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All-sky AMSU-A ECMWF

Abstract

A better assimilation of satellite radiances in cloudy anecjpitating areas should help improve forecasts
by (i) providing greater coverage of temperature and humgidi meteorologically active areas and (i)
directly constraining cloud and precipitation. Advanceitdwave Sounding Unit A (AMSU-A) is used
for sensing atmospheric temperature and is one of the mpstriamt sensors in the global observing system,
yet at ECMWEF, except for a simple cloud-screening, it is aisimilated without considering the effect of
cloud or precipitation. There may be benefits in using thiesiy’ approach, which is already operational
for microwave imagers. To extend this to AMSU-A requires adeidor observation error that prescribes
larger errors in cloudy and precipitating regions than eaclskies, and larger errors at nadir where the
weighting function sees deepest into the atmosphere.

This study focuses on channels 4 and 5 of AMSU-A, which arenidéd for lower and mid-tropospheric
temperature sounding, but are also sensitive to hydrometewl the surface. Channel 4 is not yet assimi-
lated operationally. In the full observing system, the @mental impact of all-sky AMSU-A channel 4 from
two satellites is similar to that of adding another microeamager; in other words it brings new information
on water vapour and cloud, but has little impact on tempeeati is likely that other observations, such as
infrared sounder radiances, already constrain the loweospheric temperature quite well. A first imple-
mentation of all-sky assimilation of channel 5 was unablesdicate the quality of the existing clear-sky
assimilation. Mainly this was due to an imperfect experitaksetup that allowed changes in the number of
observations, the screening and the prescribed obsanatior. With more development it should be pos-
sible to match the quality of the existing technique, butétynbe hard to improve on clear-sky assimilation.
This is because: (i) All-sky assimilation can reduce thest@int on temperature by allowing increments to
go into the cloud fields; (ii) Clear-sky channel 5 assimdatalready has an 80% coverage over ocean, so
there is limited scope to extend the coverage further;liipring the presence of liquid water cloud appears
to be a minor part of the error budget for clear-sky channedsnailation; (iv) The ‘double-penalty’ prob-
lem can increase the error budget in all-sky assimilatiomf@ared to clear-sky), particularly in the tropics;
(v) The all-sky technique suffers ongoing issues with waggyour and temperature spinup in the tropics,
likely to do with the data assimilation and the water vapantml variable. Nevertheless, development will
continue.

1 Introduction

Temperature-sensitive microwave radiances from Advanced Mice8awunding Unit A (AMSU-A) and its
predecessor MSU have been one of the most important parts of the glmdsalving system for many years
(e.g. Derber and Wu, 1998; English et al., 2000). This remains trueadtearthe introduction of hyperspectral
infrared sounders (e.g. Cardinali and Prates, 2011). When ECMMIiced the observation error assigned to
AMSU-A temperature channels there was a 2% improvement in forecastss(@ormann et al., 2011b) and
this was one of the most significant operational upgrades of recerst dawever, AMSU-A is still assimilated
without considering the effect of cloud or precipitation, and cloudesdfeé observations are rejected (Bormann,
2008). This work examines whether the cloud and precipitation aspedtslmmdealt with better.

At ECMWF, microwave imagers are now assimilated using an all-sky appi@&azaker et al., 2010; Geer and

Bauer, 2011) where clear, cloudy and precipitating scenes are trteggetther, including scattering radiative
transfer where necessary. This gives a wider observationalageeand brings information on water vapour,
cloud and precipitation into the analyses, benefitting forecasts (Geer 20HD;, Cardinali and Prates, 2011).
ECMWEF are developing a cloud control variable, but even without oneimental 4D-Var is able to create and
destroy hydrometeors in the model trajectory (Bauer et al., 2010). Heisogorth seeing whether the all-sky

approach can be applied to microwave sounders such as AMSU-A, gradtioular, whether it can improve

the assimilation of temperature information.
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Table 1: Channel specifications of the AMSU-A instrumenpiitng purely stratospheric channels. Polarisation at itad
is either vertical (v) or horizontal (h) but varies acrosethcan.

Number Frequency Polar- NEAT (specified) Peak of weighting Surface to space

[GHZ] isation [K] function at nadir transmittance at
(nadir) [km] nadir [0-1]
1 23.8 % 0.3 0 N/A
2 314 Vv 0.3 0 0.94
3 50.3 v 0.4 0 0.67
4 52.8 Y 0.25 1 0.31
5 53.596+0.115 h 0.25 4 0.12
6 54.4 h 0.25 7 0.02
7 54.94 % 0.25 10 0.00
8 55.5 h 0.25 14 0.00
15 89.0 % 0.5 0 N/A

Other NWP centres have attempted to account for cloud in AMSU-A radsafaeexample by using cloud
liquid water path as a bias predictor (Baker et al., 2005) or by directly astimgileadiances in all-sky condi-
tions, in some cases using a cloud control variable (Ishibashi, 201ErRaal., 2011). Documentation is as
yet limited, but development is ongoing at JMA and NCEP / JCSDA. The MateOassimilate cloud-affected
AMSU-A radiances directly in their operational 4D-Var (English et al., 200 hey implemented a total water
control variable, enabled cloud liquid water radiative transfer in therghen operator (though they did not
simulate scattering) and added AMSU-A channels 1 and 2 to an existing sifsiemas using channels 4, 5,
6 and various other stratospheric channels. Forecasts were cleartyedpibut because the Met Office do
not assimilate microwave imagers, the addition of AMSU-A channels 1 and 2 raliyhawve been the most
significant part of this upgrade, bringing completely new information onlxet moisture and cloud. Hence,

the importance of all-sky radiative transfer for temperature soundingneisiis not clearly proven by the Met
Office work.

This work is laid out as follows: Sec. 2 looks at the information that AMSUah provide on cloud and
temperature, Sec. 3 gives details of how the all-sky approach has tapted to AMSU-A and Secs. 4 and 5
examine the results for channels 4 and 5. These results were not penitivgh to justify introducing a costly
and experimental new approach into the operational system, but develtsomik continue, and we will try to
deal with some of the issues uncovered here.

2 Information content of AM SU-A

AMSU-A (Robel, 2009) is a 15 channel microwave radiometer for atmogpteamperature sounding that has
been flown on NOAA polar orbiters starting with NOAA-15, as well as EUNBAT's Metop-A. There are 12
channels in the 60 GHz oxygen band with weighting functions peaking frensuiface to 40 km. There are
also three imaging channels sensitive to water vapour, cloud and precip#atdsl, 31 and 89 GHz. Table 1
gives the specifications of channels relevant to the troposphere.

AMSU-A is a cross-track scanner, covering a swath of width 2343 krtherearth’s surface. The swath is
composed of thirty step-scanned observations with an effective fielieof (EFOV) of 50 km by 50 km at
nadir and 140 km by 80 km at the edge of the swath (Bennartz, 200@ .z&ith angle varies from 1250
58.5° over the same range. Clear-sky weighting functions for the tropospkenjgerature channels are shown
in Fig. 1. Channel 5 is the lowest channel operationally assimilated at ECMWEhannels 3 and 4 could
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Figure 1: Global average clear-sky weighting functions atlin (left) and at zenith angle of 48right) of AMSU-A chan-
nels 3 (red), 4 (green), 5 (dark blue), 6 (light blue) and 7af@ye). Weighting functions are computed-adt (InP) /dInP
whereT is transmittance and P is pressure. The figure shows the biokeage of weighting functions computed from a
large set of ECMWF atmospheric profiles.

bring new temperature information. Although we already assimilate channelsiwmiillar weighting functions
from the infrared sounders AIRS and IASI (see appendix B formarss), microwave assimilation can bring
greater coverage in cloudy areas, so there may be some new tempetatumaiion available.

Figure 2 shows the simulated radiative effect of hydrometeors on AMSihgervations for 10th February
2011. This ‘cloud effect’ can be computed by assuming the all-sky brightt@emperature T is the sum of a
clear-sky part T, and a modification coming from cloud or precipitatidT,q:

T= Tclr + ATcld (1)

Both clear-sky and all-sky brightness temperatures @hd T) are routinely produced by the RTTOV-SCATT
radiative transfer model (see e.g. Geer et al., 200yTs@ can be computed easily. Areas of non-zero ‘cloud’
effect indicate the presence of radiatively important hydrometeors AMBU-A, the dominant effect is to
increase brightness temperatures in the lower channels (e.g. 1 to 4) aacr¢ask them in higher channels
(e.g. 5and 6). Channels 1, 2 and 3 are window or near-window cleikesthose used in microwave imagers,
where clouds and precipitation are warm emitters over a radiatively coham@face. The dynamic range
of the cloud signal is large, easily reaching 30 K. In contrast, chanhabk@ weighting function in the upper-
troposphere and little sensitivity to the surface or even the lowest few kilemetiatmosphere. In this channel,
hydrometeors reduce the brightness temperature in two ways: by movingitating function to higher levels
where the temperature is colder, and through scattering, mainly frormfmerticles. Channels 4 and 5 show
a mix of behaviours: there are positive cloud effects from midlatitude clogdpaecipitation, and negative
ones from tropical deep convection. The effect of cloud is much smaberiththe window channels, with a
dynamic range of a few Kelvin.

The Mie soft sphere approach used to compute snow scattering preperRd TOV-SCATT is known to be
unreliable (e.g. Petty and Huang, 2010; Kulie et al., 2010) and deefeciive regions are already screened
out in the all-sky assimilation of microwave imagers due to an obvious problexcefss-scattering or excess
falling snow coming from the model (Geer et al., 2010). To limit the effect &f groblem in AMSU-A
simulations, an ad-hoc 5 times reduction in model snow fluxes is used to seaeattering at 50 to 60 GHz
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Figure 2: Effect of hydrometeors in K, computed as the difiee between cloudy and clear first guess (FG) brightness
temperatures. Sample is all Metop-A AMSU-A observation$0th February 2011, but to reduce the size of the image

file, they have been subsampled in longitude and latitudentopeer £ by 1° box. Sample is restricted to ocean and
sea-ice surfaces.
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and bring RTTOV-SCATT simulations closer to observations. Even if thesiglgms were properly fixed, we
would still not have any microphysical information on which to predict theithalf frozen precipitation or
their size distributions, so it would be difficult to do accurate radiative fearis such regions. Hence, there
is no attempt to assimilate AMSU-A observations in tropical deep-conve@giens. As done operationally
for microwave imager channels with frequencies above 30 GHz, we waesoput these situations (see section
3.1).

We decided to focus our attention on a small subset of AMSU-A channelghgtmost potential benefit for

temperature assimilation. Hence, channels 1 and 2 were ignored, being sinthiase already assimilated
from microwave imagers. Channel 3 would be difficult to use, becausesiatblend of sounder and imager
properties that vary across the swath. Early assimilation experiments witinelhzi showed an undesirable
increase in the size of wind increments in the midlatitudes with correspondingdigpns in the forecast

scores, so to start with we ignored this channel too.

Channel 4, being sensitive to liquid water cloud as well as temperaturd@ads(mall degree) water vapour,
would be ideal for the all-sky approach, so it is our primary focus. Hewesarly experiments with channel
4 showed a small but noticeable degradation of short-range forecatsies midlatitudes, apparently coming
from the ‘cold-sector’ bias that has affected the microwave imager esfor a long time (Geer et al., 2009;
Geer and Bauer, 2010; Geer et al., 2011), and which is likely causedldgk of liquid water cloud in the
model boundary-layer stratocumulus associated with cold air outbreaic) may be a general problem with
cloud models (e.g. Klein et al., 2009). The bias was being aliased into the témrpeaiad wind fields and
hence causing forecast degradation. It is very difficult to correcbths or even successfully identify all the
affected areas. Hence we had to start by trying to assimilate channel d theidange 4NN to 40°S, to avoid
cold-sector biases.

Channel 5 shows a strong negative cloud effect from deep conmewtibe tropics, and we could not assimilate
that data, but there is a positive signal in the midlatitudes coming principally fiquid water cloud. In
the operational clear-sky assimilation, this signal could be aliased into tetmgemacrements when cloud
detection fails. Thus there might be benefits from taking proper accduhieccloud signal by using the
all-sky approach. Hence, channel 5 is the other main channel that wimekllat. Channel 6 has an upper-
tropospheric weighting function, so the precipitation and cloud it seesdopri@antly frozen. Since we would
have difficulty with the radiative transfer in such situations, we also ignchednel 6 to start with.

3 Method

3.1 Oveview

Microwave imager radiances are assimilated operationally in all-sky cond{Baneer et al., 2010; Geer et al.,
2010; Geer and Bauer, 2011) using multiple-scattering radiative trafnefa RTTOV-SCATT (Bauer et al.,
2006). The all-sky approach has novel features to enable cloudraaipipation-affected assimilation:

e Observation errors are assigned as a function of ‘'symmetric’ (or méaung emount (Geer and Bauer,
2011);

e Observations are superobbed to give them a broader resolutiorhfyd8@km by 80 km), one that is
more representative of the model’s effective resolution for cloud aedmpitation (e.g. Geer and Bauer,
2010);

e Situations with large hydrometeor-related biases must be screened omplEsaare the ‘excess scat-
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tering’ bias in deep convection, and the ‘cold sector’ bias in high latitude @ioldutbreaks discussed in
the previous section.

The all-sky path omits some important aspects of the clear-sky framewoskioi the most relevant are:

e The thinning algorithm selects observations with the smallest absolute firss g6&) departures in
channel 4, in order to reduce cloud-contamination.

e Each clear-sky observation has an associated skin-temperature saileséo account for errors in the
prescribed surface temperatures.

We decided not to incorporate either of these techniques in the all-skyviraaeActively thinning for cloud
would clearly be inappropriate. As for a skin temperature sink variableppleational microwave imager
assimilation does not use one because (compared to land-surface temgs3isea surface temperatures (SSTS)
are well-specified, and the relatively low ocean surface emissivity alswes the effect of any skin temperature
errors.

In order to apply the all-sky approach to microwave sounders thereanarmber of issues. First, to specify the
observation error we need to derive the mean cloud amount. For imagearsiyvon the normalised polarisation
difference at 37 GHz as a measure of cloud amount (more preciselydodreteor transmittance: Petty and
Katsaros, 1990). Unfortunately, sounders such as AMSU-A measily®ne polarisation, so we need another
way to estimate cloud amount. Hence we make a liquid water path retrieval fro?4 ttwed 31 GHz channels
(Grody et al., 2001, and appendix A). Second, nadir scan positiesisee cloud than the extreme positions,
because (a) their weighting functions are lower in the atmosphere andr(ith and polarisation effects mean
surface emissivity decreases slightly towards nadir, making the ocdaceuelatively cooler and the clouds
more visible. Hence, the observation error formulation will need to vary veidim osition to account for the
varying sensitivity to cloud. The effect of the differing resolutions otimsient and model also needs to be
assessed, and in particular, the varying resolution across the AMSkiath s These issues are addressed in
more detail in the following sections.

Due to the aforementioned problems modelling scattering from snow particeesieed to screen out the

higher-frequency channels (above 30 GHz) in scattering situatiomgniEcowave imagers, we use a threshold
on mean cloud amount. For AMSU-A, we can use the ‘cloud deld§, Eq. 1) instead. When this is

negative, it is likely that scattering dominates the radiative transfer (thnaguaranteed: absorption effects
can also cause brightness temperature depressions). Screenintied agyen either observed or simulated
ATqis less than -0.5 K in channel 5, which typically removes 4% of observations.

3.2 Resolution and itsvariability with scan position

Conically scanning microwave imagers have a constant zenith angle, pttariand field of view (FOV) size.
Thus, instrument properties are constant from one observation to xhearech is very useful in all-sky as-
similation, particularly because it makes it possible to create superobs\araggatial resolution, simply by
averaging all observations within the relevant grid box. This is importacduse the peak brightness temper-
ature in any given area is generally associated with the heaviest precipitatiovever, heavy precipitation is
often localised, so where a small FOV can see a localised patch of verphdgiiness temperatures, a larger
FOV will see an average of this and surrounding lower brightness tetapesaHence the peak brightness tem-
perature in any channel (and the precipitation response in generalnstioh of FOV size, with larger FOVs
seeing lower peak brightness temperatures. Hence it is important thasthatien of assimilated observations
(or superobs) should roughly match the effective model resolution.

6 Research Report No. 24



All-sky AMSU-A ECMWF

10000

iy
o
o
o

o]
||||I1'I'I| ||||I1'II| lllllTIII_I'I'I'

100

Frequency

|||||,|,|,|| |||||,|,||| ||||||||| L1l

10

|
N
o

®

o

10000

[any
o
o
o

'5‘_I'I'I'I1'I'I'I| URALLL BELUELRLLL BN N

100

Frequency

|||||,|,||| |||||,|,|,|| ||||||||| L1l

=
o

[N

S

0 10 20 30 40
Cloud delta [K]

10000

=
o
o
o

||||I1'I'I| ||||I1'I'I| lllllTIII_I'I'I'

100

Frequency

10

Ve | i

0 5 10
Cloud delta [K]

|
=
o

|
a1

Figure 3: Histograms of cloud deltAT.q in channels 1,3 and 4 (panels a,b and c) for extreme scaniposi{4,5,26,27,
thick line) and nadir scan positions (13-18, thin line) fdyservations (solid) and FG (dashed). Sample is the Metop-A
observations of 5th February 2010, including scatterirffipeted situations.

Research Report No. 24 7



ECMWF All-sky AMSU-A

By contrast, cross-track scanning radiometers have a varying zegith aolarisation and field of view. Thus,
the radiative properties vary across the track. As mentioned, the EFAMS1J-A is 50 km by 50 km at nadir
and 140 km by 80 km at the edge of the swath (Bennartz, 2000). In addi@x. 2 shows that at nadir AMSU-A
sees deeper into the atmosphere and is more sensitive to cloud and prenipiatigared to the higher zenith
angles at the edge of the swath. Figure 3 examines the influence of thnesédoes on the ‘cloud deltalTg
(Eg. 1) in channels 1, 3 and AT.q is computed for both model and observations, using the modelied T
in place of the unknown ‘observed’ clear-sky TB, as this is quite ateusdative to errors in modelled cloud
amounts (see Geer and Bauer, 2011). Positive cloud deltas are tyusdatively warm emission from cloud
liquid and rain. In all three channels, the positive cloud delta is much grimmteadir scan positions than for
extreme positions. In channel 4, for example, the cloud delta is a maximum af BXreme positions but 9 K
at nadir, due to greater visibility of low clouds. This is true of both obsearetimodelled cloud delta.

In channel 1 there is no negative modelled cloud delta (dashed line) batith@pparently an observed effect
(solid lines) as large as -10 K. In this channel there is no physical merhao produce a negative cloud delta,
since both scattering and absorption from hydrometeors are too wealeaththe apparent negative cloud
deltas come from using the modelled,Tin place of the unknown true value. Because forecast total column
water vapour (TCWV) or modelled surface properties are sometimes @utptinis can produce af that is

on occasion higher than the observed all-sky brightness temperaturg dgonBast, channel 4 is principally
sensitive to temperature rather than TCWYV or the surface, and tempesaverg accurately forecast-0.2 K
error). Hence the negative cloud delta is a real physical behaviooting from hydrometeor absorption at
relatively cold upper levels, plus scattering. Interestingly, these eféeetgreater at high zenith angles, most
likely coming from the increased optical path length.

In Fig. 3, the histograms of modelled and observed cloud deltas are quite sithdagh modelled cloud
delta peaks slightly higher (by10K or 20% in channel 1 and by2 K or 7% in channel 3). This might be
indicative of a model bias in highly precipitating situations, or a scale mismatctebatabserved EFOV and
model effective resolution. However, it is clearly not a large effead, iadoes not vary much between nadir
and extreme scan positions. This shows that, to a first approximation, waaadel the effect of cloud and
precipitation on AMSU-A radiances without having to take into account gbsin the EFQV size across the
swath. Also, the EFOV appears roughly comparable to the effectiveitEsoof cloud in the ECMWF system,
so we do not need to make superobs either. However, to reduce dateegodind limit the effect of observation
error correlation, we applied a thinning so that observations were limitecetper80 km T255/N128 Gaussian
grid box, with preference given to observations closest to the cenimegfdhe box.

3.3 Prescribing the observation error

Observation error will be prescribed following the method of Geer an&Bg&011). They modelled the vari-
ation of FG departures with cloud amount and used that model to predicbHesvation error. Simplifying
slightly from their method, we ignore the contribution of background errtihéd=G departure standard devia-
tions, and assume they directly represent observation error. For AM&E also need to describe the variation
of FG departures with with scan position, so we will add an extra term to the mbldelce, the observation
errorr will be prescribed as:

= 1(6)g(Cowp) )

Here,g(CLwp) prescribes the observation error at nadir and is an increasing fueétidoud amount, andi(6)
scales the error as a function of zenith anglé he mean cloud amount is computed as

Ciwp = (LWPogs+ LWPkg) /2. (3
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where LWP is retrieved from the brightness temperatures (see app&udit,l), with the retrieval applied
separately to the observations and to the bias-corrected FG.

First we examined the variation of FG departures as a function of scaioppshown in Fig. 4. Near nadir
(i.e. in the central scan positions) AMSU-A sounding channels see diegpéhe atmosphere, giving a greater
sensitivity to cloud and precipitation. Following Geer and Bauer (2011 miibebaturally lead to larger stan-
dard deviations of FG departures. In practice, this effect is only seAMiBU-A channels 3 and 4, and not
in channel 1, 2 or 5. Hence it is presumably an effect of the visibility of théase and of lower tropospheric
cloud, rather than of deep convection. The same effect results in mgehn G departure standard deviations
in channel 3 (order 3K), compared to channel 4 (order 0.5 K) ormélgh (order 0.25 K).

Trial and error showed that a Gaussian-like function can be used tol thadeariation in standard deviation
with scan position:

2
f(6)=0.3+ O.7exp<— ([326) ) 4
Here,8 is the zenith angle in radians, afie1.25 for channel 3 and 2.0 for channel 4. Figure 4 also shows the
standard deviation of FG departures that have been dividefd ®y Almost all variation with scan position
has been eliminated. The scaling is relatively independent of cloud amohather for an all-sky sample
(panel a) or just a ‘clear-sky’ sample (panel b, LWF0.05 kg m 2 in both observation and FG). The scaling
is optimised for the all-sky sample; it slightly over-corrects the extreme scsitigps in clear-skies. English
(2008) showed that even in clear-skies, forward modelling errorsaser with visibility of the sea surface, due
to errors in modelled skin temperature and emissivity. However, in all-skgndason, it is the visibility of
cloud that is most important. For example, in channel 3, the cross-swattiaarin error is about 1K for

the all-sky sample, but only 0.3K for the ‘clear’ sample, and even that ilityemntains some light-cloud
situations. Nonetheless, Eq. 4 attempts to account for both surface aadeftects.

The standard deviations of FG departures as a function of mean &y, (Eg. 3) are shown in Figure 5.
Here, all FG departures have been rescaled (#8) to remove the scan-variation. Standard deviations vary
as expected, i.e. values are low in clear skies, and then increase withasfoueht to a point where they
start decreasing again (though not for channel 5). This decressescfrom the good agreement between
observations and FG that is implicit when the mean cloud amount is high. Thedidéiggs forC\wp > 1.0 are
due to inadequate sampling of the very small numbers of observations wighdargunts of mean cloud.

Two samples are examined in Fig. 5, either with or without removing the 4% ofgaffected by scattering
(which would not be assimilated in any case). The scattering points appbarassociated with the largest
errors, particularly in channel 5. This would be expected given thdtanigel 5 scattering is the most important
radiative effect of hydrometeors. Panel c is a clear confirmation of élee to remove scattering points, e.g.
deep convective areas, before assimilating this channel. The dotted Him@saspiecewise linear model for

error:
Jeld — Gelr
A= ( Zotd = Geir 5
<Cc|d - Cclr> ©)
Oeir if Cowp < Car
9(Cwp) = { dair +A (Cowp—Cair)  if Carr < Ciwp < Celd (6)
Jeld if Cowp > Ceid

Here,gqr andggg are the minimum and maximum standard deviation of FG departures, as binmeeaoy
cloud amount (e.g. 1.8K and 12.5K for channel 3), &yd andCgq give the range of cloud amounts over
which the main increase in error takes place (e.g. 0.01 to 0.47). These rsumée computed from an
experiment with all-sky assimilation switched off inside a previous IFS cyitglyg by fitting by eye to figures
like Fig. 5. These prescribed errors are slightly larger than the FG wWepatandard deviations in the active
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Figure 4: Standard deviation of AMSU-A FG departures in aiels 3, 4 and 5 (solid lines, labelled on the figure) as a
function of scan position. Also shown are the standard dievia of departures rescaled to remove the scan dependence
in channels 3 and 4 (dashed lines, see text for details). a5 - 28 Feb 2011, 6& to 60N, ocean only for all-sky
(panel a,~ 3 million observations) or clear-sky (panel 4,1 million observations with cloud liquid water path (LWP)

< 0.5 kg m? in both observation and FG). Scattering situations are ested. Note that scan positions 1-3 and 28-30,
which are truly the most extreme, are not used in the ECMWtesym the clear sky approach, and similarly they are
ignored here.
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Figure 5: Standard deviation of AMSU-A FG departures in aiels 3, 4 and 5 (panels a, b, and c respectively) as a
function of mean cloud amou{wp = (LWPogs+ LWP:g)/2. FG departures have been re-scaled to eliminate scan-
position dependence. Sample is as for Fig. 4 but either dioty(solid) or excluding (dashed) areas affected by sdatye
Also shown is the model for FG departure standard deviatawitéd) which was fitted to an earlier cycle with larger
errors, so it is now slightly over-cautious.
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Table 2: Parameters for the observation error model, (Eq® @)

Channel B Car[kgm™?  Cuglkgm™?]  gar [K] eid [K]
1 0.00 0.05 1.2 3.2 26.0
2 0.00 0.01 1.2 1.9 45.0
3 1.25 0.01 0.47 1.8 12.5
4 2.00 0.02 0.38 0.5 2.0

5 0.00 0.00 0.60 0.25 0.40
6 0.00 0.00 1.00 0.35 0.35

assimilation experiments at Cycle 37r2. However, in clear-sky assimilation pieatly assign observation
errors that are substantially larger than the FG departure standardialey&g. Bormann et al., 2011b), so
this may be no bad thing. Parameters for the error model are given in Tabeach of the channels we might
assimilate.

Figure 6 tests the ability of the error model to describe AMSU-A FG departdre shown in Geer and Bauer
(2011), if the departures are normalised by the standard deviation ofhbke \sample, the distribution is
far from Gaussian. In this erroneous constant-error approacmattmealised departures are too small in the
majority of cases but too large in the cloudiest situations. This would lead torwiems: (a) cloud-affected
observations would likely be rejected by quality control; (b) clear-skyenkzions would not have enough
weight in the analysis. The new error model brings the distribution muchrdose Gaussian by assigning
larger errors in cloudy situations and smaller ones in clear skies. Theneodel is fine for channels 3 and 4
butin channel 5 it gives errors that are always larger than the samaplgssd deviation (which is 0.21 K.) This
is actually similar to what is done in the operational clear sky assimilation, whebgervation error is set to
0.28K for channel 5.

A test of the scan dependence of the error model is that the normalise@pabture standard deviation is
constant and approximately equal to 1 in each scan position. This is true wif%o in all scan positions

in channels 3 and 4, except positions 4 and 5 of channel 3, which goO%b {figure not shown). Overall,

it appears the error model works well for AMSU-A, simulating errors ihatease with cloud amount and
decrease towards higher zenith angles.

3.4 ‘Model-space’ approach and performance

Recall that a ‘model space’ approach is used in the all-sky microwave maaginilation (equivalently, map-
ping of model quantities to observation locations is done according to thestgaidpoint, rather than by using
bilinear interpolation from four surrounding points, as is conventionahfost observation types). With this
approach, the observation operator can be called just once per gnigl po matter how many observations
are associated with that point. In the inner-loop minimisations, where theafirewdel runs at a relatively
coarse resolution, we have exploited this to provide a substantial compatatast saving in the operational
microwave imager assimilation. This is not so easy to do for microwave s@jrulerause the zenith angle
and polarisation vary. When several AMSU-A observations have a sigglasith angle (to within 0.2 and
are associated with the same gridpoint, we can still economise and use a adigi&e transfer simulation.
The performance saving is beneficial but not as great as for the imagtence it is more computationally
demanding to assimilate a cross-track sounder than a conically-scanningrifgagn the same number of
channels), and all-sky is very much more demanding than the clear-skyaapp This is a disadvantage for
the new technique and it means that we must be economical with the numbanoithito which it is applied.

A second issue is that the ‘nearest gridpoint’ temperature profile is mpobppate for temperature-sounding
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Figure 6: Histograms of FG departures in channels 3, 4 anddnfds a, b, and c respectively) normalised by the sample
standard deviation (thin solid) or by the error model (thistdid). Sample excludes areas affected by scattering. Also
shown is the Gaussian function (dotted). Vertical axis gahithmic to emphasise the wings of the distribution.
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Experiment

Name Control  Clear-sky All-sky

ID fimO fimy fivd

Treatment of AMSU-A ch. 4

Assimilated No 60N to 60°S 40N to 40°S

Radiative transfer - Hydrometeors ignored Hydrometeors included
Observation error - 0.3K Variable (Geer and Bauer, 2011)
Cloud screening - Yes No

Table 3: Channel 4 experiment configuration.

channels in regions of strong horizontal temperature gradients, sabwasd the polar front. To demonstrate
this, brightness temperatures were simulated using a FG temperature profitegagither from the nearest
grid-point or from an interpolation to the observation location. In the regfahe polar front, the difference
between the two approaches had a standard deviation of 0.07 K in briglémegerature and a M@ipattern
associated with the interaction between the observation scan pattern anddélegnid (not shown). While
this error is substantially smaller than the specified instrument noise (TakisHtill worth taking seriously.
Hence a hybrid approach is used for AMSU-A: the model temperatuféepiwinterpolated to the observation
location while the pressure and hydrometeor profiles remain those of theshgedpoint.

4 Resultsfor channd 4

4.1 All-sky and clear-sky use of channel 4
4.1.1 Experiment design

This section compares the clear-sky and all-sky approaches for assighitatimnel 4. The experiments are
summarised in Tab. 3. Channel 4 assimilation is done over ocean surfdgeand not over land or sea-ice.
Exactly the same set of channel 4 observations are used in each exgieaside from the differences listed
in the table. To achieve this, the clear-sky channel 4 assimilation was cauidd the all-sky framework
but with cloud and precipitation radiative transfer turned off. This esbwe used the same thinning pattern
and screening criteria in both experiments and avoided other complicationsasuwhether or not to use a
skin temperature sink variable. In the clear-sky approach, cloudyescame eliminated using a threshold of
0.02kg 2 in observed LWP (retrieved via Eq. 11), and a flat 0.3 K observatiar esprescribed (justified
from FG departures). The all-sky approach is restricted to the rarigetdB0° S because of cold-sector cloud
biases. Note that there has been no attempt to find the very best cladarp&mnentation: perhaps improve-
ments could come from the use of scan-dependent observation errarseven tighter cloud-screening. This
‘clear-sky’ experiment gives a first-order estimate of how clear-$lanoel 4 assimilation would behave.

Experiments are based on cycle 37r2 of the ECMWF operational NWPnsybté with a slightly reduced
horizontal resolution of T799 (roughly 25 km). These experiments rudéksyed-cutoff 12 h analysis but not
the 6 h early-delivery analyses (see Haseler, 2004). Variational®a®ction (VarBC Dee, 2004) has been
spun-up in advance, so there is no need to eliminate any further spinigpl.pdhe control provides initial
conditions for the other experiments, which start on 7 February 201 tuantd 30 April.

The full operational observing system is used including polar orbitindlisatmeasurements (AMSR-E, SS-
MIS, HIRS, AMSU-A, AMSU-B, MHS, AIRS, IASI TBs, QuikSCAT wind see appendix B for acronyms not
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yet defined), geostationary radiances and wind vectors (SATORadipsonde temperature, specific humidity
and wind measurements (TEMP-T, TEMP-q and TEMP-uv), surfacespre data (SYNOP-Ps) and aircraft

temperature reports (AIREP-T). When passing AMSU-A data throughltisky system, we use observations

from NOAA-15, NOAA-18, NOAA-19 and Metop-A but not Aqua besauchannels 4 and 5 have become too
noisy in recent years and have not been used operationally in clearsghoe April 2010.

4.1.2 Scores and observation fits

Figure 7 shows the effect on RMS forecast scores for vector wied aw 83-day experimental period. The
y-axis is restricted to no more thar3%, so we are looking at extremely small changes in the scores. Clear-sky
channel 4 assimilation has no significant impact at all, whereas all-sky asgmitaakes both negative and
positive impacts. Ignoring the scores at T+12, which simply show the ehiarthe RMS increment (Geer and
Bauer, 2010), all-sky channel 4 makes significant degradations @f th®.7% at days 2 to 4 in the NH in the
lower troposphere at 850 hPa, counterbalanced by improvements inalrepares at day 4 at 500 hPa (0.8%)
and days 2 and 3 at 850 hPa (0.5% to 0.7%). There are some other imprnisgpagticularly around day 3
in the SH, but these are not significant. In geopotential scores in thdrepics there is a roughly similar
picture (not shown). Relative humidity and temperature scores degr#uedéarly forecast period (not shown)
but these are particularly responsive to increased activity in the inctsn@werall, the forecast scores for the
all-sky assimilation are quite promising.

The quality of temperatures in the analysis and early forecast rangeecexaimined using observation fits.
For IASI in the tropics (top panel, Fig. 8), both clear-sky and all-skyraaghes improve fits in the window
channels (about 500 to 700) and in the WV channels (the last 10, i.e t@8880), though these improvements
are extremely small (of order 0.1 - 0.4%). The extratropics show minoadeagions of around 0.2 - 0.3% at FG
(bottom panel, Fig. 8) for both all-sky and clear-sky. In the NH in partic@b:-sky slightly worsens the IASI
analysis fit and reduces the number of IASI lower-tropospheric gagens by around 0.5 - 1% (not shown).
This may be consistent with the slightly degraded NH forecast scores ifY Fi§y.broadly similar picture is
seen in in-situ AIREP temperatures, where FG fits are slightly improvedr(0rdi#) in the tropics but they are
unaffected in the NH (not shown). In contrast, there are no degraddtidits to clear-sky AMSU-A channels,
though the improvements are concentrated in the tropics (Fig. 9). Staneldadiahs of analysis departures
from AMSU-A channel 5 are slightly reduced by the assimilation of chadmelkither the all-sky or the clear-
sky route. The all-sky approach shows the best improvement in the FBpot 0.3 - 0.4% in channels 5 and
6.

Fits to the microwave imagers show a more uniformly positive impact from all-skyrélation; the imagers
have relatively little sensitivity to temperature and instead they primarily sensedist variables. Fits to
AMSR-E in Fig. 10 are improved by around 0.5% to 3% in the analysis and 0.3%% in the FG, indicating
improved hydrometeor or water vapour fields. These improvements aenpti@ both the tropics and extrat-
ropics, and are largest in the tropics (not shown). HIRS channels @nd 12 and AMSU-B channels 3 to 5
(not shown) are assimilated in clear-skies and are partly or completely vegdeur channels. These channels
are improved in the tropics by about 0.5% in both analysis and FG in bothsitgand all-sky experiments.
However, the improvement in AMSR-E fits is much bigger with all-sky, parti¢yiiarchannel 10 (37h) which
is the most sensitive to cloud water. This suggests that both clear-skyllesky @hannel 4 make a slight
improvement to the tropical humidity distribution (of up to 0.5% in observationegplit only the all-sky
approach can make an improvement in cloud water (order 3%).
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Figure 7: Effect of assimilating all-sky AMSU-A channel diences. Normalised difference in RMS vector wind forecast
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Figure 8: Standard deviation of (a) analysis and (b) FG ddpees from assimilated IASI radiance observations in the

tropics (top) and extratropics (bottom). Standard dewiat have been normalised by the control values. Only assimi-
lated channels are shown; there are ten channels per divisio the y-axis. IASI channel number n can be related to

wavenumbev by the formula n= 4(V 4 645nm 1)
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Figure 9: As Fig. 9 but for AMSU-A clear-sky channels
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4.1.3 Analyses and increments

The difference between the all-sky and clear-sky assimilation of chdnagarticularly evident in the analysis
increments. Figures 11 and 12 show the mean change in analysed tengat&50 hPa and 925 hPa, as well
as the mean increments in the control experiment. These mean incrementsradedrttegive some feeling
for the significance of the temperature changes. At 850 hPa, all-skynehd assimilation increases analysed
temperatures by up to 0.3K in some regions of trade cumulus close to the I'T@Zcl@ar-sky experiment
does not show this, so the effect probably comes through the clouitpliyghe all-sky approach. It is likely
that biases between modelled and observed cloud fields are being alimstdtkitemperature field at the top
of the tropical boundary layer. The clear-sky approach is not pe€i¢her, and there are increases of up to
0.6 K in marine stratocumulus regions at 925 hPa which probably come frdetested cloud being aliased
into the temperature field. However, in the context of the larger battle betimedrl and observations that is
represented by the mean increment field, these biases in channel 4emheflear-sky or all-sky, are relatively
modest.

Using a number of single-cycle experiments with a common FG, by switchingetitfehannels on or off, it is
possible to compute the part of the increment field coming from any particudane! or instrument. Figure 13
shows the global RMS of increments computed using these methods. Catiogran the curves for all-sky or
clear-sky channel 4, it is seen that all-sky increments are alwayqlamygkthere is a particular large bulge at
850 hPa in temperature (and to a lesser degree in specific humidity and cloiddiater). Also shown are the
increments from the assimilation of the three all-sky microwave imagers (TMIIS&17 and AMSR-E) and
these are quite similar in shape to the all-sky AMSU-A channel 4 incrementsughharger in magnitude.
By contrast, the shape of the clear-sky channel 4 increments is much dkese from AMSU-A channel 5,
which is assimilated through the clear-sky approach. This suggests tslyaid clear-sky increments largely
come through different mechanisms. For example, all-sky temperaturenecte could come either directly
through sensitivity to temperature, via the tracer effect of 4D-Var andeheitivity to humidity (though this
effect is likely small), or through the adjoint of the model physics and thsitdty to cloud. Clear-sky
increments would mostly come through the direct sensitivity to temperature.

To further illustrate the difference between the clear-sky and all-sksoappes, Fig. 14 shows the temperature
increments caused by AMSU-A channel 4 on model level 83 (aboutBa&ydt the beginning of the assimilation
window, as derived from the single-cycle denial experiments. By eyifaleed by more quantitative methods)
there is very little correlation between the patterns of increments in the all-skglear-sky approaches. This
supports the conclusion that even when applied to the same channel, atdlkyear-sky assimilation make
temperature increments through different mechanisms, with the sensitivityud loeing dominant in the all-
sky approach.

4.1.4 Summary

Clear-sky channel 4 assimilation brings useful information on temperatgrevater vapour, as evidenced by
improved fits of up to 0.5% to HIRS, AMSU-A, AMSU-B and AMSR-E at an&@yand FG (e.g. Figs. 9, 10)
and IASI at analysis (Fig. 8). However, these improvements do notiatariato forecast score improvements,
and perhaps this is explained by the fact that the infrared soundelS, M¥SI and HIRS are already strongly
constraining lower tropospheric temperatures through their window ett&and lowest-sounding G@han-
nels. Indeed, there may be some conflict between AMSU-A channel #A&idas shown by the order 0.2%
degradation in extratropical fits at FG (Fig. 8). Also, as shown by FithelAMSU-A channel 5 and channel
4 weighting functions have a substantial overlap, so channel 4 doésingtcompletely new information.

In contrast, the assimilation of AMSU-A through the all-sky route has its bigggsact on cloud water, as
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Figure 11: Temperature fields at 850 hPa: (a) Mean differebeaveen Clear and Control analyses; (b) Mean difference
between All-sky and Control analyses; (c) Mean temperatmements in the Control. Statistics are computed over the
period 7 Feb - 30 Apr 2011, based on 00Z and 12Z analyses (paraid b) and 12Z analysis minus FG (panel c).
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Experiment name ID Dates

Winter AMSU-A fI7f 17 Jan — 28 Feb 2011
Winter control fkvl

Summer AMSU-A  flem 11 Jun — 14 Jul 2011
Summer control fkvq

Table 4: Configuration of the cycle 37r3 experiments.

shown by a 3% improvement in analysis fit to AMSR-E channel 10 (37h,1B).This goes with an improve-
ment in forecast scores of up to 0.7% at days 2-4 in the tropics, thoughahealso degradations in NH scores
(Fig. 7). However, there is an increase in RMS analysis increment ‘rati8®0hPa (Fig. 13).

4.2 Testsat 37r3
4.2.1 Experiments and forecast verification

With the promising results of the tests at 37r2, it was hoped that all-sky ehdm@ssimilation could be included
in a future operational cycle. Experiments were performed at cycle 8ith3a view to including channel 4
operationally in 38rl (Tab. 4). A resolution of T511 was used. As foretkmeriments at 37r2, we used four
AMSU-As: those on NOAA-15, NOAA-18, NOAA-19 and Metop-A. Thifext of all-sky AMSU-A channel

4 on fits to other observations was similar to the 37r2 experiments. As b#iermost obvious improvement
came in AMSR-E observations sensitive to liquid water cloud (not showoeder, the forecast scores came
under greater scrutiny and ultimately, all-sky AMSU-A channel 4 was ansiclered suitable for operational
use.

For forecast scores, the summer and winter runs have been combined tbgut 10 weeks of verification.
The normalised changes in RMS errors in wind and temperature are shéwgsirl5 and 16 as a function of
latitude and pressure. The change in wind errors is almost always ins@gnjfthough there is a slight increase
in the RMS errors in the first 24 h. As mentioned before, an increase in &k$s at T+12 in own-analysis
scores is equivalent to an increase in the size of the analysis incrementpei&ture errors in the tropics at
around 850 hPa show a significant degradation. At T+12, this is agdia jeslection of larger temperature
increments, but there are also degradations that persist to the end ofdbast range. These are explained by
a 0.05K increase in the tropical mean analysed temperature at 850 hPa, wimilzat was seen in the 37r2
experiments in Fig. 11. It was this apparent increase in temperature R®IS at 850 hPa that was the main
concern for operational use.

4.2.2 AMSU-A channel 4 in a wider context

The increase in temperature RMS errors at 850 hPa is a well-known deaftuhe all-sky system. In fact,
the addition of microwave imagers causes much greater mean changes in tieeatengpand water vapour
field (and consequently larger changes in RMS forecast scoresptemnthe addition of AMSU-A channel
4. Figures 17 and 18 show the mean tropicalP[2@o 20°S) temperature and relative humidity as a function
of forecast hour. Four short experiments have been performetingttom a baseline of the full operational
observing system but with microwave imagers removed. The ‘control’ allid&y imagers TMI and SSMIS
F17, giving the operational configuration following the loss of AMSR-Eutuann 2011. On top of that control,
we add either all-sky AMSR-E (these experiments were run for early @B&h it was still available) or all-sky
AMSU-A channel 4 from just two satellites (Metop-A and NOAA-19). In themtext, the addition of all-sky
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RMS forecast errors in VW(amsua—contr), 17-Jan-2011 to 14-Jul-2011, from 61 to 77 samples.

Point confidence 99.8% to give multiple-comparison adjusted confidence 95%. Verified against own-analysis.
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Figure 15: Normalised change in RMS errors in vector wind wASMSU-A channel 4 is assimilated. Blue areas indicate
reduced RMS forecast errors and hence improved forecasendyellow/red areas indicate the opposite. Cross hatghi
indicates a statistically significant change.
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RMS forecast errors in T(amsua-contr), 17-Jan-2011 to 14-Jul-2011, from 61 to 77 samples.
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Figure 16: As Fig. 15 but for temperature.
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Figure 17: Mean relative humidity in the tropics (20 to 20°'S) at 850 hPa as a function of forecast hour, starting from
the analysis (hour 0). Averaging period is 17th January to Bébruary 2011. Steps are at 0h, 12 h, 24 h and every 24 h
thereafter

AMSU-A makes a relatively minor change to the temperature and moisture spittugever, the addition of
AMSR-E has even less effect on the spinup.

We can measure the benefits of these various configurations usindgg®mvation fit metrics (Fig. 19): AMSU-
A channel 5, indicative of mid-tropospheric temperature; HIRS channgidicative of lower tropospheric
temperature and WV; and TCWV and LWP estimated from SSMIS F16 brighteesperatures. AMSU-A
and HIRS are assimilated; SSMIS F16 is not. The fits have all been normsdigkdt the first guess fit of the
baseline is 100%. The addition of two all-sky imagers is obviously beneficiagibg improvements of up to
13% in analysed and forecast water vapour and cloud. AMSR-E an8WM channel 4 bring further minor
improvements but these are hard to discern from the figure. Experitsacshmws that such minor differences
are not statistically reliable, though it is not easy to compute an error bandee fits. Figure 20 shows the
size of these improvements relative to the control. AMSU-A channel 4 is hbaerAMSR-E at improving
the ‘temperature’ fit (i.e. AMSU-A channel 5), but otherwise the two @urfitions are comparable.

4.2.3 Summary

The impact of all-sky AMSU-A channel 4 is more obvious in cloud and waggrour than in temperature.
In fact, assimilation of all-sky AMSU-A channel 4 from two satellites has a sinmitgract to adding a new
microwave imager (Fig. 20). All-sky assimilation (whether of AMSU-A or thelrienagers, e.g. TMI and
SSMIS) causes small tropical spinups in temperature and water vap8&6 &aPa and consequent increases
in RMS forecast errors. This issue has been present since the s ID+4D-Var assimilation of cloud-
affected microwave imager radiances (Geer et al., 2008), though it wakytimg aspect that was most notice-
able then. This tropical drying / warming is likely a basic feature of the assimilaiietem when dealing with
moist variables in saturated or near-saturated areas. Geer and Bal@Y ljave already shown that this effect
makes no impact on medium-range forecasts and that the change in stywrtfoeecast scores (e.g. Fig. 16)
can be considered an artefact of own-analysis verification. Nevesthehere is still a real issue in the all-sky
assimilation that needs to be solved. In this context, the benefit of addingsthievid imager-type instruments
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Figure 18: As Fig. 17 but for temperature.

is much clearer than that of adding subsequent ones.

5 Reaultsfor channeg 5

AMSU-A channel 5 is one of the most important single channels in the olngesystem in terms of forecast
skill (AMSU-A channel 6 may be a little more important, and IASI and AIRS malartimfluence through
weight of numbers.) The clear-sky assimilation of AMSU-A has alreadfitted from a decade of careful
attention and tuning, including a decrease in prescribed observatiarttetavas beneficial to forecast scores
(Bormann et al., 2011b). Hence, channel 5 assimilation will be difficult todwvgon, and provides a stern test
of the all-sky approach.

Given that channel 5 is operational, it is much harder to do a ‘clean’ cosgpebetween all-sky and clear-sky
approaches for channel 5 than for channel 4. We have not yatdi#e to achieve a clean experiment; the one
presented here suffers a number of defects. It is still worth examinail,tb record the subtle but important
issues affecting this kind of experiment, but also because we gainedtimsighwhat we can expect from
all-sky assimilation of temperature channels.

Based on the 37r2 control experiment shown in Tab. 3, an all-sky eh&rexperiment was created. Clear-sky
channel 5 was replaced by all-sky over the oceans, following the samgeagshical range and sea-ice screening
criteria, e.g. 90N to 60°S with sea-ice screened out. Over land, channel 5 continued to be assinml#ied
usual way through the clear-sky system. Unfortunately, what initially sdesmgimple change introduced
numerous differences:

e Thinning strategies were different, so over ocean, all-sky AMSU-Aluseaghly 250,000 observations
per day versus 100,000 for clear-sky AMSU-A channel 5. It is jpbsshat all-sky was over-constraining
the temperature because of this;

e As mentioned in Sec. 3.1, in all-sky, we implemented neither the skin temperatuneasiakle nor the
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Figure 19: Observation fits, i.e. the standard deviation &f & analysis departures. These have been normalised by the
base experiment’s FG departure standard deviation, so ttaffit in the base experiment at FG corresponds to 100%.
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Change in analysis fits compared to Ctrl: 17th Jan — 5th Feb 2011
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Figure 20: Based on Fig. 19, the change in analysis fit causedduling either AMSU-A channel 4 or AMSR-E to an
otherwise complete operational observing system (thee@preriment). Negative numbers indicate an improved fit.

preferential thinning selection of smaller FG departures. These proethay make a greater contribu-
tion to the quality of clear-sky assimilation than was originally thought;

e A better experiment would have used constant observation errors.prBlseribed all-sky errors for
channel 5 are between 0.25K and 0.4 K (Fig. 5c), so except in the lgagest conditions, observation
errors are larger in the all-sky assimilation than the 0.28 K used in the clgapgtoach. Given the
results of Bormann et al., it would not be surprising if this translated intoadiegions in forecast scores;

It was found that all-sky assimilation of channel 5 caused an order Xradation in fits to temperature-
sensitive instruments like sondes (Fig. 21) and IASI (not shown), aldtigsimilar size degradations in NH
forecast scores, though tropical and SH scores were not affggte@2). Given the state of development of the
clear-sky approach, just matching the quality of the current system bewdcdgood achievement. Nevertheless,
we should take a hard look at precisely what we can expect all-sky agsmita do for the temperature
channels.

An initial criticism of the all-sky approach is that it could be reducing the tewrdpee constraint by allowing

increments to go into the cloud fields rather than temperature. The chanrpeBneent is not capable of

proving this one way or another, but the channel 4 experiments sutgestay be happening (e.g. Fig. 14).
Second, there is limited scope for all-sky assimilation to bring more observitioverage, partly because we
cannot yet assimilate scattering-affected (e.g. deep convectiva) brganainly because channel 5 is relatively
insensitive to boundary layer cloud and so the ‘clear-sky’ assimilatioadyreperates in many cloudy areas.
In the clear-sky route over ocean, FG departures are computed f@&UAM channel 3 ignoring cloud and

precipitation; where these departures are greater than 3K the chaobskBrations are considered cloud-
affected and are discarded. After this cloud-screening, 80% ofnadtens remain compared to about 96%
after the all-sky screening for scattering (these figures are for caedaces only). Hence, all-sky cannot
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Figure 21: Standard deviation of (a) analysis and (b) FG diyas from assimilated radiosonde temperature observa-
tions. Standard deviations have been normalised by thealomtiues.

greatly extend the observational coverage. This is in contrast to theiexpe of the Met Office in their
transition to cloudy AMSU-A assimilation (English et al., 2007). This superdeaiclear-sky approach that
retained only roughly 60% of AMSU-A channel 5 observations afteratleereening. Hence there was much
greater scope to expand the observational coverage.

Coverage aside, it would be hoped that all-sky assimilation would help mitiggtprablems of undetected
liquid water cloud. There must be some residual cloud in the clear-sky aadathe cloud signal would be
aliased into the temperature increments. We can compute mean FG departuraadwtiithout including
hydrometeors in the observation operator (Fig. 23). These depaangresmputed inside the all-sky approach
and include the VarBC bias correction. We apply the standard all-sky qsaligening but do not apply any
further cloud screening because that would cause a sampling biasegndi@e our comparison (see e.g. Geer
et al., 2008; Geer and Bauer, 2011). In this sample, which excludgsabewective areas but includes other
cloudy areas, accounting for hydrometeors in the observation opeeatoces biases in NH and SH storm
tracks by around 0.05 to 0.15 K. However, it does not eliminate the main geloigal patterns of bias apart
from in the Southern Ocean. Indeed, it worsens some areas, such asdg#tive biases in the subtropical
stratocumulus regions. Assuming that the first guess hydrometeor field®tthemselves biased, it appears
that undetected liquid water cloud is not a major source of bias. Given thatl¢lar-sky assimilation uses
a sample where cloud screening has been applied, it is even less likely fietiedby biases relating to
undetected cloud. The remaining bias in Fig. 23 has a geophysical pattatrisnot clear where that might
come from. SSTs are prescribed from OSTIA analyses that are basadetlite retrievals that may not have as
sophisticated an approach to clouds and cloud-screening as thet stmdyn but at the quoted accuracy (around
0.7K, Stark et al., 2007) and with-a0.1 atmospheric transmittance in channel 5, this would not be a major
factor. There could still be inadequacies in the observation operatticysarly in the emissivity modelling,
whose errors are much more important than SST errors over oceayis(E2008). Equally though, there may
be deficiencies in modelled temperature or water vapour fields.

Looking now at the RMS of the FG departures, we can reinforce thereguthat undetected clouds are not a
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7-Feb-2011 to 31-Mar-2011 from 45 to 53 samples. Confidence range 95%. Verified against own-analysis.
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Figure 22: Change in forecast scores coming from assimmitaAMSU-A channel 5 through the all-sky route, by compar-
ison to a control where it is assimilated in the clear-skyteurhe figure shows the normalised difference in RMS vector
wind forecast error between experiment and control, usiwg-analyses as the reference. Reduced RMS errors indicate
better forecasts.
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Figure 23: Mean of bias-corrected FG departures in AMSU-Aruiel 5, binned to a Slatitude-longitude grid, either
(a) ignoring or (b) including cloud and precipitation radige transfer. Panel (c) shows the difference between toe tw
The sample is all ocean and sea-ice observations passingllitisky quality checks, and is based on the period 15 - 28
Feb 2011 (longer periods would make excessive demands gmaphics software). These departures are taken from the
control experiment, using the passively-monitored ayl-gitastream.
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Figure 24: As Fig. 23 but showing the RMS of FG departures irSAMA channel 5 binned by latitude, either including
(dashed) or ignoring (solid) cloud and precipitation ratlige transfer.

very significant error source in clear-sky channel 5 assimilation. Bighdws the RMS of the FG departures
when hydrometeors are either modelled or ignored (using the same sampte a8,Fut with zonal bins).
In the best case in the SH storm tracks, RMS departures are redacedf24 K to 0.21 K when cloud is
correctly modelled. In other latitude bands RMS departures are eitheieateaf or increased slightly. The
tropical increase can partly be explained by the larger negative biasemiropical stratocumulus regions
shown in Fig. 23. However, there may also be a ‘double-penalty’ probléme.location of convective cloud
and precipitation is far less predictable than that of midlatitude frontal clagdEbert et al., 2007). This means
that observed and modelled cloud are often in different places and im $itaations RMS FG departures will
be larger if the model cloud is included in the radiative transfer than if it isriggho

One other minor problem with the transition to all-sky channel 5 assimilation @esrowas that it had side-
effects on the clear-sky channel 5 assimilation over land. Over-odessenations were no longer contributing
to the computation of the clear-sky channel 5 bias correction. In anyiexpetal configuration, most over-land
channel 5 data is rejected due to the difficulty of modelling surface emissiaiigtsemperatures, so only a rel-
atively small number of observations are assimilated over land. These regiaibservations are not sufficient
to maintain a stable bias correction in the clear-sky stream, where the claniaslcorrections develop large,
unrealistic variations from day to day (the all-sky bias corrections areobyrast quite steady). This could
probably be fixed by increasing the effective ‘averaging time’ in VarBCltliese observations, or by moving
the over-land observations into the all-sky stream. However, it is alsdop@$sat ocean observations actually
help maintain the over-land bias correction. This is yet another complextataeeds to be considered more
carefully in future experiments.
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6 Conclusion

This report has investigated the assimilation of AMSU-A tropospheric temyperahannels using the all-sky
framework. The focus is on channels 4 and 5, sensitive mainly to lowgospheric temperature, hydrometeors
(particularly liquid water cloud) and the surface. The radiative trarsffecattering from frozen hydrometeor
is not reliable, so the all-sky approach is not applied in situations whettesnog is dominant, such as in
deep convection. The all-sky framework, previously used for micrewaagers, was adapted for AMSU-A
assimilation. The observation error was prescribed using the appro@eeoand Bauer (2011), which assigns
larger errors in cloudy and precipitating regions than in clear skies. simerhetric’ liquid water path (the mean
of observation and model) was used as a predictor for observatian Enere was also a new term for AMSU-
A channels 3 and 4 to describe the cross-scan variation in observatovn Ehnis was needed because errors
are largest in the central scan positions, where the weighting functieneveer in the atmosphere and there is
greater sensitivity to cloud and the surface.

AMSU-A channel 4 was tested in both clear-sky and all-sky configuratisimce it is not used operationally
in either method. Using the clear-sky approach, channel 4 improves tetupeand moisture observation fits
at analysis and FG by up to 0.5%, but this does not translate into an improvenerecast scores. This is
probably because lower-tropospheric temperature information is alesatpilated over the ocean from AIRS,
IASI. Also, the AMSU-A channel 4 weighting function has subtantial &agrvith that of channel 5, which is
already assimilated. In contrast, the all-sky approach improves fits to mieedwegers by up to 3% at anal-
ysis, indicating improved cloud and moisture fields, and there were some cguifimprovements of around
0.5% (and a smaller number of degradations) in forecast scores. Tk sdmsitivity of AMSU-A channel 4
brings new information to the analysis, even if the temperature informationlgagdy unused. Hence, on
top of the full observing system, adding AMSU-A channel 4 from two satslliténgs much the same infor-
mation as would be provided by adding another microwave imager. Howmveranalysis temperature scores
in the tropics are degraded because all-sky AMSU-A warms the analyse8HK at 850 hPa, aggravating an
existing temperature and moisture spin-down. The new information broyghMsU-A channel 4 was not
considered sufficient to justify an operational implementation before thedgpim problem has been fixed.
In contrast, though the existing all-sky microwave imager assimilation (usingafdISSMIS radiances) is
affected by a similar issue, the 0.15 K mean change in tropical 850hPa téorpasamore than compensated
by an up to 13% improvement in water vapour and cloud fields.

AMSU-A channel 5 is one of the most important data sources in the obgesystem. Moving this channel

out of the clear-sky approach (where it is already operationally assiuhilated into the all-sky stream over
oceans (for latitudes between°®0and 60S) caused degradations of up to 1% in observation fits and scores.
However, this initial experiment was not well designed, and the impact akglassimilation was combined
with many other implementation differences, such as changes in the prelsaiibervation error, the number of
observations, thinning, observation coverage, VarBC, and the useijoof a skin temperature sink variable.

It should at least be possible to replicate the quality of the clear-sky assimit#thannel 5 in the future, but

it will require further development, and we will need to design experiments#teer isolate the technical and
scientific changes involved. Nonetheless, we have highlighted a numissuefs that may make it difficult to
improve on clear-sky assimilation:

e All-sky assimilation could actually reduce the constraint on temperature byiafiowcrements to go
into the cloud fields;

e There is relatively little scope to extend the observational coverage in A Shannels 5 and 6 beyond
what is available in the ‘clear-sky’ approach: operationally only 20% e$¢hobservations are removed
by cloud screening.
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e Untreated liquid water cloud is a minor part of the error budget for clieacisannel 5 assimilation. Even
when liquid water cloud is properly modelled using the all-sky approach, ébgrgphical patterns of
bias are mostly unaffected, and globally the RMS of FG departures is nobwexqr

e The ‘double-penalty’ problem can increase the error budget in allskymilation (compared to clear-
sky), particularly in the tropics;

e The all-sky technique suffers ongoing issues with water vapour and tatape spinup in the tropics,
likely to do with the data assimilation and the water vapour control variable.

We still hope to make further developments in this area. It would be good té&MSU-A channels 1, 2,
3, 4 and 15 as a backup for water vapour and cloud assimilation in a futanaicrowave imager’ scenario.
Work is ongoing to improve the radiative transfer of scattering from fqzarticles, which may eventually
allow the use of AMSU-A channels 4, 5 and 6 in deep-convective alascan also try to better distinguish
the truly scattering situations from those where the brightness temperatwerésded by the upward shift of
the weighting function in heavy rain and cloud. Use of a scattering inderrr#tan the ‘cloud delta’ (Eq. 1)
may help make this distinction. Finally, AMSU-A channel 3 may be useable forastpe away from nadir,
where it has a higher atmospheric information content.

There is also the possibility to include more cloud and precipitation information fricrowave humidity
sounding channels, e.g. on MHS and AMSU-B. Perhaps with sufficemmtcaint of cloud and precipitation
from these and the imager-type channels, the temperature incrementsoinodirey channels can be better
constrained.
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A Approximate LWP retrieval for AM SU-A

In the all-sky assimilation of microwave imagers, the approximate Karstens €t984) liquid water path
(LWP) retrieval is widely used:

LWP = ¢;1 4 c2In(280— Toay ) + €3In(280— T3a/) (7)

The coefficients £to c; are derived by linear regressionza) and Tspy are the brightness temperatures of
the SSM/I 22 GHz and 37 GHz vertically polarised channels. In roughigdlygerms, this can be seen as
estimating the effect of atmospheric water vapour using the 22 GHz chamaeihen retrieving the additional
cloud signal using the cloud-sensitive 37 GHz channel. AMSU-A previtfeGHz and 31 GHz channels, so a
similar retrieval technique can be applied, but the variation of zenith angjlrigation and surface emissivity
as a function of scan position must be accounted for. One option woulddeeive a different set of coefficients
for each scan position, but this would be cumbersome. Instead, the foionutan be extended to include the
dependence on zenith angle and surface effects.
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For microwave window channels, the brightness temperatyrat frequency can be approximated (Grody
et al., 1980) from the exact radiative transfer equation as:

Ty =To(1-12(1—¢g)) (8)

Here, Ty is an effective atmospheric temperature, which is a mean temperature weighteding to the radia-
tive influence of each atmospheric laysy,is the surface to space transmittance afithe surface emissivity.
Two major assumptions have been made: that the effective atmospheric atumgeas equivalent for both
upwelling and downwelling radiation, and that the surface temperature is simille effective atmospheric
temperature. These assumptions can only really be justified for imageratbavimere the atmospheric emis-
sion normally comes from the lowest layers of the atmosphere. Also, surédlection has been assumed
specular though for more quantitative purposes this does not hold &ttg.aRd Katsaros, 1994).

The surface-to-space transmittance along a path with zenith Grggla be written:

TCWV LWP
Ty = exp<—k\‘ﬁv ( cod > —ky (cosﬂ)) ) 9)

This depends on the vertically integrated amounts of water vapour (TCW&/glaud liquid water (LWP) and
the relevant mass absorption coefficiekffsandk’;. This ignores other absorber (such as oxygen, precipitation
and cloud ice), scattering effects, and any temperature or presqueadimce of the absorption coefficients.

Given that AMSU-A observes brightness temperatures at 22 GHz a@H31(T,, and Tz1), we can write
Egs. 8 and 9 for each of the two frequencies, then eliminate TCWV in ordexve for LWP. This gives:

LWP = co99 (a1 (In(Tp) +In(1—¢&s)) + aIn(To— T22) +agIln(To— T31)) (10)

Here the coefficients;ao & are slightly complicated functions of the absorption coefficients for watgowa
and liquid at the two frequenciek’%, k,, k§; andks;). However they do not depend on anything else, so they
can be treated as constants. There is an explicit dependence on zgléthiacos9 and an implicit dependence
on zenith angle and polarisation via the surface emisségityn practice, the coefficients are derived from fits
to simulated observations, rather than directly from the radiative propeftoésud and water vapour, as might
be implied by Eqgs. 8 and 9. Equation 10 reduces to the Karstens et al) (£#9aval (Eq. 7) if the zenith angle
and polarisation are constant.

Starting from the Grody et al. (2001) coefficients, which are alreadd as part of an emissivity retrieval in
the clear-sky assimilation, but adding a slightly improved zenith angle depeadie following retrieval was
developed:

LWP = cos (8.24— (2.539— 1.744c0%) coP + 0.754Nn(285— Tpy) — 2.269n(285— T31))  (11)

The emissivity term gIn(1— €s)) has been parametrised in the fofai+ bco¥)co, and is computed (using
linear regression) by trying to make cross-scan variations in LWP as ssnatissible. To test the retrieval, it
was applied to 10 days’ brightness temperatures simulated from the modebf@spat AMSU-A locations.
Figure 25 compares the retrievals to the ‘true’ LWP in the FG. There is adsyable amount of scatter around
the 1:1 line, but this is to be expected given the assumptions that go into eevakttt is still adequate for use
in the parametrisation of observation error.

B Acronyms

Here are some acronyms that are not defined in the main body of the text:
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Figure 25: Scatter-plot of retrieved versus simulated LWigh the 1:1 line superimposed. Density of points is given by

logarithmic contours. Sample is 10 days of simulated pofAMSU

AIRS — Advanced Infrared Sounder

-A locations. Correlation coefficient is 92.7%.

AMSR-E — Advanced Microwave Sounder Radiometer for EOS

EOS — NASA Earth Observing System
EUMETSAT — European Organisation for the Exploitation of

Meteorologgakllites

OSTIA - Operational Sea Surface Temperature and Sea Ice Analysis

HIRS — High Resolution Infrared Radiation Sounder

IASI — Infrared Atmospheric Sounding Interferometer
ITCZ — Inter-tropical convergence zone

MHS — Microwave Humidity Sounder

NOAA — National Oceanic and Atmospheric Administration
QuikSCAT — Quick Scatterometer

RTTOV-SCATT — Radiative Transfer for TOVS - Scattering
SSM/I — Special Sensor Microwave Imager

SSMIS - Special Sensor Microwave Imager / Sounder
TIROS — Television Infrared Observation Satellite Program
TMI — TRMM Microwave Imager

TOVS — TIROS Operational Vertical Sounder

TRMM - Tropical Rainfall Measuring Mission
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