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Clear-sky RTTOV-9 in the IFS EECMWF

Abstract

The memorandum describes the impact of the upgrade to RTI@v+the assimilation of clear-sky radi-
ances in the ECMWEF system. The upgrade includes the use néthdinear-in-tau parameterisation of the
source function, the inclusion of the effect of variableigeangles with height, the use of the new inter-
nal interpolation provided by RTTOV-9, and an upgrade todbefficient files used for RTTOV. The latter
includes a move towards KCARTA-based coefficients for mgfdesensors.

A detailed analysis of the components of the upgrade shoatghbk changes primarily alter bias character-
istics of the assimilated radiances, prompting differesponses of the air-mass dependent bias correction.
One of the largest changes is due to the move to KCARTA-ba3a@R coefficients which leads to a
significant reduction of the absolute size of the corredtifun HIRS. After bias correction, most departure
statistics for assimilated radiances are overall largebitered. Exceptions are reductions in the size of First
Guess departures for lower tropospheric HIRS channeldtirgsfrom the kCARTA coefficients, and, for
specific periods, reductions in the size of First Guess degesfor some high-peaking IASI channels which
benefit from improvements towards the model top, relateti¢ause of the RTTOV internal interpolation.
The use of the RTTOV internal interpolation successfullgids spikes previously seen in gradients from
the radiance data on model profiles.

The forecast impact of the upgrade is overall neutral. Mesnperature analyses close to the forecast
model’s top are considerably altered, as a result of an ivgatdvandling of temperature information near
the forecast model’s top.

1 Introduction

RTTOV is the fast radiative transfer model used at ECMWF dadvéhere for the assimilation of nadir mi-
crowave or infrared radiances (e.g., Saunders et al. 198&iddrdi et al. 2004). It uses regression models
to parameterise the effective layer optical depth for ed@mnel, with regression coefficients derived from
accurate line-by-line calculations for a representatar@e of atmospheric profiles and viewing angles. The
coefficients are derived for layers defined by fixed pressewvels. RTTOV models the contributions of the
relevant atmospheric gases; some key atmospheric gasaaaved to vary (e.g., water vapour and ozone),
whereas a fixed climatological profile is assumed for all #hBTTOV includes fast surface emissivity models
over oceans, hamely FASTEM (e.g., DeBlonde and English 2@d1he microwave and ISEM (Sherlock 1999)
for the infrared. RTTOV can simulate clear-sky radiances] additional codes are available to include either
the effects of cloud emissions, or scattering effects imtiierowave. The latter is known as RTTCSCATT
and is being used at ECMWEF for the assimilation of rain-aéidanicrowave radiances (e.g., Geer et al. 2008).
RTTOV is developed and maintained through the NumericaltiiégaPrediction (NWP) Satellite Application
Facility (SAF), coordinated by the Met.Office, and ECMWPFv&sr as beta-tester before general code releases.

RTTOV-9 is the latest version of the RTTOV package (e.g.,n8ats et al. 2008). Improvements in RTTOV-
9 include a new linear-in-tau parameterisation of the safwaction in the radiative transfer integration, the
option of a variable zenith angle to account for the cunatfrEarth, and the option to supply GN,O, CO,
and CH, as variable gases. It also allows the user to provide atnesgpprofiles on any (reasonable) pressure
levels instead of the fixed RTTOV pressure levels, and it eggph sophisticated interpolation to obtain the
values on the internally used fixed pressure levels. Thespolation avoids spikes and missing levels in the
gradients otherwise commonly encountered when using arliméerpolation (Rochon et al. 2007). Cloud
calculations are now included in the main code (previouslgedby RTTOVCLOUD), and they have been
completely rewritten based on a multiple scattering patarisation (Matricardi 2005). This feature is intended
for use with infrared radiances, but the code could be ex@fior modelling cloud emissions in the microwave
as well. An aerosol capability is included as well (Matraia2005), as is the optional simulation of reflected
solar radiation. RTTOVSCATT has been upgraded as well to make it compatible witlclder-sky RTTOV-9
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changes.

This memorandum describes the upgrade of RTTOV used in ECIWtegrated Forecast System (IFS) from
version 8 to version 9, as was introduced in cycle 35r2. Werdssthe performance of RTTOV-9 for clear-sky
radiance assimilation, and focus on the aspects directiiicable to operational use. These include the linear-
in-tau parameterisation, the variable zenith angle, aadisle of the new interpolation within RTTOV. The cloud
computations for infrared are used operationally in theé-poscessing for the satellite image simulations, but
are not described here. The capability to model effects lodérogases or aerosols is relevant for the GEMS
project, but only water vapour and ozone are used as vargsles in the operational analysis. Other features
of RTTOV-9 such as the modelling of solar reflection are leftftiture evaluations.

Also included in the upgrade discussed here is an update sithof coefficient files describing the regressions
for the layer optical depths. This update is independerti@frhplementation of RTTOV-9, but is combined in
the current upgrade, as it also significantly affects théaraxs computations.

The structure of the memorandum is as follows: We will firsta#e the new features and coefficient files to
be used for RTTOV in the operational configuration of the NA@.will then characterise the analysis impact of
these new features and new coefficient files separatelygtdigint their relative role in the analysis. Following
this, we will summarise the analysis and forecast impadi@tbmbined changes. A summary and conclusions
are given in the last section.

2 RTTOV-9 upgrade in the IFS

The RTTOV-9 upgrade in the IFS consists of the following edeis:

e Use of new RTTOV-9 features excluding the internal intesioh: Linear-in-tau parameterisation, vari-
able zenith angle.

e Revision of the set of coefficient files used in the assinutati

e Use of the internal RTTOV interpolation.

These will be described in more detail below. For furtheadgton the methods or their implementation in
RTTOV-9 see Saunders et al. (2008).

Another change specific to the IFS-version of RTTOV-8 affdbe simulation of ocean surface emissivity in
the microwave. The IFS-version of RTTOV-8 has a missing teritme permittivity calculations of FASTEM
that was included in the general release of RTTOV-8, butmmuded in the IFS. Introduction of the term leads
to a shift in the bias correction applied to SSMI and simileac-sky radiances of typically 1-3 K (depending
on channel), but otherwise negligible differences in therall First Guess (FG) or analysis departures. For
SSMI instruments, this means larger bias corrections, edsefor TMI the extra term leads to a reduction of
bias corrections in absolute terms. In the remainder, tleetedf the extra term is not included.

2.1 Linear-in-tau parameterisation, variable zenith angke

Previous versions of RTTOV have calculated the layer sofumetion used in the radiative transfer integral
from a simple average of the top and the bottom layer temperal his is suboptimal for optically thick layers.
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The new linear-in-tau parameterisation assumes that yiee famperature varies linearly with the optical depth
between the top and the bottom values.

The variable zenith angle feature takes into account theatune of the Earth, instead of the previous assump-
tion of a constant zenith angle, appropriate for the plaar@dfel atmosphere assumption. Note that effects due
to refraction can also be included in RTTOV-9, but these atestudied here, as the effect is small for the nadir

radiances assimilated in the ECMWF system.

2.2 New coefficient files

The set of coefficient files currently used at ECMWF has beempided when RTTOV-8 was introduced in the
IFS, and it was felt that the upgrade to the RTTOV-9 code shbelaccompanied with a move to coefficient
files derived from more recent spectroscopy or improveditngisets. The current set mostly employs RTTOV-
7 regression models (Matricardi et al. 2001), derived froBNENZ line-by-line calculations for the infrared
(Edwards 1992), and calculations with the Liebe model inntiierowave (Liebe 1989, Liebe et al. 1992). The
exception are the radiative transfer coefficients for IASlich are based on KCARTA V1.11 computations
(DeSouza-Machado et al. 1997, 1999), but also employ theQR¥ regression model. All coefficient files
are provided for 43 pressure levels.

The new set of coefficient files comprises the following updat

e Use of KCARTA-based coefficients for all infrared sensoesjviéd from the ECMWF 60-level diverse
profile dataset. These also employ the RTTOV-8 predictorehathich parameterises line and contin-
uum effects through separate regression models (Matri@@@B), instead of a single combined one.
The move to KCARTA coefficients was motivated by the findingt ttomparisons for IASI showed that
kCARTA-based coefficients gave better results than GENLN&so(Collard 2008, pers. communica-
tion). This is a result of improved spectroscopy in KCARTA particular the inclusion of P/R-branch
line mixing and the use of HITRAN2000 (instead of HITRAN9Gdsn the previous GENLN2-based
coefficients).

e For infrared instruments with very broad spectral respdosetions (such as geostationary imagers)
coefficients calculated from Planck-weighted transméésnare used. This aims to better incorporate the
variation of the Planck function with wavenumber.

e For microwave instruments, the use of the RTTOV-7 prediatodel is retained, following a recommen-
dation by Roger Saunders (2008, pers. communication). FM8WB-B/MHS, coefficients from a more
recent training dataset are used. FASTEM-3 is used for tHacgiemissivity instead of FASTEM-2
where possible; for SSMI, SSMIS, and TMI the azimuth angtpuied for FASTEM-3 is currently not
provided with the observations and therefore FASTEM-2 edlus

e For AMSU-A, the only update is the use of FASTEM-3 - otherwibe coefficients that exclude the
Zeeman effect in the line-by-line calculations are retdi(téobayashi et al. 2007).

For AIRS, the old GENLNZ2 coefficients included channel-sfieg-coefficients used to scale the optical depths
in the radiative transfer integral (Watts and McNally 2Q04)hese were derived to reduce biases between
simulated and observed AIRS radiances, and they are usemhihication with the general variational bias
correction. For the updated coefficient file, no ngwoefficients have been calculated (i.e.,)allare equal to
one).
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Figure 1: IFS 91 model levels for a standard surface presghhee) and the 43 RTTOV fixed pressure levels (red). The
red dashed line indicates the top of the atmosphere assumtbé line-by-line calculations used to train RTTOV.

All coefficients again use 43 pressure levels shown in Fig. describe the regressions for the optical depths.
Recently, new coefficient files based on LBLRTM calculatibase become available for infrared sensors (e.g.,
Matricardi and McNally 2008), and they should be studiedhferr for assimilation puposes at a later stage.

2.3 RTTOV interpolation

An interesting innovation of RTTOV-9 is the option to progidtmospheric input profiles on any set of (rea-
sonable) pressure levels (“user levels”). In older versighe user was required to provide profiles already
interpolated to the fixed pressure levels used in RTTOV ferdftical depth parameterisation. At ECMWF,
the required interpolation from model to RTTOV levels hasrbeone using a linear interpolation (see Rig.
for a comparison of the 91 IFS levels and the 43 RTTOV level$ke effect of this was that model-level gra-
dients obtained from radiance calculations exhibitedespiind “blind” levels particularly in areas where the
RTTOV vertical resolution is much poorer than that of the (ES)., upper stratosphere), as some model levels
contributed little or not at all to the radiance calculation
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The new RTTOV-internal interpolation is designed to avgikes or “blind” levels in gradients or Jacobians
(Rochon et al. 2007). This is achieved by calculating therptlated value as a weighted integral over all user
levels that fall within the range spanned by the RTTOV lewelighbouring the RTTOV level to be interpolated
to. The weighting is triangular in the logarithm of pressuséth zero weights at the neighbouring RTTOV
levels and maximum weight at the RTTOV level to interpolateThe approach ensures that all user levels are
used in the RTTOV computations. Use of the RTTOV interpotatwill alter somewhat the interpretation of the
profile information compared to a linear interpolation doighie implicit smoothing of the profile. For instance,
in areas with high curvature (e.g., tropopause, strat@)atise new interpolation will be systematically colder
or warmer than the linear interpolation, depending on tihentation of the curvature.

With the implementation of RTTOV-9 in the IFS, the option teen introduced to provide atmospheric input
profiles to RTTOV directly on the IFS model levels. Due to thawthe interpolation option is implemented
in RTTOV, this option changes substantially the role of thtelipolation beyond merely replacing one method
with another. For the current practice of using the IFS paéation, all input to RTTOV is provided on RTTOV-
levels, and optical depth calculations as well as the radigtansfer integration inside RTTOV are performed
on these RTTOV-levels. In contrast, when the input is pregidn model levels in RTTOV-9, profile values are
interpolated to RTTOV-levels for the optical depth cal¢iailas only. Following the optical depth calculations,
the total optical depth is interpolated to the model levedsng the same interpolation method as for the atmo-
spheric variables, and the radiative transfer integrati@ubsequently performed on the model levels. This has
the advantage that the full IFS temperature profile is usexppéaify the source function in the radiative trans-
fer integration. However, it also adds an additional corapomal cost to the radiative transfer computations
beyond introducing a more computationally expensive akation, as for the IFS 91 level model the radiative
transfer integration is then performed on 91 model levelhar than 43 RTTOV levels.

Performing the radiative transfer integration on modetlsWhas another important implication for the IFS near
the model top. For historical reasons, RTTOV assumes ahesoil layer between the top of the atmosphere
(assumed to be at 0.005 hPa) and the next provided level,thdthemperature specified by the latter level.
When the interpolation is done outside RTTQOV, the isothériayger extends from 0.1 hPa to 0.005 hPa for
43-level coefficient files (Figl), and any information available in the IFS on the tempegasiructure above
0.1 hPais ignored. Assuming isothermal conditions for subtoad layer in the mesosphere is of course a very
poor assumption. In contrast, if the internal RTTOV intdgtion is employed within the 91-level IFS setup,
information available in the IFS on the temperature stmgctabove 0.1 hPa is used in the radiative transfer
integration and the isothermal layer extends only from GBa (the top of the IFS model) to 0.005 hPa. This
will obviously have an effect on radiance simulations foamwhels with significant contributions from near the
RTTOV top of the atmosphete

INote in this context that in RTTOV-9.2 the extrapolation bé toptical depths towards the top user level is incorrectrvthe
internal interpolation is used, as a constant optical dep#ssumed above 0.1 hPa. This bug has been fixed in the IFSoasdchdt
apply to the statistics shown here. Another bug relatededstithermal assumption is present in the predictor caiounlfor the optical
depth parameterisation for the top layer in RTTOV, and thig i3 also present in the statistics presented here. Thdihgud the top
of the atmosphere will be corrected and improved in RTTOV-10
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3 Impact of the components of the upgrade on departures and alyses

3.1 Assimilation experiments

We will now characterise the individual effects of the thggeups of features introduced above on FG depar-
tures, bias corrections, and mean analyses in the assimildthis will be done on the basis of lower-resolution
experiments with the IFS, with a model and analysis resmiutif T159 &125 km), and 91 levels in the vertical
up to 0.01 hPa. The experiments cover the period Septemb&; 20d, due to technical reasons, they exclude
the assimilation of rainy radiances. The following expeitts were performéd

Control: RTTOV-8 with the old coefficients.

RT9: Use RTTOV-9 with the linear-in-tau parameterisation arelariable zenith angle feature. Old coeffi-
cient files.

RT9NewCoef: As RT9, but with the new set of coefficient files.

RT9NewCoeflnterpol: As RT9NewCoef, but also using the RTTOV-9 internal integpioin.

All experiments use variational bias correction (VarB@j. eDee 2004). As the radiance simulations for the
various configurations are expected to lead to differens blaaracteristics for some radiances, VarBC was
cold-started with the mode of the First-Guess departurésedteginning of these experiments. This means all
coefficients for the bias-correction models were initedigo zero at the beginning of each experiment, except
the flat component which was set to the mode of the First Guesartlires for the first cycle. Subsequently,
the bias coefficients are allowed to evolve through the VanB&thod as usual. The bias correction for most
radiances uses four air-mass predictors (reflecting th8-B00 hPa, 200-50 hPa, 50-5 hPa, and 10-1 hPa layer
thicknesses). Exceptions are the geostationary wateuvapdiances which use 1000-300 hPa and 200-50 hPa
layer thicknesses and total column water vapour, and theomave imagers which use surface temperature
and wind speed, and total column water vapour as air-magicoes. Except for the geostationary radiances,
all radiances use a third or fourth order polynomial in thansposition to correct for scan biases. For AMSU-
A channel 14, no bias correction is used, in order to anchatastpheric temperatures. To allow the bias
coefficients to spin up sufficiently, we will present restitisthe second half of the experiments only.

Bias correction is an integral part of the assimilation afiaaces and therefore also plays an important role
for the evaluation of the radiative transfer changes ingattd in this memorandum. Changes in the radiative
transfer will lead to different FG departures, which wilatketo differences in the analyses or to differences in
the bias correction, depending on the relative cost ageaciaith the modification. Once the bias correction
has spun up, the analysis increments will be primarily deireed by FG departures after bias correction.
Within the assimilation, it is therefore of particular inmpence to what extent modifications to the radiative
transfer can reduce differences between observed andagduladiances beyond what can be accounted for
by a well-chosen bias correction.

While the RTTOV-9 changes affect all radiances assimilaeBECMWF, we will focus here on the ATOVS
family of instruments, AIRS, and IASI. Other instrumentgdgtationary imagers, microwave imagers) tend to
show similar changes in the characteristics, but not athe$¢ will be mentioned.

2Note that these experiments are based on a pre-releasernvef®TTOV-9, but differences to the final RTTOV-9 have beeurid
to be small.
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3.2 Linear-in-tau parameterisation and use of variable zeith angle

We will now compare the experiments Control and RT9 to charae the effect of using the linear-in-tau
parameterisation and the variable zenith angle featuréd dv-9.

The most notable differences for assimilated radiancesare changes in the bias correction for some chan-
nels. For instance, stratospheric AMSU-A channels (10ekBjbit a decrease in the mean bias correction of
up to 0.2 K (Fig.2). This is a reduction in absolute terms for most NOAA satedli but an increase in absolute
terms for METOP. The two satellite series show differensliharacteristics, as different versions of the an-
tenna pattern corrections are applied to the data. Smakedate bias corrections are usually seen as a positive
sign, yet the uncertainty in, for instance, the antennapatiorrection or in FG biases in the stratosphere make
it difficult to draw a firm conclusion. The change in the meaasbtorrection is accompanied with a slight
reduction in the standard deviation of the bias correctmmchannels 12 and 13, suggesting that less spatial
structure is required in the bias corrections when the neWwR#9 features are used.

The change in the AMSU-A bias corrections is largely a respanf assimilating channel 14 without a bias
correction, together with altering the bias in the forwarddal through the new RTTOV-9 features. Because
channel 14 is assimilated without a bias correction and ke ib the forward model has changed, the strato-
spheric temperature analysis is forced to respond to tfieyelint bias. This largely explains the differences in
the zonal mean temperature analysis displayed inF-igor other AMSU-A channels, the bias correction then
responds to the different bias characteristics of the mfielels as well as the different bias characteristics of
the forward model. The warming at around 5-10 hPa shown indhal mean is also evident in departure statis-
tics for radiosonde temperatures (F4).and Global Positioning System radio occultation (GPSR&)ding
angles (30-36 km range, F&). For radiosonde temperatures in the extra-tropics theibiemproved, whereas
for GPSRO observations the bias is somewhat degraded. Mo oliservations are currently assimilated or
monitored to evaluate the cooling of the analysis around d $d&n in Fig2 or the warming further above.
Other independent observations such as retrievals frorviib@wave Limb Sounder (MLS) or the Sounding
of the Atmosphere using Broadband Radiometry (SABER)umsént tend to show mutual biases that exceed

STD DEV exp-ref  nobsexp
14+ - +3 262877 - 14
;_ ~ +24 262353 =13
m ".-
O B +325 260478 -1z
£ £ +434 258952 =1
]
= +61 262510 - 10
© 27 7R3T73 -
o
o -119  25BB16 L =
]
e 145 162082 I
O 174 148434 —
T T T ! S186 149843 711 T 0% o ds o s
0.8 12 16 4 0.5 06-04-02 0z 04 0.6 08

Figure 2: Standard deviations [K] (left panel) and means [Kight panel) for FG departures (solid lines), analysis
departures (dotted lines), and bias corrections (dasheeld) for used METOP-A AMSU-A radiances over the Southern
Hemisphere for the period 16-30 September 2007 (obsenatitinus FG or analysis, respectively). Statistics for the
RT9 experiment are shown in black and magenta, whereaststatfor the Control experiment are shown in red and
green. The number of used observations are displayed betivegwo plots, with the difference relative to the Control
shown in the column “exp-ref”.
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Figure 3: Zonal mean temperature difference [K] RT9 minusitta for the period 16-30 September 2007.

the differences shown here (Schwartz et al. 2008), renglehiese data not useful to evaluate these relatively

small differences.

Other differences in the mean bias corrections can be egpéot the HIRS and AIRS water vapour channels,

and for the AMSU-B/MHS humidity sounding channels. Theeafi#nces are typically at most of the order of

0.3 K. For HIRS and AIRS, the bias correction for the waterorachannels are increased (in absolute terms),
so an improvement is not immediately evident (e.g., compadeand black lines in Figsc). Some changes
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Figure 4: As Fig.2, but for temperature observations from radiosondes as atfon of pressure over the Northern

Hemisphere.
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Figure 5: As Fig.2, but for bending angles, normalised by the assumed obsenvatror, from setting occultations of
COSMIC-4 over the Northern Hemisphere.

in the bias correction can also be reported for AMSU-B/MH& @hown). The responses in the water vapour
channels are not accompanied with significant systemajiistents in the mean humidity analysis.

After bias correction, FG or analysis departures for aliaades show little differences between the two exper-
iments, in terms of mean departures, but also in terms oftémelard deviations of the departures (e.qg., Figures
2, 6a,b). This is not necessarily expected, as the improveatiaeitransfer modelling provided by RTTOV-9
should reduce the errors in the forward operator, thergbotentially leading to reductions in the standard
deviations of the FG departures. However, it appears thatge Iproportion of the radiative transfer errors
that have been altered through the two new features of RTIQ%kd here are appearing as airmass-dependent
biases. The effect of these has largely been taken into atemopirically in the Control experiment through
the bias correction.

Over the troposphere, departure statistics for other ghtgens show little change between the experiments
RT9 and the Control. Similarly, differences in the mean terafure or humidity analyses are small over the

troposphere. Nevertheless, some more systematic diffeseran be reported for the geopotential above about
300 hPa, but again the differences are relatively small,(Eig. 7).
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Figure 6: a) Mean FG departures (observations minus FG) feediAIRS channels in the water vapour band over the
Northern Hemisphere for the period 16-30 September 2007 fasi@ion of wavelengthym] for the Control (black),
RT9 (red), RTO9NewCoef (dashed blue) and the RT9NewCaefbh{eyan) experiment. b) As a), but for the standard
deviation of FG departures. c) As a), but for the mean biasemtion. d) As a), but for the standard deviation of the bias
correction.
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Figure 7: Shading indicates differences in the mean 100 l&deéggtential analysis [gpm] between the RT9 and the Control
experiment (RT9-Control) over the period 16-30 Septem@@r 2Contours display the mean 100 hPa geopotential [gpm]
from the Control experiment.
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3.3 New coefficient files

To characterise the effect of the new set of coefficient fileswill now compare the experiments RT9 and
RT9NewCoef.

Probably the largest difference for the coefficient file @ty is the consistent use of KCARTA-derived radia-
tive transfer coefficients with RTTOV-8 regression modé&lst the HIRS instruments, this leads to a substantial
reduction (in absolute terms) in the mean bias correctippiied to all assimilated channels compared to the
bias corrections necessary with the GENLN2-derived radidgtansfer coefficients (Fig). At the same time,
standard deviations of FG departures and bias correctienalso slightly reduced for the lower tropospheric
channels (6, 7, 14, 15) with the new coefficients. Given thatdspheric temperatures are rather well con-
strained in the assimilation system, the changes are viewedpositive sign. They reflect a notable reduction
in the forward model error and bias resulting primarily fréme use of improved spectroscopy. The improve-
ments in the temperature channels are primarily due to #tlesion of P/R-branch line mixing in KCARTA,
whereas the improvements in the water vapour channels aréodupdates in the HITRAN-database used in
kCARTA. Similar substantial reductions in the absoluteskgiarrections are noticeable for the water vapour
channels of the geostationary imagers (not shown).
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Figure 8: Standard deviations [K] (left panel) and means [Kight panel) for FG departures (solid lines), analysis
departures (dotted lines), and bias corrections (dashedd) for used METOP-A HIRS radiances over the tropics for
the period 16-30 September 2007 (observations minus FG alysis, respectively). Statistics for the RT9NewCoef
experiment are shown in black and magenta, whereas statifsir the RT9 experiment are shown in red and green. The
number of used observations are displayed between the tw& plith the difference relative to RT9 shown in the column
“exp-ref”.

For the AIRS water vapour band, a reduction of the absolde torrections is also evident for a number of
channels (compare red and blue lines in Big), whereas FG departure statistics and standard de\saifdyias
corrections show comparatively small changes (other panétig.6). The smaller bias corrections are again a
positive aspect, suggesting that the new coefficients eethebias in the radiative transfer simulations. Note,
however, that for the GENLN2-derived coefficients used iroRie assimilated AIRS water vapour channels
have non-unityy-correction factors used for scaling the optical depthshim fadiative transfer integration.
These were derived empirically based on departure statiftom NWP. From our current experimentation
it is therefore not possible to say whether the improvemangsdue to the use of KCARTA coefficients or
the removal of the non-unitys or both. Given that thg factors were tuned using NWP, it is likely that the
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reduction of the bias correction may be more dramatic if GERIradiative transfer coefficients with unipy
factors had been used.
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Figure 9: As Fig.6, but for the 14um band for AIRS.

For the AIRS 14um band, the results are more mixed (F3y. Below 14um, the use of KCARTA coefficients
leads to a reduction of the absolute bias corrections, stmiwith the findings for the HIRS instrument.
Above 14um, some channels exhibit smaller absolute mean bias cimmectvhereas others show increased
bias corrections, especially around 14/4%. Above 14um, the standard deviation of the bias corrections
is also considerably increased for some channels, suggdhbtit the bias correction model needs to represent
more structure. This suggests that there is some benefitfsamg the GENLN2 coefficients or the NWP-based
y-coefficients in this spectral region.

For IASI, the move to the RTTOV-8 regression models instea@TarOV-7 ones makes little difference in the
14 um band (Fig.10). Departure statistics and bias corrections appear moriasito the AIRS ones for the
RT9NewCoef experiment.

The new RTTOQV coefficient files for AMSU-B and MHS (more rectmaining set and use of FASTEM-3) and
for AMSU-A or the microwave imagers (use of FASTEM-3) leadtdy very minor differences to departure
or bias correction statistics (not shown).

After bias correction, FG departure statistics for all aadies again do not show significant differences, except
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Figure 10: As Fig.9, but for the used IASI channels.

for lower tropospheric HIRS channels (e.g., Figuées, 9, 10). This again suggests that the majority of the
differences arising from the different radiative transfeefficients are resulting in airmass-dependent biases,
and the bias correction or adjustments in the mean modekfagie able to respond to this. In this context
it is worth pointing out that departure statistics for nagliance observations show no significant differences
between RT9 and RT9NewCoef, suggesting a similar qualitiefG and the analysis in the two experiments,

at least as far as can be detected by the rest of the obsemiwgnk.

Nevertheless, there are some systematic differences meha analyses, notably some temperature changes of
a few tenth of a degree over the polar regions in the lowewsphere (Figll), and small humidity changes.
The changes are confined to regions without other unbiasepket@ture observations, so due to a lack of other

observations it is impossible to evaluate whether thesegdsare an improvement or not.
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Figure 11: Shading shows the difference in the mean temperainalysis [K] at 700 hPa (top) and 925 hPa (bottom)
between RT9NewCoef and RT9 over the period 16-30 SepteférRed colours indicate a warming in RT9NewCoef.
Contours display the mean temperature analysis of the @bntr

3.4 Interpolation

We will now characterise the effect of activating the inediRT TOV-9 vertical interpolation instead of the linear
interpolation used in the IFS. To do so, we compare expeiisriRN9NewCoefinterpol with RT9NewCoef. We
recall here that the move to the RTTOV interpolation is net pureplacement of one interpolation method with
another. Three aspects contribute (sec8@®): 1) the use of a smoother interpolator which leads to amdiffe
representation of the atmosphere for the optical depthulzions, 2) the use of the full IFS temperature profile
to specify the source function in the radiative transfeggnation, and 3) the reduced influence of RTTOV's un-
realistic isothermal layer assumption near the top of theaphere, which implies that IFS information about
the atmosphere above 0.1 hPa is ignored when the IFS inatigrolis used. All three aspects are particularly
important for the upper stratosphere/mesosphere wheRTROV layering is relatively coarse (Fid).

Arguably the most remarkable difference between experisnBT9NewCoefinterpol and RT9NewCoef are
much improved gradients from the radiative transfer sitihs, calculated for the minimisation of the data
assimilation cost function (Fid.2). While the use of the linear interpolation in the IFS leamsdry noisy gra-
dients with large unrealistic spikes, the internal RTTOWipolation successfully retains the smooth structure
of these gradients. This is a clear improvement, and is dtrefstihe smoother nature of the interpolation.

The drastic change in the gradients on model levels fronadlbnce data has, however, relatively little impact
on the overall size of the analysis increments as a resulieobimoothing imposed by the background error
correlations in the assimilation. This is highlighted irgFi3 which shows the global mean RMS of the
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Figure 12: Root mean square of the initial temperature Jldfiumidity (middle), and ozone (right) gradients for all
assimilated radiance observations for a single 12-houiragation cycle. Results with the IFS interpolation are smo

in black, with the RTTOV internal interpolation in red.

temperature analysis increments. In the case of the IFfoition, the spikes seen in the gradients from the

radiance observations are clearly not reflected in the aisallycrements. The overall size of the increments at
each model level is in fact similar in the two experiments astievels, as the assumed background errors filter
out any unrealistic small-scale structures. This does reatmthat locally, the different gradients may not lead

to meteorologicaly significantly different results. Alsbis clearly suboptimal to rely on the filtering effect of
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Figure 13: Global mean root mean square of the analysis imamsts in temperature [K] for the experiment which uses
the IFS interpolation (black) and the one which uses the RTFerpolation (red) for the same assimilation cycle as

shown in Fig.12
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the background errors to correct unrealistic structurébergradients produced by the observation operator.

Some difference in the general size of the increments exigtards the top of the model, above about model
level 8 (0.5 hPa, Figl3). This is because the top two model levels were previoustprigd in the radiance
calculations when the IFS interpolation is used, as thewlieve 0.1 hPa and are therefore affected by the
RTTOV feature of an isothermal layer near the top of the aphese (sectio2.3, see also Figl2 which shows

a gradient of zero for the top levels when the IFS interpotais used). The only constraint on these levels
was previously through the background error correlationsthe forecast model. In contrast, with the internal
RTTOV interpolation these levels directly contribute te fladiance calculations, so the radiance assimilation
provides a somewhat more direct (albeit still rather weajstraint on them, the effect of which is also felt
further below. Not surprisingly, this leads to a reductiarthe overall size of the increments for the top two
model levels, albeit at the expense of slightly larger inezats for the levels directly below, followed by slightly
smaller increments in the model level 11-25 range (1.7-28.hP

Pressure [hPa]

T T T T T T T T T
80°N  60°N  40°N  20°N 0° 20°S  40°S  60°S 80°S

Latitude

Figure 14: Difference in the zonal mean temperature analfls] between the experiment that uses the IFS interpolation
and the one that employs the internal RTTOV interpolatidre dontour interval is 1 K, and positive values, displayed in
black solid, indicate warmer values when the RTTOV intexpioh is used.

Also as a result of the improved handling of the top of the aphere in the experiment with the internal
RTTOV interpolation, there are large differences in the memperature analyses for the top two model levels
Fig. 14). Zonal mean differences exceed 20 K over the Southern Redgon, with more modest differences
of less than 10 K over the tropics. This is again becausemedidata put a somewhat more direct constraint
on these levels when the internal RTTOV interpolation isdus&he constraint imposed on these levels by
the radiance assimilation is, however, relatively poorih@sweighting functions of all assimilated radiances
peak well below the model top and the information on the top tevels therefore originates from the top
tails of the weighting functions of few channels. Tempemtetrievals from the Microwave Limb Sounder
(MLS, Schwartz et al. 2008) have nevertheless been usechtoagg the changes in the temperature analyses
towards the top of the atmospheric model, and this will béh&er discussed in sectich2 The zonal mean
bias changes are also a result of assimilating AMSU-A chabhevithout a bias correction, as the generally
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different interpretation of the atmospheric profile infation with the internal RTTOV interpolation will alter
the bias characteristics for this channel which peaks af@unPa.

The differences near the model top also have significanttsfn the bias corrections for some IASI channels in
the 14um band, with high-peaking channels in the 14.4-Jn% range exhibiting the largest changes (AiQ).
Further investigations reveal that the weighting functiéor the most affected channels show relatively long
tails towards the top of the model, with small, but non-zevatdbutions at the forecast model top (Collard,
pers. communication). The RTTOV simulation for these cledgare therefore more sensitive to RTTOV'’s
assumption of an isothermal layer near the top of the atnewsplliscussed in sectidh3. The effect of this
assumption is reduced when the internal RTTOV interpataiBaused, as temperature information from the IFS
above 0.1 hPa is now used in the radiative transfer integratith more realistic cooling with height above
0.1 hPa. As a consequence, the simulated FG equivalents pymeaia overall, cooler, therefore leading to a
reduction in the negative bias correction by several teotlasKelvin. It is encouraging that the analysis is now
able to assimilate these IASI channels with bias correstibat are mostly closer to zero over the course of this
experiment. The long-term interaction between the biasection and the changes in the mean temperature
analyses together with a general evaluation of the role gti-pieaking channels in the assimilation deserves
closer study in the future.

For the AIRS 14um band the situation is similar, although somewhat lessquoced in the sample of channels
shown, as fewer high-peaking channels are assimilatedftidASI (Fig. 9). High-peaking AIRS channels
that are passively monitored also show similarly sizeabbnges in the mean bias correction (not shown). For
the AIRS water vapour band, bias corrections show very amaharacteristics with or without the external
interpolation, except for a small increase in the mean lasction and its standard deviation around Grb.

Other instruments also show some adjustments to the mesndigction, resulting from the use of the internal
RTTOV interpolation, but they tend to be fairly modest (atsh®@.1 K), as they are less or not at all sensitive to
the model top. For instance, most AMSU-A channels show éatsligirming of the bias correction (Fi@5).
Due to the differences in the antenna pattern correctiontioresd earlier, this means an increase in the bias
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Figure 15: Standard deviations [K] (left panel) and meang [Kght panel) for FG departures (solid lines), analysis
departures (dotted lines), and bias corrections (dasheeld) for used METOP-A AMSU-A radiances over the Southern
Hemisphere for the period 16-30 September 2007 (obsenatitinus FG or analysis, respectively). Statistics for the
RT9NewCoeflnterpol experiment are shown in black and ntagesmereas statistics for the RTONewCoef experiment are
shown in red and green. The number of used observations spagied between the two plots, with the difference relative
to the Control shown in the column “exp-ref”.

Technical Memorandum No. 586 17



EECMWF Clear-sky RTTOV-9 in the IFS

STD.DEV ®p el nobsexp BIAS

5.0~ - +1 132 o — &0

10 i B 869 — 10

. 20 +1 1809 - 20
T 30 +4 2897 - 30
O 50 3711 - 50
70 +2 4437 ~ 70
== 100 +2 4978 - 100
QO 150 +2 4210 - 150
5 200 3 3E2 L 700
o) 250 2 378 — 750
) 300 7 4772 — 300
O ap0- +4 5344 400
i 500 +4 6985 - 500
700 -9 BOOS — 700
850 7249 I &50
1000 | | 8 M’ — T e 1000

0 2.4 3 -0.4-0.320.240.160.08 0 0.080.160.240.32 0.4

Figure 16: As Fig4, but for the experiments RT9NewCoeflnterpol (black) angNRIvCoef (red).

correction in absolute terms for the stratospheric AMSURArmels of METOP, but a decrease for NOAA-18.
Standard deviations of bias corrections are also redugezhémnels 12 and 13, suggesting that the bias shows
less structure. Similarly, the mid-tropospheric HIRS afela 4 and 5 and the water vapour channel 12 show a
small warming in the mean bias correction (up to 0.1 K) whihn increase in the bias correction in absolute
terms.

Other observations compare similarly well to the FG or thalyses in the experiments RT9NewCoefinterpol
and RT9NewCoef. One noteworthy difference is a small cham¢grms of the bias in radiosonde temperature
observations in the stratosphere (e.g., E&). The slight degradation around 30 hPa also appears as gehan
the fit against GPSRO bending angles, where biases show aovempent for some satellites and a degradation
for others. The improvement in the bias against the anafitstisand 10 hPa present in the radiosondes is not
detected in the GPSRO data.

4 Analysis and forecast impact of the full upgrade

4.1 Experiments

The analysis and forecast impact of the full upgrade has beeluated with extended experiments at higher
resolution over two seasons. The experiments use the ediley system of the IFS, with a 12-hour delayed
cut off ADVAR window. The model resolution is set at T5K40 km), with an incremental analysis resolution
of T159 (=125 km), and 91 levels in the vertical. The control experitmeses the IFS version operational
in autumn 2008 (35r1), whereas the RTTOV-9 experiment us@sldition the linear-in-tau parameterisation,
the variable zenith angle, and the internal interpolatibRBIrOV-9, and the updated set of coefficient files as
described above. 10-day forecasts were run each day of gezient from the 0 Z early-delivery analysis.
The experiments cover, respectively the period 1 JanuasyMarch 2008, and 15 July to 15 September 2008.
All experiments use a VarBC cold-start with the initial biasrection set to the mode of the FG departures,
and we will discard the first 15 days of the experiments toraNarBC to adjust to the bias conditions. Note
that some spin-up for VarBC coefficients can occur afterpeisod, for instance for some upper stratospheric
temperature channels or humidity channels.
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4.2 Analysis impact

The analysis impact and the characteristics of the assedileadiances reflect a combination of the features
described above for the individual contributions. Form@dlsited radiances the response is primarily via the
bias correction. For the IR instruments, the changes in it dorrection statistics are largely dominated by
the upgrade of the radiative transfer coefficient files as seelier (e.g., Fig8, 6, 9, and10), and the statistics
are not repeated here. For AMSU-A, the modifications to tlas lobrrection statistics are a combination of
the changes from the linear-in-tau parameterisation aed/ahiable zenith angle and the use of the RTTOV
internal interpolation, and as the changes had opposits silgey combine to relatively little change when the
control and the full RTTOV-9 upgrade are compared (not shown

For the microwave instruments, AIRS, and the geostatioimaggers, there is little change in the departure
statistics after bias correction. HIRS shows a reductidhérstandard deviations for the FG departure statistics
for lower tropospheric channels noted earlier as a resuti@imove to the kCARTA-based radiative transfer
coefficients (not shown).

In the January-March experiment, IASI exhibits a behavimeirobserved in the earlier experiments: standard
deviations of FG departures for high-peaking channels edeaed over the Northern Hemisphere for this
experiment (Fig.,18), suggesting a better consistency of the system. Furthestigations show that this
reduction is a result of the use of the internal RTTOV-intdation, and is mostly confined to an area between
Scandinavia and Greenland. Relatively large changes inmin bias correction for these channels were
noted earlier as a result of the use of the internal RTTOMWjatiation, and the related improved handling of
temperature information from the top model levels. Mapsralygsis increments also show reductions in the
size of the increments associated with the north polar xdhi@ughout the stratosphere, further highlighting a
better consistency of the system for this particular pefiod. 19). A similar response is not observed on either
hemisphere for the Northern Hemisphere summer experiment.

Zonal mean differences in the temperature analyses arenshdwgurel9for the Northern Hemisphere winter
experiment. These are dominated by the changes introdhcedgh the RTTOV internal interpolation, and
again mean changes of several K can be reported towardsptiod tiee atmospheric model.
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Figure 17: Standard deviations of departures [K] after biasrection for used IASI data over the Northern Hemisphere
for the period 15 January 2008 to 15 February 2008. Stassfiic FG departures for the control experiment are shown in
red, and those for the RTTOV-9 experiment are shown in batkistics for the analysis departures are shown in green
for the control and in cyan for the RTTOV-9 experiment.
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Figure 18: Shading shows normalised differences in themoedin square of the analysis increments for the 10 hPa geopo-
tential for the period 15 January - 15 February 2008 betwdenRTTOV-9 experiment and the Control. Yellow/red/brown
colours indicate reduced increments for the RTTOV-9 erpani. Contours show the mean 10 hPa geopotential [gpdm]
for the Control experiment.

It is largely futile to evaluate the temperature changes tieatop of the forecast model given the poor repre-
sentation of these layers in the model, the poor constrdititeoanalysis on these layers, and the limitations
of temperature observations available for evaluation eg¢hlevels. Nevertheless, the changes observed in
these experiments have been evaluated with temperatuievatt from the Microwave Limb Sounder (MLS)
onboard the Aura satellite. The instrument uses limb eomssio provide information on atmospheric temper-
ature and trace gas profiles. The vertical resolution of ¢heperature profiles is around 3.5 km at 31.6 hPa,
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Figure 19: Difference in the zonal mean temperature analjls] between the RTTOV-9 experiment and the control for
the period 15 January - 5 March 2008. The contour interval I§, and positive values, displayed in black solid, indicate
warmer values in the RTTOV-9 experiment.
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dropping to 6.2 km at 3.16 hPa ard 4 km at 0.01 hPa. The theoretical precision of the temperagirievals

is 1 K or better below 0.316 hPa, and increases to around 2tDK&a hPa. MLS profiles have been compared
against other retrievals and model data (Schwartz et al8 206rom 316 hPa tez10 hPa there is generally
good agreement to withirrl.5 K compared to ECMWF analyses, radiosondes, AIRS or CHAdMRevals.
Further above, MLS exhibits biases with respect to SABERewtls of a few Kelvin. In the troposphere
and lower stratosphere, MLS tends to exhibit vertical tetdiins compared to other temperature data, with an
amplitude of 2-3 K and a vertical frequency of about 1.5 cyger decade of pressure.

The experiments have been compared to MLS retrievals for-da¥Operiod each, covering 1-10 February
2008, and 21-31 August 2008, respectively. To do so, amalyaee been spatially interpolated to the locations
of the MLS retrievals, and both have been interpolated cadlyi to a common grid. The results from these
comparisons are somewhat mixed. They show that the Comtcotree RTTOV-9 experiments have a broader
and occasionally higher stratopause than MLS for most negfe.g., Fig20a), leading to a lower mesosphere
that tends to be warmer than suggested by MLS, typically by 20 K (e.g., Fig20b). The exception is the
South Polar region which will be discussed further belowe RTTOV-9 upgrade does little to the sharpness of
the stratopause (e.g., F@0a), as expected, as little additional information on theiear structure is provided.
For the Northern Hemisphere summer experiment, there isdetey for the RTTOV-9 upgrade to decrease
the warm bias versus MLS over most regions, whereas reselisixed for the Northern Hemisphere winter
experiment. For both experiments, the RTTOV-9 experimppears to capture the general spatial temperature
structure in better agreement with MLS for some regions,vadeaced by smaller standard deviations of the
differences (e.g., Figr0b for the North Polar region and the Northern Hemisphere eviekperiment). For
the South Polar region, the results are somewhat differbate, the Control experiment for the Northern
Hemisphere winter shows a stratopause in very good agre¢amtbrMLS, and the RTTOV-9 upgrade degrades
this by lowering the stratopause and warming the mesosphéehe top model levels (Fi20c). In contrast,
the Northern Hemisphere summer experiment shows a sharppause than MLS in both IFS experiments
(Fig. 20d), leading to a colder mesosphere in the model fields cordpar®ILS. The latter is considerably
reduced in the RTTOV-9 experiment, bringing the analyseslaser agreement to MLS. In summary, we
conclude that despite a slight advantage for the RTTOV-@eéxgents neither the Control nor the RTTOV-9
experiments clearly perform better compared to MLS data tieamodel top, despite the drastic changes to
the mean temperature analyses, and quite considerabkidagiagainst MLS data near the forecast model top
exist in both experiments.

4.3 Forecast impact

The forecast impact from the RTTOV-9 upgrade over the twapsrinvestigated is neutral. Mean tropospheric
forecast scores for geopotential, wind, and relative hitgnate, overall, not statistically significantly differen
for the RTTOV-9 experiments and the Control (Figutds 22). This, to some extent reflects the relatively
neutral changes in terms of the FG departure statisticslaifie correction noted throughout this memorandum
for the radiances. Some forecast improvements from the RFI Qpgrade are present in the short range for
the stratospheric north polar vortex for the January-Manqgberiment, consistent with the reduced increments
noted earlier (not shown); yet these improvements do noy cer beyond day 2.
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Figure 20: a) Mean temperature profiles (thick lines) ovee thorth Polar region (north of 60N) and the period 1-10
February 2008 for the MLS retrievals (grey), the RTTOV-%agipent (black solid), and the control (black dashed). Thin
lines indicate one standard deviations from the mean profiatistics are based on 5624 MLS profiles. b) Bias (MLS
minus analysis, solid lines) and standard deviations (éd3lof the differences between MLS temperature retrievals a
the analyses for the RTTOV-9 experiment (black) and the@agrey). Statistics have been calculated for the North
Polar region (north of 60N) and the period 1-10 February 2@0®I are based on 5624 MLS profiles. c) As a), but for the
South Polar region (south of 60S), based on 5665 MLS profileAs c), but for the period 21-31 August 2008, based on
6178 MLS profiles.
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Figure 21: a) Normalised differences in the root mean sqtiarecast error for the 500 hPa geopotential over the Norther
Hemisphere between the RTTOV-9 experiments and the Casteofunction of forecast range in days (97 cases). Both
experiments have been verified against the operational EEMielysis. Negative values indicate a reduction in forécas
error for the RTTOV-9 experiment. Error bars indicate coafide intervals at the 90 % confidence level. b) As a), but for
the Southern Hemisphere. c¢) As a), but for the 200 hPa genfiated) As b), but for the 200 hPa geopotential.
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Figure 22: a) Normalised differences in the root mean sqdiarecast error for the 850 hPa wind over the tropics between
the RTTOV-9 experiments and the Control as a function o€&sterange in days (97 cases). Both experiments have been
verified against the operational ECMWF analysis. Negatalees indicate a reduction in forecast error for the RTTOV-9
experiment. Error bars indicate confidence intervals at30e% confidence level. b) As a), but for the 100 hPa wind.
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5 Conclusions

This memorandum summarises the impact of the upgrade to RBI@h analyses and forecasts in the ECMWF
system. The upgrade included the activation of the linedail parameterisation of the layer source function,
the use of a variable zenith angle, the use of the internalRFJ interpolation in the vertical, and a revision
of the set of radiative transfer coefficient files. The mainlifigs are:

e The upgrade affects particularly the bias correction attarsstics for the assimilated radiances. One of
the largest changes is due to the move to kCARTA-based RTTé@¥icients which leads to a signif-
icant reduction of the absolute size of the corrections fiR$ Use of the internal interpolation, and
application of the other new RTTOV-9 features also contalio changes in the required bias correction.

e After bias correction, most departure statistics for adated radiances are overall largely unaltered.
Exceptions are reductions in the size of FG departures feeddropospheric HIRS channels resulting
from the kCARTA coefficients, and, for specific periods, retibns in the size of some high-peaking
IASI channels which benefit from improvements related touse of the RTTOV internal interpolation.

e The use of the RTTOV internal interpolation successfullgids spikes previously seen in gradients from
the radiance data on model profiles. However, globally, libslittle influence on the size of increments
for a given model level.

e Enabling the RTTQV internal interpolation leads to an inyaw use of FG temperature information
near the model top, resulting in significantly different ®igorrections and occasionally reduced FG
departures for some high-peaking IASI channels. Use ofiieerial interpolation means that temperature
information above 0.1 hPa is now used in the radiative teansdilculations, whereas previously it was
ignored. This also leads to considerable differences imiban temperature analysis near the forecast
model’s top.

e The forecast impact over the troposphere over the two pedodsidered is overall neutral.

The finding that FG departure statistics after bias cowac#re largely unaltered for most channels stresses
the importance of the bias correction and the bias modelthioradiance assimilation. It suggests that the

improvements in the radiative transfer modelling includethis upgrade largely address air-mass dependent
biases, and these appear to project well onto the curresitchigection models. In turn, this emphasises the

need for the chosen bias model to be able to reflect the clkasditis of such air-mass dependent biases, in
order for the detection of such biases due to the radiataesfer to be most successful. Detection of the

biases by the variational bias correction will work bestriees for which the analysis is well-anchored by other

observations.

Some of the largest improvements beyond what can be contpérfea through the bias correction were found
for the upgrade to KCARTA-based coefficient files for theandd instruments. This highlights the importance
of the training data underlying the RTTOV coefficients, antpbbasises the need to keep the set of coefficient
files used in the assimilation up-to-date. Note that updatioefficient files is technically much easier than
upgrading the RTTOV software (the update of the set of coefftdiles studied here could have been performed
without RTTOV-9). New coefficient files based on LBLRTM cdhtions have recently become available for
infrared sensors (e.g., Matricardi and McNally 2008), amelrtbenefits in an assimilation context should be
studied.

Some of the more surprising improvements in terms of sizehefltias corrections and FG departures are
related to the handling of FG information near the model t8pme high-peaking IASI channels assimilated
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appear to have sufficient sensitivity to the top-most moeetls to benefit from improvements in this area.
Effects of this can locally be felt considerably further dwl down to about 50 hPa. Note that despite the
improvements introduced here, RTTOV-9 still handles the layyer sub-optimally: for instance, it ignores
temperature, humidity, and ozone profile information abOwvik hPa for the optical depth calculations, and
instead uses the values given for 0.1 hPa for the highesitiaglitransfer layer. The experience here suggests
that the high-peaking IASI channels would benefit from a prayandling of the top layer in RTTOV, as planned
for RTTOV-10. The use of the high-peaking channels, thadiatave transfer modelling, and the role of the
model representation near the top deserve some furthestigagons.
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