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Operational implementation of RTTOV-10 in the IFS SECMWF

Abstract

This memorandum summarises the evaluation of RTTOV-10 $erin the operational assimilation
system at ECMWF. The new features of RTTOV-10 evaluatedduera revised treatment of the top-
of-the-atmosphere, and a new sea surface emissivity modeli€rowave frequencies (FASTEM-4).
The new version of RTTOV is evaluated through comparisomadiitive transfer simulations with
RTTOV-9, and through an analysis of departure characiesiagainst observations. The impact on
forecasts is also investigated through a series of assiamlaxperiments.

The use of FASTEM-4 leads to significantly different bias refateristics, primarily for the mi-
crowave imager channels used in the ECMWF system. With FASRAEbrightness temperature
biases against observations are overall within the sizdasfels between different instruments for
imagers, even though biases for some channels on some seamsadegraded compared to using
FASTEM-2. The benefits of FASTEM-4 compared to FASTEM-3 asslIclear for AMSU-A for
which significant biases remain for the window channels.

The changes to the treatment of the top-of-the-atmosphdRd TOV-10 lead to minor changes to
the departure characteristics of channels with some $étysib the top of the atmospheric model.
Nevertheless, changes are noticeable in the mean tempeaaialyses above 1 hPa.

The impact of RTTOV-10 on medium-range forecasts is neutral

1 Introduction

This memorandum summarises the evaluation of RTTOV-104derin the operational assimilation sys-
tem at ECMWEF. RTTQV is the radiative transfer model used ®imaiate radiances at ECMWF (e.g.,
Saunders et al. 1999), and it is developed and maintainedCMVEEF and elsewhere by the NWP
SAF, coordinated by the Met. Office. Version 10 is the latggtate, released on 27 January 2011, and
ECMWEF serves as a beta-tester during the final evaluatioheogbftware. RTTOV is a fast radiative
transfer model that calculates effective layer opticaltdgfor each channel using regressions derived
from line-by-line calculations for layers between fixedgmeare levels. Parameterisations to model ef-
fects of clouds and rain in the infrared and microwave pathefspectrum are also included.

The main enhancements of RTTOV-10, in terms of direct relegdo the operational use of RTTQV, are
an upgrade of the microwave ocean-surface emissivity modeASTEM-4 (Liu et al. 2011), and the
explicit treatment of the top-of-the-atmosphere in the RVIcode. The software interface has also been
revised completely. Other new features are an efficientutaion of principal component scores for
AIRS and IASI (Matricardi 2010), a parameterisation of treedan effect for the top-most AMSU-A
and several SSMIS channels (Han 2007), as well as suppgstdeiding land surface emissivities from
an atlas as input to RTTQV for infrared or microwave instraiise RTTOV-10 also includes an improved
parameterisation of cloud-overlap assumptions for RTT&VATT - the configuration of RTTOV used at
ECMWEF in the all-sky system for microwave imaging instrurtseT hese have been previously evaluated
separately at ECMWF (Geer et al. 2009, operational sincle 8a2). In this memorandum, we describe
only the effects of the first two changes, FASTEM-4, and tHeeesements at the top-of-the-atmosphere
used by RTTOV; the other changes require further develogsraard are subject of other research efforts.

In the ECMWF system, RTTOV is part of the observation operfoall nadir radiances. Since the im-
plementation of RTTOV-9, the radiative transfer calcaas have been performed on the forecast model
levels (Bormann et al. 2009), with optical depths providgd_I TOV’s regression-based parameteri-
sation of effective layer optical depths. The optical degdltulations are performed on a set of fixed
pressure levels, and the input profiles are internally pulated to these pressure levels using an inter-
polation scheme that preserves smooth gradients (Rochain2&07). The same scheme is also used to
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interpolate the optical depth values to the forecast mael$ for the radiative transfer integration. The
optical depth parameterisation as well as the choice oasarémissivity models and other parameters
are set through coefficient files that can be changed indepdéigdf the RTTOV code.

The official RTTOV-10 release also provides a new set of adefit files based on different or revised
spectroscopy and different atmospheric layering (51 orrafier than 44 levels). These coefficient files
were not available during the beta testing of the RTTOV ceael, further work is required to evaluate
which of the many coefficient file options is most suitable.isTéspect is not covered in the present
memorandum, and an update of coefficient files can be pertbintzpendently of the RTTOV code.
Note that there is a change in the format of the coefficiers fletween RTTOV-9 and RTTOV-10. Old
files used so far in the IFS have been converted to comply Wisinew format.

2 Explicit treatment of the top-of-the-atmosphere

We will first investigate the influence of the changes to tkatment of the top-of-the-atmosphere. This
change is not controlled through a switch in the coefficielesfand is therefore an integral part of
RTTOV-10.

RTTOV-10 explicitly handles the top-of-the-atmospheredus the line-by-line calculations underly-
ing the optical depth parameterisations. In older versmRTTOV, this top level (at 0.005 hPa) was
implicitly handled in the code, and an isothermal “hiddeaydr was assumed above the next RTTOV
level located usually at 0.1 hPa for standard 44-level aoefit files. With the move to performing the
radiative transfer calculations on forecast model levath RTTOV-9, a local ECMWF modification
of RTTOV relaxed this feature to allow a reasonable estiomatif optical depths for forecast model
levels above the 0.1 hPa level and to use forecast model tampes for the source function of the ra-
diative transfer integral above 0.1 hPa (Bormann et al. 2088 isothermal layer was assumed above
the highest forecast model level (at 0.01 hPa). In RTTOVtfh8,top-most RTTOV level is properly
taken explicitly into account in the standard RTTOV coda] hance treated like any other of the fixed
pressure levels. The change is primarily a technical ongecting a previously scientifically incorrect
handling of the top layer in RTTOV-10, but it has noticealngact on the simulation of some brightness
temperatures.

With the change to the top level, the behaviour of the radiatiansfer integration has also been changed
slightly for the IFS implementation. Now the layer-to-spaiptical depth is set to zero for the top-most
forecast model level, in effect, lowering the top of the aspiwere from RTTOV’s implicit 0.005 hPa
top level to the top of the forecast model at 0.01 hPa. Anradtitre choice would have been to extend
the input profile to RTTOV by an extra level at 0.005 hPa, filléat instance, with data taken from
the climatological reference profiles given in the RTTOV fiont files. This option has in fact been
coded up, but it is not used in the tests reported here, agtbence profile values for 0.005 hPa in the
coefficient files used here are not considered realistic.

2.1 Impact on radiativetransfer smulations

As expected, the modification to the treatment of the tofhefatmosphere has a rather small impact on
the brightness temperatures simulated by RTTOV, and thadtrip confined to channels with some sen-
sitivity to the upper stratosphere. To investigate the @rilte of the changes on the simulated brightness
temperatures, we compared brightness temperatures suhdfam the same First Guess (FG) profiles
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Figure 1: Histogram of differences between FG simulatioith RTTOV-10 and RTTOV-9 for two IASI channels
(channel 16, peaking at 8 hPa, left, and channel 92, peaki’gdPa, right, respectively), based on IASI data from
a 12-hour period covering 1 January 2011, 0Z.
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Figure 2: As Fig.1, but for two HIRS channels (channel 1, sensitive to tempezdtom 70 to around 1 hPa, left,
and channel 5, peaking around 600 hPa, right, respectively)

with RTTOV-9 and RTTOV-10, respectively.

The differences between RTTOV-10 and RTTOV-9 appear to tgesa for infrared instruments, where
upper stratospheric sounding channels are most affecteel differences are, however, generally small
compared to the standard deviations of FG-departures seditypically seen for these instruments.
The largest effect can be seen for IASI channel 92 (E)gfor which the standard deviations of the
differences reach 0.2 K and RTTOV-10 produces brightngapéeatures that are warmer by a few tenths
of a Kelvin. For comparison, standard deviations of FG-dejpes for this channel are around 1.2 K;
also, the channel is currently not used in the system dueetgdhsitivity to high levels. Interestingly,
some of the tropospheric IR sounding channels still showllsaffects, for instance HIRS channel 5
(peaking around 600 hPa) shows differences of around 0.62KZ). This has been traced back to tails
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Figure 3: As Fig.1, but for two AMSU-A channels (channel 12, peaking around B#, feft, and channel 14,
peaking around 2 hPa, right, respectively).

in the weighting functions in the upper stratosphere/masee. The effect is again small compared
to the standard deviation of FG-departures of just over OfmKclear-sky data. For AMSU-A, the
differences are largest for channel 14, but even for thisicbkthey stay of the order of a few hundredth
of a Kelvin, with RTTOV-10 producing slightly warmer brigigss temperatures (Fig). In comparison,
standard deviations of FG departures for this channelslese to 1 K. For lower AMSU-A channels up
to channel 10, and all other microwave instruments, thewfices are negligible and generally less than
around 0.001 K.

2.2 Analysisand forecast impact

To investigate the forecast impact of RTTOV-10 in the IFS,reve several assimilation trials over ex-
tended periods. All were conducted using 4-dimensionahtianal assimilation with a 12-hour obser-
vation window, a model resolution of T51440 km), an analysis resolution of T25580 km) and 91
levels in the vertical. Two periods were run, covering twassms: 1 July - 12 September 2010 and 1 Jan-
uary - 2 March 2011. The experiments used cycle 37r2 of thetHeSsystem that became operational in
May 2011. The Control experiment uses RTTOV-9, whereas THEQY-10 experiment uses RTTOV-10
as radiative transfer model. The RTTOV-10 experiment aistudes a bugfix in the setting of azimuth
angles for AMSU-A, a feature that was discovered during these of the RTTOV-10 implementation.
The bug has a very minor effect on the simulations of the osegiace emissivity in RTTOV for some
of the AMSU-A window channels used for quality-controlliige lower tropospheric channels. Both
experiments assimilate the full observing system as cipeidly used with cycle 37r2.

As expected from the relatively small changes to the FG sitiaris noted above, the impact on the
analyses is also rather small in the RTTOV-10 experimeng mimor changes to the biases in RTTOV
are compensated for through minor adjustments in the \@miltbias correction, for instance for AMSU-
A or HIRS (e.g., Fig4). After bias correction, FG departure statistics are ngnificantly altered, and
also other observations do not indicate significant chatmt®e quality of the analyses.

Zonal mean temperature differences confirm that the imdabedifferent handling of the model top in
RTTOV-10 is confined to the top-most model levels above 1 liae, no other observations currently
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Figure 4: Departure statistics for NOAA-18 AMSU-A (top) ailB TOP-A HIRS (bottom) over the Southern Hemi-
sphere for the period 5 January - 2 March 2011. Statisticstf@ RTTOV-10 experiment are shown in black,
whereas statistics for the Control experiment are showreh with solid lines showing FG-departure statistics
(observation minus FG) and dotted lines analysis deparstagistics. Bias corrections are also shown, for the
RTTOV-10 experiment in magenta and for the Control experirimegreen. The number of observations for the
RTTOV-10 experiment are given in the middle, including tifferénce between the RTTOV-10 and the Control
experiment. The statistics are based on used observations.

provide information on the atmospheric state in the ECMWataay (Fig.5), so they can be fairly sensi-
tive to small changes in biases for radiances with someiboitibn from these levels. The differences are
smaller than what has been encountered during the implat@mbf RTTOV-9 (Bormann et al. 2009),
but nevetheless reach 10 K over the Southern Pole for thentigi-model levels. Earlier comparisons
with temperature retrievals suggest that over the poldonsgsuch biases are not uncommon in the IFS
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Figure 5: Zonal mean differences [K] for the temperature lysas between the RTTOV-10 and the Control ex-
periment for January/February 2011. Positive values iatlicthat the RTTOV-10 experiment is warmer. Contour
interval is 1 K and the zero-difference line is omitted.

system (Bormann et al. 2009).

The forecast impact of RTTOV-10 is neutral (not shown), ¢steat with the lack of significant changes
to the tropospheric and lower stratospheric atmosphestyses.

3 Impact of FASTEM-4

The fast microwave emissivity model (FASTEM) is used in RNTt@ model the ocean surface emis-
sivity at microwave frequencies (e.g., Deblonde and Ehg801). In cycle 37r2, FASTEM-3 is used
for AMSU-A, -B, and MHS in the “clear-sky” route, whereas FREBM-2 is used in the all-sky system
for all other microwave sensors (except WINDSAT which is itmned passively and requires the use of
FASTEM-3).

The ocean surface emissivity at microwave frequenciedéstafd by the permittivity of the water (pri-
marily a function of salinity, temperature, and frequently® roughness of the surface, and the presence
of foam on the water (both related to surface wind and alsmetiion of frequency). FASTEM-4 (Liu

et al. 2011) employs a new permittivity parameterisati@aséda on fitting measurements for a wide fre-
quency, temperature, and salinity range. As a result,igsaian now be provided as an input variable to
FASTEM-4. For the roughness effects, regression coefticitan FASTEM-4 have been derived based
on a new rigorous two-scale emissivity model and a full ssefeoughness spectrum model (a modi-
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fied version of Durden and Vesecky 1985). Also the paranssatioin describing the small-scale wave
effects has been revised. In FASTEM-3, the regression caeifs for the large-scale part had been
derived from a geometric optics model which has been shovpetform poorly for lower frequencies
and also significantly underestimated the wind speed depeedor the horizontal polarisation. In addi-
tion, FASTEM-4 uses a new angular-dependent foam reflectparameterisation based on Kazumori et
al. (2008), modelling the frequency-dependence followtggryn (1972). The foam coverage follows
the model of Tang (1974), replacing that of Monahan and Otlvhéartaigh (1986).

The use of FASTEM-4 has been investigated in the ECMWF systeassimilation experiments and
compared to the previously used versions of FASTEM. The raxgaitation was done over the same
periods and in the same setup as the Control and RTTOV-1Cimgrs described above. The only
change compared to the RTTOV-10 experiment is that FASTEMused for all microwave sensors.
Note that in the all-sky system the azimuthal dependencheoEmissivities is neglected, primarily as
it is not provided with the observations for some sensorsdifahal experimentation with AMSR-E
showed that the azimuthal dependence has a negligiblet effiedeparture statistics (not shown). The
experiment with RTTOV-10 and FASTEM-4 activated for all nowave instruments will be referred to
as the FASTEM-4 experiment.

The FASTEM-4 experiment uses a constant salinity of/@5a representative value for ocean water.
Ocean surface salinity, however, varies geographicadigh@mwn in Fig6, typically between 25, for
polar regions and to up to 4% over the tropics. To investigate the sensitivity of the atitie transfer
computations to variations of the ocean surface salindgljteonal tests have been performed in which
the constant salinity value was set to 25 andid0respectively. Fig7 shows that such changes typically
lead to differences in the simulated brightness tempegatof a few tenths of a degree for the microwave
imager channels used at ECMWEF. The effect of ignoring thgggahical variation of salinity is therefore
relatively small for the frequencies considered in the apheric analysis, for which typical departures
are of the order of Kelvins. Future developments could takeggaphical variations of salinity into
account, and this may have an effect on the spatial variafitaiases encountered against observations.
Nevertheless, this is not seen as a priority for the culyeadsimilated frequencies.

In the following evaluation, we will ignore the first five dap$ each experiment in order to allow the

variational bias correction to adjust to the new bias re@syifrom the changes in the radiative transfer
model. An inspection of time series of the residual biasestha bias corrections shows that a 5 day
period is sufficient in this case, as the bias changes areredthall (as in the case of the RTTOV-10

experiment) or confined to surface-sensitive microwaveagions.

3.1 Impact on departure statistics

In the following we summarise the impact on the departuréssitss for the microwave instruments
used in the assimilation experiments. Microwave instrusmeme treated in two different streams in
the ECMWEF system. The sounding instruments AMSU-A, -B, artdSvare assimilated in the “clear-
sky” stream only in conditions diagnosed as clear. The im@agistruments/channels (AMSR-E, TMI,
SSMI/S) are assimilated in the “all-sky” system in cloudyily as well as clear conditions, primarily
providing information on total column water vapour, rairdariouds in the ECMWF system.

The sounding and the imaging instruments employ differéss borrection models in the variational
bias correction. The sounding instruments use a linear meitle a global constant and four layer
thicknesses as airmass predictors. Scan-biases are awtielbugh a 3rd order polynomial in the scan
position. The model is modified to exclude the airmass ptedicfor the window channels used for
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Figure 6: Surface salinity analysis for July 2010, takemfr&e CMWF'’s ocean reanalysis.

quality control, and to allow a different global offset anths-bias over land for channels 4 and 5 of
AMSU-A. In contrast, the imaging instruments/channels aieear model with a global constant and

the model’s surface temperature, total column water vammda 10m wind speed as predictors. Scan-
biases are again modelled through a polynomial in the scsitiquo

3.1.1 Microwave imagers

The microwave imager channels show the largest changes dsimg FASTEM-4, with significantly
different bias corrections as a result of significantly eliént surface emissivity biases (F&. Using
FASTEM-4 leads to, on average, warmer FG simulations, aadv#éniational bias correction quickly
adapts to this. It depends on the instrument whether thdtiresunean bias corrections are smaller
(indicating better agreement with the observations bdb@as correction) or not. For SSMIS, the mean
bias corrections for the 19-37 GHz channels are generallycexd, demonstrating a better agreement
with the observations before bias correction. For AMSRimjlarly reduced bias corrections can be
reported for the 19V and the 24 V and H channel (channels 5nd,83 whereas the 19H and 37H
channels (channels 6 and 10) now have bias corrections désionlarger magnitude, but opposite sign.
TMI similarly suggests a too strong warming for the 19H andi 8hannels (channels 4 and 7), requiring
larger absolute bias corrections than for FASTEM-2 for thigrument. The other TMI channels show
similar or reduced bias corrections, and as for all thregunsents the 22V channel (channel 5) still
requires a considerable positive bias correction of 1 K orenéfter bias correction, the changes in the
mean biases of the FG or analysis departures are negligiligesting that the variational bias correction
is similarly successful in removing the biases in both eixpents.

The different relative biases in the simulations for the 37z&hannels with FASTEM-4 have an impor-

tant side-effect in the current assimilation of microwavegers: they affect the estimate of cloudiness
used in the observation error specification. The cloudipasameter used in the observation error model
is the difference between the vertically and horizontalbyapsed 37 GHz channels (Geer and Bauer
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Channel 5, 19V Channel 5, 19V

Channel 7, 24V

Channel 9, 37V

Figure 7: Impact of using different constant salinity veduen FG simulations for selected AMSR-E channels,
based on a 12-hour period covering 1 July 2010 0Z. The lefefsashow the difference between using a salinity
of 25%o vs 35%0, whereas the right panels show the difference between assadjnity of 40%. and 35%.. The
three channels are, from top to bottom, 5, 7, and 9.

2010), calculated as average from the observations andGhsirfulations before bias correction. The
differences in the biases act to reduce the estimate of iclessl from the FG in the FASTEM-4 case and
as a result reduce the observation errors for the microwaager channels (by, on average 0.2-1.5 K,
depending on the channel).

Standard deviations of FG departure statistics show eagmg signs in the FASTEM-4 experiment
(Fig. 8). Standard deviations of bias corrections are signifigattiuced for many channels, especially
in the tropics, while the standard deviations of the FG depes after bias correction are mostly similar
or slightly reduced compared to using FASTEM-2. The intetgtion of this is not straightforward, as
these statistics are affected by the increased weight givéime observations as a result of the implicit
reduction of the observation errors. However, additioxglegimentation suggests that the reduction of
the standard deviation of the bias corrections is a resulsioig FASTEM-4 regardless of the reduction
of observation errors. This points to a better modellinghef $pacial variability of surface emissivity in
FASTEM-4. Exceptions are the 19H and 24H AMSR-E channels theeSouthern Hemisphere which
show larger standard deviations of bias corrections.

Technical Memorandum No. 650 9



s~ ECMWF Operational implementation of RTTOV-10 in the IFS
s background departure o-bref) sssssssanaus analysis departure o-
eprASTEM_4 (blaCk) V. CTL . ——hackground departure o-f = e - bias correction of obs(ref
AMSRE-1C EOS-2 All sky radiances Tropics
used Tb AQUA ------------ analysis departure 0-a(refj= == == === bias correction of ob:
S-I-D DEV exp -ref  nobsexp
10 1 +4152 270948 37H
— '/,
()
o 97 +1173 266210 - 37V
= B
\\
S g I 1206 304421 N - 24H
=z 1
1 I
T i i
]
c 71 -1155 303980 > - 24v
c " /
] i /’
L 6 :,l -2505 303860 ~ 19H
O i
] \
s+ — 3243 302513 — 11— 11— P17 19v
0 1.8 4 -32-24-16-08 0 08 16 24 3.2
analysis departure o-
EXp:FASTEM_4 (blaCk) v. CTL bias correction of obs(ref)
TMI-1C trmm-1 All sky radiances Tropics
bi ti f ob:
used Tb TRMM ias correction of obsj
STD DEV exp -ref  nobsexp
o e +3147 295272 ~ 86H
Y
S
O 84 { +2028 293086 Y
o]
S 7 :‘» 3147 295272 37H
_ . L
> ll/
!
Z /
— 6+ | +1449 292403 - 37v
Q ]
c 1 s
c 5 : -839 324440 o> - 22v
g | ’
O ‘! 2149 324675 L 19H
1
1 ~Q
S — 1030 327407 | o N 19v
0 1.6 5 2 3 4 5
= background departure o-b(ref) *ssssssansas analysis departure o-
exp:FASTEM-4 (black) v. CTL . . ————— background departure o-b— —— —= bias correction of obs(ref
SSMIS-1C dmsp-17 SSMIS All sky radiances Tropics
use d Tb ------------ analysis departure o-a(ref) == == == === bias correction of ob:
STD DEV exp -ref  nobsexp BIAS
189 - +5342 306033 1, 92H
1/ 1/
—_ //
O a7 3485 282608 oo - oo2v
£
S5 16 ’\\ -5845 289107 ™~ LY
/
Pz \ / \
— 154 ) +5342 306033 L \ - 37H
1/ N, \
Q 1/ AN
C 1/ AN
c 4l -2513 339331 N =o22v
] I
@© ' I
6 13- | 4381 332453 1\ L 1ov
] I\
I E I\
121 | -2596 337989 —T—T T . 19H
0 8 10 8 6 -4 2 0 2 4 6 8 10

Figure 8: Departure statistics for microwave imager radéas over the tropics for the period 5-30 July 2010 for
AMSR-E (top), TMI (middle), and SSMIS on F-17 (bottom). iSies$ for the FASTEM-4 experiment are shown
in black, whereas statistics for the Control experimentstiewn in red, with solid lines showing FG-departure
statistics (observation minus FG) and dotted lines analgsiparture statistics. Bias corrections are also shown,
for the FASTEM-4 experiment in magenta and for the Contipéerent in green. The number of observations for
the FASTEM-4 experiment are given in the middle, includiegifference between the FASTEM-4 and the Control
experiment. The statistics are based on used observatmmte;that some channels are shown as used here, but
effectively carry no weight in the assimilation due to veargé observation errors (channel 10 for AMSR-E, 7 and
9 for TMI, and 15 and 18 for SSMIS).
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Closer inspection shows that FASTEM-4 leads to signifigadifferent departure characteristics in re-
gions of high surface wind speed, as highlighted in Big.The standard deviations of FG departures
before bias correction show a notable reduction in regidrisgh 10m-wind speed for AMSR-E with
FASTEM-4, which is considered a positive aspect as it suggeseduction in the surface emissivity
error in these regions. In terms of biases, the changes @nfbidower wind speed regions reflect the
changes noted above in the bias correction, most likelye@e the update of the roughness parameter-
isation. For 10 m-wind speeds exceeding about 15 m/s, FASAIEMes increasingly larger emissivity
values than FASTEM-2, leading to warmer FG values, reflectedcreasingly larger changes in the
bias. This aspect is most likely related to the change in dlaenfcoverage model in FASTEM-4. The
statistics show that the bias change addresses an undexgésti apparent for FASTEM-2, yet for some
AMSR-E channels the effect may now be overcompensated irTEAB4. However, note that the Fig-
ure displays the biases as a function of the 10 m wind spedtedt&, therefore inherently introducing
a fast sampling bias for high wind speeds. Such a samplirggvedald be consistent with a negative
bias in terms of FG-departures. Qualitatively, this is wikatbserved in the statistics shown in Figso
the apparent remaining bias at high wind speeds for FASTEiveyt merely reflect this sampling bias.
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Figure 9: First Guess departure statistics before bias ection for the AMSR-E channels assimilated in the
ECMWEF system as a function of the model’s 10m-wind speecllestd for the period 5-25 July 2010 and based
on all observations over sea. The statistics are deriveah feaperiments that actively assimilated AMSR-E obser-
vations, using FASTEM-4 (black) or FASTEM-2 (red), resipebt, with biases (Obs - FG) displayed in solid lines,
standard deviations with dashed lines. Also shown in grélyagpopulation of data considered in the statistics as
grey bars (right-hand x-axis).
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Further analysis of the surface wind speed provided by thevB@d be required to better attribute the
bias to FASTEM-4, the FG wind speed, or the inherent samplitage that the 10m wind speed is one of
the predictors in the variational bias correction, so sorma@speed-dependent biases will be removed
through the bias correction.

The wind speed dependence of the bias changes means thhatiges to the assumed observation error
for the microwave imager channels noted earlier is alsormtigr on the surface wind speed, with larger
reductions in high wind speed regions, such as the higtutkgistorm-tracks.

The reduction of the positive bias in high-windspeed regiobserved for FASTEM-4 occurs in appar-
ently similar locations to the "cold-sector” bias that we seth the microwave imagers: this is a long-
standing phenomenon of large positive biases in cold, digr@rmasses moving equatorward (Geer et
al. 2009). Observations in these areas are excluded usitsgi@sed on modelled cloud and total-column
water vapour amount (Geer and Bauer 2010). The most likghlaeation for the "cold-sector” bias is
insufficient modelled liquid water in mixed-phase Arcticasbcumulus clouds (e.g. Klein et al., 2009)
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Figure 10: Zonal mean FG departures after bias correction&dMSR-E channels (a) 19V and (b) 37H, over the
period 6 - 28 February 2011, using either FASTEM-2 or FASTEMwo samples are shown: observations passing
all-sky quality checks ("good”, black lines) and those fad the cold-sector check but no others ("cold-sector”,
red lines).
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Figure 11: As Fig.9, but for departure statistics as a function of surface terapee [K].

but we cannot yet rule out surface emissivity problems as<ptaration. Hence, it is interesting to see
if FASTEM-4 makes an improvement.

Figure 10 shows the effect of FASTEM-4 versus FASTEM-2 on zonal meardEgartures for AMSR-
E. For a “good” sample, i.e. data which passes quality chackkis available for active assimilation,
there are positive biases of up to 1 - 1.5 K at high latitudegdicating that "cold-sector” screening is not
perfect. Moving to FASTEM-4 reduces these biases by up taGrtchannel 19V, but has very little
effect on higher frequency channels such as 37H. For thelsavhpbservations failing the "cold-sector”
screening (but not including those failing any other gyadtieck), there are much larger positive biases,
up to 5.5 K in channel 37H, but the difference between FASTERRd FASTEM-2 is similar to in the
"good” sample. This suggests that the high-windspeed nsgéiwe not much correlated with the "cold-
sector” regions and that FASTEM-4 does not really addressdfd-sector bias. That the “cold-sector”
bias increases with frequency (and hence with sensitivitgldud) might also suggest that it is a cloud
rather than an emissivity problem.

FASTEM-4 also exhibits a different dependence on the serfamperature than FASTEM-2 for the
vertically polarised channels, whereas the changes agelyaindependent of the surface temperature
for horizontally polarised channels (Fifjl). This aspect is particularly noticable for channel 5 (19V)
for which bias is fairly constant with surface temperature FASTEM-2, whereas FASTEM-4 leads
to an increasing bias with smaller surface temperatures.high surface temperatures, Fitfl shows
increased standard deviations of FG departures, mosy like¢sult of forecast model problems in areas
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Figure 12: a) Difference in mean FG departures (obs-FG, Kjobe bias correction between the FASTEM-4
experiment and the Control for used data from channel 5 (I3\WMSR-E over the period 5-31 July 2010. b) As
a), but for channel 6 (19H). c) Mean FG departure (obs-FG, Kjde bias correction for used data from channel
5 (19V) of AMSR-E over the period 5-31 July 2010 for the FASTEMperiment. d) As c), but for channel 6.

of tropical deep convection; the feature is not present vahaindy conditions are excluded in the sample.

An example of the combined geographical effect of introdgdrFASTEM-4 is shown in Figl2. For
channel 5, the zonal differences between FASTEM-4 and -2agd from the surface temperature de-
pendence of the biases are clearly visible, whereas fomeh#&the differences over the higher southern
latitudes reflect the changes in the windspeed dependerthe bfas characteristics.

3.1.2 Microwave sounders

The impact of the move to FASTEM-4 for AMSU-A is primarily ciamed to the window channels that
are not assimilated, but used for quality control. This ghhighted in Fig.13 showing the differences
between clear-sky RTTOV-10 simulations with FASTEM-4 aldSFEM-3 as a function of 10m wind
speed for selected viewing angles. The statistics showfisigntly different dependence on the 10m
wind speed between the two emissivity models for the windbanoels (1-3 and 15), with differences
of several Kelvin in high wind speed regions, and more modeahges of 1 or 2 K in low wind speed
regions. The polarisations for AMSU-A channels changes wiéwing angle, as does the sensitivity
to the surface emissivity with the outer fields of view shagvthe smaller sensitivity. As a result, the
differences in the bias characteristics between FASTEMeIFRASTEM-3 reflect different characteris-
tics for the vertical and the horizontal polarisations, &l as the influence of the different sensitivity to
emissivity.

The changes in the biases arising from the use of FASTEM-4aatg modest compared to the biases
between observations and FG-simulations typically erpeed with FASTEM-3. Figl4 shows his-
tograms of FG-departures before bias correction as a iimaii the 10m wind speed for the window
channels of AMSU-A for simulations using FASTEM-4. Notettitlee FG simulations in this Figure
neglect clouds, such that clouds in the observations apge@ositive departures. The mode of the
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histogram (ie the maximum of the distribution for a given @vispeed) is expected to provide a more
meaningful estimate of the bias. The Figure can be comparétetchanges shown as a result of us-
ing FASTEM-4 instead of FASTEM-3 in Fidl.3. It can be seen that the four channels show biases of
around 5 K for small zenith angles, and smaller positivedsider higher zenith angles. The warming of
the FG as a result of using FASTEM-4 observed for all wind dpder higher zenith angles in Fig4
appears beneficial, as this reduces a stronger positiveothiaswise present with FASTEM-3. In con-
trast, for small zenith angles, the cooling of the FG seemiad speeds between 5 - 10 m/s as a result
of using FASTEM-4 appears to have led to larger biases foryneéithe window channels. The bias
with FASTEM-4 for channel 1 for low zenith angles is consistevith the bias observed for the 24V
channel of AMSR-E, suggesting an underestimation of thessimity. For low as well as higher zenith
angles, high wind speeds continue to show positive deafor AMSU-A, a feature that is nevertheless
improved in FASTEM-4 compared to FASTEM-3.

Over sea, a threshold on the absolute value of channel 3tdegmis used in the ECMWF system to
screen for too strong cloud/rain contamination. Over&lg mmean bias of FG departures before bias
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Figure 13: Differences between clear-sky brightness teaipees simulated with FASTEM-4 and with FASTEM-
3 for AMSU-A channels with sufficient sensitivity to the @&cef The statistics are shown in terms of the mean
difference (solid line) and the standard deviation (dotfieé) as a function of the 10m wind speed used in the
simulations. Black lines give statistics for scan possid®d and 16 (ie close to nadir), whereas red lines show
statistics for scan positions 4 and 27 (zenith angle arouAd). The latter are the outermost scan positions
currently considered for assimilation. The statistics besed on over 25,000 simulations over sea, and the input
data for the two simulations was the same.
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Figure 14: Two-dimensional histograms of the differencetsieen observed and FG-simulated brightness temper-
atures before bias correction for the window channels of N8 AMSU-A as a function of the 10m-wind speed
taken from the FG. The data is for the 3-day period 5-8 July®@dm the FASTEM-4 experiment, over sea within
+- 60°latitude, showing all data before quality control and thing. The left column shows data for the central
scan positions (zenith angle around 9),8vhereas the right column shows results for the outerntast positions
considered for assimilation at ECMWEF (zenith angle arouddr?).
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Figure 15: Difference in the mean FG departure before biasamion [K] between the FASTEM-4 and the Control
experiment for METOP-A AMSU-A channel 3 after quality colnfor the period 5-30 July 2010.

correction is typically reduced by a few tenth of a degredtier channel (Figl5), exceeding 0.5 K over
the high surface wind speed regions of the Southern Hemigphid&e adjustments are largely absorbed
by the bias correction for channel 3. However, the largengka over the extra-tropical storm-tracks,
combined with larger positive biases in these regions WKBHEM-3, lead to a slight increase in the
number of used AMSU-A sounding observations in these regibiy.16). The increase is around 2-3 %
for the Southern Hemisphere for the July/August experiménis not clear whether this is a result of
using more clear data that was previously erroneously fthggeloudy/rainy, or because now more data
with some cloud/rain-contamination is used. Mean FG depastbefore bias correction for channel 4
and screened in the same way as the lower-tropospheric isguctthnnels show a slight increase in the
already positive biases over these regions, possibly acaitioh of additional cloud contamination (not
shown). However, departure statistics for channel 5 anetrddlver tropospheric sounding channels show
no significant change other than the increase in the numheseaf data (e.g., Fid.7), so the increased
numbers of used AMSU-A lower tropospheric sounding chaaet not considered problematic.

For AMSU-B or MHS, the changes to the FG departure statistiesconsistent with the findings for
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Figure 16: Difference in the number of used observations/beh the FASTEM-4 and the Control experiment for
METOP-A AMSU-A channel 5, for the period 5-30 July 2010.
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Figure 17: As Fig.8, but for AMSU-A on METOP-A over the Southern Hemisphere.
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Figure 18: As Fig.13, but for MHS channel 2.

AMSU-A. MHS channel 1 is similar to channel 15 of AMSU-A andsls the same characteristics (not
shown). The change in the RTTOV simulations from FASTEM-FASTEM-4 for MHS channel 2
is relatively small, staying below 0.5 K for most 10m-windespls (Figl18). Such changes are rather
small compared to the standard deviations of FG departlyesreed for this channel (e.g., FitQ).
Nevertheless, a check on the bias corrected FG departurdsisachannel is used to detect cloud/rain
contamination for MHS, and the modified bias charactessfic high wind speeds lead to a very mi-
nor increase in the number of used observations (around 1eé¥tbe Southern Hemisphere for the
July/August experiment), similar to the one observed for@WAA (not shown). For other channels, the
changes are negligible.
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Figure 19: As Fig.14, but for the METOP-A MHS channel 2. The left column shows fbaitidne central scan posi-
tion (zenith angle around), whereas the right column shows results for the outernusst positions considered
for assimilation at ECMWF (zenith angle around°}5

3.2 Analysisimpact

In the following we will discuss only the combined impact ging RTTOV-10 and activating FASTEM-
4, that is, we compare the FASTEM-4 experiment with the Gintr

For radiance observations, the modifications to the ob8ervdeparture statistics are a combination of
the effects described earlier, that is, changes to the biasations for the channels with some sensitivity
to the top-most model levels (e.g., F@), changes to the bias corrections for the surface-seasitiv
crowave radiances, esp. the imagers (e.g.,®icand a slight increase of the use of AMSU-A data over
regions of high near-surface wind speeds (e.g., E&). Otherwise, the fit is not significantly altered,
supporting the overall consistency of the changes intreddtlcrough RTTOV-10 and FASTEM-4.

Departure statistics for non-radiance observations arsigoificantly altered in the FASTEM-4 exper-
iment compared to the Control (not shown), suggesting tbtt éxperiments agree similarly well with
the rest of the observing network.

Changes to the mean analyses are also small for the tropesptith changes to the mean analysis of
geopotential usually less than 1 gpm, of temperature less @il K, and of relative humidity less than
2 %. In the stratosphere, the modifications to the handlinth@ftop of the atmosphere in RTTOV-10
lead to changes in the mean analysis as shown earlier ibFig.

3.3 Forecast impact

The forecast impact of RTTOV-10 with FASTEM-4 is overall traliwhen verified against analyses or
observations (e.g., Figurgd and20). This is consistent with the small changes in the depastiatistics
after bias corrections for radiances and other obsenspointed out earlier.

An apparent degradation is notable in the short-range dré@rSouth for the lower troposphere for
both seasons (e.g., Fig@0). This feature is present for all variables and particylarbticeable for

humidity. The feature is a result of the implicit reductiohtloe observation error for the microwave
imagers mentioned earlier, leading to an increase in wéigtihis data in the analysis, especially in the
high wind-speed regions of the Southern Hemisphere staokd. This results in increased variability
of the analyses, appearing as increased root mean square @MSE) of the short-range forecasts in
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RMS forecast errors in Z(fi52-fhqv), 5-Jul-2010 to 12-Sep-2010, from 62 to 70 samples.

Point confidence 99.5% to give multiple-comparison adjusted confidence 90%. Verified against own-analysis.
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Figure 20: Zonal means of the normalised difference in the rmean squared forecast error of the geopotential
between the FASTEM-4 experiment and the Control for théSeptember experiment. Positive values indicate an
increase in the RMSE, and hence a degradation from using RAIOwith FASTEM-4. Verification is against the
own analysis, and hatching indicates regions of statidifcsignificant changes. The nine panels show results for
different forecast lead times, as indicated above eachlpane
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Figure 21: a) Normalised difference in the root mean squarerd RMSE) of the 500 hPa geopotential between the
FASTEM-4 and the Control experiment for the Northern Hetrésp as verified against radiosonde observations.
Results for both periods are pooled together (127 casesrbars indicate 95% confidence intervals. b) As a),
but for the Southern Hemisphere. c) As a), but for Europe. sda)A but for the 850 hPa wind forecast over the
tropics.

verifications against the own analysis. The feature is nob@mpanied with a significant degradation of
the FG-fit to other observations, and also does not lead ta@edse in the RMSE for longer forecast
ranges, so the feature is not considered problematic. Mmless, an additional experiment has been run
for the July/September period in which the parameters obtservation error model for the microwave
imagers were adjusted in order to counteract the observatimr reduction otherwise present in the
FASTEM-4 experiment. With the adjusted parameters thedhapparent degradation is substantially
reduced, whereas the forecast impact remains otherwigeh@ot shown).

4 Conclusions

This memorandum documents the effects of using RTTOV-108ar8BCMWF system. The main changes
are a modification to the handling of the top of the atmospheRI TOV-10, and the use of FASTEM-4
as emissivity model. The main findings are:

e FASTEM-4 significantly alters the bias characteristicsnsage departure statistics for surface-
sensitive microwave sensors over sea, especially for thgeémchannels. For some sensors this
means smaller bias corrections are required, whereasHersothe absolute value of the bias cor-
rections increase for some channels. Over all sensorsdayes, it appears that FASTEM-4 brings
mean biases to within inter-satellite biases for the serfsnsitive microwave channels consid-
ered in this study. Exceptions are the 22/24 and 50.4 GHicadiyt polarised observations for
which FASTEM-4 still appears to significantly underesti#tie surface emissivity. As a result,
the benefits of FASTEM-4 for AMSU-A simulations over FASTEB/&re less clear.
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e FASTEM-4 shows very different bias characteristics as &tfon of 10m wind speed compared
to FASTEM-2 or FASTEM-3. The different characteristics appoverall to be an improvement
when compared to radiance observations, even though foe stvannels the 10m wind speed
dependence may be overestimated.

e The larger bias changes for high surface wind speeds leaditeeeased number of tropospheric
AMSU-A observations allowed in the analysis in these regjias a result of quality control prac-
tices used at ECMWF.

e The change in the relative biases for the 37 GHz channelseofiticrowave imagers leads to
a reduction of the observation errors for these obserwtian artifact of the observation error
model used for these observations. The effect is largesgiions of high 10m wind speeds, as the
relative bias differences are largest here.

e The modifications introduced for the treatment of the topheFatmosphere with RTTOV-10 lead
to minor changes to the departure characteristics of clamith some sensitivity to the top of the
atmospheric model. Nevertheless, changes are noticeatlle mean temperature analyses above
1 hPa.

Given the overall improvement in terms of the bias char&sttes for the microwave imager channels
and the otherwise neutral performance, RTTOV-10 with FABF£Ehas been included in cycle 37r3 of
the IFS configuration.

Subsequent to the official release of RTTOV-10, revisionsAS TEM-4 have been developed by Q. Liu
and others, and an updated version, to be referred to as RMSSTES now being investigated. The
developments have been prompted by the somewhat disajpgonerformance of FASTEM-4 for some
of the AMSU-A channels, and by indications that the changdéénwind speed-dependence of the bias
characteristics is too large. The presented evaluationhaile to be repeated with this new version. It
is expected that the variational bias corrections will ddecable to neutralise the undoubtedly changed
bias characteristics.
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