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Abstract

An improved version of RTIASI, the ECMWF fast radiative transfer model for the Infrared Atmospheric
Sounding Interferometer, has been developed. In the new version of RTIASI (RTIASI-4) the accuracy of
the fast transmittance model has been improved by including 4 more molecules (HNO3, CCl4, CF4 and
OCS) in the line-by-line computations and by using the year 2000 release of the HITRAN molecular
database. By using arevised set of water vapour training profiles in the stratosphere, the condition of the
regression has been improved so that unphysical oscillations observed in the stratospheric water vapour
Jacobians have been virtually eliminated. RTIASI-4 features a revised vertical pressure grid that alows
the integration of the radiative transfer equation to be performed with significantly increased accuracy.
The water vapour transmittance model has been significantly improved by weighting the data prior to
performing the regression and by introducing a dedicated transmittance model for the continuum
absorption. Minor adjustments to the predictors for water vapour have also been made. A significant
improvement to the previous versions of the model is the inclusion of CO, CH,, N,O and CO, as profile
variables. Finally, a solar term has been introduced to evaluate the solar radiance reflected by a land or
water surface in a non-scattering atmosphere.

Introduction

Radiances from the Advanced TIROS Operational Vertical Sounder (ATOVS) on the National
Oceanic and Atmospheric Administration (NOAA) polar orbiting satellites are used operationaly at the
European Centre for Medium-Range Weather Forecasts (ECMWF). A potentially useful addition to the
current satellite sounders is the Infrared Atmospheric Sounding Interferometer (IASI) (Cayla 1993). In
combination with the Advanced Microwave Sounding Unit (AMSU-A), the Microwave Humidity
Sounder (MHS), and the Advanced Very High Resolution Radiometer (AVHRR/3), IASI is the core
payload of the European Organisation for Exploitation of Meteorological Satellites (EUMETSAT)
Meteorological Operational Satellite (METOP-1) (Klaes et al. 2000) and will contribute to the primary
mission objective of METOP-1 that is the measurement of meteorological parameters for NWP and
climate models.



A prerequisite for exploiting radiances from conventional and high-resolution sounders is the
availability of a fast radiative transfer model (usually called the observation operator) to predict a first
guess radiance from the model fields (temperature, water vapour, ozone, surface emissivity and perhaps
cloudsin the future).

As part of the preparations being made at ECMWF to exploit the IASI datasets, RTIASI, the
ECMWEF fast radiative transfer model for IASI, has been developed (Matricardi and Saunders 1999). The
original version of RTIASI has undergone a number of significant upgrades that has led to the release of a
number of different versions of the model. The scope of this paper is to illustrate the work undertaken at
ECMWEF to devel op the most recent versions of RTIASI, RTIASI-4.

In RTIASI-4 the number of gases included in the line-by-line (LBL) computations has been
increased to include HNO;, CCL,4, OCS and CF, and the database of line-by-line transmittances has been
generated using the year 2000 version of the HITRAN molecular database (Rothman et a. 2003).

To reduce the errors that are introduced in the radiative transfer calculations by limiting the
number of layersto 43, RTIASI-4 uses a vertical pressure grid with increased number of levels. The new
grid is made of 90 levels that extend from 1050 hPa to 0.005 hPa.

The transmittance model for water vapour (line absorption) has been improved by using a single
agorithm with the data being weighted prior to performing the regression. For the prediction of the water
continuum absorption, a new scheme has been introduced in RTIASI-4 where the water continuum is
handled separately from the other gases. The advantage of having a separate fast model for the continuum
is that any change in the continuum coefficients can be addressed without the need of generating a new
line-by-line database.

A significant improvement to the previous versions of the model is the inclusion in RTIASI-4 of
CO, CHy, N,O and CO, as profile variables. Finally, RTIASI-4 features the inclusion of a solar term to
evaluate the solar radiance reflected by a land or wind roughened water surface in a non-scattering
atmosphere.

The formulation of the fast radiative transfer model

The basic methods that were applied to develop RTIASI have been documented in Matricardi and
Saunders (1999) and Matricardi (2003). In this section only the main components are discussed. Any
major change to the model is documented in detail in the next sections.

In RTIASI-4 the atmosphere is divided into 89 layers defined by pressure levels from 0.005 hPato
1050 hPa and is assumed to be plane-parallel in local thermodynamic equilibrium with no scattering. The
model uses the polychromatic form of the radiative transfer equation (i.e. the use of convolved
transmittances in the radiative transfer equation is based on the assumption that this is equivalent to the
convolution of the monochromatic radiances).

In the RTIASI-4 fast transmittance model the computation of the optical depth for the layer from
pressure level j to space along a path at angle @ involves a polynomial with terms that are functions of
temperature, absorber amount, pressure, and viewing angle. The effective optical depth at wave number

V' (V' is the centrd wave number of the IASI channel and the circumflex over the symbol denotes
convolution) from level j to space can be written as:
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where M is the number of predictors and the functions X, ; constitute the profile-dependent predictors of
the fast transmittance model. To compute the expansion coefficients & (sometimes referred to as fast

transmittance coefficients), a set of diverse atmospheric profiles (Matricardi and Saunders 1999) is used to
compute, for each profile and for several viewing angles, and for various absorbing constituents, accurate
LBL transmittances for each level defined in the atmospheric pressure layer grid. The effective optical

depths ﬁj’f are then used to compute the a, V‘kcoefficients by linear regression of '51,7 - /31_1,;*

versus the predictor values calculated from the profile variables for each profile at each viewing angle.

In this paper, H,O, CO,, O3, N,O, CO, CH, are alowed to vary, the other gases are held constant
and will be referred to as fixed. Gases are considered as fixed if their spatial and temporal concentration
variations do not contribute significantly to the observed radiance. In RTIASI-4 we define fixed gases as
N2, O,, HNO3, OCS, CCl4, CF4, CCl3F (CFC-11) and CCl,F, (CFC-12). Among the fixed gas species,
HNOs, OCS, CCl,, and CF4 were not included in the previous version of the code, RTIASI-2. The
inclusion of four more absorbersin the LBL computations is the result of a study where the impact of un-
modeled absorbers on IAS| radiances was evaluated.

Regression coefficients in RTIASI-4 are generated from a database of LBL transmittances
computed using the GENLN2 model (Edwards, 1994). In RTIASI-4 the molecular parameters for the LBL
computations are taken from the year 2000 release of the HITRAN database (Rothman et a. 2003).

To reduce the occurrence of unphysical oscillations in the water vapour Jacobians in the region
above 100 hPa, in RTIASI-4 the numerical conditioning of the regression in the stratosphere has been
improved by replacing the current stratospheric water vapour profiles with a much wider profile set from
HALOE (Evans 1997).

Weighting of the input data prior to the regression

The scheme used in RTIASI-2 to model the behaviour of the water vapour layer optical depth
involves a split algorithm (Matricardi and Saunders 1999). This can result in discontinuities in the water
vapour Jacobians and a relatively poor prediction of the water vapour layer optical depth. To eliminate
these discontinuities, a single algorithm for water vapour is used in RTIASI-4 with the data being
weighted prior to performing the regression. As noted by Straw et a. (2003), since the radiance coming
either from the layers where no attenuation is taking place or from the layers where the transmittance has
become very small contributes little to the total radiance, not all the data are of equal importance for the
regression. To improve the accuracy of the regression it would be desirable to have the computation of the
regression coefficients not to be influenced by data corresponding to optically thick situations. These data



have a negligible impact on the simulated radiances and exhibit a behavior that is more complex to model
than the one for the optically thin case. Consequently, in RTIASI-4 input data to the regression are
weighted in terms of the effective contribution to the total radiance with the weighting function chosen to

be equal to fl - —flﬂ - (the contribution from a single layer to the top of the atmosphere radiance is

proportional to fl o= i’lﬂ ). Thiswill result in smaller weights for situations where either no attenuation

istaking place or the transmittance is very small and larger weights for situations where the emission from
the layer is more significant.

A new scheme for prediction of water vapour continuum

For water vapour the continuum type absorption is of particular importance. In RTIASI-2 the
continuum type absorption for H,O was included in the LBL computations but no predictors of the type
described above were included in the water vapour model. In RTIASI-4 the regression for the water
continuum is handled separately from the other gases. The advantage of having a separate fast model for
the continuum is that any change in the continuum coefficients can be addressed without the need of
generating a new LBL database. A considerable amount of time and disk space can then be saved. It aso
allows the reduction of the number of predictors used in the water vapour model helping improving the
accuracy of the regression since the interaction of some of the predictors can cause numerical instabilities
in the results of the regression.

In RTIASI-4 the water continuum transmittance is parameterized using the model described by
equations (1) and (2). Regression coefficients are generated using a database of monochromatic
transmittances computed using version 2.4 of the CKD continuum model (Clough et al, 1989). The water
continuum transmittance can be considered constant over an IASI channel and therefore the convolved
transmittance can be replaced by the monochromatic continuum transmittance. The prediction of the
continuum optical depths in RTIASI-4 is performed using a total of four predictors. two for the self-
continuum absorption and two for the foreign-continuum absorption (Matricardi 2003).

Refinement of the vertical pressure grid

The layering choice made in RTIASI-2 (43 homogeneous layers of fixed pressure levels) limits
the accuracy of the radiance computation. This is determined by the temperature gradient across the layer
since it is dependent on the evaluation of the Planck function at a mean layer temperature that should be
representative of the temperature variation across the layer. In principle the greater the number of layers
the higher the accuracy of the radiance computation. On the other hand, the numbers of layers largely
control the execution time of the LBL computations and the size of the associated database. There is no
need however to go to a disproportionate number of layers since any gain in accuracy that is below the
noise level of the instrument is not be detected.

The above considerations have led to arevision of the pressure grid used in RTIASI-4. To arrive
at the definition of the new pressure grid, tests were made where the sensitivity of the top of the
atmosphere radiance to the refinement of the pressure grid was studied. Computations were made for



several profiles representative of average situations in the atmosphere. Results show that water vapour
channels are mostly sensitive to refinement of the grid between 600 and 100 hPa whereas for the channels
in the temperature sounding bands most of the radiance difference is generated by the refinement of the
grid in the stratopause and lower mesosphere. This has lead to the definition of a new pressure grid made
of 90 levels with pressure ranging from 0.005 to 1050 hPa. We carried out trials that show that any gainin
accuracy in radiance computation achieved by refining further the 90 levels pressure grid is below the
noise level of IASI (Matricardi 2003).

The impact of the choice of layering on LBL radiances is shown in figure 1 where the difference
between simulated |ASI spectra computed using 43 and 90 vertical pressure levels is plotted for three
different atmospheres. Larger differences are observed across the whole 6.3 um (1594 cm'™) water vapour

band and in the centre of the 4.3 zm (2325 cm™) band with alesser impact in the 15 #zm (660 cm™*) band.

It is evident from Fig.1 that differences depend on the atmospheric state and in particular on the vertical
gradients of water vapour and temperature in the upper troposphere and lower stratosphere.
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Figure 1: difference between simulated IASI spectra obtained using 43 and 90 vertical pressure
levels. Results are shown for (a) Mid-latitude spectrum; (b) Artic spectrum; (c) Tropical
spectrum.

Inclusion of trace gases CO,, N,O, CO and CH, as profile variables in RTIASI

In RTIASI-4, CO,, N,O, CO and CH,4 profiles are allowed to vary and are profile variables in the
fast model with H,O and Os. For each of the gases allowed to vary, the profiles used to compute the
database of LBL transmittances are chosen to represent the range of variations in absorber amount found



in the real atmosphere and should be representative of the gas observed behavior. The trace gases profiles
used in RTIASI-4 are a blend of profiles from in-situ measurements and profiles generated using
chemistry models.

The CO, profiles were assembled assuming that the vertical distribution of this gas is constant in
the troposphere and decreases by 5 to 10 ppmv between the tropopause and about 22 km atitude (see
Bischof et al, 1985). No further change is assumed above this layer. CO, profiles were generated on the
basis of the seasor/latitude classification used for the origina temperature/humidity 43 profile set.

For the generation of the N,O profiles we assumed N,O is well mixed in the troposphere. The
N,O profile set was generated from Cryogenic Limb Array Etalon Spectrometer (CLAES) (Reber et al.
1993) measurements in the stratosphere and from CMDL and AGAGE measurements at the surface (for
further information see http://www.cmdl.noaa.gov and http://www.cdiac.ornl.gov/ndps/al egage.html).
Profiles from CLAES were joined by parabolae to a constant tropospheric mixing ratio based on
measurements obtained at the surface.

The CO profile set was generated assembling profiles based on MOZART 3D model calculations
(Brasseur et al., 1998; Cunnold, 2001) and measurements taken during the STRATOZ [11 and TROPOZ I
campaign in the Austral summer, 4-26 June 1984, and in the Austral winter, 9 January to 1 February 1991
(Marenco et a., 1995). Since no stratospheric data were available from these sources, mixing ratios in the
troposphere were extrapolated to the stratosphere assuming a lapse rate equal to the one from the
corresponding seasonal USAFGL CO profile.

For CH,, profile concentrations in the troposphere are based on the IMAGES model calculations
(MUller and Brasseur, 1995; Clerbaux et a., 1998). The profile set covers the seasonal cycle of the gas.
Although the latitudinal gradient was retained, absolute values at all levels were scaled to reflect recent
estimates of surface values from measurements made at the stations of the CMDL network. Tropospheric
mixing ratios were joined by parabolato stratospheric measurements made by CLAES.

Finally, details of the predictors used for the CO,, N,O, CO and CH, transmittance model can be
found in Matricardi (2003).

Performance of the fast model for simulation of IASI radiances

The accuracy of RTIASI-4 simulations has been assessed by a comparison of the radiances
computed by the fast model with the corresponding values from the LBL model. A set of profiles
independent of the regression coefficients has been used to allow uncertainties from different type of
profilesto be included.

The analysis of the results discussed below concentrates on the error of RTIASI-4 in terms of the
bias, standard deviation and rms of the radiance differences between the fast and LBL radiative transfer
models.

Radiance errors in equivalent black body brightness temperature were calculated comparing
radiances obtained by using the polychromatic form of the radiative transfer equation where
transmittances from the fast and LBL models were used respectively. Spectra were computed for 117
independent profiles and six viewing angles from 0° to 64°. Results are shown in Fig. 2 where the mean
value, standard deviation and rms of the difference between the fast and LBL computed radiances in units
of equivalent black body brightness temperature is given for both the RTIASI-4 and RTIASI-2 models.
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Figure 2:mean value, standard deviation and rms of the difference between fast model and
GENLN2 computed brightness temperatures for 117 diverse profiles and 6 viewing angles.

Worst results are obtained for the channels where absorption for either lower atmosphere water
vapour or ozone is important. A comparison with the error score for RTIASI-2 readily assesses the much
improved accuracy of the RTIASI-4 transmittance model. An almost universal improvement is achieved
that is most dramatic in the 1594 cm™* water vapour band and in the 11 #zm (900 cm™) window region

mainly as aresult of the new water continuum model.

The formulation of the model for the solar term

In RTIASI-4 we have introduced a solar term to evaluate the effect of solar radiance that is
transmitted through the atmosphere and then partialy reflected back upward through the atmosphere to
the receiver. For the case of solar radiance reflected by aland surface, a proper treatment of the solar term
would then require the knowledge of the bi-directional reflectance of the considered surface. Given that
the bi-directional reflectance is not currently available in RTIASI-4, we treat the reflecting surface as a
perfect diffuser following the Lambert law. For a Lambertian surface the bidirectiona reflectance is
constant and is equal to the surface albedo. If we assume that the atmosphere along the downward and

upward path is the same, the solar radiance I:V* that reaches the detector can be written as



A

1 Lre -
L. = ;leﬁﬂ@fﬁ* (U ) 3)

]

where p" is the surface albedo, IAV is the solar irradiance at the top of the atmosphere and

f}* (1 ) isthe surface-to-space transmittance for the path angle u, defined as
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This is equivalent to say that the reflected solar radiance depends on a single transmittance whose secant is
equal to the sum of the secants of the viewing () and solar zenith angles ( 4 ).

For the case of solar radiance reflected by a wind roughened water surface, the reflective
characteristics of the wind roughened water surface are modeled following the approach by Y oshimori et al.
(1995). In this model the probability density P of the wave slope obeys a Gaussian distribution whereas the
spectrum of the wave slope is specified by the Joint North Sea Wave Project (JONSWAP) (Hasselmann et
a.1973) wave-spectral model. The total variance of the slopeis given by

0%, = [ ¥ (@)[k(@)] do ©)

where k(w) isthe inverse function of the dispersive relation of the full-gravity capillary wave and ¥ (w) is

the frequency spectrum of the surface wave as specified by the JONSWAP wave model.

In the model by Yoshimori et a. (1995) shadowing (the fact that the slopes on the back sides of the
waves and deep in the troughs between waves are hidden from view) is treated explicitly and allows the
estimate of the reflected solar radiance for large solar zenith angles.

The solar source function used in RTIASI-4 is based on theoretical radiative transfer calculations for
the solar atmosphere made by Kurucz (1992). In the spectral region of interest for IASI, it is strongly
dependent on measurements made by the ATMOS instrument on the Space Shuittle.

For the case of solar radiance reflected by a water surface the solar radiance that reaches the
detector can be written as
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Here W, (1,9, 4, ¢5) iSthe effective reflectivity of the wind roughened water surface whereas ¢ is
the azimuth angle of the receiver and ¢, is the azimuth angle of the sun.

The computation of 7, (1 ) in equations (3) and (6) requires the evaluation of transmittances at

large zenith angles. For the fast transmittance model to be able to simulate transmittances for a wider range
of zenith angles, we have extended the database of line-by-line transmittances by computing data for an
additional number of eight more zenith angles, namely, the angles for which the secant assumes the



following values: 2.58, 3.04, 3.72, 4.83, 6.1, 7.2, 9, 12. This extended range allows evaluating the solar term
for zenith angles as large as =85°. The additional database of line-by-line transmittances was generated

only for the shortwave channels (v > 2000cm™).

Since the larger range of zenith angles increases the difficulty of fitting the line-by-line optical
depths, we have developed a dedicated transmittance model for the shortwave. The new model uses a
revised and larger number of predictors (Matricardi 2003).

Conclusions

An improved version of RTIASI (RTIASI-4), the ECMWEF fast radiative transfer model for IASI, has been
developed.

The accuracy of the LBL computations has been improved by including 4 more molecules
(HNO3, CCl4, CF,and OCS) and by using the year 2000 release of the HITRAN molecular database. By
using arevised set of water vapour training profiles in the stratosphere, the condition of the regression has
been improved so that unphysical oscillations in the stratospheric water vapour Jacobians have been
virtually eliminated. The RTIASI-4 features a revised vertical pressure grid that alows the integration of
the radiative transfer equation to be performed with significantly increased accuracy. The water vapour
transmittance model has been significantly improved by weighting the data prior to performing the
regression and by introducing a dedicated transmittance model for the continuum absorption. RTIASI-4
can now handle variable CO,, N,O, CO ,CH, and a solar term has been introduced to evaluate the solar
radiance reflected by aland or water surface in a non-scattering atmosphere.

Results for RTIASI-4 and the previous version of the code, RTIASI-2, shows the much-improved
accuracy achieved by use of the revised transmittance model for water vapour. Errors in the centre of the
1594 cm-1 water vapour band and in the 11 (900 cm-1) window region have been reduced four-fold. For
95% of the channels RTIASI-4 can reproduce LBL radiances better than 0.15 K. Larger errors are
observed in the ozone-sounding band and in the spectral regions where absorption from lower atmospheric
layers water vapour takes place.
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