS, LMD, the
Met Office and ECWMF simulations than by the others. The combined absorption
of methane and water vapour around 1480 cm ™! appears to be better captured by
the ADGB, and LARA simulation.

4.4 HIS band3

4.4.1 Experiments

Fig. 7.31 illustrates the results of the single gas experiments performed for this
band. In this spectral domain, the 4.3 pym carbon dioxide band resides. Up to
about 2400 cm ™! a large number of strong absorption lines by water vapour, carbon
monoxide, carbon dioxide and nitrous oxide are present. Beyond this wavenumber
only a few weak lines of methane and nitrous oxide and water vapour are visible in

these simulations. Ozone has some weak lines around 2100 cm 1.

4.4.2 Simulations
General

In the third HIS band, the prominent feature is the No pressure-induced continuum
around 2400 cm~!. In this spectral domain the modelling of the COy lineshape
poses some difficulties as it is sub-Lorentzian. The radiance residual plots (Fig-
ure 7.34), show that the ADGB, IMCOL and the LARA simulation deviate more
from the observations there than the other simulations. In general the normalised
radiance residual plots indicate that the simulations are within roughly 100 from
the observations. A fundamental problem with this spectral interval is that the
up-welling energy at the observational level is very small. This means that the dif-
ference between the simulations and observations when expressed as an equivalent
brightness temperature difference easily exceed 5 K (Figure 7.35).

4.5 Model intercomparison

To illustrate the difference between the models, in this section an intercomparison
between the models for the CAMEX case is presented. The results are presented as
a series of figures. Two different set of figures are presented. One where the residual
between a particular model and the LBLRTM model as implemented at EUMET-
SAT are shown, and one set where the reference model is changed to GENLN2 as
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implemented at the Met Office (The actual reference model is indicated in the Fig-
ure Title). For each band and for each reference model, the differences are shown
in radiance and in equivalent brightness temperature space.

4.5.1 Bandl

Figures 7.41-7.44 show the intercomparison results for the HIS band 1. The Figures
show that the relative performance between the different models, depends strongly
on wavenumber. Largest difference are found in the wing of the 15 pm of COs,
but also in the ozone absorption band differences are evident. It is interesting
that substantial differences are found between the same model, but implemented at
different institutes, like the difference between the SA, UW and the EUMETSAT
generated results. These difference could in part be explained by the different
spectroscopy adopted (cf. Table 2.1). While SA and UW included the Toth revision
of the HyO spectroscopic parameters in the 10 micron region to the HITRAN 96
database EUMETSAT adopted the Hitran 96 dataset without modifications. This
resulted in the spikes in the SA and UW figures. The difference in the O3 band
between the UW and EUMETSAT submission is caused by a small difference in the
adopted value for the observational level of the air borne observations. The aircraft
observation represents an average over about 10 minutes of flight during which time
the aircraft altitude varied between 19.8 and 20.1. the adopted value of 19.97 for
the simulations represents an average flight altitude. The simulations by UW were
done using a aircraft altitude value of 20.691. This resulted in a somewhat larger
ozone amount below the aircraft, and consequently smaller radiance values at the
observational level than the EUMETSAT simulations.

Similar difference between the same model but implemented at different insti-
tutes are also found for the GENLN2 class of models (ECMWF, METOF, IMCOL
and UMBC). The high frequency residual for the pair ECMWF-METOF as shown
in Figure 7.43 could be related to the different implementation of the HIS convo-
lution routine, which also could explain the high frequency residuals in the ADGB
plots.

There appears a small residual feature in the 791 cm~! Q-branch of CO,. In
Figure 7.44 this is visible in the panels for the ADGB, EUMETSAT, KOPRA,
LARA, LITMS and UW submission, and to a lesser extend in the panel of the SA
submission. Since the GENLN2 family of models, adopt the line coupling model
by Strow et al. [1994] this feature could be related to different formulation of the
line-coupling in this region. However, since the LITMS submission also includes this
line-coupling model, this observation is not unambiguous. The differences between
UMBC and LBLRTM are related to the different description of the the P/R branch

mixing.

4.5.2 Band2

Figures 7.45-7.48 show the intercomparison results for the HIS band 2. The residual
plots show much more structure in band 2 than in band 1. Outside of the region
between roughly 1500 - 1700 cm~!, the models agree reasonably well. A high
frequency variation around the zero difference line is found. In e.g. 7.45 the high
frequency variation appears for the ECMWEF, IMCOL, KPRA, LMD and METOF
results similar in structure, but of different magnitude. For the submission by the
KOPRA group the amplitude is less than e.g. METOF. Results by these groups were
generated with a different version of the CKD water vapour continuum model than
adopted by the EUMETSAT simulations. This could partly explain the differences
(cf. discussion for ARIES band?2 results).
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4.5.3 Band3

Finally, Figures 7.49-7.52 show the intercomparison results for the HIS band 3.
Excluding the 4.2 ym CO4 band region and the start of the window region around
2400 cm ™!, the models have a very similar performance. For the 2080 cm ™! region,
there was originally no line coupling in the LBLRTM model, which explains the
large spike in this region when compared to models which included a line coupling
model. The introduction of the line coupling model as formulated by Strow et al,
in the LBLRTM removed this difference (cf. section 5.3.4).

4.6 ARIES Bandl

Figures 7.53-7.57 show the general results for the ARIES-band 1 simulation, fol-
lowed by the figures for the various sub intervals in Figures 7.58-7.59. The obser-
vations taken during the ASCENSION-island campaign by the ARIES instrument
are quite different from the observations taken by the HIS istrument during the
CAMEX campaign. The ARIES instrument took the observations at a much lower
altitude, the ambient temperature was higher and also the amount of moisture was
significantly different. Furthermore the radiance observations were complemented
with atmospheric state observations by instruments on the aircraft, while during
the CAMEX case it was taken from rawindsondes. This has led to different results
for the comparison of the simulations with the observations.

Because of the lower altitude, the calibration of the instrument in those regions
where the absorption coefficient is very high is extremely difficult. This resulted in
the spikes in the residual plots. At first sight, the performance of the models in
the 9.6 pm region is much better than in the CAMEX case. Figure 7.56 indicates
that in this region the NeAT is smaller than 1K, whereas in the CAMEX case
values up to 4K were found (Figure 7.17). However, when the radiance difference is
normalised by the uncertainty in the observations, values in excess of 20 are found
for the ASCENSION island simulations, unlike CAMEX (cf. Figure, 7.57 and 7.18).
The overestimation of the radiance at 800 cm™! is evident in all simulations. This
is also different from the CAMEX simulations, where in general an underestimation
was found. The performance in the window region (800 - 1000 cm™!) appears to be
a function of wavenumber in the ASCENSION-island simulations. This could be an
artifact of the assumption that the surface emissivity is independent of wavenumber,
whereas in reality it is [e.g, Watts et al., 1996, Masuda et al., 1988].

The detailed plots presented in Figures 7.58-7.59 illustrate the difference in the
two experiments even better. For instance, results presented in Figure 7.59 indicate
that the use of the CKD 2.2 as used for the KOPRA and LITMS simulations gives
slightly better results in the spectral region between 1000 and 1070 cm™! than
the later versions of the CKD continuum (see also section 4.8). Although for the
ECMWFEF, and METOF simulations the same model was used, their performance is
not the same in some of the spectral regions, and the same is true for the simulations
performed by EUMETSAT and SA. For the latter the increased performance of the
SA submission, is most likely due to the Toth revision to the HITRAN 96 database
adopted by SA (cf section 4.2.2).

4.7 ARIES Band2

The results for the second ARIES band are shown in Figures 7.60 - 7.70. It is
unfortunate that up to 2000 cm~! the residual plots have a noisy appearance, for
the reason discussed in section 3.2. Because the observations took place under
tropical conditions, i.e. warm and relatively high water vapour abundances, there
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is some interest in the performance of the line-by-line models in the water vapor
absorption band. It apears that all models are capable to simulate the observations
within approximately 10c in the 1400 - 1800 cm ™! region. It is worth to notice that
for this case the actual CO profile was observed, while for the CAMEX case this
was not the case. Detailed plots of the region between 2100 - 2250 cm ™! indicates
that the simulation by LITMS and LMD deviate from the simulation by the others
(cf. Figures 7.67, 7.68). Experiments showed that the presented performance by
LITMS and LMD is the result of the adopted CO profile. At the initial stages of the
experiments, a climatological CO profile was distributed, which was later replaced
by the observed one. Experiments showed further that once the modified profiles
are adopted the performance of these models are comparable to the performance of
the other models. The detailed plots for the region between 2100 - 2250 cm ™! are
not updated with the new results, as they illustrate the impact on the simulated
radiances from inaccuracies in the atmospheric state of trace gases.

As was true for the 800 - 1000 cm ™! region there is a slight tendency for the
simulations to overestimate the radiance in the window region between 2400 - 2600
ecm~!. Additional work is needed to see if this overestimation is the result of in-
complete specification of the lower boundary condition.

4.8 Model intercomparison

To complete the section on the comparison with ARIES observations, the relative
difference between the models, for the ASCENSION case are presented. The results
are presented as a series of figures. Like for the HIS case, two different sets of figures
are presented, one where the residual between a particular model and the LBLRTM
model as implemented at EUMETSAT are shown, and one set where the reference
model is changed to GENLN2 as implemented at the Met Office. For each band and
for each reference model, the differences are shown in radiance and in equivalent
brightness temperature space.

4.8.1 Bandl

Figures 7.71-7.74 show the intercomparison results for the ARIES band 1. The
Figures show that the relative performance between the different models, depend
strongly on wavenumber. Largest differences are found in the wing of the 15 pym
CO3 band and in the strong HoO band. There are some local differences around
850, 925 and 1100 cm~!. Again differences are found between results generated by
the same model, but implemented at different institutes.

There appears to be a wavenumber dependent bias between the IMCOL and
EUMETSAT submission in the window region between 800 — 1000 cm™!. Figure
7.72 indicates that near 800 cm ™! the difference between these two models is about
0.3 K, which reduces to 0 K around 1000 cm~!. This bias is also observed in
the METOF - EUMETSAT pair but not in the ECMWEF - EUMETSAT pair. In
the latter case there is a constant bias of approximately -0.1 K in this region.
This wavenumber dependent bias is not visible in the comparison for the CAMEX
case. Figure 7.42 indicates that for the CAMEX simulation, the differences between
ECMWF - EUMETSAT, IMCOL - EUMETSAT and METOF - EUMETSAT are
very similar and independent of wavenumber.

Towards the high wavenumber end of Figure 7.74 there is another interesting fea-
ture found in the ASCENSION island simulations and not so visible in the CAMEX
simulations. That is in the 1400 — 1600 cm~' domain of ARIES band 1, the residual
between the pairs EUMETSAT - METOF, LITMS - METOF and SA - METOF
tends to be negative, while the residuals between the pair LARA - METOF and
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to a lesser degree KOPRA - METOF and LMD - METOF tends to be positive. A
simple explanation for this cannot be given. Figure 7.79 shows the high resolution
results of the METOF, EUMETSAT, LITMS and LARA submission for four dif-
ferent parts of the ARIES band 1 domain. For instance, in the 1425 — 1430 cm ™!
domain the LITMS results underestimates the METOF results, in the line center
the LARA results overestimates the METOF results, and the EUMETSAT results
are very similar to the METOF results, except near 1430 cm ™! where it is closer to
the LITMS results. But similar behaviour is found in the other three panels. All
models are using the HITRAN 96 line database. Unlike the residuals in the short
wave wing of the 6.2 ym HoO absorption band around 2000 cm ™! (as discussed in
the next section), a simple relation to the adopted water vapour continuum model
is not obvious as the LARA and EUMETSAT submissions use the CKD 2.4 model,
METOF uses CKD 2.1 and LITMS CKD 2.2.

4.8.2 Band2

Figures 7.75-7.78 show the intercomparison results for the ARIES band 2. The
residual plots show significant differences in the short wave wing of the 6.2 um HyO
absorption band around 2000 cm~' and in the CO absorption band around 2100
ecm~!. This residual is (in part) the result of the different water vapour contin-
uum models used. For instance, the LARA submission and the LBLRTM models
(submitted by EUMETSAT and SA) employs the CKD 2.4 model for water vapour
continuum, while the other models employ a previous version. The residual between
the LARA and LBLRTM in the region between 1800 - 2100 cm ™! appears to be
relatively small, except for some localised differences. The difference between the
other submissions in this region and the LBLRTM is substantially larger. Unfortu-
nately, this spectral domain was not included in the CAMEX simulations, so it is
not possible to compare performance for this simulation with the performance for
the CAMEX case. (Again, the differences between the SA and the EUMETSAT
results are due to the inclusion of the Toth revisions to the HoO spectroscopy by
SA, when these revisions are excluded from the SA submission, the EUMETSAT
and SA results do not deviate from each other.)

This Figure 7.80 the spectral region shows the high resolution variation of the un-
convoluted radiance with wavenumber as calculated by the GENLN2 and LBLRTM
model. This figure shows that the two models simulate the same value of the radi-
ance in the centre of the water vapor line, but they diverge in the wings. Finally,
Figure 7.81 shows the so-called foreign contribution to the water vapour continuum,
and in the region of interest the CKD 2.1 and CKD 2.4 models diverge, the latter
model generates smaller values than the former, in line with the results shown in
Figure 7.80.

An intercomparison of a numerical implementation of a physical concept can
only provide relative difference information. An absolute accuracy can only be in-
ferred from a careful comparison between calculations and detailed observations.
Such a comparison presented for two models in Figures 7.62, suggests that, for this
particular situation, the GENLN2 simulations deviate less from the observations
than the LBLRTM simulations. This does not imply that the CKD 2.1 model per-
forms better than the CKD 2.4, because the uncertainties in the surface conditions
and in the atmospheric state specifications are too large to make such a conclusion.
Detailed investigations beyond the scope of the paper are required to analyse this
further.



Chapter 5

Sensitivity Experiments

In this section the results of a few additional experiments, performed by different
groups are presented. The following experiments were performed,

e Inclusion of more realistic sea surface emissivity
e Sensitivity of upwelling radiance to perturbation of humidity profile

e Other sensitivity studies

5.1 Sea Surface Emissivity

For both the CAMEX and the ASCENSION test cases, the surface emissivity was
fixed to a specific static value. In reality the surface emissivity depends on wavenum-
ber. An example is given in Figure 7.82.

In Figures 7.83 - 7.88 the results of simulations by UMBC and UW, where the
fixed value of the sea surface emissivity is replaced by the values in Figures in 7.82 for
nadir observations are presented. The Figures consists of four panels, two for each
simulation, showing the difference (AR = R® — R°) between the simulations and
the observations. Differences for the standard simulation (i.e. with the wavelength
independent surface emissivity) with the 'STD’ extension in the title are presented
as a reference for the simulations with the more realistic sea surface emissivity with
the 'SEA’ extension. In the 800 — 1000 cm~! domain the inclusion of the more
realistic surface emissivity model resulted in an offset of approximately -0.5 K in
both simulations. The inclusion of the surface emissivity model resulted in a better
agreement to the observations for the UMBC simulations, while for the UW these
simulations underestimated the observations by about 0.5 K. The 0.5 K bias between
the two models could be the result of a small difference in surface temperature in
the two simulations. Secondly it is worth to notice that the introduction of spectral
varying surface emissivity reduced the slowly varying slope in the residuals. This
is also seen in the simulations by AER (cf. Figs 7.101 and 7.102). In HIS band
2 the effects of the sea surface emissivity inclusion is obviously less pronounced,
because of the strong atmospheric absorption. In the wing of the IR window, there
is an offset of approximately -0.5 K. Finally in HIS band 3, there is a very small
reduction of the radiation at the observational level from the inclusion of the sea
surface emissivity. This is not surprising given the small amount of radiative energy
in this spectral domain.

16
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5.2 Water vapour profile sensitivity

Figures 7.89 — 7.99 show the effect on the upwelling radiation for the CAMEX sim-
ulation due to a change in the humidity profile. These simulations were performed
with the GENLN2 model by M. Matricardi. Two types of perturbations were per-
formed. One where the original humidity profile was modified by subtracting the
uncertainty in the humidity profile (Figures 7.90 - 7.94), while for the second simula-
tion the original humidity profile was modified by adding this observed uncertainty
(Figures 7.90 - 7.94). These Figures show that a negative perturbation of the hu-
midity profile results in a increase in the upwelling radiance at the observational
level, while a positive perturbation, reduces the upwelling radiation. The changes
in the radiation field are larger the closer to the center of the HoO rotation band.

5.3 Other Sensitivity Studies

In this section the current state of spectral modeling for TASI simulations is pre-
sented, especially with respect to the influence of the spectroscopic parameters.
This is illustrated through the application of a particular line-by-line model, but
as can be concluded from the previous sections, to a large extent all models have
a similar behaviour. It is in the details that the models diverge. This input was
provided by S. A. Clough and M. W. Shephard.

In regard to the IASI study, a number interesting spectral questions applicable
to all line by line models participating in the intercomparison emerged, namely:

1. What is the effect of layering?
2. What is the effect of line rejection?

3. Why do some contributors have better results than others for ozone?
4. What is the effect of using spectral emissivity appropriate to seawater?
5. What is the effect of recent updates to the line parameters, e.g. water vapor?

6. What is the situation with respect to the CO2 Q-branch at 2077 cm-17

To address these questions, calculations were performed using the LBLRTM
code with the AER_JPL_hitran_96_v2.1 spectroscopical line file, generated mostly
from HITRAN 96 and the inclusion of Toth revision of the water vapor spectroscopy.
In addition, the spectral surface emissivity function adapted from Wu and Smith,
1997 was used [Wu and Smith, 1997, Masuda et al., 1988]

9.6 um O3 band

The reason for the overestimate of radiance in the 9.6 ym Osband for most but
not all of the models was investigated. As demonstrated by the case study below,
the overestimate of radiance in the models is due to an insufficient amount of Og
in the profile and not the number of layers or line rejection.

COy Q-branch Line Coupling

Summary Table 2.1, shows that EUMETSAT, SA, and UW results included the
COq line coupling (mixing) for Q-branches smaller then 1932 cm ™! using the second
order line coupling approach by Hoke et al. [1989] and not by Strow et al. [1994].
Recently we have implemented, as a first order solution, Strow et al. [1994] CO-
line coupling into LBLRTM for CO region (1932, 2076, 2093,2193 cm ') Q-branches
only. In Section 5.3.4 it is shown that the line coupling reduces the residuals from
approximately 9 to 4 K.
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5.3.1 Atmospheric State
CAMEX Reference Case

This initial reference case was computed, in order to start with the original inputs
that were provided for the intercomparision, see Table 3.1. The results are shown
in Figure 7.101.

AER Reference Case
For the AER reference the following setup was used

e to mimick the SA computation in using an input 97 level profile with a max-
imum altitude level of 19.97 km containing accumulated total column Ogs of
1.746 x10'® ppmv

e calculations performed on 27 layers

e with small line rejection

e increasing the input surface temperature from 293 K to 293.3 K
e using spectral varying surface emissivity values

e using an improved line file (AER_JPL _hitran_96_v2.1)

Figure 7.102 demonstrates a number of improvements to the residual. The in-
crease in the surface temperature brings the residual values, in spectral regions
that reach the surface, closer to zero. Also, the spectral varying surface emissivity
eliminates the slope in the residuals (often mistakenly attributed as errors in the
continuum). The new line file that includes Toth’s revision to water vapour spec-
troscopy greatly reduces the residuals in the water vapour lines. For the 9.6 um
band Figure 7.102 shows a result similar to SA result in Figure 7.17 of the inter-
comparison paper, where there are large residuals with the model is overestimating
the radiance (brightness temperature)

5.3.2 No Line Rejection Case

To determine the impact of the small line rejection in the AER Reference case the
LBLRTM calculation was computed the same way as in the AER Reference case
except with no line rejections. The results are very similar to Figure 7.102 that had
the line rejection. This demonstrates that the line rejection in the AER Reference
case is not responsible for the over estimate of radiance computed by the model.

5.3.3 Finer Model Layering Case

The sensitivity on the radiance field at the observational level to the number of
layers was analysed, by taking the Reference case and replacing the 27 layers with
97 layers representing all the levels in the input profile. Comparing Figure 7.104
with the Reference case in Figure 7.102 shows that the finer layering does not reduce
the estimated radiance in the ozone band.

UW (Tobin) Case

For additional simulations, Dave Tobin at the Univ. of Wisconsin provided the
input that was used to generate better radiance estimates for the 9.6 um for the
UW model. The main differences compared with the reference case was that the last
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altitude level in the profile was 20.691 km instead of 19.97 km and the calculations
were performed on all 97 levels in the profile.

Figure 7.105 demonstrates an improved decrease in the residuals for the ozone
band. Since the number of model layers does not produce an improvement in
residuals for the ozone band, raising the altitude of the top level must be somehow
responsible for the improved results. Further investigation demonstrates that by
increasing the altitude of the top level, and keeping everything else the same, the
total column ozone amounts increased from 1.746 x10'® ppmv in the reference case
to 1.934 x10'® ppmv in UW case. This increase in ozone provided more absorption
which and decrease the estimated radiance of the model calculation reducing the
residuals in the 9.6 pum region. However, raising the altitude of this top level and
keeping the temperature fixed increase the residuals in the 650 — 700 cm ™! region by
about 0.5 K in comparison to the reference case in Figure 7.102. This suggests that
it is not the altitude of the top level in the input profile that needs to be changed,
but that there is insufficient ozone in the top levels of the profile.

AER Scaled O3;Case

The next step is to then take the AER Reference case and increase the ozone in
the top few levels, as shown in Figure 7.106. This increase the total ozone column
amount from 1.746 x10'® to 1.958 x10'® ppmv, which is close to the 1.934 x10'8
ppmv amount UW has with the 20.691 km top-level input profile. Increasing the
ozone in the top of the profile increased the amount of absorption in the ozone band
which decreased the estimated radiance and the residuals. Also note that keeping
the top altitude level at 19.97 km produces better residuals in the 650 — 700 cm™*
region compared with moving it to 20.691 km as was done in UW model inputs.
This suggusts that the temperature profile is correct at 19.97 km.

5.3.4 CO; Line Coupling for Q-branches 1932, 2080, 2093,
2193 cm™! in CAMEX Data

To establish a baseline, a simulation was performed without line coupling for Q-
branches at 1932, 2080, 2093, 2193 cm~!. For comparison the results using the
input atmospheric state as defined by the IASI reference case is shown in Figure
7.108. Next the results when the atmospheric state is changed to the AER reference
case, are shown in Figure 7.109. Again, one can see the improvements of Figure
7.109 over 7.108 due to increasing the surface temperature, using spectral varying
surface emissivity function, and improved water vapour lines in the line file.

As shown in Figures 7.108 and 7.109, there is a large residual of 9 K for the 2076
cm~! Q-branch. This is attributed to not accounting for Q-branch line coupling.
Results when the calculations include the line coupling for Q-branches 1932, 2080,
2093, 2193 cm !, are shown in Figure 7.110.

Including CO5Q-branch line coupling in the COregion reduces the residuals from
about 9 to 4 K. It is presently unclear if additional improvements to the line coupling
is need in order to further improve on the 4 K under estimate of the 2076 cm™!
Q-branch radiance. For example, including second order line coupling coefficients.

GENLN2/LBLRTM CO,; 2076 cm~! Q-branch Monochromatic Compar-

ison

The GENLN2 monochromatic calculations, which has the Strow et al. [1994] Q-
banch line coupling model for the COy 2076 cm~! Q-branch, was compared to
the LBLRTM monochromatic calculation with (Figure 7.112) and without (Figure
7.111) the recently implemented Strow Q-banch line coupling for the CO region.
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The residuals in the monochromatic comparision in Figure 7.112 show that the
LBLRTM and GENLN2 perform equally in the 2076 cm-1 Q-branch.



Chapter 6

Summary

To document the performance of current line by line radiative transfer models ca-
pable of simulating TASI radiances a study was performed to compare the model
simulations with real observations and also intercompare the simulations them-
selves. Two observational datasets were analysed where high spectral resolution
observations were made and at the same time the atmospheric state was carefully
monitored. The first dataset consisted of radiance observations using the HIS inter-
ferometer during the CAMEX-1 campaign off the east coast of the USA. The second
dataset consisted of observations from the ARIES interferometer collected during
the ASCENSION island campaign over the tropical Atlantic. These two cases are
very different with the Ascension island case being much warmer and humid than
the CAMEX case. It is also important to note the flight level in the former was
much lower than in the latter case.

It is well known that the comparison of model simulations with observations crit-
ically depends on the accuracy of the specified atmospheric state. For the two cases
presented it is believed the specification of the temperature, water vapour, ozone
and the methane profiles were accurate enough to minimise any radiance differences
due to errors in assumed atmospheric state. Some of the difference found were very
subtle, and to discriminate between these the specification of the atmospheric state
was not accurate enough. For some models the specification of the ozone profile
for the CAMEX case was inadequate, as the high level ozone had to be enhanced
to get good agreement between models and observations. For another model good
agreement in the 9.6 ym Ozone band for the CAMEX similation was obtained by
significantly increasing the number of levels of the original profile (from approxi-
mately 30 to more than 100). A possible other source of uncertainty may be due to
uncertainties in the instrument spectral response function. And finally radiometric
calibration of especially the airborne observations in those spectral regions regions
where strong absorption by atmospheric constituents exists is extremely difficult.
This is especially true for the observations taken at low altitudes by the ARIES in-
strument. Such that a detailed interpretation of the results in these spectral region
is not ambigious.

In total 13 different groups participated with 7 different line-by-line models.
These models used three different spectroscopic databases, namely HITRAN 96,
HITRAN 96 revised with the Toth revision of the HoO spectroscopical parameters
in the 10 micron region, and GEISA 97. The large number of submissions resulted
in a unique dataset to assess the uncertainties of current line-by-line models. In
many regions of the spectrum it is demonstrated that all the models are capable
of reproducing the observations well to within the noise. However in some regions
differences from the observations are found for some or all models which require
further investigations. In some cases the explanation for the observed discrepancies
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have been found but others require further investigations.

An additional benefit of this study was that during the process of comparing the
model simulations various bugs were discovered either in the models themselves or in
their implementation by the particular group. In contrast groups with models which
have compared well with others and the observations have gained more confidence
that their model is running correctly.

The key conclusions from the results presented in the report are:

e Current line by line models agree in large parts of the spectral interval between
800 — 2600 cm™! region, provided that they use the same atmospheric and
spectroscopic input.

e Residuals in the 700 - 780 cm ™! region between the simulations and the ob-
servations especially for the CAMEX case exists, which requires additional
research. The different performance in the 2080 cm ™! region is attributed to
the omission of the line coupling in the Q-branches of CO5 in some model sim-
ulations. In addition to this differences in the description of the line-coupling
of the P/R branch resulted in different behaviour of the radiation models in
the 15 and 4.3 pm bands of COsa.

e The inclusion of a realistic sea surface emissivity model is important for a
realistic simulation of the upwelling radiation in the 800 — 1000 cm ™! region.

e The revision of the HoO spectroscopical parameters by Toth removed some
fine scale biases between the observations and the model simulations, in the
800 — 1000 cm ™! region.

e For some model can the large differences in the 9.6 ym Oz band for the
CAMEX case largely be explained by an incorrect specification of the ozone
amount near the observational level, while for an other model, agreement be-
tween model simulations and observations in this spectral region was obtained
after subdivision of the original atmospheric state in a large number of thin
layers.

e There was a disparity between models around 2400 cm~! due to their respec-
tive implementations of the nitrogen continuum absorption.

e Differences due to the water vapour continuum parametrisation employed (i.e.
CKD2.1 or CKD2.4) only show up below 700 cm™! and in the 1950 — 2000
cm~! range and unfortunately the measurements are not able to verify which
model is best in this region.

e Some residuals between the observations and simulations may be due to un-
certainties in the instrument spectral response function.

An original objective of this study was to identify those models which are ade-
quate for IASI simulations. In practice all the models submitted were found to be
adequate, at least for the profiles specified, although in some parts of the spectrum
some models did better and in other parts others did better and so there was no
clear 'winner’. However it should be noted the initial submission of results from
some models did cause concern but in the process of the comparison these models
were improved to become acceptable.

There are many unresolved issues which remain. For instance the different
performance in the 1400 — 1600 cm™! region for the Ascension island case (cf.
Figure 7.74), and in the 680 - 750 cm~! region for the CAMEX case (e.g Figure
7.44) where the different models not only performed differently in the centre of the
spectral lines but also in between. From this it can be seen that more work is needed
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especially in the formulation for the line mixing models and validation of the water
vapour continuum parametrisation.

The CKD water vapour continuum model is defined as: “absorption, of slow
spectral variation (compared with that for lines) which, when added to the local
line contribution, provides agreement with observations”. This indicates that the
line absorption and the continuum are inseparable. Thus a particular version of
the CKD water vapour continuum is ultimately linked to a particular version of
the spectroscopical data base. The results documented in this report indicate that
the best agreement between the observations and simulations is obtained with the
Hitran 96 database with the Toth revision of the water vapour spectroscopy. It
should be noted that the latest HITRAN (v11.0)* spectroscopical database, which
includes the line file modifications essentially identical to the ones utilized for the
sensitivity calculations performed by AER (cf. section 5.3. The changes in the
strongest water vapor lines have been insignificant in for the longwave sounding
region so that the effects of line parameter changes is insignificant for the continuum.
So at the moment, CKD_2.4 is the most appropriate for use with this line parameter
set.

As a result of this study the forward model errors for the IASI radiances can
now be estimated. This should now be done, using the analysis presented here,
possibly for several line by line models. Some IASI channels will have low forward
model errors whereas others will have much larger errors due to uncertainties in the
spectroscopy. As the NWP assimilation is unlikely to be able to make use of all of
the TASI channels a channel selection will have to be made based on information
content. Those channels which have high forward model errors are likely to be
rejected at the first stage of channel selection.

The current study was only able to make comparisons for tropical and mid-
latitude atmospheres and it is evident both sets provided different insights into the
reasons for the model differences. A future comparison should include an arctic
profile as it is likely further differences between models and observations will be
seen for these cold dry atmospheres.

This study is an important step to quantify the errors in line by line models
and hence the fast models used for assimilation and retrievals. The regions of the
spectra shown to be well modelled by this study can be used with confidence for
TASI radiance assimilation in NWP models and for atmospheric state retrievals. As
the models and databases improve, as a result of studies such as this, the radiative
transfer model errors should reduce allowing greater weight to be given to the IASI
observations.

Ipresently available from http://www.hitran.com
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Figure 7.1: The Observed mean up-welling spectral radiance in HIS Band 1 during
CAMEX-I. Solid line: mean observation, with its associated scale on the left y-axis,
dashed line: the uncertainty in the mean observations, with its associated scale on
the right y-axis.
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Figure 7.2: The observed mean up-welling spectral radiance converted into bright-
ness temperature in HIS Band 1 during CAMEX-I. Solid line: mean observation,
with its associated scale on the left y-axis, dashed line: the uncertainty in the mean
observations, with its associated scale on the right y-axis.
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Figure 7.3: The observed mean up-welling spectral radiance in HIS Band 2 during
CAMEX-I. Solid line: mean observation, with its associated scale on the left y-axis,
dashed line: the uncertainty in the mean observations, with its associated scale on
the right y-axis.
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Figure 7.4: The observed mean up-welling spectral radiance converted into bright-
ness temperature in HIS Band 2 during CAMEX-I. Solid line: mean observation,
with its associated scale on the left y-axis, dashed line: the uncertainty in the mean
observations, with its associated scale on the right y-axis.
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Figure 7.5: The observed mean up-welling spectral radiance in HIS Band 3 during
CAMEX-I. Solid line: mean observation, with its associated scale on the left y-axis,
dashed line: the uncertainty in the mean observations, with its associated scale on
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Figure 7.7: Profiles of selected atmospheric state variables for the CAMEX case,
namely temperature (top left panel), specific humidity (top right panel), ozone
volume mixing ratio (bottom left panel) and carbon monoxide volume mixing ratio
(bottom right panel).
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Figure 7.9: The observed mean up-welling spectral radiance converted into bright-
ness temperature in ARIES Band 1 during ASCENSION Island campaign. Solid
line: mean observation, with its associated scale on the left y-axis, dashed line: the
uncertainty in the mean observations, with its associated scale on the right y-axis.
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Figure 7.10: The observed mean up-welling spectral radiance in ARIES Band 2 dur-
ing ASCENSION Island campaign. Solid line: mean observation, with its associated
scale on the left y-axis, dashed line: the uncertainty in the mean observations, with
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Figure 7.11: The observed mean up-welling spectral radiance converted into bright-
ness temperature in ARIES Band 1 during ASCENSION Island campaign. Solid
line: mean observation, with its associated scale on the left y-axis, dashed line: the
uncertainty in the mean observations, with its associated scale on the right y-axis.
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Figure 7.12: Profiles of selected atmospheric state variables for the ASCENSION
Island case, namely temperature (top left panel), water vapor specific humidity (top
right panel), ozone volume mixing ratio (bottom left panel) and carbon monoxide
volume mixing ratio (bottom right panel).
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Figure 7.13: Up-welling radiance in the HIS band 1 calculated by LBLRTM for the
single gas experiments. The particular atmospheric constituent adopted for each of
the runs is indicated as the title above each panel
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Figure 7.15: Radiance in HIS band 1 for the particular submission indicated by
the title above each panel. Note that the radiances are converted into equivalent
brightness temperatures using the inverse of the Planck-function. Only the results
in the optical filter range of HIS band 1 between 600 - 1080 cm~! are shown.
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Figure 7.16: Radiance residuals between calculated and observed radiance in HIS
band 1 for the particular submission indicated by the title above each panel. Only
the results in the optical filter range of HIS band 1 between 600 - 1080 cm ™' are

shown.
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Figure 7.17: Radiance residuals between calculated and observed radiance in HIS
band 1 for the particular submission indicated by the title above each panel. Note
that the radiance residuals are converted into noise equivalent brightness tempera-
ture, using the equivalent brightness temperatures shown in Figure 7.15. Only the
results in the optical filter range of HIS band 1 between 600 - 1080 cm ™' are shown.
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Figure 7.18: Radiance residuals between calculated and observed radiance in HIS
band 1 for the particular submission indicated by the title above each panel. Note
that the radiance residuals are normalised by the uncertainty in the observations.
Only the results in the optical filter range of HIS band 1 between 600 - 1080 cm ™!
are shown.
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Figure 7.19: Upwelling Radiance in mWm ™ 2sr—! (cm‘l)_1 as a function of

wavenumber at the observational level of 19.97 km, according to the METOF (black
line), EUMETSAT (blue line), LITMS (green line) and UMBC (red line) submission
in the spectral region between 725 — 730 cm™!.
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Figure 7.20: Radiance residuals between calculated and observed radiance in HIS
band 1 for each of the submissions for the first spectral interval of Table 4.1. Note
that the radiance residuals are normalised by the uncertainty in the observations.
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Figure 7.21: Radiance residuals between calculated and observed radiance in HIS
band1 for each of the submissions for the second spectral interval of Table 4.1. Note
that the radiance residuals are normalised by the uncertainty in the observations.
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Figure 7.22: Radiance residuals between calculated and observed radiance in HIS
band1 for each of the submissions for the third spectral interval of Table 4.1. Note
that the radiance residuals are normalised by the uncertainty in the observations.
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Figure 7.23: Same as 7.13 but now for HIS Band2.
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Figure 7.24: Radiance in HIS band 2 for the particular submission indicated by the

title above each panel.
between 1080 - 1800 cn~! are shown.
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Figure 7.25: Radiance in HIS band 2 for the particular submission indicated by
the title above each panel. Note that the radiances are converted into equivalent
brightness temperatures using the inverse of the Planck-function. Only the results
in the optical filter range of HIS Band 2 between 1080 - 1800 cm ™! are shown.
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Figure 7.26: Radiance residuals between calculated and observed radiance in HIS
band 2 for the particular submission indicated by the title above each panel. Only
the results in the optical filter range of HIS Band 2 between 1080 - 1800 cm ™! are

shown.
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Figure 7.27: Radiance residuals between calculated and observed radiance in HIS
band 2 for the particular submission indicated by the title above each panel. Note
that the radiance residuals are converted into noise equivalent brightness temper-
ature, using the equivalent brightness temperatures shown in Figure 7.25. Only
the results in the optical filter range of HIS Band 2 between 1080 - 1800 cm ™! are
shown.
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Figure 7.28: Radiance residuals between calculated and observed radiance in HIS
band 2 for the particular submission indicated by the title above each panel. Note
that the radiance residuals are normalised by the uncertainty in the observations.
Only the results in the optical filter range of HIS band 2 between 1080 - 1800 cm ™!
are shown.
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Figure 7.29: Radiance residuals between calculated and observed radiance in HIS
band 2 for each of the submissions for the 4" spectral interval of Table 4.1. Note
that the radiance residuals are normalised by the uncertainty in the observations.
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Figure 7.30: Radiance residuals between calculated and observed radiance in HIS
band 2 for each of the submissions for the 5" spectral interval of Table 4.1. Note
that the radiance residuals are normalised by the uncertainty in the observations.
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Figure 7.31: Same as 7.13 but now for HIS Band 3.
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Figure 7.32: Radiance in HIS band 3 for the particular submission indicated by the
title above each panel. Only the results in the optical filter range of HIS Band 3

between 2050 - 2600 cn~! are shown.
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Figure 7.33: Radiance in HIS band 3 for the particular submission indicated by
the title above each panel. Note that the radiances are converted into equivalent

brightness temperatures using the inverse of the Planck-function. Only the results

in the optical filter range of HIS Band 2 between 2050 - 2600 cm ™! are shown.
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Figure 7.34: Radiance residuals between calculated and observed radiance in HIS
band 3 for the particular submission indicated by the title above each panel. Only
the results in the optical filter range of HIS Band 3 between 2050 - 2600 cm ™! are

shown.
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Figure 7.35: Radiance residuals between calculated and observed radiance in HIS
band 3 for the particular submission indicated by the title above each panel. Note
that the radiance residuals are converted into noise equivalent brightness temper-

ature, using the equivalent brightness temperatures shown in Figure 7.33. Only

the results in the optical filter range of HIS Band 3 between 2050 - 2600 cm ™! are

shown.
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Figure 7.36: Radiance residuals between calculated and observed radiance in HIS
band 3 for the particular submission indicated by the title above each panel. Note
that the radiance residuals are normalised by the uncertainty in the observations.
Only the results in the optical filter range of HIS band 3 between 2050 - 2600 cm ™!

are shown.
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Figure 7.37: Radiance residuals between calculated and observed radiance in HIS
band 3 for each of the submissions for the 6! spectral interval of Table 4.1. Note
that the radiance residuals are normalised by the uncertainty in the observations.
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Figure 7.38: Radiance residuals between calculated and observed radiance in HIS
band 3 for each of the submissions for the 7*" spectral interval of Table 4.1. Note
that the radiance residuals are normalised by the uncertainty in the observations.
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Figure 7.39: Radiance residuals between calculated and observed radiance in HIS

band 3 for each of the submissions for the 8" spectral interval of Table 4.1. Note
that the radiance residuals are normalised by the uncertainty in the observations.
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Figure 7.40: Radiance residuals between calculated and observed radiance in HIS

band 3 for each of the submissions for the 9*" spectral interval of Table 4.1. Note
that the radiance residuals are normalised by the uncertainty in the observations.
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Figure 7.41: Radiance residuals between simulation by a particular submission as

indicated by the title above each panel, and the LBLRTM model in HIS band 1.
Only the results in the optical filter range of HIS Band 1 between 600 - 1080 cm ™!

are shown.
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Figure 7.42: Radiance residuals between simulation by a particular submission as
indicated by the title above each panel, and the LBLRTM model in HIS band 1.
Only the results in the optical filter range of HIS Band 1 between 600 - 1080 cm ™!
are shown.
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Figure 7.43: Radiance residuals between simulation by a particular submission as

indicated by the title above each panel, and the GENLN2 model in HIS band 1.
Only the results in the optical filter range of HIS Band 1 between 600 - 1080 cm ™!

are shown.
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Figure 7.44: Radiance residuals between simulation by a particular submission as
indicated by the title above each panel, and the GENLN2 model in HIS band 1.
Only the results in the optical filter range of HIS Band 1 between 600 - 1080 cm ™!
are shown.
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Figure 7.45:

Radiance residuals between simulation by a particular submission as
indicated by the title above each panel, and the LBLRTM model in HIS band 2.

Only the results in the optical filter range of HIS band 2 between 1080 - 1800 cm ™!

are shown.
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Figure 7.46: Radiance residuals between simulation by a particular submission as
indicated by the title above each panel, and the LBLRTM model in HIS band 2.
Only the results in the optical filter range of HIS band 2 between 1080 - 1800 cm ™!
are shown.
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Figure 7.47: Radiance residuals between simulation by a particular submission as

indicated by the title above each panel, and the GENLN2 model in HIS band 2.
Only the results in the optical filter range of HIS band 2 between 1080 - 1800 cm ™!

are shown.
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Figure 7.48: Radiance residuals between simulation by a particular submission as
indicated by the title above each panel, and the GENLN2 model in HIS band 2.
Only the results in the optical filter range of HIS band 2 between 1080 - 1800 cm ™!
are shown.
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Figure 7.49: Radiance residuals between simulation by a particular submission as

indicated by the title above each panel, and the LBLRTM model in HIS band 3.

Only the results in the optical filter range of HIS band 3 between 2050 - 2600 cm ™!

are shown.
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Figure 7.50: Radiance residuals between simulation by a particular submission as

indicated by the title above each panel, and the LBLRTM model in HIS band 3.

Only the results in the optical filter range of HIS band 3 between 2050 - 2600 cm ™!

are shown.
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Figure 7.51: Radiance residuals between simulation by a particular submission as

indicated by the title above each panel, and the GENLN2 model in HIS band 3.
Only the results in the optical filter range of HIS band 3 between 2050 - 2600 cm ™!

are shown.
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Figure 7.52: Radiance residuals between simulation by a particular submission as

indicated by the title above each panel, and the GENLN2 model in HIS band 3.
Only the results in the optical filter range of HIS band 3 between 2050 - 2600 cm ™!

are shown.
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Figure 7.53: Radiance in ARIES band 1 for the particular submission indicated by

the title above each panel.
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the title above each panel. Note that the radiances are converted into equivalent

Figure 7.54: Radiance in ARIES band 1 for the particular submission indicated by
brightness temperatures using the inverse of the Planck-function.
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Figure 7.55: Radiance residuals between calculated and observed radiance in ARIES

band 1 for the particular submission indicated by the title above each panel.
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Figure 7.56: Radiance residuals between calculated and observed radiance in ARIES
band 1 for the particular submission indicated by the title above each panel. Note
that the radiance residuals are converted into noise equivalent brightness tempera-
ture, using the equivalent brightness temperatures shown in Figure 7.54.
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Figure 7.57: Radiance residuals between calculated and observed radiance in ARIES
band 1 for the particular submission indicated by the title above each panel. Note
that the radiance residuals are normalised by the uncertainty in the observations.
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Figure 7.58: Normalised radiance residuals between calculated and observed radi-
ance for the 2nd spectral interval of Table 4.1
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Figure 7.59: Normalised radiance residuals between calculated and observed radi-
ance for the 3th spectral interval of Table 4.1
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Figure 7.60: Radiance in ARIES band 1 for the particular submission indicated by

the title above each panel.
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the title above each panel. Note that the radiances are converted into equivalent

Figure 7.61: Radiance in ARIES band 1 for the particular submission indicated by
brightness temperatures using the inverse of the Planck-function.
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Figure 7.62: Radiance residuals between calculated and observed radiance in ARIES

band 2 for the particular submission indicated by the title above each panel.
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Figure 7.63: Radiance residuals between calculated and observed radiance in ARIES
band 2 for the particular submission indicated by the title above each panel. Note
that the radiance residuals are converted into noise equivalent brightness tempera-
ture, using the equivalent brightness temperatures shown in Figure 7.61.
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Figure 7.64: Radiance residuals between calculated and observed radiance in ARIES
band 2 for the particular submission indicated by the title above each panel. Note
that the radiance residuals are normalised by the uncertainty in the observations.
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Figure 7.65: Normalised radiance residuals between calculated and observed radi-
ance for the 4th spectral interval of Table 4.1
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Figure 7.66: Normalised radiance residuals between calculated and observed radi-
ance for the 5th spectral interval of Table 4.1
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Figure 7.67: Normalised radiance residuals between calculated and observed radi-
ance for the 6th spectral interval of Table 4.1
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Figure 7.68: Normalised radiance residuals between calculated and observed radi-

ance for the 7th spectral interval of Table 4.1
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Figure 7.69: Normalised radiance residuals between calculated and observed radi-

ance for the 8th spectral interval of Table 4.1
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Figure 7.70: Normalised radiance residuals between calculated and observed radi-

ance for the 9th spectral interval of Table 4.1
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Figure 7.71: Radiance residuals between simulation by a particular submission as

indicated by the title above each panel, and the LBLRTM model in ARIES band 1.
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Figure 7.72: Radiance residuals between simulation by a particular submission as
indicated by the title above each panel, and the LBLRTM model in ARIES band 1.
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Figure 7.73: Radiance residuals between simulation by a particular submission as

indicated by the title above each panel, and the GENLN2 model in ARIES band 1.
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Figure 7.74: Radiance residuals between simulation by a particular submission as
indicated by the title above each panel, and the GENLN2 model in ARIES band 1.
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Figure 7.75: Radiance residuals between simulation by a particular submission as
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Figure 7.76: Radiance residuals between simulation by a particular submission as

indicated by the title above each panel, and the LBLRTM model in ARIES band 2.
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Figure 7.77: Radiance residuals between simulation by a particular submission as
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Figure 7.78: Radiance residuals between simulation by a particular submission as

indicated by the title above each panel, and the GENLN2 model in ARIES band 2.
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Figure 7.79: Upwelling radiance in mWm 2sr—! (cm_l) ' as a function of
wavenumber at the observational level of 7.924 km, according to the METOF (black
line), EUMETSAT (blue line), LITMS (green line) and LARA (red line) submissions
for different spectral domains in the ARIES band 1 region.
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Figure 7.80: Upwelling radiance in mWm 2sr—! (cm‘l)_1 as a function of

wavenumber at the observational level of 7.924 km, according to the LBLRTM
model as implemented at EUMETSAT (black line) and the GENLN2 model imple-
mented at the Met Office (yellow line), for the ASCENSION Island test case.
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Figure 7.81: Variation of the foreign continuum with wavenumber for three different

water vapour continuum models. (Courtesy of AER.)
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Figure 7.82: Sea surface emissivity as a function of wavenumber, and zenith angle
at a wind speed of 0 m/s.



Version 1.1 October 19, 2001 121

\‘\H‘H\‘H\‘\H‘\ \‘\H‘H\‘H\‘\H‘\ \‘H\‘\H‘H\‘\H‘\ \‘\H‘H\‘H\‘\H‘\
. o . o . o . o
8 8 8 8
o o o o
g 8 8 g
[} o o [}
3 [=} 3 o o [=}
g = = g T
8 = S S —
a <<
= L o <<
) B o 2 e 5 O
| | %] [%]
| |
— O O
g g = = .
D 2
(N 3 E )
e o o o s O
o o Qo o
< w0 = © @ 00 g
o o o : o
8 8 8 : 8
~ ~ ~ ] ~
= o = o == o — o
K o K o Qo o
. © . © . © . ©
HH\H‘HHH\ HH\H‘HHH\ HH\H‘HHH\ HH\H‘HHH\
= o = =
8 8 8 8
< < < <
o o o (e}

0.004 —
0.002 —
-0.002 —
—-0.004—

Figure 7.83: Radiance residuals between calculated and observed radiance in HIS
band 1 for the particular submission indicated by the title above each panel. The
Figure illustrates the effect on the upwelling radiances at observational level, when
the fixed value of the surface emissivity adopted for the standard simulations, is
replace with a wavelength dependent one according to the model of Masuda Watts
et al. [1996], Masuda et al. [1988].



Version 1.1 October 19, 2001 122

1100
1100
1100
1100

s 5
: o k- o o = o
ET =4 = o o o
. 2 = =4 ; 2
E
= = 3 S
3 3 :
C L .
— i = -
— — £ %
— - ° 73 o i s M
L L 8 3 : 5 —
< — + = |
L B ‘ E
L] 2 < ‘ . 3 5
U B 0 = E + t E
| | - 2 ‘ —
- | z |
s é é - = i = -
O3 3 3 ” ” )
- = o s O
g ]
< i [:S) 00 E
M 5
% &
i )
1T >
O

700
700

600
600

‘ ‘ ‘ \‘H\‘\H‘H\‘\H‘\
° 1 ey

o~

\‘H\‘\H‘H\‘H\‘\ \‘\H‘\H‘H\‘H\‘\ ‘
+ N O l\‘l T <+ o o l\‘l T ~

[M] s|pnpissy souDnIpDY

Figure 7.84: Radiance residuals between calculated and observed radiance in HIS
band 1 for the particular submission indicated by the title above each panel. The
Figure illustrates the effect on the upwelling radiances at observational level, when
the fixed value of the surface emissivity adopted for the standard simulations, is
replace with a wavelength dependent one according to the model of Masuda Watts
et al. [1996], Masuda et al. [1988]. Note that the radiance residuals are converted
into noise equivalent brightness temperature, using the equivalent brightness tem-
peratures shown in Figure 7.15.
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Figure 7.85: Radiance residuals between calculated and observed radiance in HIS
band 2 for the particular submission indicated by the title above each panel.The
Figure illustrates the effect on the upwelling radiances at observational level, when
the fixed value of the surface emissivity adopted for the standard simulations, is
replace with a wavelength dependent one according to the model of Masuda Watts
et al. [1996], Masuda et al. [1988].
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Figure 7.86: Radiance residuals between calculated and observed radiance in HIS
band 2 for the particular submission indicated by the title above each panel. The
Figure illustrates the effect on the upwelling radiances at observational level, when
the fixed value of the surface emissivity adopted for the standard simulations, is
replace with a wavelength dependent one according to the model of Masuda Watts
et al. [1996], Masuda et al. [1988]. Note that the radiance residuals are converted
into noise equivalent brightness temperature, using the equivalent brightness tem-
peratures shown in Figure 7.25.
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Figure 7.87: Radiance residuals between calculated and observed radiance in HIS
band 2 for the particular submission indicated by the title above each panel. The
Figure illustrates the effect on the upwelling radiances at observational level, when
the fixed value of the surface emissivity adopted for the standard simulations, is
replace with a wavelength dependent one according to the model of Masuda Watts
et al. [1996], Masuda et al. [1988].
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Figure 7.88: Radiance residuals between calculated and observed radiance in HIS
band 2 for the particular submission indicated by the title above each panel. The
Figure illustrates the effect on the upwelling radiances at observational level, when
the fixed value of the surface emissivity adopted for the standard simulations, is
replace with a wavelength dependent one according to the model of Masuda Watts
et al. [1996], Masuda et al. [1988]. Note that the radiance residuals are converted
into noise equivalent brightness temperature, using the equivalent brightness tem-
peratures shown in Figure 7.25.
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Figure 7.89: Effect on the upwelling radiation for the CAMEX experiment in HIS
band 1 due to a modification of the humidity profile, by subtracting from the ob-
served humidity profile the uncertainty. The top panel shows the radiance residual
between the observation and the calculations with the original, unmodified humidity
profile, the middle panel shows the radiance residual between the observations and
the calculations with the perturbed humidity profile, and the lower panel shows
the radiance residuals between the simulations with the perturbed and with the
unperturbed humidity profile.
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Figure 7.90: Effect on the upwelling radiation for the CAMEX experiment in HIS
band 1 due to a modification of the humidity profile, by subtracting from the ob-
served humidity profile the uncertainty. The panels are arranged as in Figure 7.89.
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Figure 7.91: Effect on the upwelling radiation for the CAMEX experiment in HIS
band 2 due to a modification of the humidity profile, by subtracting from the ob-
served humidity profile the uncertainty. The panels are arranged as in Figure 7.89.
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Figure 7.92: Effect on the upwelling radiation for the CAMEX experiment in HIS
band 2 due to a modification of the humidity profile, by subtracting from the ob-
served humidity profile the uncertainty. The panels are arranged as in Figure 7.89.
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Figure 7.93: Effect on the upwelling radiation for the CAMEX experiment in HIS
band 3 due to a modification of the humidity profile, by subtracting from the ob-
served humidity profile the uncertainty. The panels are arranged as in Figure 7.89.
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Figure 7.94: Effect on the upwelling radiation for the CAMEX experiment in HIS
band 3 due to a modification of the humidity profile, by subtracting from the ob-
served humidity profile the uncertainty. The panels are arranged as in Figure 7.89.
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Figure 7.95: Effect on the upwelling radiation for the CAMEX experiment in HIS
band 1 due to a modification of the humidity profile, by subtracting from the ob-
served humidity profile the uncertainty. The panels are arranged as in Figure 7.89.
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Figure 7.96: Effect on the upwelling radiation for the CAMEX experiment in HIS
band 1 due to a modification of the humidity profile, by adding to the observed

humidity profile the uncertainty. The panels are arranged as in Figure 7.89.
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Figure 7.97: Effect on the upwelling radiation for the CAMEX experiment in HIS
band 2 due to a modification of the humidity profile, by adding to the observed
humidity profile the uncertainty. The panels are arranged as in Figure 7.89.
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Figure 7.98: Effect on the upwelling radiation for the CAMEX experiment in HIS
band 2 due to a modification of the humidity profile, by adding to the observed
humidity profile the uncertainty. The panels are arranged as in Figure 7.89.
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Figure 7.99: Effect on the upwelling radiation for the CAMEX experiment in HIS
band 3 due to a modification of the humidity profile, by adding to the observed
humidity profile the uncertainty. The panels are arranged as in Figure 7.89.
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Figure 7.100: Effect on the upwelling radiation for the CAMEX experiment in HIS
band 3 due to a modification of the humidity profile, by adding to the observed
humidity profile the uncertainty. The panels are arranged as in Figure 7.89.
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Figure 7.101: Initial reference case with original specified TASI intercomparison
inputs.
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Figure 7.102: AER Reference Case for HIS CAMEX/LBLRTM Validation.
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Figure 7.103: No Line Rejection Case for HIS CAMEX/LBLRTM Validation.
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Figure 7.104: Finer Model Layering Case for HIS CAMEX/LBLRTM Validation.
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Figure 7.105: UW Case for HIS CAMEX/LBLRTM Validation.
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Figure 7.106: Comparison plot of AER scaled O3 profile with reference profile.
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Figure 7.107: AER Og3 Scaled Case for HIS CAMEX/LBLRTM Validation.
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Figure 7.108: HIS CAMEX Band 3 LBLRTM Validation Without Line Coupling
for Q-branches 1932, 2080, 2093, 2193 cm ™! using IASI reference conditions.
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Figure 7.109: HIS CAMEX Band 3 LBLRTM Validation Without Line Coupling
for Q-branches 1932, 2080, 2093, 2193 cm ™! using AER reference conditions.
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Figure 7.110: HIS CAMEX Band 3 LBLRTM Validation With Line Coupling for
Q-branches 1932, 2080, 2093, 2193 cm ™! using AER reference conditions.
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Figure 7.111: Comparison of GENLN2 with LBLRTM Without COy 2076 cm™*
Q-branch Line Coupling.
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Figure 7.112: Comparison of GENLN2 with LBLRTM With COy 2076 cm~! Q-
branch Line Coupling.



