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All-sky assimilation of SSMI/S humidity sounding channelger land ECMWF

Abstract

The all-sky assimilation of SSMI/S humidity sounding chalsrover ocean has been recently intro-
duced within the ECMWF operational system, benefiting winuslaumidity analysis and forecasts.
The upgrade over ocean was based on better scatteringivadiansfer calculations which, us-
ing discrete dipole simulations to represent optical prisge of snow hydrometeors, improve the
simulated microwave radiances. Taking advantage of suphowvements, the all-sky package over
ocean has been extended in order to have an equivalent fiainéwalso assimilate SSMI/S hu-
midity sounding channels over land. This paper not only diess the necessary technical changes
to develop the over land framework, but also scientificallgleates, through different assimilation
experiments, the impact on analysis and forecast. The fisdir this investigation show that the
all-sky assimilation over land is reliable and it brings iige improvements into the system which
can be seen in term of both forecast scores and fits to coomahtaind other satellite observations.
These results encourage additional investigations tomwitle application of the all-sky approach
over land to other microwave humidity sounding sensors sisddHS.

1 Introduction

The possibility of extending the well establish all-sky framework over od&er and Bauer, 2010,
2011, Bauer et al., 2010) to land surfaces was initially investigated durniiy s year of the fellowship
and it was documented by Baordo et al.(2012). The results of that inggstigvere mainly two: a) it is
feasible to consider a land surface emissivity retrieval from satellite wdisa@ns in all-sky conditions;
b) deficiencies in radiative transfer calculations, mainly due to the use o§phiere to represent frozen
hydrometeors, generally restrict developments of assimilating higher mieeofsequencies such as
SSMI/S humidity sounding channels.

Recently, in order to obtain more realistic simulated brightness temperature ae®&aordo (2013)

investigated the choice of modelling scattering radiative transfer usingetisdipole approximation

(DDA) to represent optical properties of snow hydrometeors. Thisystowaind that the use of DDA

sector snowflakes (Liu, 2008) to represent the optical propertieaat siydrometeors, improves the
global simulation of microwave radiances compare to the inappropriate assnrapMie spheres. The

modified all-sky package over ocean will be introduced in the IFS cyclé 40d the benefits obtained
are documented by Geer (2013). In the same way, the advantages ofédititive transfer calculations
have been additionally exploited in order to build an equivalent framewosaktsto assimilate SSMI/S

humidity sounding channels over land in all-sky conditions. Hence, thendegear of the fellowship

has aimed at achieving this goal.

The report is organised in two parts: the first part describes thesmgaschnical and scientific changes
in order to develop the all-sky package over land; the second partsasalye scientific impact of assim-
ilating SSMI/S humidity sounding channels by means of experimentation within theViEelystem.

Developments of the all-sky package over land are summarised in the foll@aregraphs as listed
below:
e section 2: a general overview of the all-sky assimilation is given.

e section 3: improvements of radiative transfer calculations for SSMI/S hungdiiymding channels
over land are described.

e section 4: details on the observation error modelling are provided.
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e section 5: surface emissivity estimates used in the all-sky framework oveataranalysed.

In section 6, scientific impact of the all-sky assimilation over land has bedaorexp The evaluation is

carried out by using a control experiment that contains the changeg aflltbky over ocean package
Geer (2013). Firstly, the impact of the all-sky assimilation is evaluated agarequivalent experiment
that uses cloud screening. Secondly, the reliability of the all-sky framewxar land is investigated by
means of other experiments having slightly different configurations. Fjrsallyace screening impact is
also evaluated. General conclusions are discussed at the end gidhie re

2 All-sky assimilation general overview

The observation operator designed for assimilating microwave radianaksky conditions is RTTOV-
SCATT (Bauer et al., 2006). This uses the delta-Eddington approximakimeph et al., 1976) to solve
the radiative transfer equation including scattering. Two liquid and twaefrdgrdrometeors types are
provided by IFS to RTTOV-SCATT: cloud water, rain, cloud ice and srnible optical properties of each
particle are taken from look-up tables: cloud water, rain and cloud icearsidered as a sphere and
modelled using Mie theory, while snow hydrometeors, as described in s&ctiwa represented by DDA
sector snowflakes (Liu 2008). Land surface emissivity is retrieven Batellite observations (Baordo
et al., 2012) and assessed by emissivity estimates from TELSEM (TootitodEs Land Surface Emis-
sivities at Microwave frequencies, Aires et al., 2010), a packagiahla within RTTOV, containing
pre-calculated monthly mean emissivity climatology derived from ten-year/B&ddervations. Ocean
surface emissivity is computed using version 5 of FASTEM (Liu et al., 20I1¢. simulated brightness
temperature is computed considering the contribution from two independestodumns: a clear col-
umn, taking into account only gaseous absorption, and a cloudy colunitioadtly taking into account
cloud, precipitation and scattering. The two sub-columns are weighteddiimgado the effective cloud
fraction (Geer et al., 2009), depending not only on the hydrometeorminidoud liquid, cloud ice, rain
and snow) but also on the convective and large-scale precipitaticiiofraat each layer of the atmo-
sphere. All-sky assimilation is operationally implemented over ocean for SSMES&rvations (Kunkee
et al., 2008) on DMSP satellite F17 and TMI (Kummerow et al., 1998) on TREBSMI/S observations
are pre-processed to eliminate calibration anomalies according to Bell &018)( Observations are
also averaged in boxes of approximately 80 km by 80 km in order to makeotimohtal scales of ob-
served cloud and precipitation more similar to their effective resolution in theem@bmplete details
of the all-sky assimilation are given by Geer and Bauer (2010, 2011Bandr et al. (2010).

3 Improvement of radiative transfer calculations

Deficiencies in radiative transfer calculations, mainly due to the use of Mierefo represent frozen
hydrometeors, have restricted developments of all-sky assimilation whheaattering effects are dom-
inant (for instance over land surfaces or in temperature and humiditydswuohannels). Recently, in
order to obtain more realistic simulated brightness temperatures, Geer aribBa013) investigated
the choice of which DDA particle shape is optimal to represent the opticpkpties of snow hydrom-
eteors in the all-sky radiative transfer calculations. To objectively guigectivice, the authors used
observation minus forecast statistics from the ECMWF system. In ordedtmescomplexity, the par-
ticle size distribution stayed fixed (the tropical version of the Field et al. 208§ used), while the
shape was varied. The main goal of the study was concentrated on fortrgjobally-applicable DDA
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Figure 1: Histograms of FG departure [K] for the month of June 2012 giditie sphere snow and DDA sector
snow with ‘Cav’ or ‘Cmax’ approach, for the SSMI/S channel483+7 GHz, 183t3 GHz and 1831 GHz. Bin
size is 2.0 K; y axis is logarithmic. Sample of observatiaever land between 68 and 60N.

shape to represent snow hydrometeors in order to improve radiatigégraalculations. The study also
looked for a DDA shape to represent cloud ice and investigated the d#feoént shapes for convective
and large-scale snow. However, snow hydrometeors are more impfatawb reasons: a) snow parti-
cles are generally larger than ice particles and hence more effectivatring; b) the ECMWF model
produces much less cloud ice than snow. The findings of the study shomaelling snow hydrom-
eteors with Liu sector snowflakes (hereafter mentioned as DDA sectectorsonly) provides the best
fit between the ECMWF model and observations, considering all SSM#éSnets between 10 GHz and
183 GHz. The results also show that benefits of using more complex DDfigoaations are minimal
compared to the simpler sector configuration. Considering the aim of thig reoonly summarise the
DDA radiative transfer impact on SSMI/S humidity sounding channels ovel, laut for more details
the reader might refer to Geer and Baordo (2013).

The impact of DDA shapes on simulated brightness temperatures has baketey within the ECMWF
system by means of assimilation experiments which have the same configuratiqm the use of dif-
ferent look-up tables for optical properties of snow hydrometeors Mie.sphere or a particular DDA
shape). In all the experiments observations over land are passivsolate the impact of land surface
emissivity on the resultant simulated radiances, radiative transfer caloigditave been carried out us-
ing emissivity estimates from TELSEM. In this way computations are not affdnteemissivity biases
and the outcomes can be equally compared. As mentioned in section 2, simlilstedkightness
temperatures over ocean are computed and weighted according to ttivefftoud fraction (hereafter
mentioned as ‘Cav’). However, this approach has not previously tes¢ed over land surfaces. For this
reason, beside the use of ‘Cav’, DDA sectors have been also testetthavithd ‘Cmax’ approach, which
takes the largest cloud fraction in the model profile to represent theiefetoud fraction.

Figure 1 shows histograms of FG departure for the month of June 201 Mgtrsphere snow and DDA
sector snow with ‘Cav’ or ‘Cmax’ approach for the SSMI/S humidity sougdihannels. The sample of
observations is composed of SSMI/S data over land betweth &0d 60N. Using the Mie sphere to
represent snow hydrometeors produces insufficient scattering ¢eaudiimly to negative departures (tail
of negative departure well defined) and very few positive depar{taé of positive departure completely
missing). Using DDA sector for snow produces more scattering, hencéegs@dirightness temperatures
are colder and as a result there is a much more symmetrical distribution of paBtules. The use of
‘Cmax’ rather than ‘Cav’ might be scientifically questionable (this is disalias¢he end of this section),
but it is practically helpful. ‘Cmax’ produces always higher effectiveud fractions than the ‘Cav’
approach and, as a consequence, the weight given to the cloudy colURTTOV-SCATT increases,
thus increasing the amount of scattering affecting the simulated brightnessrtgomps. Difference
between the use of Mie sphere and sector for snow is also channelddgpdoeing more obvious at
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Figure 2: Measure of histogram fits for the month of June 2012 for SSMiV&nels at 1837 GHz, 183t3 GHz
and 1831 GHz. (a, ¢, e) Histogram of observed (black cross) and sitedl(colour line) brightness temperatures
[K] using Mie sphere snow and DDA sector snow with ‘Cav’ or ‘@approach. Sample of observations is over
land between 6@ and 60N. Bin size is 2.0 K. (b, d, f) Log of the ratio of histogramsnsilation divided by
observation). Empty bins have been filled with the 0.1 vatuerevent infinite value.

Research Report No. 30



All-sky assimilation of SSMI/S humidity sounding channeiger land

CCECMWF

Mie sphere | DDA sector | DDA sector
‘Cav’ ‘Cmax’
Freq (GHz) Skewness of FG departures
183+7 -6.18 -3.41 1.01
183+3 -6.68 -5.32 -1.22
183+1 -4.11 -3.67 -2.77
RMS of FG departures [K]
183+7 6.98 7.31 9.68
183+3 4.99 5.15 5.97
183+1 3.33 3.37 3.47
Brightness temperature histogram fit (h)
183+7 1.06 0.76 0.22
183+3 1.17 0.89 0.33
183+1 1.09 1.01 0.69

Table 1: Summary of the statistics used to optimise the choice bethid®A sector ‘Cav’ or ‘Cmax’. Statistic are
based on SSMI/S observations over land betweé® @Md 60N for the month of June 2012.

183+7 and 1833 than 1831. This is reasonable considering that 383is more sensitive to upper
tropospheric layers and, as a consequence, cloud and precipitatibseisred less frequently than in
channels that sound deeper.

A second way to evaluate the impact of using DDA sector is given in Figur€@and 2e, where
histograms of observed and simulated brightness temperature are comperadain obvious that the
Mie sphere simulations are inappropriate, because they are not ablaetaerorightness temperatures
lower than 200 K, while some observations can be even lower than 150 &Ku3& of DDA sector
and ‘Cav’ approach generates colder simulated radiances (someeaas lower than 200 K), but
the best fit to the observation distribution below 230 K is provided by the ‘Crajpgroach. Again
improvements at 1881 are not as good as the other two channels. To better identify differbeteeen
the approaches, Figure 2b, 2d and 2f show the log ratio corresporafipgctively to the histograms of
Figure 2a, 2c and 2e (the ratio of population in each bin given by the nuaiflsgmulated divided by
the number of observed. Empty bins are assigned a population of 0.1 &npisfinite ratios). The
nonphysically warm radiances produced by Mie simulations are penaljskxdlvatio values between
-1 and -3 in bins below 230 K. In general, the smaller the penalty in the binsetter lis the agreement
between observations and simulations: the smallest values are clearlyeabsgren DDA sector and
‘Cmax’ approach is used.

To additionally compare the three approaches in a statistical sense, Taipherages the statistics used
to quantify changes in the resultant simulated radiances:

1. skewness of FG departures;
2. RMS (Root Mean Square) of FG departures;
3. brightness temperature histogram fit (h): the absolute value of thetiogirgen by the sum across

all bins and divided by the number of bins in which observations occur.

The skewness of FG departures indicates which approach brings ssymoneetric distribution (skew-
ness close to zero), while brightness temperature histogram fit can hetficdatezwherever changes in
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RMS of FG departures have occurred for good or bad reasonausehef ‘Cmax’ produces the smallest
values of h which indicates less discrepancies between simulated andasbsadiances. Hence, the
larger RMS of FG departures can be justified (summary in Table 1). Thmlbvesult suggests that
DDA sector and ‘Cmax’ seems to be the best configuration to improve raglitatinsfer calculations
over land, not only for humidity sounding frequencies, but in all chéipetween 10 GHz and 183 GHz
(results not shown here). The use of ‘Cmax’, as mentioned beforet bregijuestionable considering the
more physical realism of the ‘Cav’ approximation. Firstly, ‘Cav’ worksyerell over ocean surfaces,
and, secondly, the results over land from ‘Cav’ were much better ireagget with the more accurate
radiative transfer calculations using the multiple independent column agip(B2A). Within the ICA,
the grid box is divided into multiple-sub-columns (twenty sub-columns, in thedtast) and the cloud
and precipitation is distributed among those sub-columns according to cleddpvules (O’Dell et al.,
2007). As pointed out in Geer and Baordo (2013), the discreparteyeba land and ocean surfaces in
terms of simulated radiances might be a model bias. For instance, ocasm@nabserved brightness
temperatures (TB) at channel 183, with TB less than 230 K, show that low radiances over land are
more common than over ocean (i.e 0.94 % and 0.47 % at all observations gerid ocean, respec-
tively). Within these occurrences, the percentage of model first gresg water path (SWP) greater
than 2 kg/nd over land is always about three times smaller than over ocean (i.e 9.90 % 22 over
land and ocean, respectively). Looking at all simulations, the overadbpéage of SWP greater than 2
kg/n? is 1.20 over land and 1.54 over ocean. These statistics suggest thatitestproduces less deep
convection over land than over ocean in contrast to observations widitaie more convective areas
over land. This might explain the beneficial impact of the ‘Cmax’ approaeh @mnd which helps to
increase the amount of scattering producing colder simulated brightnessregorps.

Physical differences or discrepancies in forecast model bias beteasan and land should be investi-
gated in more detail as well as other possible errors in the radiative trangtkel that might only affect
land surfaces. However, DDA sector and ‘Cmax’ give the best fit teolations and the technical imple-
mentation within IFS is also straightforward as long as the cloud overlap isiaoie ‘Cav’ to ‘Cmax’
according to whether the surface is ocean or land. The all-sky assimildt®8MI/S humidity sound-
ing channels over land has been developed using this approach. Résdtémilation experiments are
discussed in the following sections.

4 Observation error formulation

The all-sky assimilation over ocean predicts the total error of FG deparage function of cloud
amount (Geer and Bauer, 2010, 2011). In particular, the observationis a linear function of the
symmetric cloud amount given by the average of observed and simulatetsatiten difference at 37
GHz. FG departures are binned according to the symmetric cloud amoutiteasiindard deviations in
these bins represent the estimation of the total error. The observatirisstinen computed from such
estimates by removing a small amount representative of backgroundkfdf). To estimate the total
error of FG departure over land we followed an equivalent apprdadtthe scattering index (Sl) given
by the difference between SSMI/S channel 18 and channel 8 (910 bas been chosen as symmetric
predictor. The use of this S| as a predictor can be considered rddsdoatwo main reasons: a) at
higher microwave frequencies over land surfaces the use of scattgingl to identify precipitation
and convective areas has been investigated in literature by many autboBefinartz and Bauer 2003,
Bennartz et al., 2002, Sun and Weng 2012); b) previous studies orosisébjhity of extending all-sky
assimilation over land surfaces (Baordo et al., 2012) showed the bahe$ie of the observed scattering
index to discriminate moderate and intense scattering regions.
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Figure 3: Standard deviation (a) and mean (b) of SSMI/S channett¥8BG departures for the month of June
2012, binned as a function of observed scattering indexcklplaG scattering index (red) or symmetric scatting
index (green). Statistics are for those observations @ret between 6 and 60N. Bin size is 0.5 K.

Figure 3 shows standard deviation (a) and mean (b) of SSMI/S chaBB&lF1-G departures, binned as

a function of observed scattering index3), FG scattering index (5%) or symmetric scattering index
(SI™ = [SI°Ps + SIFG)/2). Figure 3b encapsulates the ‘mislocation error’ issue: there ardisitaa
where there is more snow in the observations than in the model (hencevedg@tideparture biases)
counterbalanced by cases where observations are clear andstomsadel is simulating more snow
than is observed or radiative transfer calculation is simulating excessaeeisng (hence positive FG
departures biases). Binning by®8l still reveals biases which are roughly constant between scattering
index values of 10 K and 20 K, and increase fo?¥Spreater than 20 K, reaching values larger than +30
K. However, about 95% of the total number of observations are withingtiem where binning by SI"

does not show biases 8" < 10 K), and the remaining 4% and 1% of data are distributed, respectively,
where 10 K< SI™ < 20 K and SP™ > 20 K. Additionally, means of 1883 and 1831 FG departures
binned as a function of the symmetric scattering index (equivalent of Fyme shown here) do not
reveal biases for 3" < 20 K. As a conclusion, we can infer that the scattering index is a goodtcpoed

to estimate the total error of FG departure. We chose to reject observatiensver S¥" is greater than

20 K resulting in loss of only 1% of data, although the safest case of assimilabiservations only if
SP¥Mis less than 10 K has been also investigated.

It is worth mentioning that conclusions derived from Figure 3 would nopbssible if Mie sphere
approximation was used to perform radiative transfer calculations. Irtdlsis, positive FG departures
biases would be completely missed, a result equivalent to that of Figureetewthe histogram of FG
departures is asymmetric with no tail of positive departures.

We can now use the standard deviation of SSMI/S channels FG depatiimesd as a function of
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Figure 4: Error model for SSMI/S humidity sounding channels, showitogv the standard deviations of FG
departures binned as a function of symmetric scatting ifloieck solid line, equivalent of Figure 3a) are modelled
by a linear fit (blue dashed line).
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SIM (equivalent of Figure 3a) to estimate the total observation error. Figahews how the standard
deviations of SSMI/S humidity sounding channels FG departures havenhedelled in order to have
an observation error formulation. Three areas can be identified as $ollow

1. region a: where standard deviations of FG departures are constant;
2. region b: where standard deviations of FG departures can be litfigizdly

3. region c: where standard deviations of FG departures seem to stepsimg.

Region a can be interpreted as the clear-sky area where observagomsadfected by scattering and
presumably free of clouds and precipitation. For every SSMI/S sourchiagnel this area has been
graphically estimated according ta®Sl values (‘clear-sky thresholds’): ¥I' < 1 K for 183+7, SP™ <

2 Kfor 183+3, SP™ < 3 K for 183+1. The clear-sky total observation error for every SSMI/S humidity
sounding channel has been assigned constant and equal to 3 K.rithissequite comparable to the
observation error used for the equivalent MHS channels which aimieted in clear-sky conditions and
have a 2 K error assigned. Region b, instead, is where the influencattdring, cloud and precipitation
on observations increases, as well as the standard deviations of B@udep. This trend seems to
be well approximated by a straight line and, as a consequence, thevatiysererror in this area can
be derived by a linear fit starting from the clear-sky threshold ®"Slalue of 25 K. The latter value
has been graphically evaluated as the starting point of the region c, Weeli@ear behaviour of the
standard deviations of FG departures seems to be lost. This is an approrithationight be rough,
but considering that any observation wher@'SE- 20 K will be discarded, the assimilation will not be
affected. The all-sky maximum observation error (corresponding8 8alue equal or greater than 25
K) has been estimated as 57 K for #88 35 K for 183t3 and 16 K for 183 1.

The reliability of the observation error formulation is explored through KEgw, 6 and 7. Figure 5
shows maps of mean observation errors for SSMI/S humidity soundingelsaior the month of June
2012 and map of total hydrometeor content given by the sum of modejfiests cloud, rain, snow and
ice water path. Observations have been selected according to theleguMalS screening (hereafter
mentioned as MHS-like screening) that is currently used operationally MV (use of different
surface screening is investigated within assimilation experiments and is diddnssection 6). MHS-
like screening uses surface temperature and orography threshmtdsdiag to the channel sensitivity to
the surface) to reject observations. Observations are discarded if:

- model surface temperature is less than 278 K;
- model orography is greater than 1500 m, 1000 m or 800 m, respectiveBaa7, 183-3 and 183-1.

White spots in Figure 5a, 5b and 5c indicate regions where such scrasripgplied. Considering
the map of mean total hydrometeor content as an indicator of model clou@gwssve can infer that
smallest and largest observation errors are localised, respectivalgdrof low (clear-sky regions) and
high (cloudy-sky regions) total hydrometeor content amount.

Figure 6 checks the effectiveness of SSMI/S humidity sounding eroonparing normalised departures
(normalised departure is the FG guess departure divided by the totapeedicted by the symmetric
error model) over land with those over ocean within an assimilation experintesrevt83 GHz channels
are assimilated over both land and ocean. The model error distributiodamveproduces normalised
departures that are quite small suggesting that error estimates might be @it lowever, as for
the ocean case, this condition is not necessarily a bad thing. The owsalt of such ‘safe’ error
estimation is mainly to give less weight to these observations. This limitation mightdyeame by
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Figure5: Maps of mean observation errors [K] for SSMI/S humidity stiag channels (a, b, ¢) and total hydrom-
eteor content [kg/] given by the sum of model first guess cloud, rain, snow anevater path (d), for the month

of June 2012. White spots in maps a, b, c identify regions wiersurface temperature and orography screening

are applied. Means are computed in bins of 2% 2.5 in latitude and longitude.
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Gaussian with a standard deviation of 1. Sample of obsenais between 6& and 60N. Bin size is 1.
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servations for the month of June 2012. First row: SSMI/S JRllfsky assimilation (ocean and land); Second
row: SSMI/S (F17) cloud screening and constant observatimr assimilation (land only); Third row: NOAA 18
clear-sky assimilation (ocean and land); Fourth row: aslttaw, but for Metop-A. Means are computed in bins of
2.5’ by 2.5 in latitude and longitude.
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using a different predictor and, in the future, additional investigationsighbe carried out. However,
considering the reasonable match between ocean and land provideduby &ignd taking into account
that the all-sky assimilation over land is a new framework to explore, this evoolel is sufficient to
perform assimilation experiments and investigate the impact within the ECMWHsyktis also worth
mentioning that an error model based on standard deviation of FG degsadepends strictly on the
radiative transfer calculation assumptions (i.e. particle’s shape andistabution, surface emissivity
etc.): for instance a change of snow particle shape from Mie sphereAosB&or implies an observation
error retuning. The observation error model described in Figure d&as derived using DDA sector
and ‘Cmax’ approach and surface emissivity retrieved from obseng(in next section more details on
surface emissivity are given). It is also important to consider only the kapfpbservations which will
be active in the assimilation and hence to discard data according to theessefaening which is used in
the experiment. The error model in Figure 4 has been built considering hysadinding observations
selected according to the MHS-like screening. Different assimilation @mpat configurations adopted
in this study (i.e different surface screening or use of ‘Cav’ apgraather than ‘Cmax’) use different
observation error models, slightly re-tuned according to the FG depafioreéhat configuration, but
always using same scattering index as predictor.

A second way to evaluate the effectiveness of the observation erraglnsoi look at the size of FG
departure biases within assimilation experiments. Considering the high variaiihservation errors
for SSMI/S (i.e. Figure 5), it is better to examine biases in normalised FG tepsithan absolute
brightness temperatures. In this evaluation we also want to analyse ifésréetween the all-sky and
clear-sky assimilation. In particular, the clear-sky assimilation is operatiomafiiemented within the
ECMWEF system for MHS humidity sounding channels. To identify cloud contatiuin, MHS observa-
tions are discriminated according to FG departure check in the 150 GHaeah#nthreshold is applied
to the absolute difference between observations and simulated cleaeskgaes: observations are part
of the 4D-Var minimisation only if the difference is less than 5 K. For a fairengarison, we run an
experiment in which SSMI/S humidity sounding channels over land were asEthilsing the MHS
cloud detection and assigning same constant observation error of 2KexXperimentation still uses in
the all-sky framework (i.e. DDA sector and ‘Cmax’ to compute radiative feartalculations), but, by
means of the cloud screening, we can evaluate the impact on the systemoofrrg radiances affected
by cloud and precipitation. To also have equivalent observation cpee@SMI/S data were assimi-
lated using the same surface screening criteria (orography andestefaperature checks as mentioned
before).

Figure 7 evaluates the all-sky assimilation impact, comparing, for the month of2Ddr2e normalised
FG departures for assimilated SSMI/S humidity sounding observations to theakemnt assimilated
MHS observations from NOAA 18 and Metop-A: first row is for SSMI/Salassimilated in the all-
sky approach (over both ocean and land); second row is for SSN¥g8reations over land when the
cloud screening and constant observation error are applied; thirébartti rows are, respectively, for
the clear-sky assimilation of NOAA 18 and Metop-A (over both ocean ard)lan

The overall result is that the all-sky approach over land brings nornddiisses as small as over ocean
(first row), confirming the consistency of the observation error fortiarieand in general, the assimila-
tion strategy itself. Clear-sky and ‘cloud screening’ assimilation, instédamys regions over Southern
America and Central Africa in which biases are slightly larger than in otheasar It is important to
point out that the SSMI/S ‘cloud screening’ assimilation over land (seconylimplements, as already
mentioned, the use of DDA sector and ‘Cmax’ approach: possible remailtind contamination might
bring colder simulated brightness temperatures due to more scattering fowrhgdrometeors and as
a consequence larger positive FG departures. This might be the etimtaohthe larger positive FG
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Figure 8: Number of observations in 3 5atitude bins for the month of June (a) and January (b) 20i®yesther
all-sky (black line) or clear-sky (dotted line) approachemtthe MHS-like surface screening is applied to SSMI/S
channel 9 (1837 GHz).

SSMI/S channel 19h 19v 37h 37v 91h 91v
Brightness Temperature [K]] 285.32| 283.42| 268.81| 269.18| 222.67 | 225.66
Emissivity retrieved 0.947 | 0.944 | 0.881 | 0.884 | 0.284 | 0.357
Emissivity from TELSEM | 0.966 | 0.971 | 0.954 | 0.959 | 0.951 | 0.956

Table 2: Cloud contamination impact on emissivity retrievals oféa using SSMI/S observations over land. Set
of observations are forflJune 2012, over the North-East of China near the Russiarebord

departures over Central Africa for SSMI/S compare to NOAA 18 and pl&tassimilation. In this
comparison, we also have to take into account the different geometryeasdigty of the instruments
as well as possible small biases in surface emissivity estimations. Howevegmgenerally conclude
that SSMI/S, NOAA 18 and Metop-A clear-sky assimilation, independenttii®@Eensor, bring roughly
the same result. Similar results are seen for January 2012 (not shown).

The difference between all-sky and cloud screening assimilation candevaiated in terms of obser-
vation coverage. Figure 8 compares coverage as a function of latitutteefmmonth of June and January
2012, for SSMI/S observations in the all-sky and clear-sky appr@adbbservations are also screened
out according to the MHS-like surface screening. In regions whersutace screening does not cut
the most of the observations, Figure 8 shows that the all-sky brings dhotimes more data than the
cloud screening case.

5 Surface emissivity

Land surface emissivity estimates can be obtained using satellite obseryvatiorethod commonly
adopted in literature (i.e. Prigent et al. 2005). In the all-sky approaehjntiplementation of the
emissivity retrieval from satellite data was coded within the scattering radistinsfer code so that
the emissivity estimate takes into account cloud and precipitation. The tecimaimentation and
feasibility of the emissivity retrieval embedded within the all-sky frameworkaigsady been evaluated
by Baordo et al. (2012). In this section, we discuss the criteria thatdeasdhosen to keep or reject the
resultant emissivity estimation, and, hence, what the sample of land sarfassivities used to compute
radiative transfer calculations looks like (hereafter mentioned as samp{g emissivities).

The study carried out by Baordo et al. (2012) pointed out that clonthatination is the main issue to
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take into account when emissivity retrievals are computed using satellitevabieas. Table 2, compar-
ing emissivity estimates obtained from SSMI/S window channels (horizontedentical polarisations)
to those provided by TELSEM, encapsulates the nature of this probleml/S$®lkervations in Table
2 are for a geographical location (North-East of China near the Rubsialer) not affected by critical
orography or surface temperature conditions: orography is less Bambters and surface tempera-
ture is 295 K. Emissivity retrieval deficiencies depend on cloud contaminatinch affects observed
brightness temperatures and as a result brings unreliable emissivity estivlesg from 19 to 91
GHz, the higher is the microwave frequency, the larger is the depressibe madiances: channels at
37 GHz and 91 GHz are, respectively, 15-20 K and about 60 K colder those at 19 GHz. Cloud
contamination is not an issue for low frequencies and, hence, 19 GHnelsaoring realistic emissivity
estimates, similar to those provided by TELSEM for the equivalent geompadhcation. Emissivity
retrievals at higher frequencies (37 GHz) begin to be affected by aonthmination and the resultant
emissivity estimations are slightly lower than TELSEM, but they still might be censatireasonable
(for instance, cloud and precipitation might produce changes in surtatditions such as soil moisture
or temperature). Channels at 91 GHz, instead, are those mostly affgotémlld contamination and as
a consequence the resultant emissivity retrievals are completely unrealistic.

In our all-sky assimilation approach, we want to retrieve emissivities in wintlamnels (those of Ta-
ble 2) and then reassign these estimations to higher frequencies, agcordie right polarisation, in
order to perform radiative transfer calculations. For instance, entissivetrieved at 19h, 37h and 91h
are used for radiative transfer calculations, respectively, at 3itha@d 150h and humidity sounding
channels. In order to limit the influence of cloud contamination on the emissafityval at any fre-
guency, we investigated cases such as those of Table 2 for the montheo&dd January 2012. We
found that observed SSMI/S radiance difference at channel 12kamhel 18 (19h - 91h) is a good way
to discriminate cloud contamination within emissivity retrievals. If the differeric#beerved brightness
temperatures (19h - 91h) is less than 20 K, the observation is used toeanessivity; otherwise it is
rejected. Using this approach, for both June and January, the samplei@fed emissivities has been
assessed by comparison with the equivalent sample of emissivity estimatwideorby TELSEM. Ta-
ble 3, for every SSMI/S window frequency for the month of June 20b®pares mean and standard
deviation of each sample (retrieved versus TELSEM) and also showsandatandard deviation of the
differences between the two samples (retrieved minus TELSEM). The sttisfiable 3 confirm the
good match between SSMI/S window channels emissivity retrievals and THLeSEmations. Similar
statistics are obtained for the month of January (not shown here). @oingjdhese positive results, we
used the standard deviation of emissivity differences (retrieved minusSERI) as a reference value
to guide our choice of keeping or rejecting the emissivity retrieval. The @ittopted to check the
consistency of the emissivity retrieval is as follows:

if abs(&rarieved-ETELSEM) < Oy, retrieval is kept, otherwise estimate from TELSEM is used.

The threshold, is different for every SSMI/S window channel and has been estimatealighly two
times the standard deviation of emissivity differences (retrieved minus TEl)$ETable 3: 0.04 (19h),
0.03 (19v), 0.04 (37h), 0.03 (37v), 0.09 (91h), 0.07 (91v). Thesssttolds have also been identified
considering the equivalent statistics of Table 3 for the month of Januheyu3e of this method might be
questionable, but, from one side, it can be considered reliable betasidased on monthly statistics,
and, on the other side, it tries to compensate the high variability of the laratswemmissivity exploiting
satellite observations wherever is possible.

The criteria described above was selected to build the sample of FG emissitis has been used
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Channel 19h 19v | 37h 37v 91h | 91v
Mean of retrieved 0.911| 0.959| 0.904| 0.9514| 0.885| 0.936
Mean of TELSEM 0.912| 0.958| 0.905| 0.942 | 0.907| 0.935
Stdev of retrieved 0.046| 0.020| 0.043| 0.021 | 0.058| 0.042
Stdev of TELSEM 0.045| 0.018| 0.041| 0.018 | 0.039| 0.021
Mean of differences (retrieved-TELSEM)0.015 | 0.011| 0.015| 0.014 | 0.030| 0.020
Stdev of differences (retrieved-TELSEM)0.016 | 0.011| 0.018| 0.012 | 0.045| 0.034

Table 3: Sample of retrieved emissivities compared to TELSEM forrtienth of June 2012, wherever observed
SSMI/S radiances difference at channel 12 and channel 18-(28h) is less than 20 K. Statistics are for SSMI/S
observations over land betweerf60and 60N.

to investigate the all-sky assimilation of SSMI/S humidity sounding channels ordr IResults of
assimilation experiments are described in the next section.

As a reference, when this method is applied to SSMI/S channel 18 (@thhe month of June, we ob-
tain a sample of FG emissivities consisting of 88% of retrieved and 12% of EEL&stimates, whilst,
for the month of January, the split changes to 82% and 18%. This is @alearonsidering that greater
cloud contamination in the Northern hemisphere during winter might produce umoealistic estimates.
FG emissivities at 91h are important for the aim of this study since they adetosmmpute radiative
transfer calculations for 150h and humidity sounding channels. In ¢odanalyse in more detail the
sample of FG emissivities at 91h, Figure 9 shows maps of mean emissivityediffes with the equiva-
lent estimations from TELSEM for the month of June 2012. To explore thatsaty to the surface, we
also split the sample of FG emissivities according to the RTTOV values of thestlbecolumn surface
to space transmittance (hereafter simply mentioned as transmittange ngreater and smaller than
0.5 should help to identify, respectively, observations more and lesgigens the surface. The global
emissivity biases (Figure 9a) are driven by 88% of FG emissivities whieklzaracterised by transmit-
tance greater than 0.5 (Figure 9b). The biases observed globallystubgeFG emissivities have on
average values 0.02-0.04 smaller than TELSEM estimations. The remainingfl2Bemissivities ¢
less than 0.5, Figure 9c¢) is also affected by same biases.

Another way to view at the reliability of FG emissivities is shown in Figure 10,revlestogram of FG

emissivities are compared to TELSEM for the month of June. Comparisoagjaie made for different
transmittance values (greater and less than 0.5). Empty bins have beemedsbig value 0.1 to better
distinguish occurrences from TELSEM and retrievals. The genetabme is that the distribution of FG
emissivities fits quite well that of TELSEM estimates. We can additionally ident)ffh@se emissivity

retrievals (between 0.5 and 0.7) which are missing in the TELSEM data sebkek cross only); b)

those emissivity values (less than 0.5 and between 0.5 and 0.6) which com&HoSEM and where

the retrievals have been rejected due to being too different from TELGEMperfect overlap between
black cross and red diamond). It is worth mentioning that similar concluseambe& drawn for the month
of January.

6 Assimilation experiments

6.1 Summary

To explore the impact on analyses and forecasts of assimilating SSMI/S H8Zl&annels over land
in the all-sky approach, a number of experiments were run at cycle 38@der to take into account
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Figure 9: Maps of mean emissivity differences (FG - TELSEM) at 91h fog month of June 2012. Sample
of FG emissivities is obtained from observations over lastiMeen 60S and 60N (a) and split according to
transmittance values: lr)greater than 0.5, and, ¢)less than 0.5. Means are computed in bins of By2.5 in
latitude and longitude.

16 Research Report No. 30



All-sky assimilation of SSMI/S humidity sounding channeiger land

CCECMWF

a) O0<t<1

10° T g
+—+FG emissivity
I >OOTELSEM

10*+

2—
10 @

Number in bin

10°F + '+

0.7 0.8

0.9

b) t>0.5

10°

Number in bin

1.0 11
Emissivity
c) t<0.5
10° T
£
2 it
£
5 102F W
2 @% +
3 00
0.4 0.5 0.6 0.7 0.8 0.9
Emissivity

Emissivity

Figure 10: Histogram of FG emissivity (black cross) at 91h comparedEb SEM (red diamond) for the month
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the important all-sky developments over ocean, our control experimdaotigethe changes of the all-
sky over ocean package (Geer 2013). The latter contains important catidifis such as: use of DDA
sector to model radiative transfer calculations for snow hydrometesiisning of observation errors;
active assimilation of SSMI/S 183 GHz channels. In this way, outcomes frgnal&sky assimilation
experiment over land can be evaluated as the result produced on top efitire all-sky package over
ocean which will be supplied for cycle 40r1l. Control and assimilation exyeits of SSMI/S 183 GHz
channels over land were run at T511 horizontal resolution and 13icaldevels in a 4D-Var 12 hour
assimilation window. In the following sections, a detailed description of thergrpatation carried out
within the ECMWEF assimilation system is provided.

6.2 All-sky assimilation impact

In order to justify an eventual introduction of the all-sky assimilation over iaitikiin the next available
IFS cycle (i.e. 40r2), we have to explore the reliability of the framework withensystem from both a
technical and scientific point of view. Technically, the developments mustfisgently coded and guar-
antee the functionality of the system as before. This is implicitly done during thiememtation of the
framework. Scientifically, the advantages that the assimilation system mightinast be demonstrated
through analysis and forecast verifications.

Experimentation, which covers 3 months of period (June to August 261 2yaluate the impact of the
all-sky assimilation over land can be summarised as follows:

e Control experiment: 38r2 all-sky over ocean package + SSMI/S ofseng over land introduced
passively into the system.

e Experiment 1, all-sky assimilation: as Control, but SSMI/S 183 GHz charautieely assimilated
over land using the all-sky developments: radiative transfer calculatipgsade (DDA sector and
‘Cmax’ approach) + surface emissivity retrieval + observation ewontilation.

e Experiment 2, cloud screening assimilation: as Control, but SSMI/S 183 dBHBiznels actively as-
similated over land using: radiative transfer calculations upgrade (Db#isand ‘Cmax’ approach)
+ surface emissivity retrieval + cloud contamination check (150 GHz) stemn observation error (2
K).

Both experiment 1 and experiment 2, as already explained in sectione,abgervations if the symmet-
ric scattering index is greater than 20 K. They also implement the surfssescg based on temperature
and orography thresholds. Observations are rejected if (as alreadiored in section 4):

a. model surface temperature is less than 278 K;

b. model orography is greater than 1500 m, 1000 m or 800 m, respedcivedat7, 183+3 and 1831
GHz.

Experiment 2 is not the equivalent clear-sky assimilation operationallyfosé&dHS data which imple-
ments no scattering radiative transfer calculations. However, it is still a kefiealence to evaluate the
impact on the system of removing radiances affected by cloud and préoipitdhus, we can investi-
gate if cloud and precipitation affected radiances over land brings marenation into the assimilation
system.
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Figure 11: Normalised change in RMS forecast error in vector wind at 28 (top row), 500 hPa (middle row)
and 850 hPa (bottom row) for the Southern (-90 -20°) and Northern (20to 90°) hemisphere. Verification is
against own analysis. Scores are based on a 3 months pariwfal August 2012. Error bars indicate the 95%
confidence level.

Differences between the all-sky and the cloud screening assimilation astigated through Figure
11, 12 and 13 which show normalised change in RMS forecast erreettor wind, relative humidity
and geopotential height at 200 hPa, 500 hPa and 850 hPa for the Bo(81 to -20°) and Northern
(20 to 90°) hemisphere. Verification is against own analysis and scores are basechonths period
(June to August 2012). Both the all-sky and the clear-sky experimercanpared to the control exper-
iment (‘Experiment minus Control’) and negative values indicate reduc& Rivecast errors, hence an
improvement respect to the control. The overall outcome can be summesifatbas:

1. Using the all-sky assimilation, RMS errors in vector wind (Figure 11) edeced from the lower
to the upper part of the troposphere in both the Southern and Northevisgteere. In particular,
RMS errors appear to decrease at shorter ranges and increasgymnificantly, at longer ranges
(day 6, 7 and 8). Changes are observed at 850 hPa in both the herasphethe Southern
hemisphere RMS error reduction of about 1% is observed at day 3oand @.5% at day 2 and 4,
while in the Northern hemisphere, day 3, 4 and 5 are characterised yeade of about 0.5%.
There is same trend at 500 hPa, but with slightly smaller RMS error reduc&io200 hPa in
the Southern hemisphere the all-sky assimilation seems to be slightly worse treximesnt 2.
However, in the Northern hemisphere, the better performance of theyadissimilation is again
visible from day 2 to day 5.

2. Analysing plots for relative humidity (Figure 12), we can generally bafethat differences be-
tween the two experiments are less significant. The all-sky assimilation podlight better
results, with two significant changes observed: a) at 200 hPa in the Solttmisphere, RMS
error reductions of about 1% and 0.5% are respectively obsendalya&® and 4; b) at 500 hPa in
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Figure 12: As Figure 11, but showing the normalised change in RMS fatesaor in relative humidity.
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Figure 13: As Figure 11, but showing the normalised change in RMS fategaor in geopotential height.
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the Northern hemisphere, decrease in RMS error of about 0.5% is nbfrsta day 4 to day 7.
An exception to the better all-sky performance is at 850 hPa in the Southetisgiesre, where
the cloud screening assimilation produces slightly better results.

3. Results for geopotential height (Figure 13) are very similar to thoseectiow wind: both the
hemispheres are characterised by smaller and larger RMS errorsriar sival longer ranges re-
spectively. Important significant changes are observed in the Sautkarisphere, at 500 hPa and
850 hPa (day 2, 3 and 4) as well as at 200 hPa (day 3 and 4), and irottieeMh hemisphere, at
850 hPa (day 3).

Another general conclusion that can be drawn from this investigation tighhaall-sky water-vapour
sounding channel assimilation seems to be more effective at improving wviivet than relative humid-
ity scores. This outcome can be explained by two main considerations: ajdimeilation system is
already fed with many other microwave humidity sounding observations bethamean and land (i.e
ocean and land data from 3 MHS and ATMS instruments and ocean otisesvitom SSMI/S) and,
as a consequence, the humidity analysis and forecast is much more io@usta those observations.
For instance, considering only SSMI/S data, 1 month of all-sky assimilationrofdity sounding data
(183+7, 183t3 and 1831 GHz) brings over ocean about 3 million of observations into the system,
while over land the assimilated number is roughly four time smaller (about 708dhdwdata). b) The
impact of water vapour sounding channels on wind fields might be explaingte 4D-Var tracer effect.
The feature-tracing of water vapour, cloud and precipitation struclibiedg leads to a better adjustments
of the wind fields and, as a result, also a small number of assimilated cloutedffeébservations might
play an important rule in the wind analysis and forecast.

These considerations can be additionally extended looking at the normatigiede in the RMS forecast
error of vector wind, plotted zonally (i.e. latitudes versus pressure eVaure 14 shows change in the
RMS of wind forecast error between the all-sky experiment and theapmthile Figure 15 visualises
the equivalent for the cloud screening experiment. Comparison of thelbi®guggests again that the
all-sky assimilation makes the forecast errors smaller. In particular, sigmifahanges can be noticed at
day 3 and 4. These improvements are mainly observed in the austral wiptdaatatitudes (between
75°S and 60S). This behaviour is very interesting because the all-sky assimilation aweridaonly
active between 60 and 60N. The explanation might be found again in the the 4D-Var water vapour
tracing capability linked to the dynamics of the atmosphere. During the austranthe atmosphere
is dynamically very active and, as a consequence, the improved ftgeuigght be explained by an
improved representation of polar tropospheric and upper-tropasphigrds. The all-sky assimilation
might bring into the systems new kinds of observations characterised Imgstomvection over land,
improving the analysis of the winds through the troposphere in the Soutaemisjphere storm tracks and
these improvements might be propagated into the polar regions during teadbr# is worth pointing
out that similar findings showed up when the SSMI/S 183 GHz channelsimgadly assimilated in the
all-sky approach over ocean.

An alternative way to check the impact on winds is to examine for both the abus#tyhe cloud screen-
ing experiment fits to conventional observations (i.e. TEMP-U and TENIEkkbugh the experimen-
tation period. Figure 16 shows the normalised change in standard devidtoalgsis departures and
FG forecast departures for wind conventional observations (conthiriMP-U and TEMP-V) in the
Southern and Northern hemisphere, whilst in Figure 17, fits to AMVs in thartic area are analysed.
Results indicate that standard deviation of FG forecast departuren, tib@ssimilation is carried out
in the all-sky approach, are generally reduced compare to the contranaaller compared to the case
when the cloud screening assimilation is used. Fits to TEMP-U and TEMP-&hadi®ons indicate that
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Figure 15: As Figure 14, but showing the normalised change in the RMSeofor wind forecast error between
the cloud screening experiment and the control.
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Instrument(s): TEMP-U TEMP-V  Area(s): S.Hemis
From 00Z 1-Jun-2012 to 12Z 31-Aug-2012
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Figure 16: Normalised change in standard deviation of analysis depez{left) and FG forecast departures (right)
for wind observations (TEMP-U and TEMP-V).Top row and battoow show, respectively, fits for the Southern
and the Northern hemisphere. Standard deviations are fieetidy those of the control experiment. Error bars
indicate the 95% confidence level. Statistics are for 3 meaofiperiod (June to August 2012).
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Instrument(s): SATOB-U SATOB-V  Area(s): Antarctic
From 00Z 1-Jun-2012 to 12Z 31-Aug-2012
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Figure 17: As Figure 16, but for AMVs in the Antarctic area.

the all-sky approach brings statistically significant reductions of abo@b @4700 hPa in the Southern
hemisphere and about 0.2% at 500 hPa in the Northern hemisphere tiBrdeghis trend is between
300 and 200 hPa in the Southern hemisphere, where the cloud scressiimiation produces smaller
standard deviations. However, at the same pressure levels, in the thnthis to AMVs observations
show that the all-sky assimilation produces better improvements reachingificaignchange of about
1.4% at 200 hPa. This might be an additional verification of the link betweeals&y assimilation
and the 4D-Var tracing effect.

The general conclusion of this section is that the all-sky assimilation of humalitydsng channels over
land brings new useful information into the system benefiting, in particulacgsvanalysis and fore-
casts. In the next section, we discuss results from other assimilatioriragpés in order to additionally
demonstrate the reliability of the all-sky approach over land.

6.3 Reliability of the all-sky assimilation over land

Conclusions drawn in the previous section are in favour of the all-sksndason over land, even though
it would be good to have further indication of the reliability of the all-sky appio In order to achieve
this goal, we additionally compare the results of the all-sky assimilation to thos&ledoby two other

experiments which are characterised by same configuration of the alkpkyiment, but with smaller
number of assimilated observations. A ‘safer’ assimilation experiment with wchate rejected will

help to identify which observations have more impact on the assimilation systegenéral, through
this approach, we might understand whether we are improving or deter@the system and which
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beneficial information we are supplying.

To make statistics more significant, experimentation was extended considadialifidnal months, cov-
ering also the winter period (January to March 2012). The two otheremppts are characterised by
the following changes:

e Experiment 1. same configuration of the all-sky experiment (describedewiqus section and in
the following text mentioned as ‘standard’ all-sky to avoid confusion),rbejgcting all observations
wherever the symmetric scattering index is greater than 10 K (thresholdefadltbky experiment is
20 K). In the following this experiment is also mentioned as all-sky(SI10).

e Experiment 2: same configuration of the all-sky(S110), but SSMI/S obla® (1837 GHz) is also
blacklisted. Hereafter this experiment is also named as all-sky(S110 ct@d)e

The all-sky(S110) experiment helps to understand the impact of oligmrsaffected by larger scattering
index values. These observations are localised in cloudy, precipitatiognvective areas. The all-
sky(SI110 ch9 denied) experiment not only implements the conservatifesng index screening, but
also rejects all observations at 188 GHz. SSMI/S channel 9, which among the humidity sounding
channels is the most sensitive to lower part of the troposphere, so tlegreent investigates the impact
on the system of assimilating those observations which might be affectedfagesaonditions. Results
of the experimentation are summarised below.

6.3.1 Summer case

In terms of forecast scores (not shown, but like Figures from 11 Jadsults are generally in favour
of the ‘standard’ all-sky experiment, even though the other two experindentst show any significant
degradation. To investigate differences between the three experimerjtsstfy the better performance
of the ‘standard’ all-sky experiment, we rely on fits to other assimilated vagens. This approach
should be reliable and give us an estimation of the effectiveness of thelnssvvations assimilated
into the system. In fact, reduction in standard deviations of FG forecastridees is a sign that the
system, assimilating new observations, is moving towards the right directiomaiadconsequence, the
resultant atmospheric background, which represents the shorafbmamge from the previous analysis,
is improving. Water vapour sensitive channels from MHS (183 GHz cdlahHIRS (channel 11 and
12) and IASI (channels above 1671) are actively assimilated into thensgstg, as a consequences, these
instruments are good candidates to evaluate the impact of the assimilation ofS38Miidity sounding
observations. Fits to MHS (from NOAA-18, NOAA-19 and Metop-A) antR3 (from NOAA-19 and
Metop-A) observations are analysed through Figure 18 and Figurerh®. overall result is that the
‘standard’ all-sky assimilation is globally beneficial because it providéiebéts to the water vapour
sensitive channels of other satellites.

It is interesting to point out the impact of SSMI/S channel 9 on the assimilationsi@ering, respec-
tively, the all-sky(S110 ch9 denied) and the all-sky(SI10) experimertcan estimate the influence of
183+7 GHz channel on the system. As expected, when SSMI/S channel 9 igedntibs to the equiva-
lent MHS channel 5 are worse than those provided by the all-sky(&Kki#®riment, but also fits to MHS
channel 3 and channel 4 are decreased. Degradations are atsweabfor HIRS channels 11 and 12.
These results suggest the importance of assimilatingeZ83Hz, which is a lower tropospheric chan-
nel, but, most likely, overlaps the weighting functions of the upper tropargpthannels of 1833 and
183+1 GHz Considering fits to MHS observations, we can also infer that stdigg&iations are always
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Instrument(s): AMSU-B MHS  Area(s): N.Hemis S.Hemis Tropics
From 00Z 1-Jun-2012 to 12Z 31-Aug-2012
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Figure 18: Normalised change in standard deviation of analysis dep{left) and FG forecast departures (right)
for global MHS observations (from NOAA-18, NOAA-19 and Mptd)). Standard deviations are normalised by
those of the control experiment. Error bars indicate the 86%idence level. Statistics are for 3 months of period
(June to August 2012).

smaller than the control experiment even though SSMI/S channel 9 is deFieslis an indication of
the positive global impact of the two upper tropospheric humidity soundiagratls on the assimilation
system.

6.3.2 Winter case

Different conclusions can be drawn from the winter experimentation. rmgef forecast scores, the
significant positive changes observed for the summer period are edptgca general neutral impact.
For instance, Figure 20 shows normalised change in RMS forecasfarkector wind at 200 hPa, 500
hPa and 850 hPa for the Southern (-0 -20°) and Northern (20to 90°) hemisphere. It would be
difficult to conclude which experimentation produces better global sceceses at longer ranges (from
day 5 to day 8) can be considered in favour of the ‘standard’ all-skerxent only in the Southern
hemisphere, otherwise the outcome of the experiments can be roughly ereds&tjuivalent. These
results might be explained considering different reasons. For instatenger number of observations is
denied in the Northern hemisphere during winter time due to snow and higraptog We can also take
into account that, as mentioned in section 4, the observation error formukstghtly large and, as a
consequence, observations might not have a big weight during the minimisatie important overall
result is that there is no evidence that the assimilation system is deterioratpdriicalar way. Indeed,
fits to conventional or other satellite humidity observations (plots not shova) hee always improved.
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Instrument(s): HIRS  Area(s): N.Hemis S.Hemis Tropics
From 00Z 1-Jun-2012 to 12Z 31-Aug-2012
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Figure 19: As Figure 18,but for global HIRS observations from NOAA-Iflavietop-A.

6.4 Surface screening impact

In this section, we briefly investigate the possibility of using a differentamafscreening criteria to
discriminate which observations should be given to the 4D-Var minimisation. sliface to space
transmittance (in the following also mentioned as tau screening) has beemdbagplace the surface
temperature and orography screening (in the following also mentioned &lMeélscreening). The tau
screening might allow a better observation coverage and be a more relizddeag to which observations
to discard according to the effective surface sensitivity. The 0.01 velsi®een estimated as a reasonable
threshold to discard SSMI/S observations at 183 GHz channels: humidihdsmy observations are
rejected if the surface to space transmittance is greater than 0.01. Figewenpares the result of using
the tau screening rather than the MHS-like, in terms of global number of &Sdhiservations which
might be part of the variational analysis. Histograms of SSMI/S humidity sognabservations are
obtained by binning the number of data as a function of latitude for summer emeryeriod (June
and January 2012). Results are as expected: in channels3188] 1831 GHz (channels 10 and 11),
where sensitivity to the surface is negligible, observation coverage &yalimproved, whilst at channel
9 (183£7 GHz), which is more affected by surface conditions, the number of edisens decreases. The
winter period (Figure 21 d,e,f) highlights differences between the twesaerg criteria: the number of
observations at 1837 GHz, in the Northern hemisphere, which is highly affected by surfadati@ns
during winter season, is reduced, while it is increased in the Southerngienés The consistency
between the two screening methods in channel 9 is also confirmed by the sarberrof observations
which are taken into account betweer?MCand 60N. On the contrary, in this same region, in channels
10 and 11 MHS-like screening rejects the most of the data independentlg oédh channel surface
sensitivity. The surface to space transmittance screening seems to be eoggaromise for balancing
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Figure 20: Normalised change in RMS forecast error in vector wind at 288 (top row), 500 hPa (middle row)
and 850 hPa (bottom row) for the Southern (-8 -20°) and Northern (20to 90°) hemisphere. Verification is
against own analysis. Scores are based on a 3 months permdyry to March 2012. Error bars indicate the 95%
confidence level.
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Figure 21: Number of SSMI/S humidity sounding observations in°3diitude bins for the month of June (a,b,c)
and January (d,e,f) 2012 using either transmittance sicrgd€hlack line) or surface temperature and orography
screening (dotted line).

the number observations at channel 9 and additionally extending theagevatr channels 10 and 11.

To analyse the impact of the different surface screening on the systemarwan additional experi-
ment, named all-sky(Tau), having same configuration of the all-sky expet;ifet implementing the
tau screening. Analysing the summer experimentation in terms of fits to othewatises and forecast
scores (plots not shown here), the tau screening approach shesenable results, even though the use
of the MHS-like screening still produces the best statistics. We can agalyserthrough Figure 22 the
change in RMS forecast error in winds comparing results between thieyadirsl the all-sky(Tau). The
assimilation system reacts positively to the tau screening, even thoughgoseores plots show that the
MHS-like screening brings a generally better result. The only differemé&vour of the transmittance
screening is the better scores, but not statistically significant, at lomygesan the Southern hemisphere
(from day 6 to day 8)

The assimilation system reacts completely different during the winter expdatien Figure 23 ex-
amines change in RMS forecast error in winds for the winter experimentafioth the Southern and
Northern hemisphere are negatively affected by the extension of tieevalisn coverage. In the North-
ern hemisphere, the main difference in terms of number of observationsdretive two experiment is
at channel 1833 and 1831 GHz (Figure 21 e and f), hence, a larger number of observatioiialzea
in the 4D-Var is not necessary a good thing. As mentioned before, tleevatti®n coverage of SSMI/S
channels 10 and 11 is mainly extended betwe€iN4hd 60N. These areas of the Northern hemisphere
during winter are most likely affected by possible snow or ice cover, nagmow precipitation, low sur-
face temperatures and high orography. Hence, residual surfatamioation at 1833 GHz might be
the cause of degradation in forecast scores. In the Southern heneisipiséead, the significant degrada-
tion in forecast scores at longer ranges (from day 4 to day 8) is mobt fkenected to the assimilation
of a larger number of observations at SSMI/S channel 9 (Figure 2id|)rence, to surface contami-
nation issues. Using the transmittance screening, we are probably assindlegeryations affected by

Research Report No. 30 29



CECMWF All-sky assimilation of SSMI/S humidity sounding channelgr land

VW: -90° to —20°, 200hPa VW: 20° to 90°, 200hPa
8 0.02g 3 0.02F
S E E E
o 0.01F 3 0.01F
= E 3 E
h=] E E E
< 0.00F- 3 0.00F -
Q E E
2 E E E
5 _ E ER E
£ 0.015 E 0.015
2 -0.02E 3 -0.02E
3 0.02E 3 0.02
S E 3 E
5 001E 3 0.01F
£ E 3 E
° E 3 E
o 0.00F - f—=t=s —-3 0.00E--
(7] E 3 E
2 E E E
3 - E ER E
£ 0.0lg E 0'01§
2 -0.02E 3 -0.02E E
0 1 2 3 4 5 6 7 8
8 0.02f 3 0.02F
5
g 0'01§ E 0.01 g
= E £ E
o 0.00F 5 0.00§--
Q E 3 E
2 E E E
T E E - E
£ 0.015 E 0.015
2 -0.02E 3 -0.02E 3
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Forecast day Forecast day

All-Sky - Control

All-Sky (Tau) - Control

Figure 22: Normalised change in RMS forecast error in vector wind at 288 (top row), 500 hPa (middle row)
and 850 hPa (bottom row) for the Southern (-80 -20°) and Northern (20to 90°) hemisphere. Verification is
against own analysis. Scores are based on a 3 months pari@ia) August 2012. Error bars indicate the 95%
confidence level.

high orography and, as a result, the forecasts are biased. Thisd@hiawnot observed in the Northern
hemisphere for the equivalent season (summer experimentation Figur@22probable explanation

is that observation coverage at #88 GHz in the Northern hemisphere (Figure 21a) is not extended as
much as for the Southern hemisphere (Figure 21d), but actually is dedrea

In summary, the original MHS-like screening seems to be the most reliable vessitmilated SSMI/S
humidity sounding observations over land. However, the use of transr@tsmeening might not be
completely rejected. For instance, it might be considered to extend thevatisercoverage at 1831
GHz, used with more cautious at 183 GHz and avoided at 1837 GHz. It might also be interesting
to investigate the possibility of considering the surface to space transmittancelé&b tine@ observation
error.
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Figure 23: Same as Figure 22, but scores are for 3 months of winter peléodiary to March 2012.

7 [Executive summary

This report investigates the possibility of achieving the assimilation of SSMIddity sounding ob-
servations over land in all-sky conditions. Such a goal has requiredistina stages of development:
one phase mainly oriented towards implementing the technical changesargdessreate the all-sky
framework over land, and the second focused on the scientific evaladtiomimpact on the assimilation
system.

The technical and scientific developments can be considered as all #ssagcchanges which have to
be done within the system before that any assimilation experiment can beheiall-sky package over
land is basically characterised by three main developments. Their imporaduntgfe can be summarised
as follows:

Discrete dipole approximation (DDA) to represent optical properies of snow hydrometeors
Replacing inaccurate Mie sphere approach with more realistic DDA seatafflakes largely im-
proves the global simulation of microwave radiances. However, thereiffeeedce to take into
account between ocean and land surfaces. Over ocean, all-skyriesg temperatures are com-
puted and weighted according the effective cloud fraction (‘Cav’ @ggin). Over land, instead,
the best agreement between simulated and observed radiances is obvtandtie effective cloud
fraction is replace by the largest cloud fraction in the model profile (‘\Crapproach). This result
is questionable considering the physical realism of the ‘Cav’ apprddaivever, one explanation
might be in the forecast model bias between ocean and land: the model seproduoe less
deep convection over land than over ocean in contrast to observatioos indicate more con-
vective areas over land. This might be the reason for the beneficial imfihe ‘Cmax’ approach
over land which, as a result, helps to increase the amount of scatteruhgcprg colder simulated
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brightness temperatures. The technical implementation within the IFS is alsdsteigrd as
long as the cloud overlap is varied from ‘Cav’ to ‘Cmax’ according to whethe surface is ocean
or land. In conclusion, all the experimentation carried out over land in #pgipimplements the
use of DDA sector snowflakes and ‘Cmax’ approach.

Observation error modelling
The all-sky assimilation over ocean predicts the total error of FG deparagra function of the
symmetric cloud amount given by the average of observed and simulateisatiden difference at
37 GHz. To estimate the total error of FG departure over land we followedjainalent approach,
but the scattering index (SI) given by frequencies difference ati&Sthannel 18 and channel 8
(respectively, 91 GHZ and 150 GHZ, horizontal polarisations) haa bhesen as the symmetric
predictor. This approach identifies two main areas: a region where thiecam be estimated as
a constant value and a second region, instead, where the error eaptoximated by a linear
fit. The first region can be interpreted as the clear-sky area wheesvalions are unaffected by
scattering and presumably free of cloud and precipitation. In this aretgttiieerror for SSMI/S
humidity sounding channels is constant and equal to 3 K. This error is calyipao the obser-
vation error used for the equivalent MHS channels which are assimilatgdan-sky conditions
and have a 2 K error. The second region represents the all-sky corsditioa where the influence
of scattering, cloud and precipitation on observations increases, agasnbl standard deviations
of FG departures. The all-sky experimentation over land assimilate SSMi&lity sounding
observations within these scattering areas.

Surface emissivity estimates

In the all-sky framework, emissivities are retrieved from satellite obsensfibwindow channels
and then these estimations are assigned to higher frequencies accordiaegightipolarisation
in order to perform radiative transfer calculations. For instance, ertissiretrieved in SSMI/S
channel 18 (91 GHz horizontal polarisation) are assigned to the humiditydsgy channels. In
order to take into account cloud contamination issues which might causaligticeemissivity
estimates, emissivities from TELSEM are used to guide the choice of keepiegeoting the re-
trieval. The biases observed globally suggest that FG emissivities haveraga values 0.02-0.04
smaller than TELSEM estimations. The negative biases might be explainédeximg. a) the sur-
face variability at the location and time of the observation (TELSEM is basgur@icalculated
monthly mean emissivity climatology derived from ten-year SSM/I for clegretbservations);
b) the influence of cloud and precipitation in the retrieval scheme; c) rgsoland frequency
differences between SSMI/S and SSM/I.

Scientific impact of the all-sky assimilation over land has been evaluated bysmédifferent assim-
ilation experiments. To identify possible beneficial impact of the all-sky fraonkewver land, all the
relevant changes in the all-sky over ocean package have been takewaount within the control ex-
periment. In this way, outcomes from any assimilation experiment over lanlecegasonably evaluated
as the result produced on top of the entire all-sky package over oCeanirol and assimilation exper-
iments of SSMI/S 183 GHz channels over land were run at T511 horizagalution and 137 vertical
levels in a 4D-Var 12 hour assimilation window. Results of the experimentatiobheaummarised as
follows:

o First experimentation, covering 3 months of period from June to Auguk?,28ummer experimen-
tation) has been done in order to compare results of the all-sky assimilatioBMFS humidity
sounding channels to those provided by an equivalent ‘cloud sciggeaperiment. The latter, im-
plements the cloud contamination check (observations are rejected if tHateldiierence between
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observations and simulated clear-sky radiances in the 150 GHz chatesd tkan 5 K) and uses con-
stant observation error of 2 K. Analysing forecast scores (nornthtibange in RMS forecast error
for vector wind, relative humidity and geopotential height at 200 hPa,Hs@0and 850 hPa for the
Southern and Northern hemisphere), results generally favour theyadlpgitoach which brings posi-
tive changes through the atmosphere. All-sky is more effective at imggeviind rather than relative
humidity scores, confirming similar findings showed up when the SSMI/S 183d&binnels were ini-
tially assimilated in the all-sky approach over ocean. The 4D-Var tracecte#f the probable cause of
such improvements. While the system is already fed with many other microwawelibusounding
observations both over ocean and land, cloud and precipitation streiotight lead to a better adjust-
ments of the wind fields and, as a result, a small number of assimilated cloatedffebservations
might play an important rule in the wind analysis and forecast. The all-sky#aton might bring
into the system new observations assimilated over land, improving the andlylséswinds through
the troposphere in the Southern hemisphere storm tracks, and, asguwense, these improvements
might be propagated into the polar regions during the forecast. Fits tortowval wind observations
(TEMP-U and TEMP-V) and AMVs also confirm the positive impact of thes&ly-approach.

¢ Reliability of the all-sky assimilation over land was additionally investigated by meftwo other
assimilation experiments which are characterised by same configurationadf g experiment, but
with a smaller number of assimilated observations. The goal is to evaluate the mhpasimilating:
a) those observations affected by larger scattering index valuestifigjebservations wherever Sl is
greater than 10 K); b) those observations which might be affected fgceuronditions (blacklisting
SSMI/S channel 9, 1887 GHz). To make the statistics more significant, summer experimentation was
also extended to 3 additional months of period from January to March @@tfer experimentation).
Summer experimentation is always in favour of the all-sky assimilation whiclewgiguration is
used in terms of both forecast scores and fits to other assimilated satellite huwhgbtyations (MHS,
HIRS, IASI). The analysis of fits to other humidity satellite observations ssigthat assimilating
the full set of SSMI/S humidity sounding channels in all-sky conditions is the tezeficial to the
system. When channel 1&3 GHz is denied, fits to MHS 1833 and 1831 GHz and HIRS channels
11 and 12 are worse. Winter experimentation shows a general neutrattimp@rms of forecast
scores and analysing fits to conventional or other satellite observatiaesish@o evidence that the
assimilation system is deteriorated. Indeed, fits to other satellite humidity obeas/6MHS, HIRS,
IASI) are always improved. It would be very difficult to identify thosesebvations which might
produce better or worse impact on the analysis and forecast scdnescaiises of a neutral impact
on forecast scores are not certain, but might for instance be due kargiee number of observations
denied for the surface screening in the Northern hemisphere which idikadgtaffected by snow or
ice cover, rain or snow precipitation, or low surface temperatures.

e The SSMI/S all-sky assimilation implements the surface screening basedfacestamperature and
orography thresholds as operationally adopted for the equivalent Mi8dity sounding channels.
The possibility of using the surface to space transmittance to discriminate wisenvations should
be included in the 4D-Var minimisation has been also investigated. The transmistzreening might
be more reliable on which observations to discard according to the effexttiface sensitivity. His-
tograms of the number of observations show that such screening seeea twbd compromise for
reducing the number of data at channel 9, but extending the coveraparmels 10 and 11. RMS
forecast errors in winds, for the summer experimentation, show that #imikdion system reacts
positively to the transmittance screening. However, no significant ckaargeproduced and forecast
scores are generally in favour of the MHS-like surface temperaturermplaphy screening. Results
of the winter experimentation, instead, are definitely against the use of tisrtittance screening.
Residual surface contamination at #88GHz and the larger number of surface sensitive observations
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at 183+7 GHz are the probable causes of degradation in forecast scapsctigely, in the Northern
and Southern hemisphere. For instance, forecasts might be biaseddsgittndation of observations
affected by high orography. In summary, the MHS-like screening seeils tioe most reliable way
to assimilated SSMI/S humidity sounding observations over land.

8 Conclusions

The overall outcome of this study not only demonstrates the feasibility of ylpakkage over land,
but also shows the beneficial impact on the system of assimilating humidityisguidhnnels in all-sky
conditions. The significant positive impact on both forecasts scorefitatal other satellite observations
in the summer experimentation, cannot be replicated in other all-sky experimbits implement a
more cautious configuration. Experiments during the winter period, onidaglgve a neutral impact
in terms of forecast scores, but on the other side, confirm that thensysteot deteriorated, but new
useful data are supplied producing better fits to other satellite observalitore investigations might
be done in order to work out the possibility of obtaining more impact on the assonikystem during
winter period. The general indication is that it might worth analysing: dasarscreening and, hence,
residual contamination issues; b) problems in the forecast model as el psssibility of real physical
differences between ocean and land surfaces in convection modeltiragylcase, both the points are
not linked to a particular deficiency of the all-sky package over landiHayt are general conclusions
which might help to better understand the assimilation of microwave radianeetand.

A new investigation has already started within the ECMWF system in order tatalide all-sky pack-
age over land discussed in this paper. Firstly, the all-sky assimilation of /S3Mimidity sounding
channels will be evaluated within the ECMWF 39r1 cycle. Summer experimentaiia@ring 3 months
of period, from June to August 2013, has been running and, evemglhilve assimilation system has
changed, it will provide a good reference to compare the reproducibiliheqositive changes observed
during the experimentation of summer 2012. Secondly, the all-sky packagéand will be applied to
MHS observations from NOAA-18, NOAA-19, Metop-A and Metop-B dlitess. Experimentation to
assimilate MHS observations in all-sky conditions over both ocean and langlisgress.
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Acronyms

ATMS - Advanced Technology Microwave Sounder

DDA - Discrete Dipole Approximation

DMSP - Defence Meteorological Satellite Programme

IFS - Integrated Forecast System

MHS - Microwave Humidity Sounder

NOAA - National Oceanic and Atmospheric Administration

RTTOV - Radiative Transfer model for Television Infrared Observatgatellite Operational Vertical
sounder

SSM/I - Special Sensor Microwave Imager

SSMI/S - Special Sensor Microwave Imager Sounder

TELSEM - Tool to Estimate Land Surface Emissivity at Microwave freqiesnc
TMI - TRMM Microwave Imager

TRMM - Tropical Rainfall Measuring Mission
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