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1 Executive summary

Clear-sky ATOVS observations from AMSU-A, ASMU-B/MHS andR$§ are assimilated directly as radiances
in the ECMWF assimilation system, and have a significant thpa temperature, wind and humidity. Here

we report on research towards improving further the asatioil of ATOVS data at different stages of their

usage in the ECMWEF 4D-Var system: the data coverage, theaan of systematic errors in the observations
relative to the forecast model, and of errors in the obsEmwvatperator (i.e. the mapping of the forecast model
state to the observations).

In the first part of the report we evaluate the impact of ATO\&Badon the performance of global numerical
weather prediction (NWP) through observing system expamis This work aims to provide some references
for planning future observing systems that involve ATOW& linstruments, according to the CGMS’ objec-
tives (WMO 2011) to harmonise meteorological satellitesiois parameters such as orbits. A large number of
ATOVS instruments are currently assimilated into the ECM¥YBtem and contribute substantially to the cor-
rect assessment of the atmosphere. Future changes in thteltation of ATOVS (or equivalent) instruments
might affect the skill of NWP forecasts. Here we report on ith@act of ATOVS data from three evenly-
spaced orbits (MetOp-A, NOAA-18 and NOAA-15) versus a lgstsneal coverage (MetOp-A, NOAA-18 and
NOAA-19), and from more than three satellites. The main figdiof the observing system experiments are
the following:

e ATOVS microwave sounder data from three satellites progjdi greater temporal sampling (i.e. MetOp-
A, NOAA-18 and NOAA-15) have a slightly larger positive fagesst impact in the Southern Hemisphere
than data from three satellites having a less optimal cgeefiee. MetOp-A, NOAA-18 and NOAA-19);

e Departures of MetOp-A AMSU-A observations from the NWP magitimates of the atmospheric state
show some benefits from assimilating observations from N&&Aather than NOAA-19 in addition to
the a.m. and p.m. satellites (MetOp-A and NOAA-18), praviga further indication of an improved
short-term forecast in the constellation of more evenlgegygl orbits;

e The assimilations of AMSU-A observations from a thrird #atehas a positive forecast impact in the
Southern Hemisphere in comparison to the use of just two AMSIdstruments, and there is a clear
advantage in assimilating all available ATOVS data. Thietathows that the benefit of ATOVS data is
not saturated yet with a three-satellite configuration.

The above results are obtained examining the impact of AT@st& on global NWP. While the benefit of
evenly-spaced orbits appears relatively small in a glopstiesn, it is expected to be stronger in limited area
systems where the coverage plays a more crucial role.

Due to the global coverage of satellite observations, syaties errors in radiance observations assimilated into
NWP systems can quickly damage the quality of the analysigl@forecast. In the second part of the report
we review the bias correction of AMSU-A high stratospheffi@ignels motivated by the interaction between
forecast model errors and the bias correction scheme, VEIRE 2004), currently used at ECMWF. VarBC
adaptively corrects radiance biases for errors relatitbeédorecast model: the correction terms are estimated
together with the optimal state of the atmosphere during/éiational analysis. In such a scheme systematic
model errors can erroneously be attributed to observatias. PAMSU-A high stratospheric channels peak
where the forecast model error is particularly significard they are therefore prone to be corrected for model
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error. To counteract this effect, the highest-peaking AM&IChannel (channel 14) is currently assimilated
without being bias corrected (McNally 2007).

We review the bias correction of both channel 12 and chanhetespectively peaking around 10 hPa and 2
hPa: we consider the assimilation of channel 12 and 14 usctea or corrected only for scan bias and for a
flat global bias. The assimilation experiments show that:

e Assimilating channel 12 and 14 with zero bias correctioniced significantly the bias in the temperature
analysis in the upper part of the atmosphere, but has algligbgative forecast impact in the troposphere
in the winter Pole. This suggest that there are biases asedcwith these channels that need to be
corrected prior to the assimilation;

¢ Inter-satellite biases can be aliased into an erroneoustsaa correction when correcting AMSU-A
channel 12 and channel 14 only for scan bias;

e Assimilating channel 12 and 14 with both an offset and a s@dorrection (with one of the AMSU-A
instrument having channel 12 and 14 corrected only for séas) lbeduces the bias in the temperature
analysis in the upper part of the atmosphere, improves tleedst in the winter Pole compared to the
assimilation of these channels with zero bias correctiahirfossome cases has a slightly negative forecast
impact compared to the operation configuration. The ofisehtallows for inter-satellite biases to be
adequately corrected.

Since the results of the reviewed bias correction are mixetpared to the operation configuration, we do not
suggest an operational change to the current correctiot8W-A channel 12 and 14.

VarBC corrects on-line also for biases resulting from exriorthe observation operator. In the third part of
the report we tackle off-line specifically errors in the &dtlie transfer modelling which, together with spatial
interpolation, constitutes the observation operator &elite radiances. The radiative transfer model plays a
crucial role in radiance assimilation as it is used in thanestion of the optimal state of the atmosphere to fit
the analysis to the measured radiances. The radiativef@raaissorption coefficients for AMSU-A channels 5
to 8 on NOAA-15, NOAA-18 and AQUA are currently scaled at ECHWY a factor, termed, of the order

of a few percentages, while the radiative transfer calmratfor the same instrument on NOAA-18 and on
METOP-A do not have such a correction factor applied. Heraineto harmonise the treatment of radiance
data over the different platforms. We have estimated theevaf an absorption coefficient correctigrior all

the AMSU-A instruments currently assimilated, followirgetwork of Watts and McNally (2004). The new or
updated values of were tested in the ECMWF system, with the following results:

e Scaling the absorption coefficient by a factor smaller th&b teduces significantly the air-mass depen-
dent component of the bias in AMSU-A channel 5 to 8 first guesmdures;

e VarBC is however able to compensate for the absence of theeatwsrection and efficiently correct the
air-mass dependent component of the bias in the variataraysis;

e The forecast impact of the experiments with or without @rrection for all the AMSU-A instruments
is comparable. This result is coherent with the small diifees in departure statistics of the first-guess
and analysis in the two experiments after the bias cornectio

We plan to harmonise in operations the use ofiterrection over the different platforms when new absorptio
coefficients will be calculated after the introduction of FOV-10.

2 Research Report No. 22



ATOVS radiances at ECMWF: first year report CECMWF

The structure of the report is as follows. First we preseatXhOVS observing system experiments and discuss
the forecast impact of different orbit constellations. Wert review the bias correction of high-peaking AMSU-
A channels, subsequently estimate theorrection for the simulation of AMSU-A radiances and pdmvthe
results of our assimilation experiments followed by somalfiemarks.

2 Observing system experiments on orbit constellations

2.1 Assimilation experiment setup

In this section we investigate the use of AMSU-A and AMSU-BIBIfrom existing polar-orbiting satellites

to evaluate the benefit for NWP of having microwave soundiaig drom three evenly-spaced orbits and from
more than three satellites. At the time of writing, there segen polar-orbiting satellites currently present
in the ECMWEF system carrying at least some of the ATOVS imstemts: the NOAA series, NASA's Aqua
satellite and the European MetOp-A satellite. Tablghows their orbit equatorial crossing times. We have
run a set of experiments where ATOVS Microwave (MW) SoundaMSU-A and AMSU-B/MHS) data from
already-deployed instruments were added or denied as sindvable2. Only AMSU-A has been tested as an
additional instrument in the “three-satellite expering&nas there are not three satellites in the desired orbits
carrying all functioning ATOVS instruments. AMSU-A has Ineghown to be the instrument with the largest
forecast impact (Cardinali 2009).

In the “two-satellite experiment” AMSU-A and AMSU-B/MHSdm just two satellites were assimilated in
the system, namely MetOp-A and NOAA-18, respectively amgiin the morning (a.m.) and afternoon (p.m.)
orbit. The “NOAA-15 experiment” included AMSU-A data froormadditional third satellite NOAA-15 in an
orbit that is near-optimal to provide additional coveragdtetOp-A and NOAA-18. In contrast, the "NOAA-
19 experiment” considered as an additional third sateNi@AA-19 flying close to NOAA-18’s orbit. Fidl
shows a sample coverage for used AMSU-A data in the “twdigatexperiment”, the “NOAA-15 experi-
ment”, and the “NOAA-19 experiment”. Due to thinning, a gexranumber (circa 6%) of NOAA-18 AMSU-A
observations were used in the “NOAA-15 experiment” tharha‘tNOAA-19 experiment”, while the number
of used AMSU-A observations from other platforms was corapkr between the two experiments. The impact
on global NWP of a third satellite additional to the a.m. and porbiting satellites is the central focus of these
experiments. While the “NOAA-15 experiment” ensures adyetmpling of the atmosphere compared to the
“NOAA-19 experiment”, the constellation in the “NOAA-19 pariment” may provide a better coverage of
short-term dynamic events. In order to see a greater impabeATOVS data on the system, we have run the
same set of experiments also in the case in which the advaocedlier instruments IASI and AIRS are denied.

Table 1: ATOVS satellite equatorial crossing times in AR&D9

Satellite \ Local time of the ascending node

NOAA-15 16:50
NOAA-16 17:31
NOAA-17 21:34
NOAA-18 13:41
NOAA-19 13:58
Aqua 13:37
MetOp-A 9:30
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Figure 1: Sample coverage from the 6-hour period around 1612009 0Z for the “two-satellite experiment” (top), the
“NOAA-15 experiment” (middle), and the “NOAA-19 experintigiibottom).
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Table 2: ATOVS MW sounders sensors available to the expetsme

Experiment name andid | Satellite | MW sounders

"no-MW sounder experiment’
fohv
"two-satellite experiment” | NOAA-18 AMSU-A MHS
fbio MetOp-A AMSU-A MHS
"NOAA-15 experiment” NOAA-15 AMSU-A
fbis NOAA-18 AMSU-A MHS
MetOp-A AMSU-A MHS
"NOAA-19 experiment” NOAA-18 AMSU-A MHS
fbit NOAA-19 AMSU-A
MetOp-A AMSU-A MHS
"all-satellite experiment” | NOAA-15 AMSU-A
fbiu NOAA-16 AMSU-A (till 22June09)
NOAA-17 AMSU-B
NOAA-18 AMSU-A MHS
NOAA-19 AMSU-A MHS
Aqua AMSU-A
MetOp-A AMSU-A MHS

The ECMWEF 4D-Var assimilation system used for the experimevas Cy36rl at a T511 resolution, with
analysis increments at a T159 resolution. Experiments wardrom 14 April 2009 to 4 August 2009. The
dates were chosen taking into account both new satellitectas and instrument failures involving ATOVS
instruments. The experimental system was identical to freFational system except for the thinning. Half
thinning of AMSU-A data has been applied compared to theaijmral system, following recent experiments
that show forecast improvements from using AMSU-A more dgngBormann 2010). Additional experi-
ments have been run where AMSU-A data were used even morelgens-thinning was applied and an extra
measurement was assimilated at each edge of the instrucsmtisat otherwise gets excluded in the opera-
tional system. Furthermore for a fair comparison betweerno “three-satellite experiments”, channel 6, 11
and 14 of AMSU-A on NOAA-19 were not assimilated in the “NOA®-experiment” as these channels are
malfunctioning in AMSU-A on the NOAA-15 satellite.

2.2 Results
2.2.1 Departure statistics of the first guess and analysis

A first way to assess the experiments is to measure the impaoe AMSU-A and AMSU-B/MHS data on
the quality of the analysis and of the first guess. This is dpnstudying the fit to conventional observations
like radiosonde and aircraft temperature and humidity mnessents. Departure statistics (biases or mean de-
partures and standard deviations) for the radiosonde accfiitemperature and humidity measurements are
computed over the period 20 April 2009 to 4 August 2009 forNloethern Hemisphere (extra Tropics), Trop-
ics, and Southern Hemisphere (extra Tropics). Both backgtdfirst guess) departure statistics and analysis
departure statistics are calculated after the bias cavreof satellite radiances.

When comparing the “NOAA-15 experiment” and the “NOAA-1%eximent”, there are no relevant differ-
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ences in the departure statistics of the radiosonde temapesan favour of one experiment or the other, and
the differences are marginal also for the aircraft tempeeat and for radiosonde humidity observations (not
shown). Both NOAA-15 (fhis) and NOAA-19 (fhit) bring some athimprovement to the fit to temperature
observations (especially between 100 hPa and 20 hPa antheigxception of the upper stratosphere, see Fig
2), as well as to the fit to AMSU-A data already present in theéesys(onboard of NOAA-18 and MetOp-A)
compared to the assimilation of data from just two satsllifBhe latter improvement is slightly greater in the
“NOAA-15 experiment” than in the “NOAA-19 experiment” (sé&g 3).

As expected, a major improvement of the fit to temperaturehamaidity observations results from assimilating
the data from two satellites (fbio) compared to no AMSU-A &MSU-B/MHS being assimilated (fbhv), e.g.
see Fig4. In comparison, the assimilation of observations from adiitamhal third satellite (fbis or fbit) can
only provide smaller reductions of the biases or standavéhtien. The improvements in the standard deviation
of the first guess departures in Figespecially in the Southern Hemisphere and in the tropitatasphere)
though small suggest a better quality of the temperaturedirsss in the data assimilation procedure. The
strong biases present in the stratosphere are due to NWH biages in this region of the atmosphere. In the
ECMWEF system these are compensated for by assimilating AMSHannel 14 without a bias correction so
as to anchor the stratospheric analysis (Dee 2004). Notéih Blso how wind information can be gained
through the assimilation of ATOVS MW sounders data in 4DVar.

The above considerations on the departure statistics Adeivdooth cases when the advanced sounder instru-
ments are denied and added.

2.2.2 Forecast impact

The experiments’ impact on the forecast is studied for déffie variables, regions and forecast ranges. Forecast
results are computed for 107 days of assimilation experisn@ver the period 20 April 2009 to 4 August 2009.
When averaged over the extra-Tropics the impact for the&mteof the geopotential of “NOAA-15 experiment”
versus “NOAA-19 experiment” is neutral to slightly poséiysee Fig).

For the forecast of the temperature the impact of the “NO&AAekperiment” (fhis) versus “NOAA-19 ex-
periment” (fbit) is also quite neutral, with a slightly pteée impact in the Southern Hemisphere that appears
statistically significant at the 95% level about the 5 dagfaist at 1000 hPa and 850 hPa (seefligvhile for

the forecast of the relative humidity the impact of the sampeaments is neutral or slightly not uniform (not
shown).

Both the assimilations of NOAA-15 and NOAA-19 data have adiepositive forecast impact in the Southern
Hemisphere compared to the use of two satellites only (fbibe improvement for the forecast of the geopo-
tential in the troposphere is statistically significantreg 5% level typically up to 60 hours for the “NOAA-15
experiment” (see Fi@). A mostly neutral impact is found in the Northern HemisgheBimilar results are
obtained also in the forecast of the temperature, the windstee humidity.

Despite the assimilation of AMSU-A and AMSU-B/MHS data fréwo satellites having a very strong positive
impact on the forecast, the presence in the system of allistdfbiu) has, as expected, an even more positive
impact especially in the Southern Hemisphere (se®¥ag the forecast of the geopotential in the “two-satellite
experiment” (fbio) and the “all-satellite experiment” ifip, with an improvement statistically significant at the
95% level in the Southern Hemisphere). This provides a we@gs confirmation of the benefit of having
ATOVS data from seven satellites assimilated at the monmetits ECMWF system. It also suggests that the
benefit of ATOVS-like data is not saturated yet with a thratekite configuration.

The above results refer to the case in which the advancedispunmstruments IASI| and AIRS are added into the
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Figure 2: Radiosonde temperature departure statisticsifer’NOAA-15 experiment” (fbis) (black) and the "two-sditd
experiment” (fbio) (red) for the Northern Hemisphere (topjopics (centre) and Southern Hemisphere (bottom). Data
counts are printed along the vertical axes in the centre.
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Figure 3: MetOp-A brightness temperature departure statisfor the "NOAA-15 experiment” (fbis) (black) and the
"NOAA-19 experiment” (fhit) (red) for the Northern Hemisgie (top), Tropics (centre) and Southern Hemisphere (bot-
tom). Data counts show a small reduction in the number of ased in the extra-tropics; this is due to the combined
thinning of all AMSU-A instruments over the polar regions.
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Figure 4: Radiosonde temperature departure statisticgtier‘two-satellite experiment” (fbio) (black) and the “nghwW
sounder experiment” (fbhv) (red) for the Northern Hemigehgop), Tropics (centre) and Southern Hemisphere (bgttom
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Figure 5: Radiosonde wind departure statistics for the “taatellite experiment” (fbio) (black) and the “no-MW soterd
experiment” (fbhv) (red) for the Northern Hemisphere (toffppics (centre) and Southern Hemisphere (bottom).
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Figure 6: Normalised differences in the root mean squareeldast error between the “NOAA-15 experiment” (fbis) and
the “NOAA-19 experiment” (fhit) for the 0Z forecast of theddtPa and 200 hPa geopotential for the Northern Hemisphere

(top) and the Southern Hemisphere (bottom). Verificatiaag@inst the operational analysis. Negative values in@dicat
better performance for the “NOAA-15 experiment”.
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Figure 7: Normalised differences in the root mean squareddast error between the “NOAA-15 experiment” (fhis)
and the “NOAA-19 experiment” (fbit) for the 0Z forecast o&th000 hPa and 850 hPa temperature for the Southern
Hemisphere. Verification is against the operational anialys

system. When IASI and AIRS are denied, the results show iergén stronger positive impact when additional
ATOVS data are assimilated into the NWP system (e.g. se&@jgvhile the results of the comparison between
the “NOAA-15 experiment” and the “NOAA-19 experiment” aretruniformly in favour of one or the other
experiment (not shown).

When comparing the “three-satellite experiments” with“tiae®-satellite experiment” where data are used even
more densely, there is still some advantage in using measumts from three AMSU-A rather than two (e.g.
see Figl1 for the forecast of the 1000 hPa and 850 hPa temperature Bah#nern Hemisphere).

2.2.3 Conclusions

In conclusion, when comparing microwave sounder data fremdifferent sets of three satellites, the con-
stellation of more evenly-spaced orbits (MetOp-A, NOAA&®& NOAA-15) performs slightly better than the
constellation with a less optimal coverage (MetOp-A, NOABand NOAA-19): there is a small improvement
to the fit of radiance observations and a slightly more pasitrecast impact in the Southern Hemisphere. The
assimilation of data from an additional third AMSU-A (in hathe above constellations) has a clear benefit
in the Southern Hemisphere when compared to the assinmilafionly two AMSU-A, flying in the morning
and afternoon orbits. Experiments show however that theftiesf microwave sounder data is not saturated
yet with a three-satellite configuration: the current camfigion of six AMSU-A and four AMSU-B/MHS
instruments outperforms the other constellations whesg densors are being assimilated.
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Figure 8: Normalised differences in the root mean squareeldast error for the 0 Z forecast of the 500 hPa and 200 hPa
geopotential for the Southern Hemisphere between the “N@BAxperiment” (fbis) and the “two-satellite experiment”
(fbio) (top half) and between the “NOAA-19 experiment” {flzind the “two-satellite experiment” (fbio) (bottom half)
Verification is against the operational analysis.
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20-Apr-2009 to 4-Aug—-2009 from 99 to 107 samples. Confidence range 90%. Verified against own—analysis.
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Figure 9: Normalised differences in the root mean squareddast error between the “two-satellite experiment” (fpio
and the “no-MWsounder experiment” (fbhv) (black), betwden“NOAA-15 experiment” (fbis) and the “no-MWsounder
experiment” (fbhv) (red), and between the “all-satelliteperiment” (fbiu) and the “no-MWsounder experiment”(fihv
(green) for the 0Z forecast of the 200 hPa, 500 hPa, 700 hPal®)@d hPa geopotential. Verification is against the
experiment own-analysis.
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Figure 10: Same as Fi§ but when IASI and AIRS are denied: normalised differencéisamoot mean squared forecast
error for the 0Z forecast of the 500 hPa and 200 hPa geopaéfar the Southern Hemisphere between the “NOAA-15
experiment” (fbga) and the “two-satellite experiment” {®) (top half) and between the “NOAA-19 experiment” (fbgb)
and the “two-satellite experiment” (fbq9) (bottom half)erification is against the operational analysis.
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Figure 11: Normalised differences in the root mean squaczddast error between the “NOAA-15 experiment” (fbis)
and the “two-satellite experiment” where data are used mieasely (feiu) for the 0Z forecast of the 1000 hPa and 850
hPa temperature for the Southern Hemisphere. Verificas@yainst the operational analysis.

3 Bias correction of AMSU-A high stratospheric channels

3.1 Assimilation experiment setup

In this section we review the bias correction of AMSU-A highatospheric channels 12 and 14 in an attempt
to avoid correcting these observations towards a biaseceindthese channels peak in a region where the
forecast model error is particularly significant and theg tirerefore prone to be erroneously corrected for
model error by the variational bias correction (VarBC) soke The recent change at ECMWEF to high spatial
model resolution has amplified the issue: radiosondes trsfamwv resolution-dependent temperature biases in
the stratosphere (see FIg). These biases occur even though channel 14 of AMSU-A (pgadki 2 hPa) is
assimilated without a bias correction to “anchor” the stspheric analysis. In the following, we investigate a
revision of this anchoring and an extension of the concephémnel 12 (peaking at 10 hPa).

AMSU-A channel 12 is currently corrected in operations faj@bal offset bias, a bias that varies depending
on the location or air-mass, and a bias that varies deperuirige instrument scan position. The correction is
performed by estimating in the variational analysis eigirameterd; of a linear bias model, for the following
bias correction:

BC = i bipi, (1)

where the predictorp; include, beside the constant 1 (offset correction), fumstiof the state of the atmosphere
(air-mass bias correction) and functions of the instrunseah angle (scan bias correction).

We have run a set of experiments where no bias correctionlpraoscan bias correction is applied to AMSU-
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Figure 12: Radiosonde temperature departure statisticafbigh resolution (T1279, "16 Km) experiment (fbs2) (bjack
and a low resolution (T255, "80 Km) experiment (fbir) (real) the Northern Hemisphere.

A channel 12 and channel 14 (respectively called hereaftesBC experiment” and “scan-BC experiment”).
The scan bias correction is polynomial in the scan angle atid wo constant term. Channel 12 has been
chosen versus channel 13 because its weighting functiora lsasaller overlap with the one of channel 14.
Assimilating uncorrected channel 13 observations (amfthtily to channel 14) can cause oscillation problems
in the temperature field as the significant overlap betweenwilo channels and residual inter-channel biases
can lead to erroneous increments in the analysis (McNally2personal communication).

We have also tested the case in which an offset correctigppiéeal additionally to the scan bias correction of
channel 12 and channel 14 for all but one AMSU-A, on NOAA-1@ (efer to this experiment as the “NOAA-
19 anchoring experiment”). The aim of the latter experimertb allow VarBC to correct for inter-satellite
biases. The observations that are corrected only for s@sfday the role of an 'anchor’ for all the other
observations. As stated earlier, in the current operdtiegtap (“ctl experiment”) channel 12 is corrected with
the eight predictors in equation 1, and channel 14 is assigdiluncorrected. The ECMWF 4D-Var assimilation
system used for the experiments was Cy36r3 at a T511 rezoluiihe experiments are described in Tahle
They were run in two different seasons: the period from 29 2009 to 31 October 2009 ('summer’), and from
6 December 2009 to 31 March 2010 (‘'winter’). The first few dafthe experiments were discarded to allow
the spin-up of the VarBC predictor parameters.

3.2 Results
3.2.1 Departure statistics of the first guess and analysis

Departure statistics for the observing system are compatedthe two seasons (from 1 August 2009 to 31
October 2009, and from 1 January 2010 to 31 March 2010): medrstandard deviation of the differences
between observations and NWP first guess are computed ladtdnids correction of satellite radiances. The
assimilation of uncorrected AMSU-A channel 12 and chandehtliances in the “no-BC experiment” improves
to a great extent the fit of the NWP first guess (or backgroumt@rnperature observations in the stratosphere
(see Figl3for the fit to radiosonde temperatures in the Northern Heha@gg). The improvement in the bias of
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Figure 13: Radiosonde temperature departure statisticdtfe “no-BC experiment” (fdx1) (black) and the “ctl experi-
ment” (fdwz) (red) for the Northern Hemisphere.

the first guess departures occurs in both seasons and isenpiedso in the GPS radio occultation measurements
(not shown).

Climatology data suggest that also the analysis in the ugtpgiosphere and mesosphere is changed in the right
direction. Close to the top of the model, where no conveatiobservations are available, the temperature field
for the same experiment is in good agreement with data frenS#ARC climatology (WCRP 2011) (see Fig
14). The mean temperature differences between the “no-BCriempet” and the “ctl experiment” are either
small or they bring the “no-BC experiment” closer to the dimlogical data than the “ctl experiment”.

The bias correction of the other high-peaking AMSU-A chasiiereduced by a large amount by the 'anchor-
ing’ provided by channel 12 and 14. The mean bias correctichannel 13 and channel 11 is reduced by a few
tenths of Kelvin in the “no-BC experiment” compared to thd &xperiment”, and also the corrections of the
tropospheric channels down to channel 8 are marginallgi@ifie(see how in Fig5the mean bias correction in
the “no-BC experiment” (pink line) compares to the mean l@section in the “ctl experiment” (green line)
for channels 8 to 13). This reduction in the bias correctioggests that the analysis is in better agreement with

Table 3: Experiment description

Experiment name | Experiment id in summer (winter) Type of bias correction
for AMSU-A ch12 and 14
“no-BC experiment” fdx1 (fdto) zero bias correction
“scanBC experiment” fdxO (fdtk) scan bias correction
“NOAA-19 anchoring ffm2 (ffly) scan bias correction on NOAA-19,
experiment” scan bias and offset correction
on other satellites
“ctl experiment” fdwz (fe3k) full bias correction for ch 12,
zero bias correction for ch 14
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Figure 14: Zonal mean temperature analysis differencewéen the “no-BC experiment” (fdx1) and the “ctl experiment”
(fdwz) (left) and between the “ctl experiment” (fdwz) and timate temperature (right).
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Figure 15: MetOp-A brightness temperature departure stats and bias correction for the “no-BC experiment” (fdx1)
(black and pink) and the “ctl experiment” (fdwz) (red and grg for the Southern Hemisphere.

AMSUA observations before bias correction when channelnt?1a are assimilated uncorrected.

Departure statistics for the “scan-BC experiment” and lier tNOAA-19 anchoring experiment” show also an
improved first-guess of observations such as radiosond&&&iradio occultation measurements, as well as a
reduction in the mean bias correction of stratospheric mhlarbelow channel 14.

Departure statistics as function of the instrument fieldietwshow that in the “scan-BC experiment” VarBC
does not correct adequately the scan bias of AMSU-A chanelnt 14 on-board NOAA-18 (see Fid
top): VarBC estimates the scan bias parameters so that ttey@ to correct also for differences in bias
between different satellites, and AMSU-A on NOAA-18 is thdyopAMSU-A instrument with a warm bias in
the stratosphere (Bormann 2009, Fig 2). Such a correctioorimally performed by the offset term. In the
“NOAA-19 anchoring experiment” VarBC adequately corretis scan biases of AMSU-A on NOAA-18 (Fig
16 bottom) (as it does it for the other satellites) thanks todffget correction applied to most of the channels
12 and 14.

3.2.2 Forecast impact

Forecast results are computed for different variables egidns for 92 and 90 days of assimilation experiments
in the two seasons. The forecast impact of the “no-BC expmnihis positive in the stratosphere in both seasons
(see for example Fid7 for the forecast of the 50 hPa geopotential in the winter Bxpnts). The positive
impact in the stratosphere is due mainly to a reduction ofntiean error than of the standard deviation of
the error (Figl8), consistent with what has been observed in the observdiparture statistics. However,
the impact is neutral to slightly negative in lower regiorighee atmosphere over the winter Pole (see Fg
for the forecast of the 500 hPa geopotential). The deg@uati the tropospheric scores for the winter Pole
can be improved by allowing for some aspects of the bias toobeected. Both the “scan-BC experiment”
and “NOAA-19 anchoring experiment” improve the forecasttad geopotential in the winter Pole compared
to the “no-BC experiment” (see for example how @ compares to Fid.9). It appears that neglecting the
scan-bias when assimilating channel 12 has a detrimerfedtefScan-biases for the stratospheric AMSU-
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Figure 16: NOAA-18 brightness temperature statistics asfion of the field of view for the “scan-BC experiment” (fIx0
(black) and the “no-BC experiment” (fdx1) (red) (top), arat the “NOAA-19 anchoring experiment” (ffm2) (black) and
the “no-BC experiment” (fdx1) (red) (bottom) for the Southélemisphere.
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Figure 17: Normalised differences in the root mean squaceddast error for the 0 Z forecast of the 50 hPa geopoten-
tial between the “no-BC experiment” (fdto) and the “ctl exppeent” (fe3k) in the Northern (left) and Southern(right)
Hemisphere with verification against a set of radiosondesolzgions.
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Figure 18: Mean (left) and standard deviation (right) of teeor for the 0 Z forecast of the 50 hPa geopotential in the
“scan-BC experiment” (fdtk) (red), in the “no-BC experinteffdto) (blue) and in the “ctl experiment” (fe3k) (gray) in
the winter with verification against a set of radiosonde afations.
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Figure 19: Normalised differences in the root mean squaoeeldast error for the 0 Z forecast of the 500 hPa geopotential
between the “no-BC experiment” in the summer (fdx1) (top) amthe winter (fdto) (bottom) and the “ctl experiment”
(fdwz and fe3k) in the Northern Hemisphere (left) and in thetBern Hemisphere (right) with verification against the
experiment own-analysis.
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Figure 20: Normalised differences in the root mean squaoeeldast error for the 0 Z forecast of the 500 hPa geopotential
between the “NOAA-19 anchoring experiment” in the sumnfenZj (top) and in the winter (ffly) (bottom) and the “ctl
experiment” (fdwz and fe3k) in the Northern Hemispherg)(kefid in the Southern Hemisphere (right) with verification
against the experiment own-analysis.
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A channels are primarily due to instrument-related biaaes, if uncorrected lead to erroneous increments.
However the forecast impact of the above two experimentaxsadn the forecast of the low-level geopotential
in the Southern Hemisphere in “NOAA-19 anchoring experithénthe summer, and of the geopotential in
the Northern Hemisphere in the “scan-BC experiment” in tm@hsons shows some slightly negative scores
compared to the “ctl experiment”.

3.2.3 Conclusions

The assimilation of channel 12, together with channel 14h wéro bias correction provides the system with
a better first guess in the upper part of the atmosphere ceahparoperations. When channel 12 is assimi-
lated uncorrected, VarBC has less degrees of freedom tahitorrected observations (and subsequently the
analysis) towards significant model errors in the highet pathe atmosphere. This reduction in bias is re-
tained throughout the forecast. Forecast scores though thiad this change in VarBC predictors has a slightly
negative impact in the troposphere in the winter Pole, amggiesst that there are biases associated with these
channels that need to be corrected prior to the assimilation

The correction of the offset and scan dependent bias of eéhd2rand 14 (with one of the AMSU-A instrument
having channel 12 and 14 corrected only for scan bias) ingzrdive forecast compared to the assimilation of
these channels with zero bias correction, though has in sases a slightly negative impact when compared
to the operation configuration. The channel 12 and 14 cadechly for scan bias 'anchor’ the channels of
the other AMSU-A instruments so that their offset corrattanes not drift the analysis towards the model
error. This 'anchoring’ reduces significantly the systdémdifferences between the analysis and radiosonde
temperatures in the stratosphere compared to operatidresofiset term allows for inter-satellite biases to be
corrected as inter-satellite biases can be aliased intorane®us scan-bias correction when correcting AMSU-
A channel 12 and channel 14 only for scan bias.

4  Absorption coefficient correction in the radiative transfer for AMSU-A

4.1 Correction factor calculation

In this section we deal with systematic errors in the radgatiiansfer simulation of AMSU-A radiances. Watts
and McNally (2004) have shown that biases commonly obsdrgttleen observed and FG-simulated radiances
for some channels can be modelled through a scaling fadimrthe optical depth. We estimate the values of
the correctiony to the the optical deptbr(p) in the AMSU-A channel transmittancg p) from pressure level
p to space, such that

7(p) =e ¥, (2)

The y-correction provides a more physically-based approach YfaBC to correcting some commonly ob-
served air-mass dependent biases. JHoerrection accounts for constant errors in the opticatideplcula-
tions, that is errors in the absorption coefficient due f@megle to inaccurate channel response function or line
strength. Calibration errors or variable errors in the as=ligas concentrations have to be corrected differently.

Let us suppose that AMSU-A radiance systematic errors candaielled by a global constant offs&éplus the
bias due to an incorrect absorption coefficient in the ragiatansfer as follows:

meanObs— FG| = 6 + mearnFG, — FG], (3)

whereQObsis the radiance measuremeRtG is the corresponding model first guess (the simulated radian
from the model state: G used without subscript implies that pecorrection is applied in the radiative transfer,
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l.e. y = 1), andy is the absorption coefficient correction used in the catmreof FG,. The constant offset in
this case corrects for global average values of all biaseattrdutable to an absorption coefficient error. Then,
under a linear assumption fer(see Watts and McNally 2004), equation 3 can be written as

meanObs— FG| = 6 + B(y)mearnF G, — FG], 4)

wherey* is a given fixed value anfl is a linear function ofy.

We have run experiments, both in the summer and winter seagtim a 5% increment in the absorption
coefficient {* = 1.05) of the AMSU-A channels in order to calculafes,-. We have used an equivalent
increment for the sensors which had already a corregg@pplied, so that equation 4 becomes:

meanObs— FGy| = 6+ B(y)meanF Gy, o5 — FGy]. (5)

The experiments were run in a 'monitoring mode’ (i.e. withthe assimilation of the observations) with the
short-term forecast taken from a control experiment: trg-fuesd=G,- (or FGy, o5) andFG in equation 4
(or 5) were calculated from the same short-term forecaspewtively with and without the 5% increment in the
absorption coefficient. The control experiment used theesaoworrections as in operationg:# 1 for NOAA-
15, NOAA-18, Aqua, and/ = 1 for NOAA-19 and MetOp-A. The ECMWF 4D-Var assimilation % used
for the experiments was Cy36r3 at a T255 resolution and wetision 9 of the fast radiative transfer model
RTTOV (Saunders et al. 1999).

We have estimate3 (and hence a new value @j from equation 4 (and 5) for all AMSU-A channels. The
updated values of are in Tabled, together with the values used currently in operations tierttopospheric
channels 5 to 8. For the higher peaking channels/tberrection model performs poorly in correcting air-mass
biases due to larger model biases in the higher part of thesgthere, as also stated in Watts and McNally
(2004).

The new values off compare well with the old ones for the AMSU-A sensors that ala€lady a correction
applied (NOAA-15, NOAA-18 and Agua), suggesting that they modelling radiative transfer errors rather
than model errors (as the forecast model went through nureerbanges since the previoysalculations

in 2004). Only channel 5 shows slightly bigger differencesadistently for the three above sensors. This is
likely due to the recent change in the emissivity calcutai¢Krzeminski 2008) which has modified the bias of
channel 5 since the previoycalculations were performed.

4.2 Assimilation experiment setup

We have tested the updated values of yheorrection (the fourth column of Tab® in the ECMWF 4D-Var
assimilation system. We have run an experiment (“gammaregwpat”) with ay correction for all AMSU-A
tropospheric channels 5 to 8: updated values were useddasdtellites that had already a correction. The
current setting for VarBC were left unchanged. Additiopalle have run an experiment with ryecorrection
(“no-gamma experiment”) for any AMSU-A instruments. Theremt operational setup (“ctl experiment”) is a
mixture of the two above experiments withyaorrection applied only to some of the satellites. The ECMWF
4D-Var assimilation system used for the experiments was6€3yat a T255 resolution, and experiments were
run from 20 July 2009 to 31 October 2009. A description of tire¢ experiments is in Tabke
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Table 4: Values of used in operations and new estimates

Satellite | Channel| Operationaly | Newy

NOAA-15| 5 1.0500 | 1.0419
6 1.0500 NA
7 1.0339 | 1.0321
8 1.0400 | 1.0386
NOAA-18 | 5 1.0420 | 1.0344
6 1.0180 | 1.0204
7 1.0390 | 1.0370
8 1.0350 | 1.0414
NOAA-19 | 5 1.0000 | 1.0348
6 1.0000 | 1.0199
7 1.0000 | 1.0309
8 1.0000 | 1.0430
Aqua 5 1.0500 | 1.0305
6 1.0390 | 1.0297
7 1.0450 NA
8 1.0460 | 1.0438
MetOp-A 5 1.0000 | 1.0322
6 1.0000 | 1.0165
7 1.0000 NA
8 1.0000 | 1.0436

Table 5: Experiment description

Experiment name \ Experiment id\ y-correction for AMSU-Ach 510 8

“gamma experiment” fgkh newy = 1 for all AMSU-A
“no-gamma experiment’ ffv3 y =1 for all AMSU-A
“ctl experiment” ffwz old y # 1 for NOAA-15, NOAA-18, Aqua,
y =1 for NOAA-19, MetOp-A
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4.3 Results
4.3.1 Departure statistics of the first guess and analysis

Mean and standard deviation of the FG-departures (i.e.iffegahces between the observations and the model
first guess) are computed for the observing system over thiedpg August 2009 to 31 October 2009. Cor-
recting the absorption coefficient errors removes to a greint the air-mass dependent biases for AMSU-A
channels 5 to 8. As an example we show in Eighe mean first guess departures before (VarBC) bias correc-
tion of AMSU-A channels 5 and 8 on NOAA-19, in the “gamma expent” (where ay-correction equal to
1.035 and 1.043 is used respectively for channel 5 and 8)ratiei“ctl experiment” (where ng-correction is
applied to AMSU-A on this satellite). In the “gamma experitidocation-dependent biases are significantly
removed and channel 5 to 8 radiances are fed into the assomikystem with a much more flat bias. This is a
positive aspect, as it means that VarBC has to do less wortirteat the residual biases. Note that in the case
of channel 5 the/-correction produces different biases over land and seleiritst guess departures before
the VarBC bias correction is applied. This is likely a resafldifferent methods being used to estimate the
surface emissivity over land and sea, leading to differéadds in the emissivity. For this reason VarBC uses
different scan bias predictors over land and over sea fatghection of channel 5 which is the lowest-peaking
among the assimilated AMSU-A observations. Withoyteorrection the air-mass dependent bias appear to
compensate for the difference in bias over different sedac

Departure statistics after the VarBC bias correction shuat VarBC is able to correct well for the air-mass
dependent component of the bias and compensate for thetomnef the absorption coefficient performed by

y for the channels that do not havg-aorrection applied. Fig2shows the mean first guess departures after bias
correction for the same channels and experiments oREigrhe mean first-guess departures are comparable
with or without ay-correction, with the exception of channel 5 where yheorrection produces slightly higher
biases over land. For this reason, we are currently invag#tig further they-correction of channel 5 and the
impact that the higher biases and standard deviations amdriave on the forecast.

The fit to other observations like radiosonde temperatudeGPS radio occultation measurements suggest that
the y-correction produces a better first-guess in the highergiahie atmosphere. Fig3 shows for example
the improvement in the stratospheric bias of the first-gaesisanalysis for the “gamma experiment” versus the
“no-gamma experiment”. The improvement is less obviousmthe “gamma experiment” is compared to the
“ctl experiment” as there three out of five AMSU-A havg-aorrection applied in both experiments.

4.3.2 Forecast impact

The impact of the/ correction on the forecast is studied for different vagaldnd regions. Forecast results are
computed for 92 days of assimilation experiments. The fstitnpact of the “gamma experiment” versus the
“no-gamma experiment” is not uniformally in favour of onetbe other experiment (see for example Big

for the forecast of the geopotential). This result is cohevéth the small differences in departure statistics of
the first guess and analysis after the bias correction. Asslearlier, the VarBC air-mass predictors are able
to correct location-dependent biases as efficiently asftHae y-correction.

4.3.3 Conclusions

We have calculated a correction for the absorption coeffiad AMSU-A channels 5 to 8 of NOAA-19 and
MetOp-A (and updated the correction factors for the otherSAMA instruments) using a physically-based
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Figure 21: Mean first guess departures for AMSU-A channek®)(bnd channel 8 (right) on NOAA-19 before bias
correction for the “ctl experiment” (ffwz) (top) and for tHgamma experiment” (fgkh) (bottom). Note that in the“ctl
experiment” AMSU-A on NOAA-19 has pecorrection applied, while in the “gamma experiment” a cection equal to
1.035 and 1.043 is used respectively for channel 5 and 8.
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Figure 22: Mean first guess departures for AMSU-A channeé§)(Bnd channel 8 (right) on NOAA-19 after bias cor-
rection for the “ctl experiment” (ffwz) (top) and for the“gama experiment” (fgkh) (bottom). Note that in the“ctl exper
ment” AMSU-A on NOAA-19 has necorrection applied.
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Figure 23: Radiosonde temperature departure statisticstfe “gamma experiment” (fgkh) (black) and the “no-gamma
experiment” (ffv3) (red) for the Northern Hemisphere.

model which followed the work of Watts and McNally (2004). skwilation experiments show that the
correction reduces significantly the air-mass dependenpooent of the bias and leaves VarBC with an easier
(more flat) bias to correct. The new values of gamma for charéo 8 do not differ much from the values
computed in 2004, suggesting that the biases they corredikaty due to radiative transfer errors. When no
y-correction is applied, VarBC is however able to correctdhstematic differences between the observations
and the model. Correcting systematic errors off-line pitathe application of VarBC is however preferable as
the y-correction is less likely to correct effects which are ratiative transfer biases.

We are currently investigating further the correction of S8MFA channel 5 because of the higher biases and
standard deviations over land caused by the applyipg@rrection to this surface-sensitive channel.

5 Conclusions

This study investigates three aspects of the use of ATOV&ateECMWEF: (1) the impact of different constel-
lations of MW-sounders, (2) a review of the variational béasrection of stratospheric observations, (3) the
correction of the absorption coefficient in the AMSU-A obsgion operator. The main findings of this work
are explained in the executive summary at the beginningeofaport. Here we briefly summarise them.

We have investigated the use of AMSU-A and AMSU-B/MHS frorstirg polar-orbiting satellites. Observing
system experiments show some benefit from having an evealyesl orbit constellation of AMSU-A sensors
and a clear advantage from assimilating all available AT@éf. These results can provide some references
for planning future orbit constellations that involve ATGMike instruments.

We have reviewed the bias correction of high-peaking AMSldhannels and showed that correcting to a
lesser extent AMSU-A channel 12, additionally to channelrédluces the bias in the temperature analysis in
the upper part of the atmosphere, this reduction in biast@ned throughout the forecast. However, we do

not suggest an operational change to the current correatidiMSU-A channel 12 and 14 as the results of the

forecast impact are, in some cases, slightly negative cradpa operations.
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1-Aug—-2009 to 31-Oct-2009 from 84 to 92 samples. Confidence range 90%. Verified against own-analysis.
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Figure 24: Normalised differences in the root mean squaogeldast error between the “gamma experiment” (fgkh) and
the “no-gamma experiment” (ffv3) for the 0Z forecast of tt@Pa, 500 hPa, 700 hPa and 1000 hPa geopotential.
Verification is against the experiment own-analysis.
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We have calculated a correctigrfor the absorption coefficient of all the AMSU-A instrumemdsharmonise
the treatment of radiance data over the different platforie results of assimilation experiments show that a
y factor smaller than 1.05 reduces significantly air-massdédent biases in channels 5 to 8. We plan to har-
monise in operations the use of tixeorrection over the different platforms when new absorptoefficients
will be calculated after the introduction of RTTOV-10.
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