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Direct 4D-Var assimilation of all-sky radiances. Part Is#essment SECMWF

Abstract

This paper assesses the performance of an all-sky (i.er, cleady and precipitating) direct assimilation
of microwave imagers that was introduced operationallyhia four-dimensional variational (4D-Var) as-
similation system of the European Centre for Medium-Rangat\er Forecasts (ECMWF) in March 2009.
Results are based on data-denial experiments and arefipchnsing forecast verification scores and com-
parisons to observations. The reliability of forecastfigation scores is examined. Humidity-based scores
can be misleading in the initial three days of forecastssbates based on pressure and wind fields are more
reliable, because they are less sensitive to the choiceriffimg analysis. The new approach is compared
with the previous rain and cloud-affected assimilationjcliused a 1D+4D-Var technique. One downside
of the old technique is that it ‘recycles’ the first guess as imdormation, which causes misleading ‘im-
provements’ in forecast scores. The new approach avoidgtbblem. It also does not require any cloud
detection, so unlike the old approach used in clear-skiesnbt susceptible to biases caused by undetected
cloud. However the new system is implemented with a cautijoadity control and large observation errors.
Hence, the analysed and forecast tropical humidity field€anstrained only about half as much in the new
system as in the old. However, the new approach is comparataens of its positive impact on dynamical
fields (pressure and vector wind) in the tropical lower tisgitere.

1 Introduction

Part | of this work (Baueet al., 2010, henceforth B10) introduces a new ‘all-sky’ four-dimsional variational
(4D-Var) assimilation of microwave radiances, which hasrbeperational at the European Centre for Medium-
Range Weather Forecasts (ECMWF) since March 2009. Thisrppp# Il, evaluates the impact of these
observations on global analyses and forecasts.

In the all-sky approach, microwave imager observationsf®pecial Sensor Microwave / Imager (SSM/I
Hollingeret al,, 1990) and Advanced Microwave Scanning Radiometer for #rehEDbserving System (AMSR-

E Kawanishiet al,, 2003) are assimilated in all conditions, whether clearudy or rainy. Channels between
19 GHz and 85 GHz are used, over oceans only. At the frequenhbiesen, the atmosphere is semi-transparent
except in heavy cloud and precipitation. In clear skies,rddiative transfer is dominated by water vapour
absorption. Hence, the observations are sensitive to caadace properties (e.g. surface temperature and
windspeed), atmospheric water vapour, and cloud and pt&igm. The intention is to use all of this informa-
tion to improve analyses and forecasts.

Bengtsson and Hodges (2005) questioned whether moistusitise observations have any impact on global
forecast skill. However, they were working with a 3D-Vart®m, where moisture observations can only impact
wind fields by changing latent heating in the atmosphere imutth background error correlations between
moisture and dynamical variables. By contrast, 4D-Varvadldracer-like observations to directly impact the
wind fields (e.g. Peubey and McNally, 2009). Just as impdtdar cloud and rain observations, the use of
adjoint moist physics operators means that temperaturevamtfields must be modified in order to fit observed
cloud and precipitation structures (B10). In the ECMWF 4&r-¥ystem, clear-sky humidity observations do
have a positive impact on moisture and wind fields (Anderstaad., 2007), as did the forerunner of the all-
sky technique, the 1D+4D-Var assimilation of cloud- and+aifected microwave imager observations (Bauer
et al, 2006a,b; Kellyet al., 2008). Microwave imager observations also have the glditmprove midlatitude
geopotential forecast scores through their sensitivityiiod speed at the surface (Kazumeti al, 2008).
However, that study used the low-frequency channels of ANES@t 6 and 10 GHz), which have the greatest
sensitivity to wind speed, but these are not yet assimilai¢iode ECMWF system.
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Table 1: Experiment configuration.
Control Control-Off All-Sky  All-Sky-Off

Rainy 1D+4D-Var On - - -

Clear 4D-Var On - - -

All-sky 4D-Var - - On -

Physics in 1st minimisation No No Yes Yes

ECMWEF ID faul fore f296 f3aw
2 Method

2.1 Assimilation system

Experiments are based on cycle 35r1 of ECMWF's operatiossihdlation and forecasting system. This uses
an atmospheric model with a semi-Lagrangian, spectraldtation. The model has 91 levels from the surface
to an altitude of 80km, and, in the configuration tested har€511 horizontal resolution, corresponding to
about 40km. Global analyses and forecasts of wind, temyrerasurface pressure, humidity and ozone are
produced twice-daily using a 4D-Var assimilation systerakigret al., 2000) with a 12-hour time window.
The analysis includes in-situ conventional data, satelidiances from infrared sounders (both polar-orbiting
and geostationary), satellite-borne radio-occultaticrasurements sensitive to temperature, satellite-derived
atmospheric motion vectors and surface winds from scatteters. Microwave imagers are assimilated in
clear, cloudy and rainy skies; this paper examines tworiffemethods for doing so.

2.2 Microwaveimager assimilation

As explained in B10, between June 2005 and March 2009, ECM¥¢# a two-stream approach for the as-
similation of microwave imager observations. This apphoacused in the ‘Control’ experiment here. Rain
and cloud-affected observations are assimilated, betd&&hand 43S, using a 1D+4D-Var technique (Bauer
et al, 2006a,b; Geeet al., 2008). Clear-sky observations are assimilated dire&lsadiances in 4D-Var, and
there is no latitude restriction.

From March 2009, ECMWF have used the new all-sky approaskteddn the ‘All-Sky’ experiment here. As
described in B10, all microwave imager radiances are akgididirectly in 4D-Var. The observation operator
uses a scattering radiative transfer model to simulate ffeeteof cloud and rain. In order to fit the analysis
to the observations, modelled wind, temperature, humidibud and precipitation must all be adjusted within
the 4D-Var assimilation. Use of the full 4D forecast modesumes consistency between increments in the
dynamical and moist physics parameters. Observationssamidated between 6081 and 60S.

2.3 Experiments

Table 1 lists the main experiments used in this paper. As age#valuating the new approach in comparison
to the old, we want to evaluate the overall impact of the mienee imager observations, so we perform data-
denial experiments by removing all microwave imager oket@mas, producing the experiments ‘All-Sky-Off’
and ‘Control-Off’. These are not identical, because in otdeassimilate the all-sky observations, linearised
radiation and moist physics schemes needed to be made mcthefirst inner loop minimisation, which was
not previously the case. However, as will be shown lates, thange did not have a large forecast impact.
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Table 2: Microwave imager observation usage (humbers pg).da
Experiment Instrument Rainy 1D+4D-Var Clear direct 4D-Vahll-sky direct 4D-Var

Control SSM/I 16240 19347 -
AMSR-E 39231 14483 -

T™I 21992 12700 -

SSMIS - 4654 -

Total 77463 51184 -

All-Sky SSM/I - - 100123

AMSR-E - - 69502

T™I - - -
SSMIS - - -
Total - - 169625

All experiments start from the same initial conditions ohlLBugust 2007. A twelve-day period is set aside
for spin-up and to allow the Variational Bias Correction (B& Dee, 2004; Aulign&t al., 2007) to stabilise.
The period 22nd August until 30th September 2007 is useddialys

3 Resultsin observation space

3.1 All-sky observations
3.1.1 Observation usage

The number of microwave imager observations used in th&Ryl-and Control experiments is shown in Tab. 2.
The table lists the maximum number of observations that weed, independent of the number of channels that
were available, since this varies. As discussed in B10, dheystem used observations from Tropical Rainfall
Measuring Mission (TRMM) Microwave Imager (TMI) and Spdcgensor Microwave Imager Sounder (SS-
MIS), as well as from AMSR-E and SSM/I. However, SSMIS and Tavl not included in the all-sky system,
in order to save computer resources and to avoid some aremsakecific to these instruments (Batlal.,, 2008;
Geeret al, 2010). We haope to re-introduce TMI and SSMIS in the future.

Despite using fewer instruments and not assimilating naiex@ imager observations poleward of BQ the
new system assimilates more observations overall becdug®oges in the thinning. However, fewer obser-
vations are used in areas affected by heavy cloud or rainerativer frequency channels (19 GHz, 22 GHz)
because they are more often removed by quality control irSkll than in 1D+4D-Var (see B10).

Table 3 shows mean observation errors used in All-Sky andr@lamd also serves to indicate which channels
have been assimilated. As described in B10, all-sky observarrors are inflated as a function of distance
from the grid-point centre. Only observations less thanrhOfkom the outer-loop (T511) grid points are
assimilated. However, the grid resolution and the locatibgrid-points changes through the three inner-loops
of 4D-Var (Fig. 5, B10). Thus the distances to grid points #mel observation errors change through the
minimisation. The table shows the errors used in the finatiinoop, which has the highest resolution (this
is T255 or approximately 80 km). As explained in B10, it is flmal inner-loop which generates the analysis
increment, so it is the observation errors used here whicitra@othe weight of all-sky observations in the
analysis. In All-Sky, the mean observation error is arouBd 2o 17 K in the 19 GHz and 22 GHz channels,
roughly 3 to 4 times larger than in Control.
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Table 3: Mean observation error, in K, of observations usethe final inner-loop of the 00Z analysis on 22 Aug 2007.

All-Sky Control
1D+4D-Var Clear
Channel SSM/I AMSR-E SSM/I AMSR-E SSM/I AMSR-E
19v 12.5 13.7 3.0 4.0 3.0 3.0
19h 14.2 16.8 6.0 8.5 4.5 4.5
22v 12.5 - 3.0 - 4.0 -
24v - 13.7 - 3.5 - 3.5
24h - 15.2 - - - 4.5
37v 37.1 36.5 - - 3.5 3.5
37h 142 140 - - 4.0 4.0
85v 111 - - - 4.0 -
85h 240 - - - 6.0 -

Additionally in All-Sky channels 37v and 85v, observatiomoe is inflated as a function of the hydrometeor
amount (see B10). This results in a large average obsemvatior, but be aware that the clear-sky observations
retain an observation error of order 5K, similar to that usedear-sky assimilation in Control. Channels 37h
and 85h are not intended to be used in the All-Sky approadhttds is achieved by setting a minimum 99 K
observation error, rather than by eliminating these chiarocmmpletely.

Overall, observation errors are substantially larger ikSKy than in Control. This would be expected to
reduce the impact of the observations However, this isypadlntered by the larger number of microwave
imager observations assimilated (170625 in All-Sky coragdo 128647 in Control, Tab. 2). As will be shown
later, the net effect is a reduction of the observationaktamt in All-Sky compared to Control.

3.1.2 Mean departures

We now investigate the first guess and analysis departuttbe ofiicrowave imager observations in the All-Sky
experiment. These are calculated in brightness temperapace as

d=y°—b—H[MIx(to)]], (1)

with observations/® and bias correctiobh. To get the model equivalents of the all-sky observationsora
linear observation operatét and forecast modéll are applied to the forecast or analysiat timety. See B10
for further explanation.

Although the assimilation of microwave imager observaianclear, cloudy and rainy areas is unified in the
all-sky approach, it is helpful to divide them up again foe tinvestigations that follow. As in Geet al.
(2008) we use simple, brightness temperature (TB) bastslttesategorise the observations and their model
equivalents.

Cloudy observations are defined as having greater than .65k in cloud liquid water path (LWP) retrieved
using the Karstenst al. (1994) regression:
LWP = 4.2993+ 0.3996In(280— TB22y)
—1.4069n(280— TB37y) 2
Here, LWP is given in kg m?, and TB indicates the brightness temperature (in Kelvin) in chamneepa-

rately, rain (or heavy cloud) is indicated by a polarisatibiffierence of less than 40K in the 37 GHz channels
(e.g. Petty, 1994).
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Figure 1: Zonal mean of FG (solid) and analysis (dashed) depes for channel 37v on SSM/I in the All-Sky experiment,
divided into contingency table categories for cloud, defioe the basis of observed cloud versus FG cloud (even for the
analysis departures). Cloud is defined by the criterion LWB.05 kg n72.

These tests were originally fitted to observations, but dgpigal in data assimilation, the simulations have
biases compared to the observations. These biases arestavggh to significantly change the results of the
Karstenset al.(1994) regression. To avoid this we apply the bias corragtidthe opposite sense to usual, so we
use TBs either from uncorrected observatighsr from the bias-corrected model equivalddfM [x(tp)]] + b.

We will also make a contingency-table style analysis of tatadBased on the detection of cloud (or alterna-
tively rain) in the first-guess (FG) or observed TBs, thedegmries are:

e Hit: Observations and FG show cloud;
e Miss; Observations show cloud; FG does not;
e Falsealarm: Observations are clear; FG show cloud;

e Correct negative: Observations and FG are clear.

Mean FG and analysis departure biases from All-Sky are shiowig. 1 as a function of latitude for the four
cloud contingency categories. The example shows SSM/Inei&7v but is fairly representative of behaviour
in all channels and for AMSR-E too. In the miss category, #uk lof cloud or moisture in the model naturally
causes positive FG departures, but the analysis corrextlyces their size, showing that moisture or cloud has
been created. Similarly, the false alarm category has ivegdtpartures due to excess cloud or moisture in the
model, and this is successfully reduced in the analyseseBiare largest in the inter-tropical convergence zone
(ITCZ), at around 10N, associated with the heavy cloud and precipitation there.

In the hit and correct negative categories, the bias gefktsliworse between FG and analysis, but as we will
see, this is a problem of the 4D-Var analyses irrespectitbefissimilation of all-sky observations. Overall,

we see an analysis that is working well on a basic level, ajustdg moisture, cloud and rain fields to fit the

observations.
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Figure 2: Mean departures over the period 22nd August to 3&tptember 2007, for SSM/I channel 37v, (a-c) for the All-
Sky experiment and (d) for Contrad) All assimilated observationy Cloud-affected cases (includes all rain-affected)
Clear-sky cased) All observations assimilated in the clear-sky route in Coint

6 Technical Memorandum No. 619



Direct 4D-Var assimilation of all-sky radiances. Part Is#essment SECMWF

Figure 2 shows time-mean FG departures for SSM/I channell8Tlie All-Sky average there is a broad pattern
of positive biases in the ITCZ and warm pool and negativedsias the subtropics (panel a). The pattern is
similar for other channels and for AMSR-E (not shown). Hoarethe behaviour at high latitudes, and of some
of the smaller features, varies depending on a particulanmmél’'s information content. We do not intend to
investigate these biases in detail here; Gateal. (2009) give more insight. However, data assimilation only
works properly with unbiased observations, so ideally wedrtbese biases to be very small.

In panels b and ¢ we split the sample into a ‘cloudy’ categamylgining the hits, misses or false alarms, i.e.
wherever cloud is detected in either FG or analysis, andearttategory (the correct negatives). This shows
that the positive biases in the ITCZ and warm pool are astatiaith cloudy situations. Clear observations
show little bias in the tropics. At high latitudes, there fsea a negative bias of around 1K in the clear
observations. In contrast, the cloudy observations shaitipe biases in the Southern Ocean.

It is interesting to compare the clear biases in the All-Skyegiment (panel c) with those in the clear-sky path
in the Control experiment (panel d). The Control departaredifferent in two ways. First, the sample contains
the false alarm category as well as the correct negativest contains cases where the observations are clear
but the first guess is cloudy. Second, to compensate fordhlg, clear-sky radiative transfer is done, so the
radiative effect of any first guess cloud or precipitatiorcanpletely ignored. The Control clear-sky biases
are generally small, but there are biases of up to +1.5K irettgtern coastal areas of the Pacific and South
Atlantic, where maritime stratocumulus is often found. Notsbias is present in the All-Sky clear sample. This
could be explained if the observation-based cloud scrgani@ontrol was failing to detect some of the lighter
stratocumulus, and cloud-affected observations weregglessimilated as clear. In the all-sky assimilation, if
light cloud is present in the model, the effects are stillided in the radiative transfer simulations, and on
average there should be no bias. This illustrates one ofithadvantages of the all-sky approach: there is no
need to do a possibly unreliable cloud-detection.

However, it is noticeable that the All-Sky clear departyjgenel c) have larger negative biases at high latitudes
than do the Control clear-sky departures (panel d). Thisssmtially a problem of the VarBC bias correction
in the All-Sky experiment, which cannot distinguish betwedear and cloudy situations (see B10). VarBC
ensures that global mean biases are very small, but unleas the right predictors, it may still allow regional
or situation-dependent biases. Hence, in the All-Sky depss in panel a, positive biases in the ITCZ and at
high latitudes balance a negative bias in the subtropicsteMe@r, in the southern high latitudes the positive
bias in cloudy sky situations (panel b) balances the negaias in clear situations (panel c). As a result, clear
sky biases at high latitudes are larger in All-Sky than theyenin Control. A future solution to these problems
may be to introduce cloud-dependent bias predictors, thoug have found it difficult in practice. For the
moment, we must live with these biases, and the system wddguately well, as will be shown.

3.1.3 Fits to all-sky observations

Figure 3 shows the standard deviations and means of firss gunekanalysis departures (Eqg. 1) as a function of
SSM/I channel. Data are grouped according to the presendewat or rain in the FG or observations. Panel a
contains those data where either the FG or observationsraav€rainy’). Panel b contains those data where
either the FG or observations have cloud (‘cloudy’), so ihia superset of the data in panel a. Panel ¢ shows
those data where neither FG or analysis has any cloud (glearit contains the complement of the data in
Panel b.

The figure includes the experiments All-Sky and All-Sky-Offhe sample of observations is very nearly equal
in each case. This has been achieved by including all olts@mgapassing the initial quality checks, rather
than the smaller set which get past thinning and qualityrodb@C, B10). It has not been possible to match

Technical Memorandum No. 619 7



SECMWF Direct 4D-Var assimilation of all-sky radiances. Part Isgessment

a Rainy ( All-Sky: 43 x10* obs; All-Sky—-Off: 42 x10* obs)

85h |- [ 1

85v .' | b r
37ht ¢! 1 F
\

37vh - 1

Channel

22ve s ! _ L

19he I 1 -

19ve Vo 1

06 07 08 09 10 11 12 -2 0 2 4 6 8
Std. deviation (normalised) Mean [K]

b Cloudy ( All-Sky: 331 x10° obs; All-Sky—-Off: 337 x10* obs)
85h

85v | \ > )
37ht-

37vr

Channel

22ve

19he

19ve

06 07 08 09 10 11 12 -2 -1 0 1 2
Std. deviation (normalised) Mean [K]

c Clear ( All-Sky: 178 x10* obs; All-Sky-Off: 173 x10* obs)
85h

85ve

37hr

37ve

Channel

22ve v

19he

19ve \

06 07 08 09 10 11 12 -2 -1 0 1 2
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Figure 3: Standard deviation and mean departures over threoge22nd August to 30th September 2007, for all SSM/I
channels:a) Rain affected case®) Cloud-affected cases (includes all rain-affectedlear-sky cases. All-Sky-Offis in
red; All-Sky is in black. Analysis departures are shown asdésh lines and FG departures as solid lines. Standard de-
viations are normalised by the All-Sky-Off FG values. Bldats on the y-axis indicate channels which can be considered
‘assimilated’, i.e. with errors typically smaller than 20iK that sample in the All-Sky experiment.
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a similar sample of observations in the Control experimeuilse there have been substantial changes to the
pre-thinning. Hence, this figure can only illustrate the @wipof microwave imagers in the all-sky system.
Later, using other humidity data, we will see how this cornegap the Control experiment.

Starting with the rainy sample standard deviations, Figst8avs that analysis departures are smaller than first
guess departures, as would be expected in a working assimilsystem. In the case of All-Sky-Off, this
shows that the other observations assimilated in the sylstamg a substantial amount of information that can
be used to predict rain and cloud structures better. Howawuging on the microwave imager assimilation in
All-Sky reduces standard deviations still further, imgnagyboth the analyses (by about 3% to 10%, depending
on channel) and the first guess (by about 2% to 4%). This shiaaisshort-term forecasts in rainy areas are
drawing closer to the microwave observations. The sitaaigosimilar in the cloudy sample (Fig. 3b). The
addition of microwave imager observations in All-Sky imges the first guess forecast to almost the quality
of the All-Sky-Off analysis, and the All-Sky analyses are #4dl5% closer to cloudy observations than in
All-Sky-Off.

The ‘clear’ sample standard deviations (Fig. 3c) show alampmicture for all channels except 37v and 37h,
where the analysis in All-Sky-Off is 18% worse than the firsegs. The 37 GHz channels have the greatest
sensitivity to cloud liquid water of any of the microwave igea channels, and examining maps of the standard
deviations (not shown), it is clear that this effect is maiassociated with the ITCZ and warm pool regions,
so despite this being a ‘clear’ sample the effect is relaveridud. In fact, it is an artefact of our sampling. In
order to compare the same samples for both analysis and FGpotingency analysis is made on the basis of
FG cloud only. However, it is quite possible that cloud magesy in the analysis where there was none in the
FG. Because standard deviations in the correct negatiegaat are very small, if some cloud appears in the
analysis, standard deviations can easily be larger thdreifR G. Turning on microwave imager observations in
All-Sky mostly suppresses this behaviour, showing thadregky microwave imager observations constrain the
analysis and help to prevent it from producing cloud wheeedibservations show clear skies.

The right hand side of Fig. 3 shows the mean FG and analysiarideges. The bias is generally larger in
the analysis than in the FG. This is seen in both All-Sky anldSkly-Off so it is independent of the all-sky
observations. Other observations in the system are catigrgnalyses to move away from both the model (as
represented by the FG) and the SSM/I observations. Thisestgythat in cloudy and rainy areas, the analysis
is becoming either drier or less cloudy than the first guessjmclear areas, it is being moistened. Turning on
microwave imager observations in the All-Sky experimergginot suppress this behaviour.

Figure 4 shows that results for AMSR-E are similar to thogseS8M/I: the analyses draw to the observations
in standard deviation terms, but biases tend to become wotke analysis. The analysis does not draw quite
so close to AMSR-E as it does to SSM/I observations in sincitemnels. A likely explanation is that we have
intentionally set the AMSR-E observation errors a littlggker than those for SSM/I (Tab. 3).

3.2 Fitstoother assimilated data

Figure 5 shows FG and analysis departure statistics for theowave humidity sounders assimilated in the
ECMWF system (Advanced Microwave Sounding Unit B, AMSU-B, NOAA-16, 17 and 18; Microwave
Humidity Sounder, MHS, on Metop-A). All-Sky-Off shows théghest standard deviations: the assimilation
of microwave imager data in All-Sky and Control improves fiteprincipally in the 183-7 GHz channel. Of
the three channels, this one senses lowest in the atmosptidrea weighting function that peaks at around
800 hPa. However, the All-Sky standard deviations are mallgilarger than in Control. This shows that All-
Sky has a slightly weaker constraint on moisture than doegr@lo The changes to bias correction and mean
departures are essentially negligible. The number of ehtens assimilated in the different experiments is
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Figure 4: As for Fig. 3, but for AMSR-E.
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Figure 5: Standard deviation and mean of departures overpéeod 22nd August to 30th September 2007, for all
assimilated AMSU-B and MHS radiances [in K]. All-Sky-Offrised; All-Sky is in black; Control is in green. Analysis
departures are shown as dot-dash lines and FG departureslasimes. Dashed lines (in the mean plot only) show the

bias correction.

Table 4: Pearson correlation coefficients between model R&WBSM/I locations) and colocated PR observations.

log(RWP) RWP
Experiment First Guess Analysis First Guess Analysis Sample
All-Sky 0.38 0.42 0.24 0.41 2795
All-Sky-Off 0.32 0.30 0.36 0.40 3002
Control (4D-Var) 0.45 0.44 0.31 0.23 406
Control (1D-Var) 0.43 0.62 0.30 0.76 412

also nearly constant. For example, there are roughly 2.E5omikMSU-B / MHS observations in Control in
the 1837 GHz channel, 0.3% fewer in All-Sky and 0.5% fewer in All-SEyf.

Radiosonde humidity observations have a constant biasataon ( i.e. not evolved by VarBC) so they act as an
anchor point for the system. Compared to these (Fig. 6) tdmelard deviations confirm what was seen from the
microwave sounder fits: All-Sky FG standard deviations #ightly larger than Control in the 700 to 850 hPa
region, but both are smaller than All-Sky-Off. However, @ohhas substantially larger lower-tropospheric
biases compared to the All-Sky experiments, suggestingtiigaold two-stream technique for assimilating
microwave imagers worsened the bias compared to radiosdiyddrying the system. All-Sky and All-Sky-Off
have very similar biases compared to radiosonde, showatghb additional humidity information included in
All-Sky is compatible with and does not substantially affféne rest of the system.

3.3 Fitstoindependent rain retrievals

Geeret al. (2008) compared the ECMWEF 1D-Var rain retrievals to indejfes ‘2A25’ observations from the
Precipitation Radar (PR) on the Tropical Rainfall Measgifitission (TRMM, Kummerowet al,, 1998; Iguchi
etal, 2000). They found that the vertically-integrated Rain &/&ath (RWP, measured in kg R), rather than
the surface rain rate, was most representative of the irgtbom content of the microwave imager retrievals.
Correlation coefficients between SSM/I RWP and PR obsemsiincreased from 0.49 in the FG to 0.83 in the
retrievals, clearly demonstrating the quality of the 1D-Kétrievals.
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Figure 6: Standard deviation and mean of departures overpéeod 22nd August to 30th September 2007, for all
assimilated radiosonde specific humidities. All-Sky-©fini red; All-Sky is in black; Control is in green. Analysis
departures are shown as dot-dash lines and FG departureslasimes. The radiosonde bias correction is constant, so
it is not shown. Standard deviations are normalised by th&Sky-Off FG values.

Here, we repeat these comparisons for the All-Sky, All-8&f/and Control experiments (Tab. 4). Comparisons
are made between PR and the 4D-Var model RWP at locationsswittessfully assimilated SSM/I observa-

tions. Colocations are made almost exactly in time (within.5 minutes) and exactly in space. PR has a
horizontal resolution of 5km which is matched to the 70 km By resolution of the 19 GHz channels on

SSM/I by averaging all PR observations found within 25 kmhaf 8SM/I location. The comparison is insensi-

tive to the exact choice of radius; similar results are aladiwith a 50 km radius. Correlation coefficients are
calculated from the set of all points with RWP10~% kg m~2 in both PR and model. Calculations are done
both in log(RWP), to give weight to smaller rain rates, an®RWWP directly, to concentrate on the higher rain

rates. See Geet al. for further detalils.

Correlations between PR and the ECMWF model are almost tme,savhether we consider All-Sky, All-
Sky-Off or Control, FG or analysis. Correlations are of or@e3 to 0.4, indicating very little agreement with
the independent PR data. Numbers of colocations are quil,sas would be expected given how different
TRMM'’s orbit is from that of the satellites which carry SSMNumbers for the Control experiment are partic-
ularly low because (a) a combined pre-thinning actuallyoess some SSM/I observations where those from
TMI (also on TRMM) are available and (b) only cloudy obseiwas are considered, i.e. those successfully
assimilated in the 1D+4D-Var path. However, similar cadtiohs can be made at AMSR-E locations and, in
Control only, TMI locations, and these back up the resulesented here (not shown).

In the Control experiment we can repeat the comparisons ef &al. for the 1D-Var retrievals. Correlations
between 1D-Var FG and PR are of order 0.3 to 0.4, similar tedhio the full model, but the 1D-Var retrievals
are substantially better, with RWP correlations reachiadhigh as 0.76. As shown by Geer al. (2008),
1D-Var retrievals are reasonably accurate and there isiluseh information content in the microwave imager
observations. Rain information from the 1D-Var retrievddes not get into the 4D-Var analysis in the Control
experiment because only a total column water vapour (TCWséudo-observation is assimilated (Getal.,,
2008). However, in the All-Sky experiment, we hoped thaéclidD-Var assimilation would produce a better
transfer of rain information into the analyses; these tessliow that it does not. A partial explanation is the
low weight in the analysis given to the all-sky observatiddswever, we should also note that much work still
needs to be done to allow 4D-Var to produce a credible raifysisaat the very local time and space scales of
this comparison.
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Figure 7: Percentage change in TCWV analyses betvegel-Sky and Control andb) All-Sky and All-Sky-Off. Means
calculated over the period 22 August 2007 to 30 Septembéf,2B80ng analyses at 00Z and 12Z.

4 Resultsin model space

4.1 Mean impacts

Moving to the all-sky approach has not made a big impact onatieysed TCWYV fields. The difference
between All-Sky and Control (Fig. 7a) is in most areas muchlkemthan the impact of adding the microwave
imagers to the system in the first place (Fig. 7b). The patefrmoistening and drying caused by adding
microwave observations are, in general, common to both 8k and the Control sets of experiments. These
patterns decay over the first 48 hours of the forecast (natishoThe main difference between All-Sky and
Control is in the Arctic Ocean, where All-Sky is moister tHaantrol. In Control, clear-sky microwave imager
observations were drying the analysis there (not shown)nitoowave imager observations are assimilated in
this region in All-Sky, and as shown later, removing thesseotations is beneficial in terms of forecast scores.

Figure 8 shows the mean tropical precipitation againstcisterange. In all four experiments, the 3 h forecast
is about 20% too low compared to the model’s equilibrium galrhich it attains after about 120 h (5 days)
of forecast. Precipitation forecasts at 12 h and 18 h ovetsihe equilibrium value by about 12%. All exper-
iments show similar behaviour except Control, where the ogershoot at 12 h and 18 h is reduced. All-Sky
precipitation is consistent with All-Sky-Off and Controiff: in other words, the current All-Sky approach is in
better balance with the rest of the system, and is not ablertstmin the erroneous precipitation spinup, unlike
the old system.
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Figure 8: Precipitation from All-Sky (black with crosse€)pntrol (green), All-Sky-Off (red) and Control-Off (blye)
versus forecast time. Mean is calculated ovetR@ 20°S and 22 August to 30th September 2007.This is based on the
accumulated rain in the last 3 hours (up to T+12), in the lastdurs (T+18 and T+24), or the last 12 hours (T+36
onwards), converted into an equivalent rain rate in mm pey.da

4.2 Forecast scores

Here we examine the statistics of forecast eregrwith indexi indicating the position on a 2'Hatitude /
longitude grid. The error for an experiment, X, is calcutiages:

e = forecast — analysis, (3)

An analysis valid at the same time as the forecast is takerptesent ‘truth’. By construction, data assimilation
is supposed to produce an analysis that is a better estirhttie true atmospheric state than either model or
observations alone. In this work, we use each experimenws ‘analysis’ as the reference, to avoid making a
prior assumption about which analysis (e.g. Control or@4l) is best. However, we still have to be cautious
with these kind of verification measures as they are in no wegpendent of the system being tested. Some
of the problems of forecast verification are examined in lidgier on; for the moment we must be aware that
caveats apply.

To compare experiment X to experiment Y for a particular gpues level and latitude range, on daywe
calculate the normalised difference in root mean squar®ti)Rerror:
~ RMS(e") —RMS(e")
B RMS(e")

D; (4)

The RMS is calculated over alfor that level falling and latitude range. For display wertloalculate the mean

of Dj over alln available days. The forecasts have been started at 00Z egchHeénce, for 12 h forecasts
(‘T+12"), there are 40 days’ scores available, for therensaiching 12Z analysis available on every day of the
experiment period. This reduces to 32 days for the T+192a(8-fbrecasts, since analyses are not available to
verify the forecasts at the end of the experiment period.

Statistical significance is calculated using the teststtaft, defined by
Aj = RMS(€") — RMS(e") (5)

B meartA)
~ Std.Dev(A)/nt/2° ©
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Figure 9: Normalised difference in forecast score i: Msg&ézxse ), against forecast time in days, for total column

water vapour (TCWV)(a) the Southern Hemisphere (@®to 20S); (b) Tropics (20S to 20N), (c) Northern Hemisphere
(20°N to 9CO'N). Error bars indicate the 90% confidence range. The key tistee experiments, which are all compared
to Control-Off. Forecasts are verified against ‘'own anab/see. analyses from the experiment that is being verified.

This test statistic follows & distribution (Sec. 5.2.3, Wilks, 2006). RN&) and RMSe") vary with the
synoptic situation and hence are correlated with each @hdrfrom day to day. However, the difference
between them is mostly free from serial correlation, megmie can treat each day’ as independent.

The null hypothesis is that differences in RMS error betwtentwo experiments are explained by random
variablity. The test is two-tailed, because we want to ifertoth positive and negative differences. A 90%
significance level is required in our regional comparisdrigher significance levels are required in latitude-
pressure plots to account for multiplicity (see Sec. 4.2.3)

It is important to be clear that even when we attain statibignificance according to these tests, we might
reach different conclusions if we performed our experirm@manother time period (e.g. Anderssiral., 1998;
Bouttier and Kelly, 2001). Thus, we will concentrate on thsgest and most obvious features, assuming that
these have the broadest ‘significance’, which is backed umkipg that many of these features have been seen
in our other experiments with microwave imager assimitati@.g. Baueet al,, 2006b; Kellyet al., 2008).

4.2.1 Total column water vapour

Figure 9 shows the normalised difference in total columnewatpour (TCWV) RMS errors for All-Sky,
All-Sky-Off and Control compared to Control-Off. The moggrgficant differences are in the tropics, where
Control has lower RMS errors than Control-Off for forecastds out to 8 days. This confirms that the old
method of assimilating microwave imager data worked welthia tropics. As found by Anderssast al.
(2007), microwave imagers are the main observational cainston tropical ocean TCWYV, and as shown by
Kelly et al. (2008), this translates into significant improvements in\I\Cforecast scores. These scores are
not affected by mean changes in the moisture fields; RMSsamr almost identical to the standard deviations
(not shown).

Comparing All-Sky-Off to Control-Off (red line, Fig. 9) itates the impact of turning on model physics in
the first minimisation. There is very little difference bewwn the two, so the differences between All-Sky and
Control must come purely from changes in the usage of micreMraager observations.

The new system, All-Sky (black line, Fig. 9), improves therss (reduces the RMS error) in the tropics, but
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Figure 10: As Fig. 9 but for mean-sea-level pressure (MSL)

only by half as much as Control. This is roughly consisterihwhie FG fits to humidity observations in Figs. 5
and 6, which are slightly better for Control than for All-SKyrom B10 and Tab. 4 we know that the typical
observation error is four times larger in All-Sky than in @oh and that QC removes many more cloud- and
rain-affected observations. Opposed to this is a slighttese in the numbers assimilated, but overall, it is clear
that the new approach does not constrain the water vapodiaBetell as the old system. As shown in the single
observation tests of B10, it should eventually be possibletiuce the observation error assigned to All-Sky
observations. However, the current observation errors$aDdepresent a cautious approach to including a new
type of assimilation into an operational system.

In general in the northern hemisphere (NH) and southerndrere (SH), the RMS errors in TCWYV are either
unaffected or slightly reduced by microwave imager assitioih, whether in Control or in All-Sky (Fig. 9a and
). The main exception is in the first day, particularly in 8t¢, where microwave imager observations cause a
small increase in RMS forecast error in both Control and34l+ The SH high latitudes in winter have always
posed a challenge for the rain and cloud affected microwaserdlation, due to possible errors in surface
emissivity or modelled cloud (e.g. Geer al, 2009). Also, the bias correction does not work perfectlgehe
(Fig. 2). However, since forecasts at day 2 and beyond ariéeated, this increase in RMS error is most likely
due to the natural effect of adding observations in datasspareas, combined with the loss of the ‘recycling’
effect of 1D+4D-Var. This is examined in Sec. 4.2.4.

4.2.2 Dynamical fields

Figure 10 shows the scores for mean-sea-level pressure M8& main impact is in the tropics, where both
Control and All-Sky significantly reduce MSL errors betwakays 1 and 5. Both experiments are comparable.
Figure 11 shows vector wind (VW) forecast scores at 925 hB& @0 hPa, the levels where microwave imagers
have their largest impact. Again, the impact of microwavagder observations in the tropics is significant and
positive in both All-Sky and Control. All-Sky appears to kaslightly less impact than Control, though this
difference is barely statistically significant. In both M@hd VW, the consistency between All-Sky-Off and
Control-Off forecast scores (red line) confirms that theitaold of model moist physics in the first minimisation
did not have much impact on dynamical scores.

In the SH in the first two days, RMS errors in MSL and VW are digantly worse in All-Sky than Control,
but no worse than All-Sky-Off. As for TCWYV, the most likely gtanation is the effects described in Sec. 4.2.4.
Overall, despite the reduced impact on moisture fields coedda Control, All-Sky maintains a similar positive
impact on wind and pressure scores.
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Figure 11: Normalised difference in forecast score, agtiogecast time in days, for vector wind (V- c) at 700 hPa;
(d - f) at 925 hPa, for (left to right) the Southern Hemisphere, f@spand Northern Hemisphere. Other details and key
as for Fig. 9.

4.2.3 Relative humidity scores

Figure 12 shows the relative humidity scores. Comparingt@bto Control-Off (the green line) shows that
in the old approach, microwave imager assimilation had &nnpositive impact on humidity forecast scores
(i.e. it reduced RMS forecast errors) in the tropics and NHQfthPa. In contrast, forecasts at 925 hPa were
apparently being degraded by microwave imager assimildtipabout the first 2 days of the forecast in the SH
and tropics, and over all forecast times in the NH. All-Skye(black line) shows neither the large positive nor
the large negative impacts on forecast scores, suggestitey a more balanced assimilation system, or as we
might expect from the TCWV scores, a weaker observationastcaint on humidity.

Figure 13 shows the difference in forecast scores betwekBk and Control as a function of latitude and
pressure level. To account for the statistical multipfigitherent in such a figure (e.g. Livezey and Chen, 1983)
we have simply increased the required confidence level &8%or each individual point when determining its
significance. There are 876 points in each panel of this fidguutethere is often strong correlation between them,
so we could think of each panel as representing a much smatienown number of independent tests. Our
approach would then be equivalent to makingidak correction for multiplicity (e.g. Abdi, 2007), assing

21 independent tests in order to obtain a family-wide sigaiftce of 90%. Hence, in the context of the whole
figure, the cross-hatching indicates significance to a mawki level than 99.5%, perhaps 90%, though we do
not know exactly.

Relative humidity forecasts have lower RMS errors in AlySkan Control at most latitudes in the lower
troposphere (up to about 800 hPa), where the apparent degreifect of imagers has been removed. Scores
are degraded in the tropics at around 700 hPa, where theespparproving effect of imagers has also been
removed. These changes are largest in the first 24 h and eleébkneafter, except for at very high northern
latitudes.
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Figure 13: Normalised difference between All-Sky and Gantr RMS relative humidity forecast error. Blue colours
indicate where the All-Sky experiment has smaller foreeasts than Control. Red colours indicate the opposite.$3ro
hatching indicates point differences significant at the598.level; in the text we argue that this equates to a global
significance level of roughly 90%.
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Table 5: Special experiments to investigate forecast soopacts, by comparison to the Control and Control-Off exper
ments which were also described in Tab. 1.
Experiment name Control Control-No-Rain  Control-Fg-Rai@ontrol-Off

Rainy 1D+4D-Var On - Special -
Clear 4D-Var On On On -
ECMWEF ID f4ul f659 fod7 fore

Over the Arctic sea, we have already seen that All-Sky aralgse moister than Control (Fig. 7). In Control,
clear-sky observations are assimilated over the Arcticasebthey cause a dry bias in the analyses (compared
to a system without imager assimilation, i.e. Control-Offp All-Sky, by contrast, no microwave imager
observations are assimilated polewards of §@there is no drying effect. This effect shows up in the faséc
scores poleward of 80l in Fig. 13 and in the NH generally in Fig. 12f, where Contrakhigher RMS errors
than All-Sky and Control-Off all the way out to 8 days. Howe\his is not due to the forecasts being different,
because the moisture field quickly drifts back to the modetferred state. The increased RMS error in
Control comes from the clear-sky observations pulling theyses away from this preferred state.

Comparing All-Sky-Off to Control-Off (red line, Fig. 12) ag shows no significant impact on forecast scores
from turning on moist physics in the first inner loop, exceptiaor change at T+12.

4.2.4 Forecast scores re-examined

In the Control experiment, it appears that microwave imagsimilation degrades relative humidity forecast
scores at 925 hPa and improves them at 700 hPa. Table 5 ineg®thro new experiments which help to inves-
tigate these effects. We will mainly concentrate on reé@tiumidity scores, but we will check the reliability of
other parameters at the end of this section.

Experiment ‘Control-No-Rain’ is identical to Control exatehat 1D+4D-Var rain assimilation has been switched
off. Figure 14 shows the effect on relative humidity fordcares in the tropics. We see that 1D+4D-Var as-
similation must have been responsible for the apparentawgpnent in forecast scores at 700 hPa in the first
24 h but the apparent degradation at 925 hPa came from thresglganicrowave imager assimilation.

This ‘degradation’ shows more about the subtleties of fasewerification at short ranges than about the ob-
servations themselves. We have chosen to use own analyes reference. However, as noted by Bouttier

and Kelly (2001), adding observations in data-poor areagpesaturb the analyses relative to the forecasts. The
result is that the forecasts can look worse, when verifiedhagéheir own analyses, than if the observations

had not been assimilated at all.

It would be tempting to choose one or other analysis as thererte for all experiments. Figure 15 shows
RMS errors for the four possible combinations of forecast arifying analysis for Control and Control-Off.
As shown in Fig. 14, verifying against own analysis resuittarger RMS errors for Control than Control-Off
in the first 2 days. However, using the alternative analyesig. (Control forecasts verified against Control-Off
analyses or vice-versa) results in very different errorkisTs because, by construction, own-analysis RMS
errors will tend to zero at the beginning of the forecast eandsing an alternative analysis for verification, the
RMS error at short forecast ranges tends towards that ofitteeethce between the two analyses, which in this
case is 4.3% in relative humidity.

Rather than verifying against own analysis, if we were t@ tgist one of the experiments as the reference, we
would have an even bigger problem. If we took Control as tfereace, then we would be comparing Control
forecasts to Control analyses, so short range RMS forecamsseavould be very small. However, we would
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Figure 16: As Fig. 12, but concentrating on the tropics at i@, and comparing Control and Control-Fg-Rain forecast
scores to those of Control-Off.

be comparing Control-Off forecasts to Control analyses, the errors would be large and dominated by the
random error of the analyses themselves. Thus, Controldiaqppear enormously better than Control-Off, but
this conclusion would be wrong.

A final possibility would be to use a third analysis as the nexfiee, so that the random error component was
similar in all the scores computed. However (though withgmihg into details here) the presence or absence of
similar observations would also make a difference to thelt®sFor example, an experiment using microwave
imagers would still show smaller RMS errors if compared t@aperiment that also contained that data type
than it would if compared to one that did not. Hence, it appdhat verifying against ‘own-analysis’ is the
least worst option. The apparent short-range degradatimmwbservations are added in data-poor areas is just
something we have to be aware of when looking at these #tatist

From Fig. 14 we have seen that 1D+4D-Var cloud- and raincegtemicrowave assimilation appears to improve
forecast scores at 700 hPa in the tropics. This has been mogedumber of studies of 1D+4D-Var over the
years (e.g. Bauest al., 2006b; Kellyet al., 2008). However, there must be some inconsistency if 1DV4D-
reduces RMS errors at short ranges while clear-sky assiomlancreases them.

One of the known disadvantages of 1D+4D-Var (e.g. Lopez amgeB 2007; Geeet al, 2008) is that the
1D-Var retrieval is a weighted combination of FG and obsiowa When the retrieval is assimilated in 4D-Var,
some part of the FG is assimilated as new data. Simply becditisis, 1D+4D-Var may be making the analyses
more consistent with the forecasts, and ‘improving’ fostores. To test this, we ran another experiment,
Control-Fg-Rain (Tab. 5), where the FG TCWV was assimilatetiead of the 1D-Var retrieval. Everything
else (for example, 1D+4D-Var observation usage, qualitytrob and observation error) was the same as in
Control. Figure 16 shows the results. As expected, CoftgeRain reduces RMS errors even more than
Control, particularly in the first day. We can conclude theg apparent improvement in short-range relative
humidity forecast scores with 1D+4D-Var actually came fribma ‘recycling’ of the FG.

The TCWV scores (Control minus Control-Off) also suffemfrthese effects, but because TCWV is a vertically
integrated quantity there is competition between the staoge ‘degradation’ coming from adding the clear-
sky data, and enhancement coming from ‘recycling’ effect@#4D-Var (not shown). However, the effects

are smaller than for relative humidity scores. The FG depest shown earlier (e.g. Figs. 5 and 6) can be
considered an observation-based verification of the 12 bifspdumidity forecast, and these show that the
humidity field is improved by microwave imager assimilation
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The ‘degradation’ effect is not seen in MSL and vector windres, apart from in the first day in the SH. We
examined figures similar to Fig. 15 and in general there wensistently smaller RMS errors in the Control
experiment than in Control-Off, so long as we avoided thdaks of trying to compare ‘own-analysis’ scores
to ‘other-analysis’ scores.

Why are the relative humidity scores so sensitive? Fieldslafive humidity, particularly in the boundary layer
over ocean at 925 hPa, are dominated by fluctuations with smgll spatial scales. In comparison, TCWV,
MSL and wind fields are smooth and variability is dominatedsbgioptic or global structures. Geopotential
scores outside the tropics, not shown here but widely usedsieilar. For all these fields, random errors
between different analyses are smaller than the typicel ciforecast errors. Additionally, these fields are
strongly constrained in modern analysis systems by terpereelated observations, even in the SH. Hence,
there are now few ‘data-sparse regions’ like those encoeahtby Bouttier and Kelly (2001). However, the
relative humidity field can still be considered data-spapsaticularly in the lower troposphere over ocean
where microwave imagers remain virtually the only direairse of data (e.g. Anderssat al,, 2007). So,
relative humidity forecast scores should be treated withica, particularly for forecasts shorter than 3 days.
TCWV is less affected than relative humidity. MSL, wind adtside the tropics) geopotential forecast scores
are more generally reliable. However, relative humiditynigeresting to us in this work because it is more
related to cloud formation.

In summary, the apparent degradation in relative humiditgdast errors with clear-sky microwave imager
assimilation in the Control experiment is completely to Epexted when introducing observations in data-
poor areas, particularly when using ‘own-analysis’ sc@Bmuttier and Kelly, 2001). The same effect results
in the absurd situation that when we experimentally asaimiFG TCWYV information as new observations we
can substantially ‘improve’ forecast scores. This effsgeisponsible for the apparent improvements in relative
humidity scores with 1D+4D-Var assimilation in the Contegperiment and in the original 1D+4D-Var studies
(Baueret al., 2006b).

However, we have seen in the observation-based part of éipisrghat both Control and All-Sky improve the
specific humidity information in the 12 h forecasts. At loegegicast ranges (e.g. greater than 3 days) the choice
of verifying analysis is much less important. Beyond day @&¢his little difference in the relative humidity
forecast scores between any of our experiments, excepevwherRMS error is dominated by mean effects,
such as in the Arctic ocean.

5 Information transfer

Geeret al.(2008) investigated the transfer of information into the & analyses by comparing FG departures
and increments, and hypothesised that an all-sky direcVdDwould produce better results than 1D+4D-Var,
particularly for the transfer of cloud and precipitatiofiormation. In the context of the old 1D+4D-Var system
it was quite easy to study information transfer in terms ofANZ LWP and RWP (their fig. 2) since the 1D-Var
retrieval produces water vapour and hydrometeor profileglwtan be compared to their equivalents in the
4D-Var forecast model. In the all-sky system, informatisrpresented to 4D-Var in terms of TB, so we must
work with this. However, it is possible to use simple appnoaie relationships to interpret TB changes in terms
of TCWV and LWP. From earlier we have the Karstehsl. (1994) regression for LWP (Eg. 2). These authors
also observed thén (280— T By, ) was 97% correlated with TCWV, but did not provide regressioefficients.
From our own simulations we derived the following:

TCWV=161-34.78In(280— T B,2) (7)

It is important to point out that we are still working in obgation space and we are just looking at transformed
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TBs. These are not accurate retrievals of LWP or TCWV and atityeit is very hard to completely separate
the effects of LWP and TCWV on TBs. However, this approach gities us more geophysical insight than
looking at TBs directly. In the rest of this section we wilfeeto our ‘retrievals’ as LWPand TCWV' to make
this obvious.

These relationships have been derived for SSM/I obsenatltat have not been bias corrected. Biases between
observations and simulations can be of order 1K, which snlisily affects the results of these regressions. To
avoid these biases being carried into the LWP and TCWYV estsnanodel TBs are corrected using the VarBC
bias corrections, as done for the cloud and rain tests inS&2.

To understand the transfer of information from all-sky alatons into the analyses, we consider histograms
of the FG departure (observation - FG) compared to the inen¢i@nalysis - FG), at observation locations. In a
hypothetical assimilation system with no background aaiirst or any other competing observations, a scatter
plot of increment vs. FG departure would lie on the 1:1 lifevging that all information in the observations
had been transferred into the analyses. Figure 17 showsgyhash plots for TCWV and LWP, based on a
sample of SSM/I observations from the All-Sky experimenheTTCWV* histogram lies relatively close to
the 1:1 line, showing a reasonable transfer of moisturermnébion into the analyses, though with a less steep
gradient, as would be expected given that the model backgroanstrains the analyses.

LWP* shows a similar quality of agreement between negative @anud-removing) departures and negative
increments. However, positive (e.g. cloud-creating) depes create little new cloud in the analyses. This
problem also affected the 1D+4D-Var approach (Gstexl., 2008).

The TCWV* and LWP increments in the All-Sky experiment come not just fromski{ observations, but also
from everything else going into the analyses, particuldryse observations that influence winds or humidities
directly. To make sure that our conclusions were valid ferdah-sky observations alone, we ran an experiment
that assimilated nothing but all-sky observations. To@vbe analyses degrading over time, this experiment'’s
FG was re-initialised from the All-Sky experiment beforeleassimilation window. Histograms like Fig. 17
were extremely similar to those shown here, indicating tliatconclusions are valid.

To understand the difficulty of creating cloud in the anadysge divided the observations according to their
time in the assimilation window (Fig. 18). In the first few lmswf the assimilation window (Fig. 18a), it was
also quite difficult either to create or remove cloud. In rolygthe last hour (Fig. 18b), it was possible to
reduce cloud amounts but still difficult to increase thenis Hlso noticeable that a greater range of increments
occurs. This suggests several problems in the current 433éem. First, cloud is not part of the analysis
control variable, so it is difficult either to create or degtat the beginning of the time window. Here, cloud
can only be changed by modifying wind, temperature or humiiklds. This points to the need for cloud to
be included as a control variable. Later in the assimilatidmdow, the model is more able to respond to the
observations through changes in the dynamics and in the ploysics, but it is still very hard to create cloud.
This may come either from the restriction on supersaturhtedidity increments implied by the normalised
humidity control variable (HoInet al,, 2002), or because the cloud created in the analysis ‘raiti®efore the
observation time is reached (Lopetzal., 2006).

6 Conclusion

We have performed two pairs of data-denial experimentscbassund the ECMWF operational forecasting
system. The first pair (Control and Control-Off) examine itn@act of microwave imager observations with
the old approach, which used a 1D+4D-Var technique for cland rain affected observations, and direct
radiance assimilation for clear sky data. The second pdivSRy and All-Sky-Off) examine the performance
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Figure 17: "Information transfer” into the 4D-Var analysedased on 678,388 SSM/I observations from 23rd - 29th
August 2007 in the All-Sky experiment. 2D histograms shovd&@arture against increment, for: (a) TCWend (b)
LWP*, as derived from observed or simulated TBs. The 1:1 lineesmwotted. Contours are in logarithmic steps, starting
from the outermost contour: 3, 10, 32, 100, 316 etc.
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Figure 18: As for Fig. 17, but looking at LWPRnly and dividing the sample according to time through th&ragation
window: (a) from the first 1 h 50 min (84,221 observations);tie last 1 h 20 min (82,649 observations).
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of the new all-sky direct assimilation that is described auBret al. (2010) and was introduced operationally
in March 2009. Our assessment is based on forecast venficatiores and comparisons to observations, both
assimilated and independent.

We tested the reliability of forecast scores for the val@abf these experiments. Relative humidity scores
show misleading effects in the initial three days of forégdseing strongly affected by the choice of verifying
analysis. Microwave imager assimilation appears to irsgdMS errors in some circumstances. As pointed
out by Bouttier and Kelly (2001), this can occur when inchglhew observations in data-sparse areas. Scores
based on TCWV, MSL, wind and (outside of the tropics) geopmtidé are more reliable, and the choice of
verifying analysis is less important, unless the mistakeoofiparing own-analysis and other-analysis scores is
made. These fields tend to be dominated by synoptic and géchéd patterns. By contrast, relative humidity
fields, particularly in the lowest levels, are dominated imal-scale variability. Hence, the largest component
of ‘forecast’ error in the first few days comes from the largadom errors in the analyses themselves, which
are associated with these small-scale fluctuations. Beazuke link between relative humidity and cloud for-
mation, it is likely that cloud verification scores based ardel and analysis fields will suffer similar problems.
Hence, although relative humidity scores (and cloud sciorése future) are worth investigating, they should
be treated with caution.

We took the opportunity to re-assess the old approach. Tere two minor issues with the clear-sky direct
assimilation. Assimilation over the Arctic Ocean dried Hralyses relative to the forecasts, suggesting that
better bias correction may have been required. Also, indh&apical stratocumulus regions there were positive
biases of 1 to 2K. These disappear with the all-sky approabith suggests that cloud-detection was failing
in these areas and cloud-affected observations were beiatpd as clear-sky. Cloud-detection is unnecessary
in an all-sky assimilation system.

As shown by Kellyet al. (2008), both clear-sky and 1D+4D-Var assimilation of mcawe imagers are able
to improve humidity and wind scores in the tropics. Howerggtive humidity forecast score ‘improvements’
at short ranges with 1D+4D-Var (e.g. Bawdral, 2006b; Kellyet al,, 2008) actually come from a flaw in the
1D+4D-Var technique. The ‘recycling’ of the humidity firsugss has the effect of reducing the differences
between analyses and short-range forecasts, hence alftifiniproving the forecast scores.

One area where the 1D-Var technique remains superior tkglHirect 4D-Var is in the quality of the 1D-
Var retrievals. The rain amount is retrieved by 1D-Var but assimilated. However, it shows reasonable
instantaneous agreement with retrievals from PR onboafdNIRGeer et al, 2008). For this purpose only,
1D-Var has an advantage in not being constrained by a 4D noodigl any other observational information. In
contrast, because all-sky observations are just one partofmprehensive 4D-Var analysis, they have far less
control over the model’'s humidity, cloud and rain fields.

Despite the limitations described above, the old approachitrowave assimilation in clear-skies, cloud and
precipitation worked reasonably well in improving wind ambisture forecasts, particularly in the tropics.

However, the future aim is to improve cloud and rain analysas forecasts, and an all-sky direct radiance
assimilation should be more flexible, simpler, and more &ateu To help reduce the risks of introducing such
a new technique, it has been implemented with a very cautippsoach to quality control, and by applying

larger observation errors than used in the old system.

The result of taking this cautious approach is that, contpémea system without microwave imagers, the
analysed and forecast tropical humidity fields are impromely about half as much as with the old system.
This can be seen in fits to other assimilated humidity obsiens such as AMSU-B mid-tropospheric humidity
channels and radiosonde measurements. It is also seen TCWW8/ forecast scores. However, the all-sky
system is comparable with the control in terms of its positimpact on dynamical fields in the tropics, e.g. in
MSL and vector wind in the lower troposphere.
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Our results point to some areas requiring further work:

e Only SSM/l and AMSR-E are assimilated operationally in tee/rsystem. We would like to reintroduce
SSMIS and TMI.

e Quality control excludes a lot of cloud and precipitatidfeeted situations, and the rather large observa-
tion errors (e.g. 12K in the 19v channel) reduce the impathefata. We are currently experimenting
with a more complete use of the data.

e Creating cloud in the 4D-Var analysis is far more difficulatimemoving it, which may come from the
normalised relative humidity control variable, or perhaggin-out’ problem (Lopezt al., 2006).

e Itis easier to create or destroy cloud at the end of the 4Da¥atysis window than it is at the beginning.
This might be remedied by the use of a cloud-related contadhble, though background errors may
also be constraining the creation of cloud.

Finally, we have not considered the issue of backgroundsimahe presence of cloud and precipitation. It is
likely that errors and correlation lengths may be very défe in these areas, compared to in clear sky regions,
and more work is needed there too.
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