
670

Assimilating AMSU-A temperature
sounding channels in the presence

of cloud and precipitation

Alan J. Geer, Peter Bauer and
Stephen J. English

Research Department

Simultaneously released as EUMETSAT / ECMWF fellowship
programme research report 24

April 2012



Series: ECMWF Technical Memoranda

A full list of ECMWF Publications can be found on our web site under:
http://www.ecmwf.int/publications/

Contact: library@ecmwf.int

c©Copyright 2012

European Centre for Medium-Range Weather Forecasts
Shinfield Park, Reading, RG2 9AX, England

Literary and scientific copyrights belong to ECMWF and are reserved in all countries. This publication
is not to be reprinted or translated in whole or in part without the written permission of the Director-
General. Appropriate non-commercial use will normally be granted under the condition that reference
is made to ECMWF.

The information within this publication is given in good faith and considered to be true, but ECMWF
accepts no liability for error, omission and for loss or damage arising from its use.



All-sky AMSU-A

Abstract

A better assimilation of satellite radiances in cloudy and precipitating areas should help improve
forecasts by (i) providing greater coverage of temperatureand humidity in meteorologically active
areas and (ii) directly constraining cloud and precipitation. Advanced Microwave Sounding Unit A
(AMSU-A) is used for sensing atmospheric temperature and isone of the most important sensors in
the global observing system, yet at ECMWF, except for a simplecloud-screening, it is still assim-
ilated without considering the effect of cloud or precipitation. There may be benefits in using the
‘all-sky’ approach, which is already operational for microwave imagers. To extend this to AMSU-A
requires a model for observation error that prescribes larger errors in cloudy and precipitating re-
gions than in clear skies, 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 are intended for lower and mid-tropospheric
temperature sounding, but are also sensitive to hydrometeors and the surface. Channel 4 is not yet
assimilated operationally. In the full observing system, the incremental impact of all-sky AMSU-A
channel 4 from two satellites is similar to that of adding another microwave imager; in other words
it brings new information on water vapour and cloud, but has little impact on temperature. It is
likely that other observations, such as infrared sounder radiances, already constrain the lower tro-
pospheric temperature quite well. A first implementation ofall-sky assimilation of channel 5 was
unable to replicate the quality of the existing clear-sky assimilation. Mainly this was due to an im-
perfect experimental setup that allowed changes in the number of observations, the screening and the
prescribed observation error. With more development it should be possible to match the quality of
the existing technique, but it may be hard to improve on clear-sky assimilation. This is because: (i)
All-sky assimilation can reduce the constraint on temperature by allowing increments to go into the
cloud fields; (ii) Clear-sky channel 5 assimilation alreadyhas an 80% coverage over ocean, so there is
limited scope to extend the coverage further; (iii) Ignoring the presence of liquid water cloud appears
to be a minor part of the error budget for clear-sky channel 5 assimilation; (iv) The ‘double-penalty’
problem can increase the error budget in all-sky assimilation (compared to clear-sky), particularly
in the tropics; (v) The all-sky technique suffers ongoing issues with water vapour and temperature
spinup in the tropics, likely to do with the data assimilation and the water vapour control variable.
Nevertheless, development will continue.

1 Introduction

Temperature-sensitive microwave radiances from Advanced Microwave Sounding Unit A (AMSU-A)
and its predecessor MSU have been one of the most important parts of the global observing system for
many years (e.g. Derber and Wu, 1998; English et al., 2000). This remains true even after the introduc-
tion of hyperspectral infrared sounders (e.g. Cardinali and Prates,2011). When ECMWF reduced the
observation error assigned to AMSU-A temperature channels there was a2% improvement in forecast
scores (Bormann et al., 2011b) and this was one of the most significant operational upgrades of recent
years. However, AMSU-A is still assimilated without considering the effectof cloud or precipitation,
and cloud-affected observations are rejected (Bormann, 2008). Thiswork examines whether the cloud
and precipitation aspects could be dealt with better.

At ECMWF, microwave imagers are now assimilated using an all-sky approach(Bauer et al., 2010; Geer
and Bauer, 2011) where clear, cloudy and precipitating scenes are treated together, including scattering
radiative transfer where necessary. This gives a wider observational coverage, and brings information on
water vapour, cloud and precipitation into the analyses, benefitting forecasts (Geer et al., 2010; Cardinali
and Prates, 2011). ECMWF are developing a cloud control variable, but even without one incremental
4D-Var is able to create and destroy hydrometeors in the model trajectory (Bauer et al., 2010). Hence it
is worth seeing whether the all-sky approach can be applied to microwave sounders such as AMSU-A,
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Table 1: Channel specifications of the AMSU-A instrument, ignoring purely stratospheric channels. Polarisation
at nadir is either vertical (v) or horizontal (h) but varies across the scan.

Number Frequency
[GHz]

Polar-
isation
(nadir)

NE∆T (specified)
[K]

Peak of weighting
function at nadir
[km]

Surface to space
transmittance at
nadir [0-1]

1 23.8 v 0.3 0 N/A
2 31.4 v 0.3 0 0.94
3 50.3 v 0.4 0 0.67
4 52.8 v 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 v 0.25 10 0.00
8 55.5 h 0.25 14 0.00
15 89.0 v 0.5 0 N/A

and in particular, whether it can improve the assimilation of temperature information.

Other NWP centres have attempted to account for cloud in AMSU-A radiances, for example by using
cloud liquid water path as a bias predictor (Baker et al., 2005) or by directlyassimilating radiances in
all-sky conditions, in some cases using a cloud control variable (Ishibashi, 2011; Bauer et al., 2011).
Documentation is as yet limited, but development is ongoing at JMA and NCEP / JCSDA. The Met
Office assimilate cloud-affected AMSU-A radiances directly in their operational 4D-Var (English et al.,
2007). They implemented a total water control variable, enabled cloud liquid water radiative transfer in
the observation operator (though they did not simulate scattering) and added AMSU-A channels 1 and 2
to an existing system that was using channels 4, 5, 6 and various other stratospheric channels. Forecasts
were clearly improved, but because the Met Office do not assimilate microwave imagers, the addition
of AMSU-A channels 1 and 2 may well have been the most significant part of this upgrade, bringing
completely new information on low-level moisture and cloud. Hence, the importance of all-sky radiative
transfer for temperature sounding channels is not clearly proven by theMet Office work.

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

2 Information content of AMSU-A

AMSU-A (Robel, 2009) is a 15 channel microwave radiometer for atmospheric temperature sounding
that has been flown on NOAA polar orbiters starting with NOAA-15, as well as EUMETSAT’s Metop-
A. There are 12 channels in the 60 GHz oxygen band with weighting functions peaking from the surface
to 40 km. There are also three imaging channels sensitive to water vapour, cloud and precipitation at 24,
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 km onthe earth’s surface. The swath
is composed of thirty step-scanned observations with an effective field ofview (EFOV) of 50 km by
50 km at nadir and 140 km by 80 km at the edge of the swath (Bennartz, 2000). The zenith angle varies
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Figure 1: Global average clear-sky weighting functions at nadir (left) and at zenith angle of 45◦ (right) of AMSU-
A channels 3 (red), 4 (green), 5 (dark blue), 6 (light blue) and 7 (orange). Weighting functions are computed as
−dτ(lnP)/dlnP whereτ is transmittance and P is pressure. The figure shows the global average of weighting
functions computed from a large set of ECMWF atmospheric profiles.

from 1.5◦ to 58.5◦ over the same range. Clear-sky weighting functions for the tropospherictemperature
channels are shown in Fig. 1. Channel 5 is the lowest channel operationally assimilated at ECMWF;
so channels 3 and 4 could bring new temperature information. Although we already assimilate chan-
nels with similar weighting functions from the infrared sounders AIRS and IASI (see appendix B for
acronyms), microwave assimilation can bring greater coverage in cloudy areas, so there may be some
new temperature information available.

Figure 2 shows the simulated radiative effect of hydrometeors on AMSU-Aobservations for 10th Febru-
ary 2011. This ‘cloud effect’ can be computed by assuming the all-sky brightness temperature T is the
sum of a clear-sky part Tclr and a modification coming from cloud or precipitation,∆Tcld:

T = Tclr +∆Tcld (1)

Both clear-sky and all-sky brightness temperatures (Tclr and T) are routinely produced by the RTTOV-
SCATT radiative transfer model (see e.g. Geer et al., 2009) so∆Tcld can be computed easily. Areas
of non-zero ‘cloud’ effect indicate the presence of radiatively important hydrometeors. For AMSU-A,
the dominant effect is to increase brightness temperatures in the lower channels (e.g. 1 to 4) and to
decrease them in higher channels (e.g. 5 and 6). Channels 1, 2 and 3 are window or near-window
channels like those used in microwave imagers, where clouds and precipitation are warm emitters over a
radiatively cold ocean surface. The dynamic range of the cloud signal islarge, easily reaching 30 K. In
contrast, channel 6 has a weighting function in the upper-troposphere and little sensitivity to the surface
or even the lowest few kilometres of atmosphere. In this channel, hydrometeors reduce the brightness
temperature in two ways: by moving the weighting function to higher levels wherethe temperature is
colder, and through scattering, mainly from frozen particles. Channels 4and 5 show a mix of behaviours:
there are positive cloud effects from midlatitude cloud and precipitation, andnegative ones from tropical
deep convection. The effect of cloud is much smaller than in the window channels, with a dynamic range
of a few Kelvin.

The Mie soft sphere approach used to compute snow scattering properties in RTTOV-SCATT is known

Technical Memorandum No. 670 3



All-sky AMSU-A

a

−30

−20

−10

0

10

20

30

C
lo

ud
 e

ffe
ct

 [K
]

Ch. 1 − 23.8 GHz b

−30

−20

−10

0

10

20

30

C
lo

ud
 e

ffe
ct

 [K
]

Ch. 2 − 31.4 GHz

c

−20

−10

0

10

20
C

lo
ud

 e
ffe

ct
 [K

]
Ch. 3 − 50.3 GHz d

−4

−2

0

2

4

C
lo

ud
 e

ffe
ct

 [K
]

Ch. 4 − 52.8 GHz

e

−0.5

0.0

0.5

C
lo

ud
 e

ffe
ct

 [K
]

Ch. 5 − 53.596 GHz f

−0.4

−0.2

0.0

0.2

0.4

C
lo

ud
 e

ffe
ct

 [K
]

Ch. 6 − 54.4 GHz

Figure 2: Effect of hydrometeors in K, computed as the difference between cloudy and clear first guess (FG)
brightness temperatures. Sample is all Metop-A AMSU-A observations for 10th February 2011, but to reduce the
size of the image file, they have been subsampled in longitudeand latitude to one per 1◦ by 1◦ box. Sample is
restricted to ocean and sea-ice surfaces.
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to be unreliable (e.g. Petty and Huang, 2010; Kulie et al., 2010) and deep-convective regions are already
screened out in the all-sky assimilation of microwave imagers due to an obviousproblem of excess-
scattering or excess falling snow coming from the model (Geer et al., 2010). To limit the effect of this
problem in AMSU-A simulations, an ad-hoc 5 times reduction in model snow fluxes is used to decrease
scattering at 50 to 60 GHz and bring RTTOV-SCATT simulations closer to observations. Even if these
problems were properly fixed, we would still not have any microphysical information on which to predict
the habits of frozen precipitation or their size distributions, so it would be difficult to do accurate radiative
transfer in such regions. Hence, there is no attempt to assimilate AMSU-A observations in tropical
deep-convective regions. As done operationally for microwave imager channels with frequencies above
30 GHz, we will screen out these situations (see section 3.1).

We decided to focus our attention on a small subset of AMSU-A channels withthe most potential benefit
for temperature assimilation. Hence, channels 1 and 2 were ignored, beingsimilar to those already
assimilated from microwave imagers. Channel 3 would be difficult to use, because it has a blend of
sounder and imager properties that vary across the swath. Early assimilation experiments with channel
3 showed an undesirable increase in the size of wind increments in the midlatitudes with corresponding
degradations in the forecast scores, so to start with we ignored this channel too.

Channel 4, being sensitive to liquid water cloud as well as temperature and (to a small degree) water
vapour, would be ideal for the all-sky approach, so it is our primary focus. However, early experiments
with channel 4 showed a small but noticeable degradation of short-rangeforecasts in the midlatitudes,
apparently coming from the ‘cold-sector’ bias that has affected the microwave imager channels for a long
time (Geer et al., 2009; Geer and Bauer, 2010; Geer et al., 2011), and which is likely caused by a lack of
liquid water cloud in the model boundary-layer stratocumulus associated with cold air outbreaks, which
may be a general problem with cloud models (e.g. Klein et al., 2009). The biaswas being aliased into
the temperature and wind fields and hence causing forecast degradation. It is very difficult to correct the
bias or even successfully identify all the affected areas. Hence we hadto start by trying to assimilate
channel 4 inside the range 40◦N to 40◦S, to avoid cold-sector biases.

Channel 5 shows a strong negative cloud effect from deep convection in the tropics, and we could not
assimilate that data, but there is a positive signal in the midlatitudes coming principally from liquid water
cloud. In the operational clear-sky assimilation, this signal could be aliasedinto temperature increments
when cloud detection fails. Thus there might be benefits from taking properaccount of the cloud signal
by using the all-sky approach. Hence, channel 5 is the other main channel that we will look at. Channel
6 has an upper-tropospheric weighting function, so the precipitation and cloud it sees is predominantly
frozen. Since we would have difficulty with the radiative transfer in such situations, we also ignored
channel 6 to start with.

3 Method

3.1 Overview

Microwave imager radiances are assimilated operationally in all-sky conditions(Bauer et al., 2010; Geer
et al., 2010; Geer and Bauer, 2011) using multiple-scattering radiative transfer from RTTOV-SCATT
(Bauer et al., 2006). The all-sky approach has novel features to enable cloud and precipitation-affected
assimilation:

• Observation errors are assigned as a function of ‘symmetric’ (or mean) cloud amount (Geer and
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Bauer, 2011);

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

• Situations with large hydrometeor-related biases must be screened out. Examples are the ‘excess
scattering’ bias in deep convection, and the ‘cold sector’ bias in high latitudecold-air outbreaks
discussed in the previous section.

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

• The thinning algorithm selects observations with the smallest absolute first guess (FG) departures
in channel 4, in order to reduce cloud-contamination.

• Each clear-sky observation has an associated skin-temperature sink variable to account for errors
in the prescribed surface temperatures.

We decided not to incorporate either of these techniques in the all-sky framework. Actively thinning for
cloud would clearly be inappropriate. As for a skin temperature sink variable, the operational microwave
imager assimilation does not use one because (compared to land-surface temperatures) sea surface tem-
peratures (SSTs) are well-specified, and the relatively low ocean surface emissivity also reduces the
effect of any skin temperature errors.

In order to apply the all-sky approach to microwave sounders there werea number of issues. First, to
specify the observation error we need to derive the mean cloud amount. For imagers, we rely on the
normalised polarisation difference at 37 GHz as a measure of cloud amount(more precisely, of hydrom-
eteor transmittance: Petty and Katsaros, 1990). Unfortunately, sounders such as AMSU-A measure only
one polarisation, so we need another way to estimate cloud amount. Hence we make a liquid water path
retrieval from the 24 and 31 GHz channels (Grody et al., 2001, and appendix A). Second, nadir scan
positions see more cloud than the extreme positions, because (a) their weighting functions are lower in
the atmosphere and (b) zenith and polarisation effects mean surface emissivity decreases slightly towards
nadir, making the ocean surface relatively cooler and the clouds more visible. Hence, the observation
error formulation will need to vary with scan position to account for the varying sensitivity to cloud. The
effect of the differing resolutions of instrument and model also needs to be assessed, and in particular, the
varying resolution across the AMSU-A swath. These issues are addressed in more detail in the following
sections.

Due to the aforementioned problems modelling scattering from snow particles, we need to screen out
the higher-frequency channels (above 30 GHz) in scattering situations.For microwave imagers, we use
a threshold on mean cloud amount. For AMSU-A, we can use the ‘cloud delta’(∆Tcld, Eq. 1) instead.
When this is negative, it is likely that scattering dominates the radiative transfer (though not guaranteed:
absorption effects can also cause brightness temperature depressions). Screening is applied when either
observed or simulated∆Tcld is less than -0.5 K in channel 5, which typically removes 4% of observations.

3.2 Resolution and its variability with scan position

Conically scanning microwave imagers have a constant zenith angle, polarisation and field of view (FOV)
size. Thus, instrument properties are constant from one observation tothe next, which is very useful
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in all-sky assimilation, particularly because it makes it possible to create superobs at a given spatial
resolution, simply by averaging all observations within the relevant grid box. This is important because
the peak brightness temperature in any given area is generally associatedwith the heaviest precipitation.
However, heavy precipitation is often localised, so where a small FOV can see a localised patch of very
high brightness temperatures, a larger FOV will see an average of this andsurrounding lower brightness
temperatures. Hence the peak brightness temperature in any channel (and the precipitation response in
general) is a function of FOV size, with larger FOVs seeing lower peak brightness temperatures. Hence
it is important that the resolution of assimilated observations (or superobs) should roughly match the
effective model resolution.

By contrast, cross-track scanning radiometers have a varying zenith angle, polarisation and field of view.
Thus, the radiative properties vary across the track. As mentioned, the EFOV of AMSU-A is 50 km by
50 km at nadir and 140 km by 80 km at the edge of the swath (Bennartz, 2000). In addition, Sec. 2 shows
that at nadir AMSU-A sees deeper into the atmosphere and is more sensitiveto cloud and precipitation
compared to the higher zenith angles at the edge of the swath. Figure 3 examines the influence of these
behaviours on the ‘cloud delta’∆Tcld (Eq. 1) in channels 1, 3 and 4.∆Tcld is computed for both model
and observations, using the modelled Tclr in place of the unknown ‘observed’ clear-sky TB, as this is
quite accurate relative to errors in modelled cloud amounts (see Geer and Bauer, 2011). Positive cloud
deltas are caused by relatively warm emission from cloud liquid and rain. Inall three channels, the
positive cloud delta is much greater for nadir scan positions than for extremepositions. In channel 4,
for example, the cloud delta is a maximum of 5 K at extreme positions but 9 K at nadir, due to greater
visibility of low clouds. This is true of both observed and modelled cloud delta.

In channel 1 there is no negative modelled cloud delta (dashed line) but there is apparently an observed
effect (solid lines) as large as -10 K. In this channel there is no physical mechanism to produce a negative
cloud delta, since both scattering and absorption from hydrometeors are too weak. Instead the apparent
negative cloud deltas come from using the modelled Tclr in place of the unknown true value. Because
forecast total column water vapour (TCWV) or modelled surface properties are sometimes incorrect, this
can produce a Tclr that is on occasion higher than the observed all-sky brightness temperature T. By con-
trast, channel 4 is principally sensitive to temperature rather than TCWV or the surface, and temperature
is very accurately forecast (≃0.2 K error). Hence the negative cloud delta is a real physical behaviour,
coming from hydrometeor absorption at relatively cold upper levels, plus scattering. Interestingly, these
effects are greater 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 similar, though modelled cloud
delta peaks slightly higher (by≃10 K or 20% in channel 1 and by≃2 K or 7% in channel 3). This might
be indicative of a model bias in highly precipitating situations, or a scale mismatch between observed
EFOV and model effective resolution. However, it is clearly not a large effect, and it does not vary much
between nadir and extreme scan positions. This shows that, to a first approximation, we can model the
effect of cloud and precipitation on AMSU-A radiances without having to take into account changes in
the EFOV size across the swath. Also, the EFOV appears roughly comparable to the effective resolution
of cloud in the ECMWF system, so we do not need to make superobs either. However, to reduce data
volumes and limit the effect of observation error correlation, we applied a thinning so that observations
were limited to one per 80 km T255/N128 Gaussian grid box, with preferencegiven to observations
closest to the centre point of the box.
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Figure 3: Histograms of cloud delta∆Tcld in channels 1,3 and 4 (panels a,b and c) for extreme scan positions
(4,5,26,27, thick line) and nadir scan positions (13-18, thin line) for observations (solid) and FG (dashed). Sample
is the Metop-A observations of 5th February 2010, includingscattering-affected situations.
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3.3 Prescribing the observation error

Observation error will be prescribed following the method of Geer and Bauer (2011). They modelled the
variation of FG departures with cloud amount and used that model to predictthe observation error. Sim-
plifying slightly from their method, we ignore the contribution of background error to the FG departure
standard deviations, and assume they directly represent observation error. For AMSU-A we also need
to describe the variation of FG departures with with scan position, so we will add an extra term to the
model. Hence, the observation errorr will be prescribed as:

r = f (θ)g(CLWP) (2)

Here,g(CLWP) prescribes the observation error at nadir and is an increasing functionof cloud amount,
and f (θ) scales the error as a function of zenith angleθ . The mean cloud amount is computed as

CLWP = (LWPOBS+LWPFG)/2. (3)

where LWP is retrieved from the brightness temperatures (see appendix,Eq. 11), with the retrieval ap-
plied separately to the observations and to the bias-corrected FG.

First we examined the variation of FG departures as a function of scan position, shown in Fig. 4. Near
nadir (i.e. in the central scan positions) AMSU-A sounding channels see deeper into the atmosphere,
giving a greater sensitivity to cloud and precipitation. Following Geer and Bauer (2011) that will natu-
rally lead to larger standard deviations of FG departures. In practice, thiseffect is only seen in AMSU-A
channels 3 and 4, and not in channel 1, 2 or 5. Hence it is presumably aneffect of the visibility of the
surface and of lower tropospheric cloud, rather than of deep convection. The same effect results in much
larger FG departure standard deviations in channel 3 (order 3 K), compared to channel 4 (order 0.5 K) or
channel 5 (order 0.25 K).

Trial and error showed that a Gaussian-like function can be used to model the variation in standard
deviation with scan position:

f (θ) = 0.3+0.7exp

(

−
(βθ)2

2

)

(4)

Here,θ is the zenith angle in radians, andβ=1.25 for channel 3 and 2.0 for channel 4. Figure 4 also
shows the standard deviation of FG departures that have been divided by f (θ). Almost all variation with
scan position has been eliminated. The scaling is relatively independent of cloud amount, whether for an
all-sky sample (panel a) or just a ‘clear-sky’ sample (panel b, LWP< 0.05 kg m−2 in both observation and
FG). The scaling is optimised for the all-sky sample; it slightly over-corrects the extreme scan positions
in clear-skies. English (2008) showed that even in clear-skies, forward modelling errors increase with
visibility of the sea surface, due to errors in modelled skin temperature and emissivity. However, in
all-sky assimilation, it is the visibility of cloud that is most important. For example, in channel 3, the
cross-swath variation in error is about 1 K for the all-sky sample, but only0.3 K for the ‘clear’ sample,
and even that in reality contains some light-cloud situations. Nonetheless, Eq.4 attempts to account for
both surface and cloud effects.

The standard deviations of FG departures as a function of mean cloud (CLWP, Eq. 3) are shown in Fig-
ure 5. Here, all FG departures have been rescaled byf (θ) to remove the scan-variation. Standard
deviations vary as expected, i.e. values are low in clear skies, and then increase with cloud amount to
a point where they start decreasing again (though not for channel 5). This decrease comes from the
good agreement between observations and FG that is implicit when the mean cloud amount is high. The
jagged lines forCLWP > 1.0 are due to inadequate sampling of the very small numbers of observations
with large amounts of mean cloud.
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Figure 4: Standard deviation of AMSU-A FG departures in channels 3, 4 and 5 (solid lines, labelled on the figure)
as a function of scan position. Also shown are the standard deviations of departures rescaled to remove the scan
dependence in channels 3 and 4 (dashed lines, see text for details). Sample is 15 - 28 Feb 2011, 60◦S to 60◦N,
ocean only for all-sky (panel a,≃ 3 million observations) or clear-sky (panel b,≃ 1 million observations with
cloud liquid water path (LWP)< 0.5 kg m−2 in both observation and FG). Scattering situations are excluded.
Note that scan positions 1–3 and 28–30, which are truly the most extreme, are not used in the ECMWF system in
the clear sky approach, and similarly they are ignored here.
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Figure 5: Standard deviation of AMSU-A FG departures in channels 3, 4 and 5 (panels a, b, and c respectively) as
a function of mean cloud amountCLWP = (LWPOBS+LWPFG)/2. FG departures have been re-scaled to eliminate
scan-position dependence. Sample is as for Fig. 4 but eitherincluding (solid) or excluding (dashed) areas affected
by scattering. Also shown is the model for FG departure standard deviation (dotted) 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, (Eqs. 2to 6)
Channel β Cclr [kg m−2] Ccld [kg m−2] gclr [K] gcld [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

Two samples are examined in Fig. 5, either with or without removing the 4% of points affected by
scattering (which would not be assimilated in any case). The scattering pointsappear to be associated
with the largest errors, particularly in channel 5. This would be expectedgiven that in channel 5 scattering
is the most important radiative effect of hydrometeors. Panel c is a clear confirmation of the need to
remove scattering points, e.g. deep convective areas, before assimilatingthis channel. The dotted lines
show a piecewise linear model for error:

λ =

(

gcld −gclr

Ccld −Cclr

)

(5)

g(CLWP) =











gclr if CLWP≤Cclr

gclr +λ (CLWP−Cclr) if Cclr < CLWP < Ccld

gcld if CLWP≥Ccld

(6)

Here,gclr andgcld are the minimum and maximum standard deviation of FG departures, as binned by
mean cloud amount (e.g. 1.8 K and 12.5 K for channel 3), andCclr andCcld give the range of cloud
amounts over which the main increase in error takes place (e.g. 0.01 to 0.47).These numbers were
computed from an experiment with all-sky assimilation switched off inside a previous IFS cycle, simply
by fitting by eye to figures like Fig. 5. These prescribed errors are slightlylarger than the FG departure
standard deviations in the active assimilation experiments at Cycle 37r2. However, in clear-sky assimi-
lation we typically assign observation errors that are substantially larger than the FG departure standard
deviation (e.g. Bormann et al., 2011b), so this may be no bad thing. Parameters for the error model are
given in Tab. 2 for each of the channels we might assimilate.

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

A test of the scan dependence of the error model is that the normalised FG departure standard deviation is
constant and approximately equal to 1 in each scan position. This is true within±6% in all scan positions
in channels 3 and 4, except positions 4 and 5 of channel 3, which go to +10% (figure not shown). Overall,
it appears the error model works well for AMSU-A, simulating errors thatincrease with cloud amount
and decrease towards higher zenith angles.
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Figure 6: Histograms of FG departures in channels 3, 4 and 5 (panels a, b, and c respectively) normalised by
the sample standard deviation (thin solid) or by the error model (thick solid). Sample excludes areas affected by
scattering. Also shown is the Gaussian function (dotted). Vertical axis is logarithmic to emphasise the wings of the
distribution.
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3.4 ‘Model-space’ approach and performance

Recall that a ‘model space’ approach is used in the all-sky microwave imager assimilation (equivalently,
mapping of model quantities to observation locations is done according to the nearest gridpoint, rather
than by using bilinear interpolation from four surrounding points, as is conventional for most observation
types). With this approach, the observation operator can be called just once per grid point, no matter how
many observations are associated with that point. In the inner-loop minimisations, where the forecast
model runs at a relatively coarse resolution, we have exploited this to provide a substantial computational
cost saving in the operational microwave imager assimilation. This is not so easy to do for microwave
sounders, because the zenith angle and polarisation vary. When several AMSU-A observations have a
similar zenith angle (to within 0.2◦) and are associated with the same gridpoint, we can still economise
and use a single radiative transfer simulation. The performance saving is beneficial but not as great
as for the imagers. Hence it is more computationally demanding to assimilate a cross-track sounder
than a conically-scanning imager (given the same number of channels), and all-sky is very much more
demanding than the clear-sky approach. This is a disadvantage for the new technique and it means that
we must be economical with the number of channels to which it is applied.

A second issue is that the ‘nearest gridpoint’ temperature profile is not appropriate for temperature-
sounding channels in regions of strong horizontal temperature gradients, such as around the polar front.
To demonstrate this, brightness temperatures were simulated using a FG temperature profile coming
either from the nearest grid-point or from an interpolation to the observation location. In the region of the
polar front, the difference between the two approaches had a standarddeviation of 0.07 K in brightness
temperature and a Moiré pattern associated with the interaction between the observation scan pattern
and the model grid (not shown). While this error is substantially smaller than thespecified instrument
noise (Tab. 1) it is still worth taking seriously. Hence a hybrid approach isused for AMSU-A: the model
temperature profile is interpolated to the observation location while the pressure and hydrometeor profiles
remain those of the nearest gridpoint.

4 Results for channel 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 assimilating channel 4. The experiments
are summarised in Tab. 3. Channel 4 assimilation is done over ocean surfaces only and not over land
or sea-ice. Exactly the same set of channel 4 observations are used in each experiment, aside from the
differences listed in the table. To achieve this, the clear-sky channel 4 assimilation was carried out in the
all-sky framework but with cloud and precipitation radiative transfer turned off. This ensured we used
the same thinning pattern and screening criteria in both experiments and avoided other complications
such as whether or not to use a skin temperature sink variable. In the clear-sky approach, cloudy scenes
are eliminated using a threshold of 0.02 kg m−2 in observed LWP (retrieved via Eq. 11), and a flat 0.3 K
observation error is prescribed (justified from FG departures). The all-sky approach is restricted to the
range 40◦N to 40◦S because of cold-sector cloud biases. Note that there has been no attempt to find the
very best clear-sky implementation: perhaps improvements could come from the use of scan-dependent
observation errors, or an even tighter cloud-screening. This ‘clear-sky’ experiment gives a first-order
estimate of how clear-sky channel 4 assimilation would behave.
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Experiment
Name Control Clear-sky All-sky
ID fim0 fimy fivd
Treatment of AMSU-A ch. 4
Assimilated No 60◦N to 60◦S 40◦N to 40◦S
Radiative transfer - Hydrometeors ignored Hydrometeors included
Observation error - 0.3 K Variable (Geer and Bauer, 2011)
Cloud screening - Yes No

Table 3: Channel 4 experiment configuration.

Experiments are based on cycle 37r2 of the ECMWF operational NWP system, but with a slightly re-
duced horizontal resolution of T799 (roughly 25 km). These experimentsrun the delayed-cutoff 12 h
analysis but not the 6 h early-delivery analyses (see Haseler, 2004). Variational Bias Correction (VarBC
Dee, 2004) has been spun-up in advance, so there is no need to eliminate any further spinup period. The
control provides initial conditions for the other experiments, which start on7 February 2011 and run to
30 April.

The full operational observing system is used including polar orbiting satellite measurements (AMSR-
E, SSMIS, HIRS, AMSU-A, AMSU-B, MHS, AIRS, IASI TBs, QuikSCATwind - see appendix B for
acronyms not yet defined), geostationary radiances and wind vectors(SATOB-uv), radiosonde temper-
ature, specific humidity and wind measurements (TEMP-T, TEMP-q and TEMP-uv), surface pressure
data (SYNOP-Ps) and aircraft temperature reports (AIREP-T). Whenpassing AMSU-A data through the
all-sky system, we use observations from NOAA-15, NOAA-18, NOAA-19 and Metop-A but not Aqua
because channels 4 and 5 have become too noisy in recent years and have not been used operationally in
clear skies since April 2010.

4.1.2 Scores and observation fits

Figure 7 shows the effect on RMS forecast scores for vector wind over an 83-day experimental period.
The y-axis is restricted to no more than±3%, 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 assimilation makes both
negative and positive impacts. Ignoring the scores at T+12, which simply show the change in the RMS
increment (Geer and Bauer, 2010), all-sky channel 4 makes significant degradations of 0.6% to 0.7% at
days 2 to 4 in the NH in the lower troposphere at 850 hPa, counterbalancedby improvements in tropical
scores 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
improvements, particularly around day 3 in the SH, but these are not significant. In geopotential scores
in the extratropics there is a roughly similar picture (not shown). Relative humidity and temperature
scores degrade in the early forecast period (not shown) but these are particularly responsive to increased
activity in the increments. Overall, the forecast scores for the all-sky assimilation are quite promising.

The quality of temperatures in the analysis and early forecast range can be examined using observation
fits. For IASI in the tropics (top panel, Fig. 8), both clear-sky and all-skyapproaches improve fits in the
window channels (about 500 to 700) and in the WV channels (the last 10, i.e. 2889 to 5480), though
these improvements are extremely small (of order 0.1 - 0.4%). The extratropics show minor degradations
of around 0.2 - 0.3% at FG (bottom panel, Fig. 8) for both all-sky and clear-sky. In the NH in partic-
ular, all-sky slightly worsens the IASI analysis fit and reduces the numberof IASI lower-tropospheric
observations by around 0.5 - 1% (not shown). This may be consistent withthe slightly degraded NH
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 7−Feb−2011 to 30−Apr−2011 from 75 to 83 samples. Confidence range 95%. Verified against own−analysis.
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Figure 7: Effect of assimilating all-sky AMSU-A channel 4 radiances. Normalised difference in RMS vector wind
forecast error between experiment and control, using own-analyses as the reference.
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Figure 8: Standard deviation of (a) analysis and (b) FG departures from assimilated IASI radiance observations in
the tropics (top) and extratropics (bottom). Standard deviations have been normalised by the control values. Only
assimilated channels are shown; there are ten channels per division on the y-axis. IASI channel number n can be
related to wavenumberν by the formula n= 4(ν +645cm−1)

Technical Memorandum No. 670 17



All-sky AMSU-A

0.995 1.000 1.005
Std. dev. (normalised)

 5

6

7

8

9

10

11

12

13

14 

A
M

S
U

−
A

 c
ha

nn
el

 n
um

be
r

0.995 1.000 1.005
Std. dev. (normalised)

  

 

 

 

 

 

 

 

 

  
a b

Instrument(s): AMSU−A     Area(s):  Tropics
From 00Z  7−Feb−2011 to 12Z 30−Apr−2011

All−sky
Clear
Control

Background departure (o−b)              

Analysis departure (o−a)                

Figure 9: As Fig. 9 but for AMSU-A clear-sky channels

forecast scores in Fig. 7. A broadly similar picture is seen in in-situ AIREP temperatures, where FG
fits are slightly improved (order 0.4%) in the tropics but they are unaffectedin the NH (not shown). In
contrast, there are no degradations in fits to clear-sky AMSU-A channels, though the improvements are
concentrated in the tropics (Fig. 9). Standard deviations of analysis departures from AMSU-A channel
5 are slightly reduced by the assimilation of channel 4 in either the all-sky or theclear-sky route. The
all-sky approach shows the best improvement in the FG, of about 0.3 - 0.4%in channels 5 and 6.

Fits to the microwave imagers show a more uniformly positive impact from all-sky assimilation; the im-
agers have relatively little sensitivity to temperature and instead they primarily sense the moist variables.
Fits to AMSR-E in Fig. 10 are improved by around 0.5% to 3% in the analysis and 0.5% to 1.5% in the
FG, indicating improved hydrometeor or water vapour fields. These improvements are present in both
the tropics and extratropics, and are largest in the tropics (not shown).HIRS channels 7, 11 and 12 and
AMSU-B channels 3 to 5 (not shown) are assimilated in clear-skies and arepartly or completely water
vapour channels. These channels are improved in the tropics by about 0.5% in both analysis and FG in
both clear-sky and all-sky experiments. However, the improvement in AMSR-E fits is much bigger with
all-sky, particularly in channel 10 (37h) which is the most sensitive to cloudwater. This suggests that
both clear-sky and all-sky channel 4 make a slight improvement to the tropical humidity distribution (of
up to 0.5% in observation space) but only the all-sky approach can make animprovement in cloud water
(order 3%).

4.1.3 Analyses and increments

The difference between the all-sky and clear-sky assimilation of channel4 is particularly evident in the
analysis increments. Figures 11 and 12 show the mean change in analysed temperature at 850 hPa and
925 hPa, as well as the mean increments in the control experiment. These meanincrements are intended
to give some feeling for the significance of the temperature changes. At 850 hPa, all-sky channel 4
assimilation increases analysed temperatures by up to 0.3 K in some regions of trade cumulus close to
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Figure 10: As Fig. 9 but for AMSR-E.

the ITCZ. The clear-sky experiment does not show this, so the effect probably comes through the cloud
physics in the all-sky approach. It is likely that biases between modelled andobserved cloud fields are
being aliased into the temperature field at the top of the tropical boundary layer. The clear-sky approach
is not perfect either, and there are increases of up to 0.6 K in marine stratocumulus regions at 925 hPa
which probably come from undetected cloud being aliased into the temperaturefield. However, in the
context of the larger battle between model and observations that is represented by the mean increment
field, these biases in channel 4, whether in clear-sky or all-sky, are relatively modest.

Using a number of single-cycle experiments with a common FG, by switching different channels on or
off, it is possible to compute the part of the increment field coming from any particular channel or in-
strument. Figure 13 shows the global RMS of increments computed using thesemethods. Concentrating
on the curves for all-sky or clear-sky channel 4, it is seen that all-skyincrements are always larger, and
there is a particular large bulge at 850 hPa in temperature (and to a lesser degree in specific humidity
and cloud liquid water). Also shown are the increments from the assimilation of the three all-sky mi-
crowave imagers (TMI, SSMIS F17 and AMSR-E) and these are quite similarin shape to the all-sky
AMSU-A channel 4 increments, although larger in magnitude. By contrast, the shape of the clear-sky
channel 4 increments is much closer to those from AMSU-A channel 5, which is assimilated through the
clear-sky approach. This suggests that all-sky and clear-sky increments largely come through different
mechanisms. For example, all-sky temperature increments could come either directly through sensitivity
to temperature, via the tracer effect of 4D-Var and the sensitivity to humidity (though this effect is likely
small), or through the adjoint of the model physics and the sensitivity 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-sky approaches, Fig. 14 shows the tem-
perature increments caused by AMSU-A channel 4 on model level 83 (about 954 hPa) at the beginning
of the assimilation window, as derived from the single-cycle denial experiments. By eye (and indeed by
more quantitative methods) there is very little correlation between the patterns ofincrements in the all-
sky and clear-sky approaches. This supports the conclusion that even when applied to the same channel,
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Figure 11: Temperature fields at 850 hPa: (a) Mean differencebetween Clear and Control analyses; (b) Mean
difference between All-sky and Control analyses; (c) Mean temperature increments in the Control. Statistics are
computed over the period 7 Feb - 30 Apr 2011, based on 00Z and 12Z analyses (panels a and b) and 12Z analysis
minus FG (panel c).
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Figure 12: As Fig. 11 but at 925hPa.
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Figure 13: RMS of increments between 40◦S and 40◦N at the beginning of the assimilation window (a-d) or three
hours in (e-h) coming from either clear-sky ch. 4 AMSU-A (grey solid), all-sky ch. 4 AMSU-A (black solid), clear-
sky ch.5 (dot-dash) or all-sky microwave imagers (dotted) based on single-cycle experiments with a common FG
at 21Z on 14 Feb 2011. There is no cloud liquid water (CLW) control variable as yet, so the 00Z CLW increments
are zero.
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Experiment name ID Dates
Winter AMSU-A fl7f 17 Jan – 28 Feb 2011
Winter control fkvl
Summer AMSU-A flcm 11 Jun – 14 Jul 2011
Summer control fkvq

Table 4: Configuration of the cycle 37r3 experiments.

all-sky and clear-sky assimilation make temperature increments through different mechanisms, with the
sensitivity to cloud being dominant in the all-sky approach.

4.1.4 Summary

Clear-sky channel 4 assimilation brings useful information on temperature and water vapour, as evi-
denced by improved fits of up to 0.5% to HIRS, AMSU-A, AMSU-B and AMSR-E at analysis and FG
(e.g. Figs. 9, 10) and IASI at analysis (Fig. 8). However, these improvements do not translate into
forecast score improvements, and perhaps this is explained by the fact that the infrared sounders AIRS,
IASI and HIRS are already strongly constraining lower tropospheric temperatures through their window
channels and lowest-sounding CO2 channels. Indeed, there may be some conflict between AMSU-A
channel 4 and IASI, as shown by the order 0.2% degradation in extratropical fits at FG (Fig. 8). Also, as
shown by Fig. 1, the AMSU-A channel 5 and channel 4 weighting functions have a substantial overlap,
so channel 4 does not bring completely new information.

In contrast, the assimilation of AMSU-A through the all-sky route has its biggest impact on cloud water,
as shown by a 3% improvement in analysis fit to AMSR-E channel 10 (37h, Fig. 10). This goes with an
improvement in forecast scores of up to 0.7% at days 2-4 in the tropics, though there are also degradations
in NH scores (Fig. 7). However, there is an increase in RMS analysis increment ‘noise’ at 850hPa
(Fig. 13).

4.2 Tests at 37r3

4.2.1 Experiments and forecast verification

With the promising results of the tests at 37r2, it was hoped that all-sky channel 4 assimilation could be
included in a future operational cycle. Experiments were performed at cycle 37r3 with a view to including
channel 4 operationally in 38r1 (Tab. 4). A resolution of T511 was used. As for the experiments at 37r2,
we used four AMSU-As: those on NOAA-15, NOAA-18, NOAA-19 and Metop-A. The effect of all-sky
AMSU-A channel 4 on fits to other observations was similar to the 37r2 experiments. As before, the
most obvious improvement came in AMSR-E observations sensitive to liquid water cloud (not shown).
However, the forecast scores came under greater scrutiny and ultimately, all-sky AMSU-A channel 4 was
not considered suitable for operational use.

For forecast scores, the summer and winter runs have been combined to give about 10 weeks of verifi-
cation. The normalised changes in RMS errors in wind and temperature are shown in Figs. 15 and 16
as a function of latitude and pressure. The change in wind errors is almostalways insignificant, though
there is a slight increase in the RMS errors in the first 24 h. As mentioned before, an increase in RMS
errors at T+12 in own-analysis scores is equivalent to an increase in the size of the analysis increments.
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Figure 14: Temperature increments at the beginning of the window on model level 83 (about 954 hPa) coming from
the assimilation of (a) clear-sky channel 4; (b) all-sky ch.4. Date is 21Z on 14 Feb 2011.
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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 when AMSU-A channel 4 is assimilated. Blue areas
indicate reduced RMS forecast errors and hence improved forecasts; green/yellow/red areas indicate the opposite.
Cross hatching indicates a statistically significant change.
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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◦N to 20◦S) at 850 hPa as a function of forecast hour, starting
from the analysis (hour 0). Averaging period is 17th Januaryto 5th February 2011. Steps are at 0 h, 12 h, 24 h and
every 24 h thereafter

Temperature errors in the tropics at around 850 hPa show a significant degradation. At T+12, this is again
just a reflection of larger temperature increments, but there are also degradations that persist to the end of
the forecast range. These are explained by a 0.05 K increase in the tropical mean analysed temperature
at 850 hPa, similar to what was seen in the 37r2 experiments in Fig. 11. It wasthis apparent increase in
temperature RMS errors 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 feature of the all-sky system. In
fact, the addition of microwave imagers causes much greater mean changes inthe temperature and water
vapour field (and consequently larger changes in RMS forecast scores) than does the addition of AMSU-
A channel 4. Figures 17 and 18 show the mean tropical (20◦N to 20◦S) temperature and relative humidity
as a function of forecast hour. Four short experiments have been performed, starting from a baseline of
the full operational observing system but with microwave imagers removed.The ‘control’ adds all-sky
imagers TMI and SSMIS F17, giving the operational configuration following the loss of AMSR-E in
autumn 2011. On top of that control, we add either all-sky AMSR-E (these experiments were run for
early 2011 when it was still available) or all-sky AMSU-A channel 4 from just two satellites (Metop-A
and NOAA-19). In this context, the addition of all-sky AMSU-A makes a relatively minor change to the
temperature and moisture spinup. However, the addition of AMSR-E has even less effect on the spinup.

We can measure the benefits of these various configurations using four observation fit metrics (Fig. 19):
AMSU-A channel 5, indicative of mid-tropospheric temperature; HIRS channel 7, indicative of lower
tropospheric temperature and WV; and TCWV and LWP estimated from SSMISF16 brightness temper-
atures. AMSU-A and HIRS are assimilated; SSMIS F16 is not. The fits have all been normalised so that
the first guess fit of the baseline is 100%. The addition of two all-sky imagersis obviously beneficial,
bringing improvements of up to 13% in analysed and forecast water vapourand cloud. AMSR-E and
AMSU-A channel 4 bring further minor improvements but these are hard to discern from the figure.
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Figure 18: As Fig. 17 but for temperature.

Experience also shows that such minor differences are not statistically reliable, though it is not easy to
compute an error bar for these fits. Figure 20 shows the size of these improvements relative to the control.
AMSU-A channel 4 is better than AMSR-E at improving the ‘temperature’ fit (i.e. AMSU-A channel 5),
but otherwise the two configurations are comparable.

4.2.3 Summary

The impact of all-sky AMSU-A channel 4 is more obvious in cloud and water vapour than in temperature.
In fact, assimilation of all-sky AMSU-A channel 4 from two satellites has a similarimpact to adding
a new microwave imager (Fig. 20). All-sky assimilation (whether of AMSU-A orthe real imagers,
e.g. TMI and SSMIS) causes small tropical spinups in temperature and water vapour at 850 hPa and
consequent increases in RMS forecast errors. This issue has beenpresent since the days of the 1D+4D-
Var assimilation of cloud-affected microwave imager radiances (Geer et al.,2008), though it was the
drying aspect that was most noticeable then. This tropical drying / warmingis likely a basic feature of
the assimilation system when dealing with moist variables in saturated or near-saturated areas. Geer and
Bauer (2010) have already shown that this effect makes no impact on medium-range forecasts and that
the change in short-range forecast scores (e.g. Fig. 16) can be considered an artefact of own-analysis
verification. Nevertheless, there is still a real issue in the all-sky assimilation that needs to be solved.
In this context, the benefit of adding the first two imager-type instruments is much clearer than that of
adding subsequent ones.

5 Results for channel 5

AMSU-A channel 5 is one of the most important single channels in the observing system in terms of
forecast skill (AMSU-A channel 6 may be a little more important, and IASI andAIRS make their influ-
ence through weight of numbers.) The clear-sky assimilation of AMSU-A has already benefitted from
a decade of careful attention and tuning, including a decrease in prescribed observation error that was
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Figure 20: Based on Fig. 19, the change in analysis fit caused by adding either AMSU-A channel 4 or AMSR-
E to an otherwise complete operational observing system (the Ctrl experiment). Negative numbers indicate an
improved fit.

beneficial to forecast scores (Bormann et al., 2011b). Hence, channel 5 assimilation will be difficult to
improve on, and provides a stern test of the all-sky approach.

Given that channel 5 is operational, it is much harder to do a ‘clean’ comparison between all-sky and
clear-sky approaches for channel 5 than for channel 4. We have not yet been able to achieve a clean
experiment; the one presented here suffers a number of defects. It is still worth examining, both to
record the subtle but important issues affecting this kind of experiment, butalso because we gained
insight into what we can expect from all-sky assimilation of temperature channels.

Based on the 37r2 control experiment shown in Tab. 3, an all-sky channel 5 experiment was created.
Clear-sky channel 5 was replaced by all-sky over the oceans, following the same geographical range and
sea-ice screening criteria, e.g. 90◦N to 60◦S with sea-ice screened out. Over land, channel 5 continued
to be assimilated in the usual way through the clear-sky system. Unfortunately, what initially seemed a
simple change introduced numerous differences:

• Thinning strategies were different, so over ocean, all-sky AMSU-A used roughly 250,000 obser-
vations per day versus 100,000 for clear-sky AMSU-A channel 5. Itis possible that all-sky was
over-constraining the temperature because of this;

• As mentioned in Sec. 3.1, in all-sky, we implemented neither the skin temperature sink variable
nor the preferential thinning selection of smaller FG departures. These procedures may make a
greater contribution to the quality of clear-sky assimilation than was originally thought;

• A better experiment would have used constant observation errors. Theprescribed all-sky errors for
channel 5 are between 0.25 K and 0.4 K (Fig. 5c), so except in the very clearest conditions, obser-
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observations. Standard deviations have been normalised bythe control values.

vation errors are larger in the all-sky assimilation than the 0.28 K used in the clear-sky approach.
Given the results of Bormann et al., it would not be surprising if this translated into degradations
in forecast scores;

It was found that all-sky assimilation of channel 5 caused an order 1% degradation in fits to temperature-
sensitive instruments like sondes (Fig. 21) and IASI (not shown), alongwith similar size degradations
in NH forecast scores, though tropical and SH scores were not affected (Fig. 22). Given the state of
development of the clear-sky approach, just matching the quality of the current system would be a good
achievement. Nevertheless, we should take a hard look at precisely whatwe can expect all-sky assimila-
tion to do for the temperature channels.

An initial criticism of the all-sky approach is that it could be reducing the temperature constraint by
allowing increments to go into the cloud fields rather than temperature. The channel 5 experiment is not
capable of proving this one way or another, but the channel 4 experiments suggest this may be happening
(e.g. Fig. 14). Second, there is limited scope for all-sky assimilation to bring more observational cover-
age, partly because we cannot yet assimilate scattering-affected (e.g. deep convective) areas, but mainly
because channel 5 is relatively insensitive to boundary layer cloud andso the ‘clear-sky’ assimilation
already operates in many cloudy areas. In the clear-sky route over ocean, FG departures are computed
for AMSU-A channel 3 ignoring cloud and precipitation; where these departures are greater than 3 K the
channel 5 observations are considered cloud-affected and are discarded. After this cloud-screening, 80%
of observations remain compared to about 96% after the all-sky screeningfor scattering (these figures
are for ocean surfaces only). Hence, all-sky cannot greatly extendthe observational coverage. This is in
contrast to the experience of the Met Office in their transition to cloudy AMSU-A assimilation (English
et al., 2007). This superseded a clear-sky approach that retained only roughly 60% of AMSU-A channel
5 observations after cloud screening. Hence there was much greater scope to expand the observational
coverage.
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 7−Feb−2011 to 31−Mar−2011 from 45 to 53 samples. Confidence range 95%. Verified against own−analysis.

Ch. 5 all−sky   −  Control

VW: −90° to −20°, 200hPa

0 1 2 3 4 5 6 7 8
−0.02

0.00

0.02

0.04

0.06

N
or

m
al

is
ed

 d
iff

er
en

ce

VW: −20° to 20°, 200hPa

0 1 2 3 4 5 6 7 8
−0.02

−0.01

0.00

0.01

0.02

0.03
VW: 20° to 90°, 200hPa

0 1 2 3 4 5 6 7 8
−0.03
−0.02

−0.01

0.00

0.01

0.02

0.03

0.04

VW: −90° to −20°, 500hPa

0 1 2 3 4 5 6 7 8
−0.02

−0.01

0.00

0.01

0.02

0.03

0.04

N
or

m
al

is
ed

 d
iff

er
en

ce

VW: −20° to 20°, 500hPa

0 1 2 3 4 5 6 7 8
−0.015

−0.010

−0.005

0.000

0.005

0.010

0.015
VW: 20° to 90°, 500hPa

0 1 2 3 4 5 6 7 8
−0.03

−0.02

−0.01

0.00

0.01

0.02

0.03

VW: −90° to −20°, 850hPa

0 1 2 3 4 5 6 7 8
−0.02

−0.01

0.00

0.01

0.02

0.03

0.04

N
or

m
al

is
ed

 d
iff

er
en

ce

VW: −20° to 20°, 850hPa

0 1 2 3 4 5 6 7 8
−0.02

−0.01

0.00

0.01

0.02
VW: 20° to 90°, 850hPa

0 1 2 3 4 5 6 7 8
−0.04

−0.02

0.00

0.02

0.04

VW: −90° to −20°, 1000hPa

0 1 2 3 4 5 6 7 8
Forecast day

−0.02

−0.01

0.00

0.01

0.02

0.03

0.04

N
or

m
al

is
ed

 d
iff

er
en

ce

VW: −20° to 20°, 1000hPa

0 1 2 3 4 5 6 7 8
Forecast day

−0.010

−0.005

0.000

0.005

0.010

0.015

0.020
VW: 20° to 90°, 1000hPa

0 1 2 3 4 5 6 7 8
Forecast day

−0.04

−0.02

0.00

0.02

0.04

0.06

Figure 22: Change in forecast scores coming from assimilating AMSU-A channel 5 through the all-sky route, by
comparison to a control where it is assimilated in the clear-sky route. The figure shows the normalised difference
in RMS vector wind forecast error between experiment and control, using own-analyses as the reference. Reduced
RMS errors indicate better forecasts.
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Coverage aside, it would be hoped that all-sky assimilation would help mitigate any problems of un-
detected liquid water cloud. There must be some residual cloud in the clear-sky data, and the cloud
signal would be aliased into the temperature increments. We can compute mean FGdepartures with and
without including hydrometeors in the observation operator (Fig. 23). These departures are computed
inside the all-sky approach and include the VarBC bias correction. We apply the standard all-sky quality
screening but do not apply any further cloud screening because thatwould cause a sampling bias and
prejudice our comparison (see e.g. Geer et al., 2008; Geer and Bauer,2011). In this sample, which
excludes deep-convective areas but includes other cloudy areas, accounting for hydrometeors in the ob-
servation operator reduces biases in NH and SH storm tracks by around0.05 to 0.15 K. However, it does
not eliminate the main geographical patterns of bias apart from in the Southern Ocean. Indeed, it worsens
some areas, such as the negative biases in the subtropical stratocumulus regions. Assuming that the first
guess hydrometeor fields are not themselves biased, it appears that undetected liquid water cloud is not a
major source of bias. Given that the clear-sky assimilation uses a sample where cloud screening has been
applied, it is even less likely to be affected by biases relating to undetected cloud. The remaining bias
in Fig. 23 has a geophysical pattern but it is not clear where that might comefrom. SSTs are prescribed
from OSTIA analyses that are based on satellite retrievals that may not have as sophisticated an approach
to clouds and cloud-screening as the current study, but at the quoted accuracy (around 0.7K, Stark et al.,
2007) and with a≃0.1 atmospheric transmittance in channel 5, this would not be a major factor. There
could still be inadequacies in the observation operator, particularly in the emissivity modelling, whose
errors are much more important than SST errors over oceans (English, 2008). 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 the argument that undetected clouds
are not a very significant error source in clear-sky channel 5 assimilation. Fig. 24 shows the RMS
of the FG departures when hydrometeors are either modelled or ignored (using the same sample as
Fig. 23, but with zonal bins). In the best case in the SH storm tracks, RMSdepartures are reduced from
0.24 K to 0.21 K when cloud is correctly modelled. In other latitude bands RMS departures are either
unaffected or increased slightly. The tropical increase can partly be explained by the larger negative
biases in subtropical stratocumulus regions shown in Fig. 23. However, there may also be a ‘double-
penalty’ problem. The location of convective cloud and precipitation is far less predictable than that
of midlatitude frontal cloud (e.g. Ebert et al., 2007). This means that observed and modelled cloud are
often in different places and in these situations RMS FG departures will be larger if the model cloud is
included in the radiative transfer than if it is ignored.

One other minor problem with the transition to all-sky channel 5 assimilation over ocean was that it had
side-effects on the clear-sky channel 5 assimilation over land. Over-ocean observations were no longer
contributing to the computation of the clear-sky channel 5 bias correction. In any experimental config-
uration, most over-land channel 5 data is rejected due to the difficulty of modelling surface emissivities
and temperatures, so only a relatively small number of observations are assimilated over land. These re-
maining observations are not sufficient to maintain a stable bias correction in the clear-sky stream, where
the channel 5 bias corrections develop large, unrealistic variations fromday to day (the all-sky bias cor-
rections are by contrast quite steady). This could probably be fixed by increasing the effective ‘averaging
time’ in VarBC for these observations, or by moving the over-land observations into the all-sky stream.
However, it is also possible that ocean observations actually help maintain theover-land bias correction.
This is yet another complex area that needs to be considered more carefully in future experiments.
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Figure 23: Mean of bias-corrected FG departures in AMSU-A channel 5, binned to a 5◦ latitude-longitude grid,
either (a) ignoring or (b) including cloud and precipitation radiative transfer. Panel (c) shows the difference
between the two. The sample is all ocean and sea-ice observations passing the all-sky quality checks, and is based
on the period 15 - 28 Feb 2011 (longer periods would make excessive demands on the graphics software). These
departures are taken from the control experiment, using thepassively-monitored all-sky datastream.

34 Technical Memorandum No. 670



All-sky AMSU-A

−90 −60 −30 0 30 60 90
Latitude

0.15

0.20

0.25

0.30

R
M

S
 o

f F
G

 d
ep

ar
tu

re
 [K

]

Clear−sky

All−sky

Figure 24: As Fig. 23 but showing the RMS of FG departures in AMSU-A channel 5 binned by latitude, either
including (dashed) or ignoring (solid) cloud and precipitation radiative transfer.

6 Conclusion

This report has investigated the assimilation of AMSU-A tropospheric temperature channels using the
all-sky framework. The focus is on channels 4 and 5, sensitive mainly to lower-tropospheric temperature,
hydrometeors (particularly liquid water cloud) and the surface. The radiative transfer of scattering from
frozen hydrometeor is not reliable, so the all-sky approach is not appliedin situations where scattering is
dominant, such as in deep convection. The all-sky framework, previouslyused for microwave imagers,
was adapted for AMSU-A assimilation. The observation error was prescribed using the approach of
Geer and Bauer (2011), which assigns larger errors in cloudy and precipitating regions than in clear
skies. The ‘symmetric’ liquid water path (the mean of observation and model) was used as a predictor
for observation error. There was also a new term for AMSU-A channels 3 and 4 to describe the cross-scan
variation in observation error. This was needed because errors are largest in the central scan positions,
where the weighting functions are lower 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 configurations, since it is not used opera-
tionally in either method. Using the clear-sky approach, channel 4 improvestemperature and moisture
observation fits at analysis and FG by up to 0.5%, but this does not translateinto an improvement in
forecast scores. This is probably because lower-tropospheric temperature information is already assimi-
lated over the ocean from AIRS, IASI. Also, the AMSU-A channel 4 weighting function has subtantial
overlap with that of channel 5, which is already assimilated. In contrast, theall-sky approach improves
fits to microwave imagers by up to 3% at analysis, indicating improved cloud and moisture fields, and
there were some significant improvements of around 0.5% (and a smaller number of degradations) in
forecast scores. The cloud-sensitivity of AMSU-A channel 4 bringsnew information to the analysis,
even if the temperature information goes largely unused. Hence, on top of the full observing system,
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adding AMSU-A channel 4 from two satellites brings much the same information as would be pro-
vided by adding another microwave imager. However, own-analysis temperature scores in the tropics
are degraded because all-sky AMSU-A warms the analyses by 0.05 K at 850 hPa, aggravating an exist-
ing temperature and moisture spin-down. The new information brought by AMSU-A channel 4 was not
considered sufficient to justify an operational implementation before the spin-down problem has been
fixed. In contrast, though the existing all-sky microwave imager assimilation (using TMI and SSMIS
radiances) is affected by a similar issue, the 0.15 K mean change in tropical 850hPa temperature is more
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 observing system. Moving this
channel out of the clear-sky approach (where it is already operationally assimilated) and into the all-sky
stream over oceans (for latitudes between 90◦N and 60◦S) caused degradations of up to 1% in observa-
tion fits and scores. However, this initial experiment was not well designed, and the impact of all-sky
assimilation was combined with many other implementation differences, such as changes in the pre-
scribed observation error, the number of observations, thinning, observation coverage, VarBC, and the
use (or not) of a skin temperature sink variable. It should at least be possible to replicate the quality of
the clear-sky assimilation of channel 5 in the future, but it will require further development, and we will
need to design experiments that better isolate the technical and scientific changes involved. Nonetheless,
we have highlighted a number of issues that may make it difficult to improve on clear-sky assimilation:

• All-sky assimilation could actually reduce the constraint on temperature by allowing increments
to go into the cloud fields;

• There is relatively little scope to extend the observational coverage in AMSU-A channels 5 and 6
beyond what is available in the ‘clear-sky’ approach: operationally only20% of these observations
are removed by cloud screening.

• Untreated liquid water cloud is a minor part of the error budget for clear-sky channel 5 assimilation.
Even when liquid water cloud is properly modelled using the all-sky approach, the geographical
patterns of bias are mostly unaffected, and globally the RMS of FG departures is not improved;

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

• The all-sky technique suffers ongoing issues with water vapour and temperature 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 to testAMSU-A channels 1,
2, 3, 4 and 15 as a backup for water vapour and cloud assimilation in a future ‘no microwave imager’
scenario. Work is ongoing to improve the radiative transfer of scattering from frozen particles, which
may eventually allow the use of AMSU-A channels 4, 5 and 6 in deep-convective areas. We can also
try to better distinguish the truly scattering situations from those where the brightness temperature is
depressed by the upward shift of the weighting function in heavy rain andcloud. Use of a scattering
index rather than the ‘cloud delta’ (Eq. 1) may help make this distinction. Finally,AMSU-A channel 3
may be useable for temperature away from nadir, where it has a higher atmospheric information content.

There is also the possibility to include more cloud and precipitation information from microwave hu-
midity sounding channels, e.g. on MHS and AMSU-B. Perhaps with sufficient constraint of cloud and
precipitation from these and the imager-type channels, the temperature increments from sounding chan-
nels can be better constrained.
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A Approximate LWP retrieval for AMSU-A

In the all-sky assimilation of microwave imagers, the approximate Karstens et al.(1994) liquid water
path (LWP) retrieval is widely used:

LWP = c1 +c2ln(280−T22V)+c3ln(280−T37V) (7)

The coefficients c1 to c3 are derived by linear regression; T22V and T37V are the brightness temperatures
of the SSM/I 22 GHz and 37 GHz vertically polarised channels. In rough physical terms, this can be
seen as estimating the effect of atmospheric water vapour using the 22 GHz channel, and then retrieving
the additional cloud signal using the cloud-sensitive 37 GHz channel. AMSU-A provides 22 GHz and
31 GHz channels, so a similar retrieval technique can be applied, but the variation of zenith angle, polar-
isation and surface emissivity as a function of scan position must be accounted for. One option would be
to derive a different set of coefficients for each scan position, but this would be cumbersome. Instead,
the formulation can be extended to include the dependence on zenith angle and surface effects.

For microwave window channels, the brightness temperature Tν at frequencyν can be approximated
(Grody et al., 1980) from the exact radiative transfer equation as:

Tν = T0
(

1− τ2
ν(1− εS)

)

(8)

Here, T0 is an effective atmospheric temperature, which is a mean temperature weightedaccording to
the radiative influence of each atmospheric layer,τν is the surface to space transmittance andεS the
surface emissivity. Two major assumptions have been made: that the effective atmospheric temperature
is equivalent for both upwelling and downwelling radiation, and that the surface temperature is similar to
the effective atmospheric temperature. These assumptions can only really be justified for imager channels
where the atmospheric emission normally comes from the lowest layers of the atmosphere. Also, surface
reflection has been assumed specular though for more quantitative purposes this does not hold (e.g. Petty
and Katsaros, 1994).

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

τν = exp

(

−kW
ν

(

TCWV
cosθ

)

−kL
ν

(

LWP
cosθ

))

, (9)

This depends on the vertically integrated amounts of water vapour (TCWV) and cloud liquid water
(LWP) and the relevant mass absorption coefficientskW

ν andkL
ν . This ignores other absorber (such as

oxygen, precipitation and cloud ice), scattering effects, and any temperature or pressure dependence of
the absorption coefficients.

Given that AMSU-A observes brightness temperatures at 22 GHz and 31GHz (T22 and T31), we can
write Eqs. 8 and 9 for each of the two frequencies, then eliminate TCWV in order to solve for LWP. This
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Figure 25: Scatter-plot of retrieved versus simulated LWP,with the 1:1 line superimposed. Density of points
is given by logarithmic contours. Sample is 10 days of simulated profiles at AMSU-A locations. Correlation
coefficient is 92.7%.

gives:
LWP = cosθ (a1(ln(T0)+ ln(1− εS))+a2ln(T0−T22)+a3ln(T0−T31)) (10)

Here the coefficients a1 to a3 are slightly complicated functions of the absorption coefficients for water
vapour and liquid at the two frequencies (kW

22, kL
22, kW

31 andkL
31). However they do not depend on anything

else, so they can be treated as constants. There is an explicit dependence on zenith angle viacosθ
and an implicit dependence on zenith angle and polarisation via the surface emissivity εS. In practice,
the coefficients are derived from fits to simulated observations, rather than directly from the radiative
properties of cloud and water vapour, as might be implied by Eqs. 8 and 9. Equation 10 reduces to the
Karstens et al. (1994) retrieval (Eq. 7) if the zenith angle and polarisation are constant.

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

LWP = cosθ (8.24− (2.539−1.744cosθ)cosθ +0.754ln(285−T22)−2.265ln(285−T31)) (11)

The emissivity term a1(ln(1−εS)) has been parametrised in the form(a+bcosθ)cosθ , and is computed
(using linear regression) by trying to make cross-scan variations in LWP as small as possible. To test
the retrieval, it was applied to 10 days’ brightness temperatures simulated from the model FG profiles at
AMSU-A locations. Figure 25 compares the retrievals to the ‘true’ LWP in the FG. There is a consider-
able amount of scatter around the 1:1 line, but this is to be expected given theassumptions that go into
our retrieval. It 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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AIRS – Advanced Infrared Sounder
AMSR-E – Advanced Microwave Sounder Radiometer for EOS
EOS – NASA Earth Observing System
EUMETSAT – European Organisation for the Exploitation of MeteorologicalSatellites
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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