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Abstract

The all-sky assimilation of microwave radiances has bardfftom removing the largest remaining
systematic error in the observation operator. Previotisé/pptical properties of snow hydrometeors
were computed using Mie theory but now it is possible to ugeltscrete Dipole Approximation,
which gives more accurate results for complex 3D partidles $nowflakes. These improvements
in the observation operator allow the all-sky assimilatiodbe extended into deep-convective areas
and to the 183 GHz water-vapour sounding channels on SSMI&c{& Sensor Microwave Imager
Sounder). There are clear benefits to midlatitude wind amgpafential forecasts as well as to hu-
midity throughout the troposphere. Improved dynamicatasts presumably come about because
the forecast model inside 4D-Var is forced into a better fthtobservations of water vapour, cloud
and precipitation. Scores are particularly helped by the amid upper-tropospheric 183 GHz water
vapour channels, likely through the wind tracing effect.eTieneficial impact on winds cannot be
replicated using a clear-sky assimilation strategy. Thierages efforts to widen the application of
the all-sky approach to other microwave instruments wittewsapour, cloud and precipitation trac-
ing capability such as MHS (Microwave Humidity Sounder).rtRar, it should encourage attempts
to extend all-sky assimilation to the water vapour chanaelsfrared instruments.

1 Introduction

Traditionally, microwave imager radiances have been assimilated in cleapsH#itions to help improve
lower-tropospheric humidity (Andersson et al., 2007) but more recengly tilave been assimilated in
all-sky conditions (Bauer et al., 2010; Geer et al., 2010b). This extepsksrvation coverage and helps
improve cloud and precipitation in the analyses and forecasts. ThougbtWardcontrol variable does
not contain cloud or precipitation, the presence of linearised moist phiggios minimisation (Tompkins
and Janisko&, 2004; Lopez and Moreau, 2005) means that model cloud and préoipaiee modified in
the analysis in order to fit what is observed in the all-sky radiances. Agegct in all-sky assimilation is
a model for observation error that represents small errors in clgaresiditions and much larger ones in
cloudy and precipitating situations (Geer and Bauer, 2011). Errolaiger in cloud and precipitation
due to the poor representativeness of the model, i.e. the inaccurate astdbecation of cloud and
precipitation features in the forecasts, as well as the increased diffi¢ulgiative transfer.

A remaining problem in microwave all-sky assimilation has been large systemdititiva transfer er-
rors in deep-convective situations. Poor modelling of the scattering piepef snow hydrometeors
results in excessive scattering at frequencies from 30 GHz to 90 GdHimswificient scattering at higher
frequencies. This has hindered the use of all-sky assimilation whenmeeerscattering is the dominant
radiative effect, particularly in the use of temperature and moisture sayotiamnels (e.g. Geer et al.,
2012) and over land surfaces (e.g. Baordo et al., 2012).

The scattering properties of snow hydrometeors were previously cothpsitey Mie theory, with snow
represented as a sphere containing a mix of ice and air. However, the linstafidime Mie approach
are widely recognised (Petty and Huang, 2010; Kulie et al., 2010). T$&&e Dipole Approximation
(DDA, Purcell and Pennypacker, 1973; Draine and Flatau, 1994)gitahle to compute the scattering
properties of complex 3-D shapes and tabulated results are now widéabdege.g. Liu, 2008). Moving
to a DDA representation of snow hydrometeors has essentially fixed tlestaggmaining problem in all-
sky radiative transfer (Geer and Baordo, 2013).

The improved DDA radiative transfer will be introduced operationally wittleyOr T and it has allowed

INote that these changes were initially merged into the code and tested li®B88yt, but since that cycle was never made
operational, this memo will refer to 40r1 for simplicity.
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a number of extensions to the all-sky assimilation. The package of changes is

¢ In the observation operator, DDA sector snowflakes will be used tesept the optical properties
of snow hydrometeors, replacing the inaccurate Mie sphere approach.

e High frequency channels (e.g. 30 GHz) will now be assimilated in deep convective areas, taking
advantage of the improvements in the radiative transfer model.

e Observation errors have been recomputed.

e The Special Sensor Microwave Imager/Sounder (SSMIS) 183 GHz wapeur sounding chan-
nels will be actively assimilated for the first time.

All of these changes have beneficial impacts on the assimilation system butaitts highlighting the
use of the 183 GHz water-vapour sounding channels of SSMIS. Upnantjlthe all-sky system has only
been used operationally to assimilate window channels at frequencies Qstd2Awhich mainly have
sensitivity to the lower troposphere. All-sky assimilation of microwave temperatounding channels
has been tried, but it duplicates cloud information found in the window alarand adds noise to the
temperature fields, so it has not been adopted operationally (Geer édf), An contrast, this study
shows that 183 GHz microwave humidity sounding channels are well suitedlf&ky assimilation and
they bring useful new information on midlatitude winds, likely through the 4Db4{xacing effect. In
clear skies these channels are sensitive to upper and mid tropospherditiife.g Buehler and John,
2005) and ECMWEF has been using similar channels on AMSU-B (Advakiberdwave Sounding Unit
B) and MHS (Microwave Humidity Sounder) for many years for cleartshgnidity sounding. However,
the 183 GHz channels are also strongly affected by scattering from anduwce hydrometeors in deep
convective systems (e.g. Hong et al., 2005), so the all-sky assimilationsa girannels has had to wait
for improvements in scattering radiative transfer.

2 Method

2.1 All-sky assimilation

The direct assimilation of all-sky radiances was implemented operationally i@, 280described by
Bauer et al. (2010) and Geer et al. (2010b). However, some additiemalopments were necessary to
get the best out of this new approach: first, to start superobbing\attgas onto a T255 Gaussian grid
before assimilation (about 70 km horizontal resolution) and to use a symmutdel for observation
error (Geer and Bauer, 2010, 2011).

All-sky assimilation is currently applied to two instruments: SSMIS (Kunkee e2@08) on Defense
Meteorological Satellite Programme satellite F17 (DMSP-F17) and TMI (TRMMrddvave Imager,
Kummerow et al., 1998) on the Tropical Rainfall Measuring Mission (TRMWere are also SSMIS
instruments on DMSP-F16 and DMSP-F18 but these are not used ag¢tiaysanilar orbits to DMSP-
F17 and they are more affected by instrument issues associated withesatiagtand solar intrusion (e.g.
Bell et al., 2008). Solar-dependent anomalies are also present in theafd/l(e.g. Gopalan et al., 2009)
but they are removed in the ECMWEF bias correction (Geer et al., 2018a)S8&c. 2.3 for a description
of the channels assimilated.
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2.2 Radiative transfer improvements

The radiative transfer model for all-sky microwave assimilation is knownTaOR-SCATT. It is a fast
model designed for assimilating microwave radiances in all-sky conditionse(Bd al., 2006) and itis a
component of the wider RTTOV package (Radiative Transfer moddidlavision Infrared Observation
Satellite Operational Vertical sounder; Eyre, 1991; Saunders et dl2)2(RTTOV-SCATT uses the
delta-Eddington approximation (Joseph et al., 1976) to solve the radiadnsfér equation including
scattering. The four hydrometeor categories provided by the forewaiz| to RTTOV-SCATT are cloud
water, cloud ice, rain and snow. Their bulk optical properties (e.g. sbatering albedo, extinction,
asymmetry parameter) are taken from look-up tables.

The 40rl radiative transfer upgrade was principally a change in thedpdlbles of bulk optical prop-
erties. Previously the optical properties of snow particles were compsied Mie theory, i.e. using a
perfect sphere to represent what are in reality quite complex 3D stescthiow, the Liu (2008) database
of DDA optical properties is used. This database gives the optical giepef a range of ice and
snowflake shapes at varying sizes and frequencies; integrating tbisnation over the assumed size
distribution of snow patrticles gives the bulk optical properties for inputT@ ®/-SCATT. Using the
‘sector snowflake’ from the Liu database and a Field et al. (2007) fmsiize distribution gives a great
improvement in the fit between model simulations and microwave observatiomeprabnvective ar-
eas, compared to the physically unrealistic results from Mie theory. Maed de the radiative transfer
upgrade can be found in the forthcoming report by Geer and Baofik8)2 Much of their effort was
devoted to finding the best choice of particle shape and size distribution algjiective criteria based on
a range of statistics of fit between model and observations. For glotaahdsimilation it is important
to find a particle shape that works well across all microwave frequenciésn all areas of the globe.
It is not enough to look only at the RMS of departures as these can badfby the ‘double penalty’
effect. This report gives only a quick overview of the results or GadrBaordo. The 40r1 upgrade also
includes some small changes that will be part of RTTOV version 11, inajuttie use of precipitation
mixing ratio rather than fluxes as the input units; those changes do noalgggificant impact on the
results.

Figure 1 shows mean first guess (FG) departures for the month of 0t@éAased on passive monitoring
experiments. The usual quality controls have been relaxed so that odlysiea-ice and high-latitude
observations have been excluded from the sample. Using the Mie sphepeg¢sent snow hydrometeors
produces excessive scattering at lower frequencies, leading tonsg&igositive departures particularly
in the ITCZ regions and the maritime continent (e.g. 22, 37 and 52.8 GHztspang e). In contrast at
high frequencies the Mie sphere produces insufficient scatteringntgdnegative departures in similar
regions (183 GHz channels, panels g, i, k). If these biases were assiritiey could negatively affect
the quality of the analyses. In order to prevent this, convective situdtiavesbeen removed by quality
control up until now (Geer and Bauer, 2010). Using the DDA sectowfinke removes the areas of
positive bias completely in the 22v and 52.8 GHz channel and partially in thel@&wnel (panels b,
d, f), meaning that the quality control (QC) of convective situations carelzxed. Negative bias in
the 183t7 GHz and+3 GHz channels is decreased, making it safer to assimilate these channels in th
all-sky route. The only area where biases have got larger is in the exticdrin the 1837 GHz, but it

is impossible to improve fits everywhere at every frequency, and asnshpwseer and Baordo (2013)
the DDA sector snowflake is still the optimal choice of particle shape actbss@owave channels.
A number of other statistics can also illustrate the scope of the radiativedrangirovements. Deep
convective situations comprise only a few percent of all observationsjshelpful to look at statistics
which are more sensitive to these areas.

Technical Memorandum No. 706 3



SCECMWF All-sky assimilation developments

a 22v Mie sphere b 22v DDA sector

-135 -90 45 0 45 90 135 -135 -90 45 0 45 90 135
0 . = o : =
< o <
o . N ©
NI o N
off .- o o
QY - NI 4
o ? &
<M. HO<tM
| o |
c d

-135 -90 45 0 45 90 135 -135 -90 45 0 45 90 135
o o
<
g -
N
g 4
$I

2

e

—40-20 0 20 40

«Q

o
FG departure [K]

—40-20 0 20 40
0v-0Z¢- 0 0¢C OF
—40-20 0 20 40
0v-0Z¢- 0 0¢C OF

-40-20 0 20 40
-40-20 0 20 40
0v-02- 0 0¢C OF

=

183+1 Mie sphere |
-135 -90 45 0 45 90 135

-40-20 0 20 40
0v-0¢- 0 0¢Z O

-40-20 0 20 40

Figure 1: Mean first guess departure [K] for the month of Jurtd2, in all-sky conditions (i.e. clear, cloudy
and precipitating) using Mie sphere (left column) or DDA teecsnowflake (right column) to represent snow
hydrometeor scattering, for a selection of SSMIS chanrefixed VarBC bias correction has been applied; these
results are based on passive monitoring experiments. Naguraity control has been relaxed, so that only land,
sea-ice and high-latitude points are excluded.
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Figure 2: Histograms of FG departure [K] for the month of Jup@12 for all-sky conditions, representing snow
hydrometeor optical properties with either the Mie spherdd®A sector snowflake, for the SSMIS channels at
52.8 GHz and 1887 GHz. The y axis is logarithmic.

Figure 2 shows histograms of FG departures using a logarithmic y-axisue &tention on the tails of
the distribution. The tails are composed of the largest FG departures;ateesaused by disagreement
between the model and the observations in precipitation areas. If theatisagmt between model and
observations is due to random forecast errors, the histogram sheglghtmetric. An asymmetric his-
togram indicates the presence of biases in precipitating areas. At 52.§@hk a), the most strongly
affected lower-frequency channel, the Mie sphere produces a tpodgfive departures corresponding
to situations where the FG brightness temperature (TB) is much too low due hgsioglly excessive
scattering. The DDA sector snowflake gives more realistic scattering anshtépe of the warm tail
becomes close to that of the cold tail. At B8BBGHz (panel b) the Mie sphere gives a histogram that is
lopsided in the other direction. There should be a warm tail correspotalgityations where the model
has precipitation but the observations do not. However, the Mie sphesend simulate enough scatter-
ing so it does not decrease simulated brightness temperatures enougtitogoas many large positive
departures as there are large negative departures in the cold tail. ThedaRering model provides a
more symmetrical distribution of departures, indicating the simulations are mose&plty realistic and
give more scattering.

Finally Fig. 3a shows observations of the 37v channel on SSMIS in a saiftitbe E Pacific containing
the ITCZ around 5N to 10°N, with the highest (red-coloured) brightness temperatures indicatiag are
of precipitation. There is also an area of frontal precipitation around\WP25°S. Panel b shows the
equivalent simulations from FG forecasts, using the Mie sphere apprigiman these simulations
there are areas around T¥@ 6°N and 90W, 12°N where brightness temperatures are depressed below
220K because the Mie simulations give strong scattering from snow paiiticteep convection. The
observations never show such low brightness temperatures in deegctionyindeed deep convection
is characterised by high brightness temperatures at 37 GHz. These momeefatively warm emission
from water cloud and rain and even intense hurricanes show a waratsignnot a cold one (Geer and
Baordo, 2013). Scattering is clearly not a dominant process in realityesstiibng scattering from the
Mie sphere simulations must be unrealistic. Panel ¢ shows the actively assinatservations: a QC
has been applied that removes observations in areas with deep conwedttiermodel or observations;
note there are also a few areas around islands which have been reasagarecaution against land
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Figure 3: (a) DMSP-F17 SSMIS channel 37v observations onJ2hd2013 and equivalent FG simulations with
snow optical properties given by: (b,c) Mie spheres; (d) Dég&tor snowflakes. Panels a and b show all available
observations; panels ¢ and d show the actively used data.
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Table 1: Observation errors for the TMI and SSMIS channelsetassimilated at 40r1.
Name Frequency Polar- Main atmospheric sens- Clear-sky error [K] udgisky error [K]

[GHZz] isation itivity over ocean Old New ol New
T™I
19v 19.35 \ Rain and cloud 2.8 1.7 15 19
19h 19.35 h Rain and cloud 4.4 2.8 30 38
21v 21.3 v Column water vapour 2.8 2.3 8 11
37v 37.0 v Humidity, cloud 3.4 1.7 18 18
85v 85.5 Y Humidity, cloud, show 3.9 1.7 18 16
SSMIS

19v 19.35 \ Rain and cloud 1.7 1.7 17 18
19h 19.35 h Rain and cloud 3.9 3.9 32 32
22v 22.235 Y Column water vapour 2.3 2.3 8.9 8.4
37v 37.0 Vv Humidity, cloud 1.7 15 14 18
91v 91.66 % Humidity, cloud, snow 1.7 2.0 5.9 18
183+7 183t6.6 h Lower trop. humidity - 2.5 - 25
183+3 183+3 h Mid trop. humidity - 1.7 - 18
183+1 183+1 h Upper trop. humidity - 1.7 - 10

contamination. The QC for convective areas is a blunt instrument: it hasvesirtbe observations
in the area of frontal rain to the S where the simulations look reasonable las ieft some areas of
suspiciously low simulated brightness temperatures in the ITCZ (e.g. ardaid 9°N) where the
model is giving unphysical scattering. With DDA sector snowflake radidtiansfer the simulations are
more realistic and the QC for deep convective areas can be switchquho#l(d) giving a much better
coverage of precipitating areas. There is still a qualitative differenivedas the model and observations
in the ITCZ which could come from an underestimation of precipitation intensitycaverage in the
model or alternatively might be a remaining radiative transfer issue. Hawins is just a single example
and the monthly means in Fig. 1 suggest that model and observations &sathin this area over longer
periods.

To summarise, the use of the Mie sphere to represent snow particlesspaasible for an unphysically
high amount of scattering at lower frequencies (e.g. between 30 GH8@@dHz) that made it im-
possible to assimilate observations in precipitating areas in channels with tbgaerfcies. The DDA
representation for snow optical properties is more realistic and allows\attiesms these observations
to be assimilated for the first time. At 183 GHz the move to DDA again improves #ismeof the
simulations, by increasing the amount of scattering from snow particles, ihtbegmprovements are
not so dramatic as in the lower frequencies.

2.3 Observation error retuning

New coefficients have been computed for the observation error mod@Mb and SSMIS channels
(Tab. 1) following the method of Geer and Bauer (2010, 2011). Therghton error model is a linear
function of the symmetric cloud amount, e.g. the average of observed anth&ithaloud. Errors are
at a minimum in completely clear-sky situations and a maximum in completely cloudy sitsigtio
practice, this means strongly precipitating, deep convective areas)ep&tdres are binned according
to the cloud amount. The standard deviation in these bins is known as the totadred the observation
error is computed from this by removing a small amount representativeckfliaund error (1.0 K).

Technical Memorandum No. 706 7
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Figure 4: Log histograms of normalised FG departure (biagected departure divided by the applied observation
error, solid line) for the month of July 2013 from an expenhasing the new all-sky developments for 40rl. The
dashed line shows a Gaussian with a standard deviation of 1.

The improved scattering has only a small effect on the quality of radiatinsfeain lower-frequency
channels (e.g. 19v, 19h, 21/22v) and the SSMIS errors in these elsaemain essentially unchanged.
The size of TMI clear-sky errors appears to have decreased &t fitsegiencies, but this is unlikely to
be related to the radiative transfer upgrade and probably just sugigas®MI errors were out of date.
The TMI observation errors are now more similar to those of the equivakarinels on SSMIS, which
IS reassuring.

Deep convective areas are assimilated for the first time in the 37v and 83i8fimels and because these
situations are associated with the largest FG departures, this requirgsrantexximum error in cloudy
skies than before. For example, the maximum error for SSMIS 91v goes5r9 K to 18.0 K. Finally,
the 183 GHz channels have been assigned errors for the first timealrskles, these are comparable to
the equivalent channels on MHS, which are all assigned a 2.0K error.

Figure 4 shows the normalised departures in channels in channel 37thariree channels at 183
GHz (normalised departure is the FG departure divided by the total erdicped by the symmetric
error model). As expected the departure distribution is very close to @Gauss channel 37v and for
the other window channels (not shown). The symmetric error model datewark quite so well for
the 183 GHz channels, particularly 283 GHz. However the modelled error distribution produces nor-
malised departures that are predominantly quite small compared to the Gawss@dmmeans the errors
are over-cautious. There is no danger in using this error formulatioim bt future it might be possible
to get more impact from the observations by targeting the error model mecesely. One aspect that
would need reviewing is that in the 183 GHz channels, particularly the higgegting channels, forecast
errors in clear-sky water vapour can sometimes produce nearly asbiagigness temperature depar-
tures as those associated with poorly-forecast cloud or precipitati@ne Thscope to improve the error
model for the 183 GHz channels, but as the results will show, it is fine tovsitdr.
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The effectiveness of the observation error model (along with the qudlityeosimulations, the effec-

tiveness of quality control and bias correction) can also be tested bintpaknormalised FG departure
biases. With a highly variable observation error, it is better to check fstesyatic errors in the nor-
malised departures than in the differences in absolute brightness temeefagure 5 shows that after
bias-correction, remaining systematic errors in the 183 GHz channelshaiecompared to the obser-
vation error (panels f-h); in fact they are smaller than the systematicses®itolerate in the window

channels (panels a-e). The 183 GHz channels should be quite satmilas. In all channels, biases
are relatively small in normalised terms in the ITCZ and other convectivalyeaareas. Even though
there are some remaining biases between model and observations in #aséay. Fig. 1), the large
size of the observation errors assigned in convective situations meabimdes will not be dangerous
for the data assimilation. Instead the largest biases in normalised depatteresthe 37v and 91v

channels in the maritime stratocumulus regions to the W of most continents in thepcdhitand also at

high latitudes in the southern hemisphere (SH), where the long-standildgsector’ bias is a problem

(e.g. Geer et al., 2009; Geer and Bauer, 2010). The majority of situafterted by cold-sector bias
are removed by QC, but there may be a residual of scenes escapiotjahet@lternatively there might

be an asymmetry in the quality control. However, none of these biases gee than 0.7 in terms of

normalised departure and the affected areas are small in extent. Owestdinatic error is small and
unlikely to cause problems in the assimilation.

3 Results

3.1 Separate impact of the components

Initial testing of the all-sky developments was done at a horizontal resoloti®611 and vertical reso-
lution of L91 for the 4 month period of June to September 2012. The all-sksiclements were added
in two stages, making it possible to separate the impact of the 183 GHz chfnonelthe other devel-

opments. The experiments were:

e Control: A basic cycle 38r2 experiment

e DDA scattering This uses the new scattering parameters and revised observatien &bserva-
tion coverage is extended into deep convective areas in the 30 - 90 GHaalk where previously
these observations were removed by quality control.

e 183 GHz channels on SSMIS&s DDA scatteringbut also activating the 183 GHz channels on
SSMIS. This is equivalent to the complete package that was suppliedrtbr 40

Figure 6 shows the normalised change in RMS forecast scores in rdtatimality, vector wind and
geopotential at the levels where there is the greatest impact for eachgiaraln all cases the verifying
analysis is the ‘own-analysis’ of the experiment. There is a particularlgfimal impact of the complete
package (e.g. the 183 GHz experiment vs the control) on relative humiditgsvand geopotential in
the southern hemisphere and tropics. The impact is nearly 1% and is sightficaugh most or all
of the forecast range. Figure 7 shows the vector wind scores forxperienent resolved by latitude
and pressure: beneficial impacts are seen at all latitudes and thrauljadtoposphere. Because the
forecasts have been verified against their own analyses, the chaRt§¢Srerrors at T+12 is equivalent
to the change in the RMS increment in vector wind (e.g. Geer et al., 201@bge;the package reduces
the size of wind increments, indicating improved winds in the FG, and the impesis{san the forecasts
for many days.

Technical Memorandum No. 706 9
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Figure 5: Maps of mean normalised FG departure (bias coedateparture divided by the applied observation
error) for assimilated SSMIS observations for the monthudy 2013, from an experiment in which the new
configuration is used.
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Figure 6: Normalised change in RMS forecast error in relativumidity at 850 hPa (top row), vector wind at
850 hPa (middle row) and geopotential height at 500 hPa ¢bottow). Verification is against own analysis and
scores are based on a four month period, June to Septemb@r Hyfor bars show the 95% confidence level. A
beneficial impact is one that results in a reduction in fordaerror, i.e. a negative normalised difference.
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Figure 7: Normalised change in the RMS of vector wind foreea®r between the 183 GHz channels experiment
and the control (this tests the complete package of chargge40f1). Verification is against own analysis and
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The wind impacts at longer ranges in the southern hemisphere (e.g. Thd4#+a68, Fig. 7) are sig-
nificant in the stratosphere as well as in the upper troposphere. Thigigd p which the stratosphere
is dynamically active, due to the presence of the polar vortex, and the isgbfovecasts might be as-
sociated with an improved representation of polar stratospheric windstidd testing at a different
resolution (T1279, not shown) extended this experiment into Novemid& ®@en the polar vortex was
breaking down. Similar patterns of improvement were seen in the scoresallf$ky observations im-
prove upper-tropospheric winds in the SH storm tracks in the analysighase improvements may be
propagated into the polar stratosphere during the forecast.

Figure 6 shows that both parts of the all-sky package contribute to theafirecores, but in the SH it is
the 183 GHz water vapour sounding channels that provide much of the inipabvement in winds, as
well as the improvement in wind and geopotential beyond day 5.

3.2 Clear-sky versus all-sky assimilation for the 183 GHz cinnels

It is noteworthy that the 183 GHz water vapour sounding channels ofI[S@ké beneficial to forecast
scores, because MHS, with three similar water vapour sounding chasinelgs little impact on dynami-
cal scores when assimilated in the clear-sky path (not shown, but baseche-year experiment denying
MHS on Metop-A from the full observing system at cycle 38r2). This migticate that all-sky assim-
ilation is superior to clear-sky assimilation or it might just be that the clear-s&iyralation needs to be
improved, for example through increased coverage, retuned olisargarors or better cloud-screening.
If it were possible to get forecast benefits from the SSMIS 183 GHnrutla using clear-sky rather
than all-sky techniques, the clear-sky approach might be preferatdeife it would save computer time
(scattering radiative transfer is relatively expensive), reduce cotibplend avoid the ‘double-penalty’
problem of including cloud in the FG (e.g. Geer et al., 2012).

To test these ideas, an experiment was created with clear-sky assimilatftn®$MIS 183 GHz chan-
nels; this was done by turning off cloud and precipitation radiative trarisfethese channels in the
all-sky observation operator. Quality control was imposed following theaguh used for clear-sky
assimilation of MHS. Cloud-affected observations were identified by loo&irge clear-sky FG depar-
tures in the 150 GHz channel. If these were greater than 5K, the olisarvaas screened out. Also,
a 2K flat observation error was imposed, just as for MHS. This additiexgériment provides a clean
way of comparing all-sky and clear-sky techniques.

The impact of SSMIS 183 GHz channels using all-sky and clear-skyoappes is shown in Figs. 8
and 9, which focus on the first 2 days of wind forecasts (the contrdhfsse comparisons is the ‘DDA
scattering’ experiment.) Unlike the all-sky approach, the clear-sky apprbas no impact on wind
scores or (not shown) geopotential scores. The clear-sky assimitz#tid83 GHz improves the FG
wind fits to other observations (Fig. 10, RH panels) but the all-sky assimilatiproves the fits more:
Clear-sky assimilation makes statistically significant improvements to the convandiogervation FG
wind fits on two pressure levels (300 and 400 hPa). All-sky assimilatiors giignificant benefits at
250, 850 and 1000 hPa in the satellite wind fits and at 200, 500, 700 aichP@0n the conventional
wind fits. There is little impact on analysis fits in either experiment (LH panetsg),amyway changes
in observation fits to analysis are hard to interpret as the wind analysis magaly dominated by the
observations that are supposed to be the reference. The change iétupper tropospheric moisture
channels of MHS is only slightly more beneficial in the all-sky experiment thacléar-sky experiment
(Fig. 11). But overall, the all-sky assimilation of 183 GHz channels is mdeetgfe at improving wind
forecast scores and fits to wind observations than the clear-sky assimilatio
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Figure 8: Effect of assimilating the SSMIS 183 GHz channsisgithe all-sky approach: normalised change in
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as Fig. 15
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observations in the southern hemisphere, combining statifom u and v wind components. Top row shows
atmospheric motion vectors (AMVs) from satellites anddmttow shows conventional observations. Standard
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deviations are normalised by those of the control expertiremor bars give the 95% confidence limits.
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Figure 11: As Fig. 10 but for global MHS observations from NOA3, NOAA-19 and Metop-A.
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Figure 13: Observed brightness temperatures [K] from chelii83+1 of SSMIS in the 12Z analysis on 31st July
2012 after (a) simulated clear-sky quality control or (b)-gky quality control.

To further understand the difference in forecast impact between the-sitg and all-sky approaches,
the coverage as a function of latitude is shown in Fig. 12 for the month of Dil.2All-sky brings
two to three times more observations in the SH midlatitudes than does clear-skgra@e is lower in
the NH because the all-sky approach is not yet applied over land sarfacd the discrepancy between
clear-sky and all-sky coverage is smaller, probably because in the suseasan there is less cloud and
precipitation. Fig. 13 shows maps of the #8BGHz observations assimilated in one cycle. There are
large gaps in coverage in the clear-sky approach in the SH; cloudrsogeremoves a lot of observations.

Another issue with the clear-sky technique is the effectiveness of aetettion. This can be tested
using simulated clear-sky and all-sky radiances. The 5K cloud detectieshibld can be applied to the
all-sky minus clear-sky differences in the 150 GHz channel. The quoresng all-sky minus clear-sky
differences in the 183 GHz channels indicate the effect on brightnesetatage of the undetected cloud
or precipitation. Table 2 gives the percentage of simulations that areeaffbyg undetected cloud errors
larger than 0.5K or 2.0 K. The latter is relatively significant compared to thalutear-sky observation
error, also 2.0K. The 1887 channel is particularly susceptible to cloud-detection errors, with 8% of
scenes affected by cloud errors of at least 2 K. The cloud-detectieshiblds applied to MHS in the
clear-sky technique could be tightened in the £83hannel. There may be some scope for loosening
the threshold in the 1831 channel. However, the all-sky approach brings much greater aevarsd

it may be that properly accounting for cloud and precipitation in the ob8ervaperator brings the
additional benefits of cloud and precipitation tracing in 4D-Var.

Water-vapour sounding channels have long been known to provide actimop wind fields through the
4D-Var tracer effect in clear-skies (e.g. Andersson et al., 1994b&eand McNally, 2009). The effect
relies on the presence of gradients in fields such as water vapourree ard is most effective in regions
where these gradients are strong and frequent, predominantly in the wfotar track regions (e.g.
Riishgjgaard, 1996; Peuch et al., 2000; Allen et al., 2013). All-sky asdiorlaf microwave imager
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Table 2: Percentage of simulated observations passing-slliea quality control but still suffering from cloud
biases, July 2013.

Channel Percentage of scenes with undetected
cloud error larger than:
0.5K 2.0K

183+7 21 8.2

183+3 11 2.1

183+1 2.0 0.0

channels in cloudy midlatitude frontal situations helped improve synoptic asiysingle-observation
tests (Bauer et al., 2010), showing that cloud and precipitation tracingfextg feasible in the all-sky
technique, and further, that 4D-Var is capable of inferring informatromfjust a single observation.
Sequential observations, though desirable (e.g. Allen et al., 201 3ptadsolutely necessary.

In the present experiments, however, it is not completely clear how the weiments in wind forecasts
come about. Clear-sky assimilation of 183 GHz channels is affected lng @ssociated with undetected
cloud and the current cloud-screening provides less than half as nteseyvations in the SH storm
tracks than does all-sky assimilation. The all-sky may bring benefits simplyubedhe additional
observations improve the ability of 4D-Var to trace humidity features in cldfetted areas. However,
it is also likely that 4D-Var is directly tracing the cloud and precipitation featutewould be difficult
to devise an experiment to investigate this further. Probably, all aspecimportant, and anyway the
microwave observations are progressively sensitive to water vagloud and precipitation, with frontal
features indicated in the observed brightness temperatures by elevatadtammbany or all of these
(e.g. Fig. 13). Nevertheless, it seems reasonable to infer that the infphetadl-sky 183 GHz sounding
channels on the wind fields comes through some combination of tracing ofvegteur gradients, cloud
and precipitation and frontal features. The strong gradients in the staokfggions, particularly in the
winter, are the kind of features that could be tracked using the 4D-\@ngraffect; perhaps this explains
the pattern of improvements in the SH in the austral winter experiments (Figd.8).ahhe experiments
in the next section show similar impacts in wind forecast scores in the NH wimtefigure shown).

3.3 Impact of the complete package against the official 38r2ontrols

Additional experiments were run against the official 38r2 control erpents at T511 horizontal reso-
lution and 137 vertical levels. These experiments were required to justify ingpiation of the all-sky

upgrade in cycle 40rl. Experimentation covers two three-month period¥lr January to March and
June to August. The latter period overlaps with the T511/L91 testing deddrilibe previous sections
and over that same period, the results are very similar. The official tegtiag the benefit of a longer
period of experimentation (6 months) and winter and summer test cases.

Figures 14, 15 and 16 show the normalised change in RMS forecast far@ selection of parameters,
merging together the results from the summer and winter experiments to givetbsmatal sample. The
overall impression is that RMS errors decrease at shorter and lanyges; there are no areas where the
RMS errors increase. In many areas these changes are statisticallycaignifiieaning that the all-sky
upgrade makes a real improvement to the quality of forecasts at bothrshodtdonger ranges. RMS
errors in vector wind are reduced by around 0.5% with statistical signdfecant to day 3 (Fig. 14).
Though the most significant global impact is at 850hPa, there are algotiets in wind errors in the
extratropical storm-track regions in the mid and upper troposphere (b)g. 1
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Figure 14: Normalised change in RMS forecast error in ralathumidity at 850 hPa (top row), vector wind at
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three days of the forecast (there is very little to see atdworigrecast ranges). Verification is against own analysis
and scores are based on the combined summer and winter ggstion totalling 6 months. Cross-hatched
areas show changes that are significant at the 95% confidewved lafter accounting for multiple comparisons.
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Instrument(s): AIREP PILOT TEMP - Uwind Vwind
Area(s): S.Hemis
From 00Z 1-Jan-2012 to 1%2 31-Aug-2012
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Figure 17: Normalised standard deviation of analysis depaes (left) and FG forecast departures (right) for
conventional wind observations in the southern hemisplwamabining u-component and v-component fits. Stan-
dard deviations are normalised by those of the 38r2 contxplegiment. Error bars indicate the 95% confidence
interval.

Figures 14 and 15 show reductions in forecast errors in wind andbggaial in the southern hemisphere
(SH) at longer forecast ranges (e.g. days 6 and 7), though thesmistatistically significant over the
combined 6-month period. This is interesting because these featuresteticatly significant in the
austral winter experiment alone, e.g. June to August 2012, as in thelEB1&xperiments shown
in previous sections. This might support the earlier suggestion that loagge predictability came
through the stratospheric polar vortex. In the austral summer, the stiatesp dynamically quiet.

The fits to observations also show improvements. Figure 17 shows the neurstisdard deviation of
departures for conventional observations of wind in the SH in the combiiredr and summer periods.
The all-sky package reduces the standard deviation of FG and anadymstares by up to 0.5%; in
the FG there is statistical significance in the upper-troposphere, on l@teledn 200 hPa and 400 hPa.
Hence, the reductions in RMS wind forecast errors at T+12 in the Skthdtacks in Fig. 14 represent a
real improvement in the quality of forecast winds.

We should not forget that winds are expected to be roughly in geostrbplance with temperatures
at the higher latitudes; thus temperatures would also be expected to be iohptiigeis confirmed
by improved FG fits to radio-occultation (GPSRO) observations in Fig. 18e,HRere is significant
improvement in the upper troposphere and lower stratosphere (vertietd etween roughly 9 km and
16 km) of about 0.3%. In the analysis, however, itis interesting that fits td instruments (Fig. 17a) are
improved but the GPSRO fits are not. As mentioned before, we need toyoeareful when interpreting
changes in the analysis fit. But if we can believe it, it is evidence in suppdénechypothesis that the
wind-tracing effect is the mechanism by which the all-sky observations wegh® dynamical forecasts.
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Instrument(s): METOP-A GRAS, GRACE-A, COSMIC-1,2,4,5,6
Area(s): S.Hemis
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Figure 18: As Fig. 17 but for GPSRO observations in the sauattemisphere. The 95% confidence range is
represented by light dotted lines.

This also gives a hint that it may be the unbalanced winds that are improtkd analysis. However,
the size of the changes is small and further investigation would be negéssanfirm these ideas.

The main information content of the observations is water vapour, cloug@uipitation, so improve-
ments in fits to mid- and upper-tropospheric humidity sounding channels pextexl; changes are
around 0.5% to 1% and are statistically at analysis and FG. Fits to the humiditglisgushannels of
HIRS are shown in Fig. 19, channels 11 and 12); similar results are s#eN®WS, IASI and AIRS (not
shown).

4 Conclusion

Cycle 40rl will include a package of changes to the all-sky assimilation of méw® imagers that is
based on improvements to the radiative transfer model in frozen precipitatich eliminate the largest
remaining bias in the all-sky FG departures. This has allowed the extensadirsély assimilation into
deep-convective areas at higher frequencies (e.g. 37 GHz andl®2l@&annels) and to the 183 GHz hu-
midity sounding channels of SSMIS. This all-sky upgrade brings 1% impnews in humidity forecasts
and 0.5% improvements in wind forecasts. These are seen in many partsroipibgphere both in the
FG departures and in the first 3 to 4 days of forecast scores, whsraté statistically significant. The
wind improvements are largest in the winter storm tracks where 4D-Var gradiwater vapour, cloud
and precipitation is the likely mechanism, though further work would be netedee certain. There is
even a suggestion that longer-range forecast scores (e.g. day® ar® improved in the SH through
knock-on improvements in the stratospheric polar vortex.
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Instrument(s): metop—a noaa-19 - HIRS  Area(s): N.Hemis S.Hemis Tropics
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Figure 19: As Fig. 17 but for global HIRS observations.

Testing the components of the all-sky package separately has showi-gigt assimilation of SSMIS
183 GHz channels is responsible for much of the improvement in winds thre st@ck regions, as well
as improvements in humidity through the troposphere. This type of chansgirbaiously only been
assimilated in clear-skies, but in that configuration there is little benefit tondigahforecasts. All-sky
assimilation brings much greater observational coverage at high latitudegvas the potential for 4D-
Var tracing to work on cloud and precipitation as well as humidity. Furthelgse-sky assimilation of
these channels is affected by biases due to ineffective cloud-deteGiven the success of the SSMIS
all-sky 183 GHz assimilation, it is worth trying the assimilation of the MHS 183 GHmaokls in the all-
sky path rather than in the clear-sky path. Also, humidity sounding chaimttle IR have similarities
in their radiative transfer so they too may bring benefits if assimilated in anyalygkroach.
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