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The Spectral and Radiometric Specifications of a post-EPS Mi&sion EECMWF

Abstract

This study contributes to the specification of EUMETSAT'sp&PS Microwave Imager and Sounder
missions and makes use of tools developed as part of presimilar studies at ECMWEF, including
1D-Var and information content analyses as well as obsgrsystem experiments. The sensitiv-
ity of analysis and forecast errors to spectral shifts inrovi@ve channels was investigated. The
maximum tolerable drift for temperature sounding chanhak been found to be around 1.5 MHz.
The use of a variational correction scheme significantlyiced the negative impact of larger drifts.
Cross polarisation errors were shown to cause biases iewedr ocean surface wind speed (10%)
and column water vapour (3%). The specification of chanmetbé range 15-22 GHz and 31-37
GHz, given radio frequency protection issues, was invatgid, A framework for the quantitative
analysis of resolution and sampling strategies was deedldpased on linear estimation theory and
using entropy reduction asfigure of merit The capability of digital detectiorspectrally resolved
microwave radiometiyto reproduce conventional analog passbands was invesdigginally data
from F18 SSMIS, the third in a series of five combined imagrmsler instruments, was assessed
through observing system experiments as part of an ongesesament of the potential for combined
imaging and sounding.
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Executive Summary

This report describes the results of a EUMETSAT study ondfieement of the spectral and radiometric
specifications of a post-EPS (nd#PS-Second Generatipmicrowave imaging (MWI) mission. The

study forms part of a larger effort, supported by EUMETSA®@ &E8A, to define options for the post-EPS
microwave sounding (MWS) and imaging missions. The studyedito support phase-0 and phase-A
studies by assessing several potentially important padace characteristics of the MWI mission. The
study made extensive use of tools developed as part of sipriéious studies carried out by ECMWF,

including observing system experiments (OSESs), 1D-Valyara and information content (IC) analyses.

The study was concerned with the following issues:

e The specification of channel passband stabiN§PR000
e The specification of cross polarisation tolerand¢”,E000

e The selection of channels in the 15-22 GHz and 31-37 GHz msgigiven regulations governing
the allocation of bandwidth in this part of the microwavecpsam (WP4100

e The use of digital detectionspectrally resolved radiometnin the 50-60 GHz spectral region
(WP4200

e The development of a scheme for the quantitative evaluatiampling and resolution strategies
for microwave sounders and imageY§R#5000

e The evaluation of data from F18 SSMIS, as part of an ongoisgsasnent of the on-orbit perfor-
mance of combined imager/soundevgR6000

In WP2000 off-line radiative transfer modelling was used to parairetthe effect of channel shift
errors on measured brightness temperatures for both tatoperand moisture sounding channels. For
temperature sounding channels (50-60 GHz) a drift of 10 Midrced errors of 0.2K which is expected
to adversely affect analyses and forecasts. For the wapEuvssounding channels (at 183 GHz) the
equivalent error was 0.003K which is not expected to ad\ieeftect analyses and forecasts.

Observing system experiments were conducted in which torégis temperature errors, resulting from
specified frequency drifts in the range 1.5-20 MHz, were dddemeasurements from a constellation
of three AMSU-A instruments. For shifts of 5 MHz or larger bis&s and forecasts were measurably
degraded, even with the use of variational bias correctfaniational bias correction nonetheless helps to
partly reduce the negative impact of the frequency driftsft®of 1.5 MHz have been found to represent
the upper limit below which the impact of frequency drift r&ims neutral.

Cross polarisation effect¥(P3000 are inevitable when offset parabolic reflectors are degaay mi-
crowave imagers. Such effects can also arise as a resuledfhiern manufacturing defects as well as
the non-optimal alignment of feed horns. Using a 1D-Var feamrk this study has shown that cross
polarisation errors of 2% result in biases in retrievalswface winds (10%), total column water vapour
(3%) and surface skin temperature (0.06K). A 2% cross pa#an error is judged a reasonable estimate
of the magnitude ofincorrectedcross polarisation errors. In practise this can be reduuedigh correc-
tions based on pre-launch measurements. Such measurgozeriesl out to a relative accuracy of 10%,
would reduce residual cross polarisation errors to 0.2%rander the consequent biases insignificant.

An investigation into the potential benefit of additionaladhels in the 15-20 GHz spectral region
(WP4100 showed that the benefit, in terms of reducing analysis grfar water vapour and cloud
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liquid water, drops off monotonically with distance fronettvater vapour absorption centred on 22.235
GHz. At 15 GHz the error reduction is 25% of that obtained framhannel at 22.235 GHz. This part
of the study also showed that for equivalent bandwidths (6{x) a channel at 31.4 GHz (witpri-
mary protectiol provides very similar error reductions as a channel at @2 (sharedallocation). A
channel at 31.4 GHz is therefore recommended in preferenaetannel in the 36-37 GHz region.

The use of digital detection systems for spectrally resbhagliometric measurements in the 50-60 GHz
spectral region were explored WP420Q Specifically, this component of the study examined whether
there was a strong requirement on the shape of the digitadbants. It was shown that numerical apodi-

sation of these sub-bands improves the representatiorcafsgucted analog bands. This improvement
arises through better localisation of the synthesisedogrizdnd and becomes increasingly significant as
the passband width narrows.

In W5000 a model was developed for the evaluation of sampling/réisoliscenarios. The approach
is based on linear estimation theory and uses entropy fieduct quantify the relative merit of various
sampling/resolution configurations. Geophysical fiel@gsgarametrised to capture the spatial variability
of precipitation-likeevents. Initial tests of the scheme show that in the absehspabially correlated
error highly variable fields (such a convective rainfaljydar large beamwidths whereas smooth fields
favour small beamwidths, regardless of sampling.

Finally, in WP6000data from the latest SSMIS sensor, F18, was assessed. dithsistpart of an on-
going evaluation of the benefit of co-located sounding clsaimean imaging instrument. Despite the
improvements in F-18 SSMIS data through improved pre-lawi@racterisation of the reflector emis-
sivity a new type of bias has hampered efforts to perforikeafor-like comparison of the performance
of the SSMIS conical instrument with the established AMSUdréss track instruments. The new bias is
believed to result from radiative forcing of the warm cadition target inadvertantly introduced through
design modifications aimed at mitigating indirect solardsions into the warm target. In observing sys-
tem experiments the F18 data was blacklisted in regionstafidoy this bias (thdescendingiode of each
orbit) which left data of good quality. Impacts in the southbemisphere were small, even compared
to those achieved from a reduced coverage MetOp-A AMSU-Agrent. In the northern hemisphere
the F18 data provided modest positive impact on forecaggspaching that of a full-coverage MetOp-A
experiment.
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1 Aim and context of the study

This document describes a EUMETSAT study on the refinemespeétral and radiometric require-
ments of a post-EPS microwave imaging (MWI) mission. Ovgtia¢ study forms part of a larger effort,
supported by EUMETSAT and ESA, to define options for the 3% microwave sounding (MWS) and
imaging missions and to refine the detailed specificatiorthage missions. More particularly, it aims
to support the post-EPS phase-0 and phase-A industridkstbgt assessing several potentially impor-
tant performance characteristics of the MWI mission thioagseries of observing system experiments
(OSEs), 1D-Var analyses and information content (IC) ey

The MWI is a cross-purpose, multi-spectral, microwave iaragerving operational meteorology and
climate applications as defined in the mission requiremgotsiment (MRD, 2010). The instrument will

be a passive satellite radiometer capable of measuringhgigadiance emitted by the Earth’s surface
and atmosphere, in discrete channels in the microwave painecspectrum. The primary objectives
of the Post-EPS MWI mission are to provide high quality intgig#ata for global and regional NWP

through the provision of:

e Cloud and precipitation products, including bulk micropival parameters.
e Water vapour and temperature gross profiles.
e All weather surface imagery including :

— Sea surface temperature (SST) and ocean salinity,
— Seaice coverage,

— Show coverage, depth and water equivalent,

— Soil moisture products,

e Sea surface winds (complementary to the scatterometer).

Microwave imagery data provides a very important constramtropospheric humidity over ocean in
NWP models as demonstrated in a number of studies in the éasidé (Andersoet al (2005), Kelly
et al (2007), Baueet al (2006a,b)). An additional MWI mission objective (MRD, 2016 to provide
continuity for other MWI channelse(g. SSM/I, TMI, AMSR-E and SMOS) in support of long-term
climate studies.

Channel positions and geometry requirements for the MWitinsent are reasonably consolidated, how-
ever, the detailed radiometric and spectral specificatitmtessary to meet the user requirements have
still to be defined. The user requirements for the MWI are mjirethe post-EPS position paper for
Clouds, Precipitation and Large Scale Land Surface Ima@iteG(CPL). The relationship between
sensor related specificatioregfioise, frequency stability and cross-polarisation taleed and geophys-
ical analysis/retrieval accuracy is complex. The spedificaof sensor characteristics therefore requires
a multivariate analysis based on a range of approachesiding full OSEs, 1D-Var analyses and in-
formation content studies. These tools were used sucdlgsafupart of the studyDptimisation of the
Oxygen and Water Vapour Sounding Channels Spectral andoRedliic requirements for cross track
and conically scanning radiometefBnal report of ESA ESTEC Contract No20711/07/NL/HE, 2008)

Based on the first outputs of the EUMETSAT post-EPS User Qtaigmin process initiated in 2005
(seeAEG(AS), AEG(CPL), AEG(L@)ESA and EUMETSAT are in the process of conducting phase-0
studies at instrument and system levels with the supportcafstry and representatives of the user and
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science communities. These studies, aimed at tradinges8iple mission concepts which meet the high
level user needs previously identified, are planned for detigm in 2009.

This study will make use of a range of analysis tools devealoge part of recent scientific studies for
EUMETSAT and ESA: 4D-Var observing system experiments,\VHDstudies and Information content
analyses. A second important objective is to assess thectropdata from a new SSMIS sensor (F-18),
due for launch in July 2009, on NWP analyses and forecastsighr OSEs. The findings of this work
item will be important in determining the weight given to &aahal channels in the 50-60 GHz and 183
GHz spectral bands in a MWI mission and will represent the dusintitative evidence of the benefit of
these channels in an imaging mission.

The study includes several workpackages as shown below.

e WP2100 and WP2200.The primary objective of the two packages is to identify #hohannels
where geophysical parameter analysis/retrieval is maostithae tochannel frequency shiénd to
guantify the sensitivity of analysis and forecast accuttaciyequency shift. This has been estab-
lished through a combination of radiative transfer stutbigether with full 4D-Var OSEs. Package
WP2100is concerned with off-line radiative transfer simulatidongprovide a parametrization of
the errors in brightness temperature (BT) induced by a raffjequency shifts. Packay§&P2200
assesses the impact of these shift induced errors on NW{zsagand forecasts using the full 4D-
Var assimilation and forecasting system at ECMWF. Obsgrd@ystem Experiments (OSES) are
run using microwave observations which have been pertugloedrding to the parametrization
developed inVP210Q

e WP3100 and WP3200. This study aims to quantify the sensitivity of geophysicatgmeter
analysis/retrieval to cross-polarisation errors for igrachannels. The approach used\tP3200
involves the use of 1D-Var studies to quantify the impactesfidual cross-polarisation errors. In
addition, the study will also draw upon the experience gaiog US instrument teams engaged
in the specification and/or post-launch evaluation of siminaging missions (including SSM/I,
SSMIS, Windsat, TMI and MIS) who's views will be sought in dtical review of the work
package resultg/P3200

e WP4100. This workpackage is concerned with the selection of chaningihe 15-22, and 31-37
GHz regions of the microwave spectrum given the spectratcatlon in these segments of the
microwave.

e WP4200 (ad-hoc study)rhe package is concerned with an assessment of NWP usereiaguits
on the shape of digital sub-bands in the 50-60 GHz spectyameaused for temperature sounding
on both post-EPS MWS and MWI missions and involves the detertion of an optimal recon-
struction of analog passbands using digital sub-bands.

e WP5100 and WP5200.These aim to develop quantitative tools for the evaluatibresolution
and sampling scenarios, based on a generalisation of theriafion content analysis used in
previous studies.

e WP6100 and WP6200.These workpackages are concerned with an evaluation offrdewathe
latest SSMIS instrument, F-18, through comparison with NWlds and observing system exper-
iments.
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2 The impact of frequency drift (WP2100 and WP2200)

2.1 Outline of Study

Any slow shift in the centre frequencies of MWI pass band$ édle the effect of changing the optical
depth characteristics of the atmosphere in that pass barid.effect will be largest for pass bands that
are on, or close to, sharp absorption linegthe O, absorption lines used for temperature sounding at
50-60 GHz, or the KO lines at 22 and 183 GHz). The shift in frequency has the effethe radiometer
sampling higher/lower layers of the atmosphere dependintp® nature of the shift. The magnitude of
the error {.e. the difference between brightness temperatures (BTs)uregby displaced/undisplaced
channel passbands) depends on the form of the temperanfite @f the atmosphere in the altitude
region around the peak of the weighting function. It can a@spend on other quantities such as the
surface emissivity for the lower peaking channels and thallga zenith angle of the observation. The
atmospheric water vapour content can also play a role fanredla in the 183 GHz spectral region.

To correctly deal with the effect of a frequency shift in asiaslation system, new radiative trans-
fer parametrizations should be carried out at frequentuats, taking the (known) frequency shift into
account, however this is impractical in the context of anrapenal assimilation system. Within the
ECMWEF assimilation system the effect of the drifting pasadsawill be partly dealt with using varia-
tional bias correction (VarBC, see Auligeéal.,, 2007), but the effectiveness of this form of bias correc-
tion for this particular type of error is not clear.

The aim of the first workpackag®{P2100 was to define, firstly, a parametrization to be used to descri
the form and magnitude of the BT errors and to determine thegdor the channel-dependent constants
in this parametrization. This was done by simulating theafbn measured BTs of prescribed frequency
shifts (Av) on a wide range of atmospheric profiles representing glatmabspheric variability for the
AMSU/MHS sounding channels which are assimilated in the B@Voperational system (channels
4-14 and 18-20), using a line-by-line radiative transfedeio

Secondly, inWP220Q OSEs were run, over periods of 90 days, in which realiststesyatic perturba-
tions to the observed BTs were added, using the parameiensalerived in WP2100. The impact of
this change, using both VarBC corrected as well as uncedetata, relative to a control experiment is
evaluated. Experiments were carried out relative to ndhofperational configurations to gain realis-
tic estimates of the impact of the frequency shift. The eftdadrifting pass bands are most likely to
be an issue for the temperature sounding channels whers liden established by earlier studies that
relatively small uncorrected errors in measured BTs (oBof1K) can adversely effect analyses and
forecast quality. The performed OSE experiments are suisathin section 4. Experiment analyses and
forecasts were evaluated against operational analyses.

In the remainder of Sectidh 1the background to the post-EPS MWI Mission is describedgttogy with
an outline ofWP200Q In Section2.2 the line-by-line calculations of the effect of frequencyftdare
described. Sectiof.3 describes the development of the parametrization of thefidrdiuced errors.
The set-up and results from the OSEs are described in Sez#orinally, conclusions together with
some recommendations for further work are discussed indpezt.

8 Technical Memorandum No. 643



The Spectral and Radiometric Specifications of a post-EPS Mi&sion EECMWF

2.2 Radiative transfer study: calculation of the drift in BT
2.2.1 Radiative transfer models

Brightness temperatures are calculated using a lineAgytteansmittance model and a radiative transfer
(RT) model. The line-by-line model (AMSUTRAN, R. Saundeisky version of the Millimeter-wave
Propagation Model (MPM, Liebe 1989) model developed oveersd versions by Liebe and others over
the last 20 years. It provides atmospheric water vapour amddrmgas (dry air) transmittances on 43
pressure levels (1013.25 to 0.1 hPa). The inputs to the m@delchannel passbands and atmospheric
temperature and water-vapour profiles. The mixed gas pddite taken from a climatology. Ozone
absorption can be added when required (for instance for Mhanly to take into account the 183
GHz line ), in which case the ozone profile is also from a clot@ajy. The computation of the gaseous
absorptions is performed with the Liebe89 model for wat@oua, the Liebe93 model (with coefficients
from MPM-92) for mixed gases and an adaptation of Liebe 98gutie HITRAN line parameters for
ozone. In this study, the frequency resolution of the trdatiance computation inside the AMSU channel
bands has been adjusted for each channel so that the errdrigl@&ss than 0.001K. Transmittances are
then averaged over each channel. Calculations are perofones different atmospheric paths (scan
angles). Transmittances are then passed to the RT modebrdlgeam is part of an early version of
the RTTOV package) which calculates the BT for each of thetBgpand each specified channel. The
surface emissivity is given as an input to the RT model. Tleesp of AMSU-A and MHS are shown in
Figures2.1and2.2respectively.

To compute the drift in BT induced by frequency shifts, pdsadions in the range-30MHz have been
added to the AMSU channel bands with a frequency step of 1 MHAMSU-A and 5 MHz for MHS.
The BT calculation was then performed at every frequendy, $bi different values of the emissivity and
for 52 profiles based on a sampling of the ECMWF model (ChievaR002). These profiles represent
the range of variation in temperature and water vapour arreé s@mpled from a large profile dataset
generated using the operational suite of the ECMWF foraaasystem.

As explained in Section 3, the temperature and water vapmeobians and weighting functions are
useful quantities for the parametrization of the BT driftaeBe have been calculated by perturbing the
water vapour and temperature at different levels and usiedallowing formulae:

b TbT+5.a-ThT -9 C Th(T,q+5) - Th(T,q-4) .

Hr Hq are Jacobians with respect to temperatdipand water vapourd). Th(T,q) represents the top-
of-atmosphere brightness temperature for a given levabckerised by temperature and water vapour
T andq respectively AT andAq represent the finite perturbations applied to the temperatnd mois-
ture profiles in order to obtain the Jacobians using the akdifference approximationAT =1 K and
Ag=0.1g. The Jacobians are shown in Figui8 and 2.4 for a surface emissivity of 0.6. They are
not normalised by the thickness of each pressure layer arsddiipend on the choice of pressure levels.
They have been used to help parametrize the drift in BT. Hewéor the practical implementation in the
IFS it is more convenient to replace them by the weightingfiams (Figure®.3and2.3, right panels)
calculated directly from the total transmittartce

w=22 )

Technical Memorandum No. 643 9
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Using Jacobians or weighting functions gave similar resulterms of goodness of the fit.

2.2.2 Results for the drift in BT

Tablel gives the statistics for BT drifts corresponding to a 10 Mkegfiency shift for AMSU-A chan-
nels 4-14. BT drifts are calculated from the set of 52 atmesplprofiles varying the surface emissivity
from 0.6 to 1 and the satellite zenith angle from 0 to 50. TheMH frequency drift is already well
above the expected maximum drift of 1.5 MHz (V. Kangaer,s. commy The largest drifts are found for
the stratospheric and mesospheric channels (channels1#),twith drifts over 1K for the two highest
channels (13 and 14). For the other channels, which peakitidposphere and stratosphere, the median
BT drift remains within+0.2 K. Channel 6 is the most affected by the frequency shifty wmedian of
—0.18 K and standard deviation of nearly 0.1 K. This channef garticular importance for assimilation

in NWP as it is AMSU-A's lowest-peaking channel (400 hPa,ur&R.3) which provides information
about temperature that is not significantly affected by taagies in the surface emissivity.

Errors for MHS @) are typically much smaller for the same frequency drifpezsally for channels 4
and 5, with values in the range0.004 K. The BT drift is larger for channel 3 but with most oé thalues
remaining within+0.02 K. This is due largely to the symmetric alignment of thel®passbands with
respect to the 183 GHz @ absorption line (Figur@.2, which gives rise to effective compensation for
the effect of frequency drift.

The values of the BT drift for AMSU-A/B have to be comparedtwihe model errors mapped into
brightness temperatures, which are in the range 0.03-0dr khé tropospheric temperature sounding
channels. It can therefore be estimated that the errorgiAMISU-A channels are at a level where some
measurable negative impact on analyses and forecasts mdly @n the contrary, it seems unlikely that
drifts of the magnitude of those of MHS would give rise to mgable impacts on analyses or forecasts.
Nevertheless, the parametrization of the MHS BT drift haenbgerformed and implemented in the IFS
to assess the resulting error in BT when considering the evtasige of model profiles.

Figures2.6-2.12 (the results of the line-by-line model are represented égsygive an indication of the
variation of the BT drift with the frequency shift for AMSU-AThe relationship is fairly linear within
the+10 MHz range except for channels 9 and 10 (Fig@.d4-2.12). The relationship varies depending
on the satellite zenith angle and, for the lower peaking ohkn(4 and 5), the emissivity. For instance,
Figure2.5(BT averaged over all atmospheric profile cases) showsdhatfemissivity of 1 (right panel),

a positive frequency shift in the channel 4 lowers the BT {(aaises the pressure levels to which channel
4 is sensitive to) and that this effect gets stronger witligasing satellite zenith angle. For a surface
emissivity of 0.6 (Figure2.5 left panel), the impact of the satellite zenith angle isragier than for an
emissivity of 1; if the relationship between the frequenkiftand BT is fairly similar at high angles, it
is of opposite sign at low angles. This is because, for aigeditequency shift, the decrease in BT due

[channels) 4 | 5 | 6 | 7 | 8 | 9 [ 10 | 12 | 12 | 13 | 14 |
median [ -0.008] -0.106[ -0.178] -0.128] -0.087[ 0.014 [ 0.109 | 0.291 | 1.931 [ 1.093 | -8.628
std-dev | 0.061 | 0.065 | 0.092 | 0.084 [ 0.079 | 0.032 | 0.089 | 0.233 | 1.444 | 5.559 | 4.883
min | -0.184| -0.270| -0.331] -0.270] -0.216| -0.067 [ -0.071] -0.181| -0.929| -8.181 | -22.27
max | 0.121]-0.045] -0.019| 0.015 | 0.079 | 0.097 | 0.297 | 0.928 | 6.376 | 14.262| 0.390

Table 1: Statistics of the drift in BT (in K) induced by a freqay shift of 10 MHz for AMSU-A channels 4 to 14
for the set of 52 atmospheric profiles.

10 Technical Memorandum No. 643



The Spectral and Radiometric Specifications of a post-EPS Mi&sion EECMWF

[channelsy 3 | 4 | 5 |
median | -0.0029| -0.0003| 0.0000
std-dev | 0.0128 | 0.0010 | 0.0011
min -0.0150| -0.0014| -0.0024
max 0.0613 | -0.0032| 0.0033

Table 2: The same as tahlebut for MHS channels 3 to 5.

to the atmospheric temperature Jacobian peaking highemgpensated by an increase of BT due to the
drifted channel being less sensitive to surface emissions, whelsuiface is radiatively colder than the

atmosphere. This compensating effect of the emissivityatsmbe clearly observed for MHS channel 4
and 5, as shown on Figug14and2.15(panel d).

AMSU-A channels 11-14 were not included in the OSEs prinipecause the parametrization of
brightness temperature errors did not perform well foréhgsannels. The decision not to include these
channels in subsequent OSEs was supported by severakfactor

e The focus of this part of the study was the refinement of thguieacy stability specification for
the sounding channels of dWI mission for which it is likely that the temperature sounding
channel set will be subsetof the existing AMSU-A channel set, covering the troposphand
lower stratosphere only.

e Inthe case of AMSU-A, channels 11-14 use a phase locked Isciflator (PLLO) where the local
oscillator frequency is actively controlled. The (unlelmplementation of these channels on a
MWI mission would require similar technology and hence frecy stability may be less of a
concern here than for those channels using free runningdscélators.

2.3 Parametrization of the drift in brightness temperature
2.3.1 Parameters

In order to simulate the effect of a frequency shift on the AM@&bservations to be assimilated in the
model, the errors in BT induced by the frequency shift havenlgarametrized. As explained in the last
section, the parametrization has been calculated for AMSthannels 4-10 and MHS channels 3-5. It
consists in a linear multivariate regression applied toBfiedata produced by the RT model. Different
parameters have been used for different channels. Thegalhgsiantities involved in the parametrization
are summarized in Tab®and explained below. The frequency shifv] to the power 1 and 2 have been
used for all AMSU-A channels, channels 6 to 10 also udingo the power 4 . Cross products between
the different parameters have also been used. For examBledaift which only depends oAv (up to

a power 2) and the solar zenith an@levould be given by:

ABT(Av, 8) = Co+ C1AV + CoAV? + 30 + C4AV 0 + CsAV20, (3)

where thec; are the regression coefficients. The list of parameters tagid ¢orresponding coefficients
for each of the considered channels are given in the appéndix
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AMSU-A MHS
channels4-5 | channels 6-10 channel 3 | channels 4-5
Av Av Av Av
cos(zenith angle) cos(zenith angle)| cos(zenith angle) cos(zenith angle)
emissivity emissivity emissivity
oT oT’ oT
WV partial columrf | log(WV total column)
normal factor

Table 3: Physical quantities (explained in the text) usetth@énparametrization of the driftin BT. The star indicates
that the quantity is weight-averaged by the correspondhenoel weighting function.

The first two parameters afey and the emissivity (for the lower peaking channels). Forsiten angle
dependence of the BT drift, the parameter used is the cos$itie @atellite zenith angle. To take into
account the atmospheric lapse rate, the temperature gtaslianother input parameterl{). The gra-
dient is calculated with respect to I&®)( whereP is the atmospheric pressure (in Figu®6-2.13 the
plotted temperature gradient is with respect to altitudes) it is averaged over the layer of atmosphere
to which each channel is sensitive to. For this, the tempezajradient at every level is given a weight
equal to the value of the weighting function at the same Jea&follows:

. OT(z )W (z
YiW(z)

For MHS, the parametrization requires us to calculate themapour partial columng defined at each

pressure levdl as:

AP
g = fij, 5)

wherer; is the water vapour mass mixing ratibR is the pressure thickness of the layemdg is the
acceleration due to gravity at sea level. For the MHS chaBnikle humidity parameter uses a weighted
average ofy calculated a similar way as in (4).

Other humidity parameters are used for MHS channels 4 andtndNthat for these channels the rela-
tionship between the BT drift and the logarithm of the totauenn of water vapou€ can be described
by the combination of a linear function and a normal distiiu (e.g. see Figure.14), the parameters
used to take into account the dependence on humidity are:

Q = log(Ya). (6)

(O_0.2
n = exp(%), (7)

whereQn, is equal to 0.7 kg.rand 2.2 kg.r, for channels 4 and 5 respectively amds equal to 0.6 mm
for both channels.
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2.3.2 Validation of the parametrization

Figures2.6to 2.15show the comparison of BTs obtained with the RT model and thigtparametrization
for a typical atmospheric case. In general, the parametideagrees well with those from the RT model
over a wide range of values of the different parameters. iBhisie of all of AMSU-A channels 4 to 10
and MHS channels 4 and 5. For those, the goodness of the fitlgldegrades at higher frequency shift,
but the errors induced by the parametrization are still Bfoak shift of £30 MHz, which constitutes
an extreme value compared to the most plausible shift eegesftaround 1.5 MHz. MHS channel 3 is
the only channel for which the parametrized BT introducesoime cases significant errors compared to
the amplitude of the BT drift. One of the main difficulty mettiging to parametrize the BT drift in this
channel was the high scatter of the BT drift versus the teatpes gradient or the water vapour column
parameters.

To get a better idea of the performance of the parametrizati@r the whole set of atmospheric cases,
the coefficient of determinatioR? has been calculated, which indicates the proportion obwag in a
data-set that is accounted for by the statistical model.

A value of R? of 1.0 indicates that the regression line perfectly fits tagad Results shown in Table
confirm the good performances of the parametrization fothallchannels with the exception of MHS
channel 3. The best performance of the parametrizationusddor AMSU-A channel 6, which, as
mentioned previously, is expected to have a relativelyngfimpact on the model analysis and forecast.

AMSU-A MHS
channels|| 4 5 6 7 8 9 10 3 4 5
R? 093091 096|092|0.89| 0.84| 0.75(| 0.19| 091 | 0.91

Table 4: Coefficient of determinatior? Ror the parametrization of AMSU-A channels 4 to 10 and MHSholeh3
to 5. This provides information about the goodness of fit@fghrametrization.

2.3.3 Implementation in the IFS

Following the validation of the scheme, the parametrizatibthe BT drift has been implemented into
the ECMWF forecast and assimilation system. The paranaditiiz is called during thecreening run

i.e. the preliminary quality control of the observations priorassimilation. At this stage, all the param-
eters required by the parametrization are available aeddalated at the observation position and time.
The model transmittances from which the weighting funddiare calculated are given by RTTOV. The
atmospheric profiles used are those of the model first-gUdssemissivity is that used in the assimila-
tion. Itis calculated with FASTEM2 (Deblonde and Englisf02) over sea and is dynamically retrieved
over land (Karbou et al., 2007). The calculated BT drift isrttadded to the corresponding value of the
AMSU observation. As for the case ohperturbedobservations, departures from the model first-guess
are then calculated before undergoing further qualityrobaind finally being assimilated in the system.

The map of the BT drift added to AMSU-A channel 4 observatitorsa frequency shift of 10 MHz
(Figure2.16) shows the dependence on scan angle, with higher valuesliat ke land-sea contrast in
BT corresponds to that in emissivity (Figu2el7). The values found over land are consistent with those
of the weighted-averaged temperature gradient (Figuk®. In particular, the low values of the BT drift
over Australia correspond to strong negative gradientropterature (on the graph strongly positive with
respect to logP)) while high BT drift values over North Africa and part of Asiarrespond to positive
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temperature gradient (negative with respect ta(R)y as expected for night over desert (experiment
running for the 00 UT assimilation window).

The range of values of the BT drift found for MHS observatieosfirm the numbers obtained with the
RT study: the majority of the drifts in BT remain far below teeor in first-guess temperature. For this
reason, the decision has been made to concentrate on ru@SiEgexperiments for AMSU-A and to
leave MHS observations unperturbed.

2.4 Observation system experiments (OSES)
2.4.1 Experimental settings

The experiments are carried out for a 3-month period (frons&ptember to 10 December 2009) using
the 36R1 version of the ECMWEF assimilation system with thredast model running at a resolution of
T511 (horizontal resolution approximatively 40 km). As rtiened above, given the small amplitude
of the errors introduced in the MHS-like channels and cousetiy the anticipated lack of measurable
impact on moisture analyses and forecasts, only AMSU-Amasiens for channels 4 to 10 have been
considered for the OSE experiments. In order to assess $hense of the model to the BT drift, it
is crucial to investigate whether VarBC is able to correcttfee perturbation added to the AMSU-A
observations and how the remaining errors impact the agadysl forecast. The impact of VarBC has
then been compared to that of a static bias correction schéraee the bias correction coefficients, first
initialised with the corresponding VarBC coefficients frdine operational suite, remain constant during
all the experiment. Two sets of five experiments each have hee one using VarBC (VarBC-set) and
the other one using the static bias correction (static-set)

The specification of the experiments is as follows:

- For all the experiments, there is a “baseline” databasegifrdlated observations which consists
of the full observing system minus all microwave soundintada

- Each set of experiments includes a reference experiméatrenthree AMSU-As in addition of the
baseline are assimilated.

- The other four experiments in each set only differ from thiemrence experiment by the fact that
different values of the frequency drifts are added to AMS@Bservations. The four “perturbed”
experiments test frequency drifts of respectivelly 1.5.Gand 20 MHz.

For the calculation of the analysis and forecast scoretberd experiments are compared to the corre-
sponding reference experiment.

The three AMSU-A instruments used in the OSEs are on plagdd®AA-15, NOAA-19 and MetOp-
A. Channels 11 to 14 are assimilated as in the reference iexgats. All the observations undergo the
same quality checks as in the operationl suite. Channelné R®AA-15 and channel 7 from MetOp-A,
considered to be too noisy, are not assimilated.

2.4.2 Analysis scores

Figure2.21shows the mean difference in analysis temperature fieldgcest perturbed AMSU-A ex-
periments and their reference experiments for the 1.5 ardi28 drifts. All plots exhibit a systematic
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warming over the South Pole throughout the tropospheraggoom around 0.05K for the 1.5 MHz shift
experiment using VarBC to up to 1 K for the 20 MHz shift expegimhusing the static bias correction.
Elsewhere, the differences appear mostly small scale arttbna for the 1.5 MHz shift experiment us-
ing VarBC. For the other experiments, cooling/warming grai$ alternating with height appear over the
North Pole. In addition, the experiments that use the Stédis correction show a clear cooling of around
100 hPa in the tropics.

Figure2.22shows the zonal mean errors in the temperature analysisdarame experiments as in Fig-
ure.2.21 and the reference experiments. They are calculated takimdutl resolution (T799, around
25 km resolution) ECMWEF operational analysis as a proxy ffotht These errors are thus underesti-
mated, as the operational analysis also has non-zero .efeoraparing the perturbed AMSU-A exper-
iments with their reference experiments, larger errorsfawed for the experiment with the 20 MHz
frequency shift using the static bias correction. The @morease in temperature analysis is particularly
dramatic over high latitudes, with maximum values of 1 K am@80S at 700 hPa. Over the tropics
and mid-latitudes, the analysis error increases are bat@€s and 0.1 K in the upper troposphere and
typically less than 0.1 K in the lower troposphere. Althoubghlse errors are large, Figu2e22 shows
that most of them are actually corrected by VarBC. The ermrshe 20 MHz shift experiment using
VarBC are still detectable, but remain less than 0.02 K ovestrof the tropics and mid-latitudes and
increase above high latitudes. The error increase is higihre South Pole with a maximum of 0.5 K
around 80. Errors in temperature analysis of the two 1.5 MHz experitsi@ne both very close to their
reference experiment.

2.4.3 Forecast scores

The forecast scores are calculated as the normalisedetiferin root mean square errors between each
perturbed AMSU-A forecast experiment and the correspandéfierence forecast experiment, such that
a positive score indicates a degradation of the forecagiefiinents are verified against the operational
analysis. Figure2.23and 2.24show the temperature and geopotential forecast scorekdorarBC-
set. The scores strongly degrade with increasing frequshify Temperature RMS forecast scores in
the tropics at 500 hPa, however, are dominated by smallgpensibiases in the large scale temperature
fields due to forecast model biases. In principle the intetidn of a biased radiance observation into
the analysis which happens to be in better agreement withidised model state will givieetterforecast
scores than an experiment which assimilates unbiased Thisuis likely to be the cause of the appar-
ent improvement in scores for the experiments in which adfidiift has been added. Results can be
summarized as follow:

- For the shift of 20 MHz (blue line), the negative impact of 20 MHz frequency shift is obvious
all over the troposphere, with the worst impact found in tbaetS8ern Hemisphere (poorer in con-
ventional data hence more dependent on satellite datapvehdegradation of the scores is around
10% at forecast day 1.

- For the 10 MHz shift (green line), the negative impact of fitegjuency shift is smaller, yet very
clear, with a persistent degradation of the forecast oveBtbuthern Hemisphere and in the upper
troposphere.

- For the 5 MHz frequency shift (red line), a small negativepaot at forecast day-1 is measurable
but the impact is neutral at other forecast steps.
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- The general impact of the 1.5 MHz frequency shift is neutvaboth the temperature and geopo-
tential scores.

This suggests that, with the use of VarBC, the upper limief@requency drift which does not affect the
forecast is around 1.5 MHz.

Figures 2.25and 2.26 show the temperature and geopotential forecast scorebdastatic-set. Note
the difference of scales on the y-axis compared2t@3and 2.24 The impact of the 20 MHz shift is
much worst than when VarBC is used, especially in the uppgosphere. with values twice larger than
those in 2.23and Figures2.24at 500 hPa and more than 3 times larger at 200 hPa. The 10 MHz shi
experiment scores are on average worse for the staticaetdh the VarBC-set up to forecast day 2 to
3. These results are consistent with those found with thiysieaas they confirm the ability of VarBC to
correct for part of the errors added to the AMSU-A observeatio

In order to better evaluate the impact of the correction mehéor the lowest frequency shifts, the tem-
perature scores of the two sets of experiments are showneosathe plots (Figurg.27) for the 5 and
1.5 MHz shift. The values of the forecast scores are smai {llean 2%) for all the experiments shown.
For the 5 MHz shift, there is a slight but significant negatimpact at day 1 in the SH. On average over
the globe, the scores for the 5 MHz shift are worst for thacstat (blue line) than for the VarBC-set
(red line) at 200 hPa, but also in the SH and tropics at 1000 ER&where, the two experiments have
mostly similar scores.

The 1.5 MHz frequency shift with the static bias correctionstly leads to a neutral impact on the
forecast scores as for the VarBC-set. There are nonetraegsall number of significantly positive values
but also few significantly negative values, which suggest tihese values may be produced by noise. It
is thus reasonable to assume that overall, the impact orctinessfor the 1.5 MHz shift experiment from
the static-set is neutral. These results are consistehttigtforecast scores for the geopotential height.

2.4.4 Note on the orbital dependency of the drift

An important motivation for the development of the paraimation was the capability to model orbitally
dependent drifts, for example of the type caused by therg@ing of the instrument around an orbit.
Preliminary estimates of the magnitude of this type of feampy drift error were obtained based on pre-
launch test data for NOAA-15 AMSU-A (N. Atkinsompers. comn). which included an assessment of
the temperature tuning coefficient of the local oscillatorhis, together with on-orbit measurements
of the local oscillator temperature, enabled us to estirttedrequency drift, and hence the brightness
temperature errors, for AMSU-A channels 4-8.

For a range of atmospheric profiles, the frequency drift @ased with the maximum temperature vari-
ation of the local oscillator is aroundt0.05 MHz, which corresponds to errors in BT in the range
+0.0015 K. The magnitude of this frequency drift is much lowleain the 1.5 MHz frequency shift
which, as discussed in the previous section, does not hagmificant impact on the forecast. Even in
the case where the relationship between the local oscillatoperature and the frequency shift would
be underestimated by a factor of 10 (as is suspected, N.gdhkipers. comn), the resulting frequency
would still be below the value of 1.5 MHz. It can then be api@ted that orbitally dependent drifts
would not affect the forecast.
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2.5 Conclusions and further work

A line-by-line radiative transfer modelling study has beamried out to assess the errors in measured
brightness temperatures arising from drifts in the passtwamtre frequencies for AMSU-A channels
4-14 and for MHS/MHS channels 3-5. Frequency shifts in theyeat30 MHz were simulated. For
AMSU-A channels 4-10 (median) errors were in the raagk2 K for frequency shifts of 10 MHz.
These errors are similar in magnitude to the errors in moedtldj projected into radiance space, and
are expected to result in measurable negative impacts écdst quality. For AMSU-A channels 11-14
simulated errors were larger; however, these channelsrdileely to feature in a microwave imaging
mission and were not included in subsequent OSEs.

For MHS (median) errors are below 0.003 K for a frequencyt sifiif 0 MHz. This weak sensitivity arises
from the symmetric alignment of the bands with respect t@tisorption line centre position which gives
rise to an effective cancellation of the shift induced esr@iven that model errors in humidity, mapped
to radiance space, are in the range 1-2 K for these channislsiitikely that errors of 0.003K would
result in a measurable degradation in forecast quality anddnOSEs were not run for MHS.

Observing System Experiments were conducted for scenatiosh assumed shifts ranging from 1.5
to 20 MHz for a constellation of three AMSU-A instruments.rBoth these scenarios variational bias
correction was activated and deactivated to assess tluiedfeess of variational bias correction in com-
pensating for this type of bias.

For 3-month OSEs, a very significant negative impact on @esalyas detectable for the 20 MHz shift
experiments. Errors in temperature at 500 hPa in the nortmédlatitudes, for example, are increased
from 0.25 K to 0.3 K with VarBC deactivated. In the southerrddtitudes errors are increased from
0.3 Kto 0.4 K. The error increase is larger still for the seuthpolar regions where the analysis error
is increased from 0.2 K to 0.7 K. The activation of VarBC iseeffve in significantly reducing the
magnitude of these analysis errors but the residual asatysdrs remain above those for the reference
experiment in most regions. On the other hand, for the shift®MHz, the errors are reduced at a level
close to those of the reference experiments.

The forecast impacts are broadly consistent with the ingpaictanalyses. For example, for the 20 MHz
shift experiments, RMS errors in 500 hPa geopotential fwtscat T+24 hours are doubled in both

(extra-tropical) hemispheres relative to a shift-freeerefice experiment when VarBC is deactivated.
These errors are greatly reduced, but still remain sigmifiaea3-4% , when VarBC is activated. Forecast
scores for experiments testing intermediate shifts (5 dhtHz) show that frequency shifts equal or

greater than 5 MHz give rise to measurable degradation dfotteeast even when VarBC is used, also
VarBC still corrects a large part of the errors. For the 1.5 Mkequency shift, the impact has been

found to be neutral for both experiments using VarBC andgufiie static bias correction. Hence, the

value of 1.5 MHz can be seen as an upper limit below which ®aqy shifts do not degrade forecasts
in assimilation systems with static or variational biasreotion schemes. The use of a variational bias
correction scheme such as VarBC still appears safer foeddrgquency shifts, as it helps reduce their
impact.

A motivation for the development of the parametrizationesok was to enable the simulation of orbitally
dependent frequency drifts, for example drifts inducedhgythermal cycling of the instrument over the
course of an orbit. Preliminary calculations, based onllosaillator temperature tuning coefficients
from the pre-launch testing of AMSU-A, indicate that sucfeets would most likely give rise to small
frequency shift (less than 0.5 MHz), corresponding to smatbrs in brightness temperature (less than
0.015 K), which should not affect the forecast.
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Figure 2.1: Brightness temperature calculated with thelioi radiative transfer model from typical tropical
temperature and water-vapour profiles. The channels shaeith@se used in the parametrization study.
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Figure 2.2: The same as in Figugl
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Figure 2.3: AMSU-A channels 4 to 14 (a) temperature Jacobiand (b) weighting functions calculated from
typical tropical profiles.
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Figure 2.4: The same as in Figu&g3for MHS channels 3 to 5.
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Figure 2.5: The BT drift in AMSU-A channel 4 versus frequesttft for an emissivity of 0.6 (left panel) and 0.96
(right panel) and for 5 values of the satellite zenith anglée BT drift is the mean over the sample of BT drifts
obtained from the 52 atmospheric profiles.
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Figure 2.6: The BT drift in AMSU-A channel 4 vs frequencytghif, satellite zenith angle (b), surface emissivity

(c) and weighted-average temperature gradient (d), focdite realisation of these parameters obtained using a
line-by-line RT model (stars) and the new parametrizatiore]. Panels a, b and ¢ correspond to a given profile

of the database, indicated as a red star in the panel d. fig
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Figure 2.7: The same as Figug6 but for AMSU-A channel 5
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Figure 2.8: The BT drift in AMSU-A channel 6 vs frequencytghif, satellite zenith angle (b) and weigh-average
temperature gradient (d), for discrete realisation of taparameters obtained using a line-by-line RT model (stars)
and the new parametrization (line).
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Figure 2.9: The same as Figu&8but for AMSU-A channel 7.
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